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The emerging cancer stem cell (CSC)/ tumor-initiating cell (TIC) hypothesis seeks 

to explain cancer persistence and recurrence.  It supposes that a small subgroup of 

cells within tumors is multipotent and has chemoresistant features, which contributes to 

the heterogeneous and regenerative phenotype of recurring tumors.  In breast cancer, 

previous studies have shown the TIC subgroup can be propagated in-vitro from both 

primary tumors and established cell lines by culturing the cells as “mammospheres”.  

The goal of this project is to characterize the antiestrogen response of mammospheres 

(MCF7S) derived from estrogen receptor (ERα)-positive mammary epithelial MCF7 

cells, and to determine if there is enrichment of putative TICs after antiestrogen 

challenge.  It is shown here that MCF7S cell proliferation was decreased by 

antiestrogen treatments.  Sphere formation was affected by a selective estrogen 

receptor modulator (SERM), but not by a selective estrogen receptor down-regulator 

(SERD).  Using the sphere formation assay, we determined that the sphere forming 

ability returned after drug removal and that there was no significant decrease in sphere 

formation frequency.  Surprisingly, stable ERα knockdown MCF7S cells were more 
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sensitive to SERM and exhibited diminished sphere formation frequency.  Treatment of 

ERα knockdown cells with SERD did not significantly change cell proliferation, sphere 

formation or frequency.  In summary, the data showed that a stable fraction of potential 

TICs remained after antiestrogen challenge.  The results also demonstrated that ERα is 

not essential for MCF7S survival, but may mediate antiestrogen function.  Further 

studies on SERMs may be warranted as SERMs may target potential TICs that use 

alternative mitogenic pathways. 
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CHAPTER 1 
INTRODUCTION 

Introduction to Mammary Gland Development 

The mammary gland is unusual namely because it does not fully develop until 

puberty in response to systemic hormones and local growth factors.  The mammary 

gland is a tree-like structure made up of multiple cell lineages that form the structural 

units of the gland.  Each individual glandular off-shoot from the main branching duct is 

termed the terminal duct lobular unit (TDLU) in human, or terminal end bud (TEB) in 

rodents (Howard and Gusterson, 2000; Sternlicht, 2006).  The TDLU is comprised of 

terminal ductules with a bilayer of polarized luminal epithelial cells lining the inside 

surrounded by a layer of contractile myoepithelial cells, topped with a cluster of alveoli 

cells (Visvader, 2009).  Multiple TDLUs composes each of the 15-20 lobes in a human 

breast, with each lobe imbedded in adipose tissue (Morrison et al., 2008).   

In rodents, a simpler analogous structure is the terminal end bud (TEB), and has 

been more extensively studied.  The TEB is made up of luminal-restricted cells called 

body cells, surrounded by a layer of bipotent progenitors called cap cells.  The TEB 

undergoes dynamic expansion and restructuring during puberty and pregnancy directed 

by physiological cues.  The body cells develop into milk-producing alveoli cells during 

pregnancy.  The cap cells also undergo differentiation into luminal or myoepithelial 

lineage during pregnancy (Howard et al., 2000; Smalley and Ashworth, 2003). 

The breast undergoes additional transformation post-pregnancy and lactation 

called involution, in which the TDLUs or TEBs shrink back to pre-pregnancy state.  The 

process can occur multiple times in a woman's lifetime, giving credence to a potential 

reservoir of lineage-restricted progenitor cells that sustain multiple rounds of breast 
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remodeling.  A potential stem-cell hierarchy in postnatal breast tissue has gathered 

support, and may be a source of aberrant progenitor cells that increase breast cancer 

tumorigenic potential in an analogous fashion to hematopoietic cancers (Villadsen, 

2005; Smalley et al., 2003).  However, there is debate concerning the permanent or 

transient nature of this pool, and also the localization of these stem cells within the 

mammary gland structure. 

Breast Cancer 

Breast cancer has been one of the more persistent diseases in the United States 

for women.  It has an age-adjusted incidence rate of 122.8 per 100,000 women each 

year (Altekruse et al., 2009).  Despite advances in early detection and diagnosis, there 

has been little change in mortality rate once the tumor metastasizes.  However, the first 

5 years is generally favorable (NCI, SEER).  Current treatments can eliminate the bulk 

of the tumor and reduce tumor mass, but it often returns with a more aggressive 

phenotype.  The question of tumor recurrence has vexed researchers as they try to 

identify the root cause.  It was first elegantly termed the "seed and soil" hypothesis, 

proposed by Stephen Paget in 1889.  Most studies have focused on genetic or 

molecular factors that may promote tumorigenic phenotypes such as evasion of cell 

death, self-renewal, increased proliferation, resistance to anti-growth signal, 

angiogenesis, tissue invasion and metastasis (Hanahan and Weinberg, 2000).  There 

are recent attempts to find and to target the "seed" that sustains tumor initiation as the 

means to long-term tumor suppression.  This phenomenon shows a shift in focus in 

cancer biology: from studying the deregulation of normal cellular functions to searching 

for a specific cell type equipped with tumorigenic cellular processes by default. 
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Types of Breast Cancer 

Breast cancer classification is based on criteria such as the invasiveness, point of 

origin, proliferative potential, and hormone receptor status.  These pathological 

parameters were designed to evaluate tumor progress for diagnosis and prognosis.  

The information provided by such assessments guide the formation of treatment plans.  

Breast cancer types fall within four general categories: ductal carcinoma in situ (DCIS), 

lobular carcinoma in situ (LCIS), invasive ductal carcinoma (IDC), and invasive lobular 

carcinoma (ILC).  Some tumors may contain a combination of these types.  There are 

also rarer subtypes that are classified within each category (American Cancer Society, 

2009). 

Ductal Carcinoma 

DCIS is the most common type of non-invasive breast cancer and has the best 

prognosis, as they usually contain hormone-receptor positive cells that may respond to 

anti-hormone therapy (ACS, 2009).  The cancer cells are typically of luminal origin and 

are located inside the duct, but have not invaded surrounding tissue or lymph nodes. 

IDC is the invasive variety of ductal carcinoma when the cancer cells invade the 

duct wall and begins to spread into the fatty tissue of the breast and lymph nodes (ACS, 

2009).  They may then spread to other parts of the body through the lymphatic system 

and bloodstream.  IDC is the most common type of breast cancer, but it can be further 

partitioned into other invasive breast cancer types.  As metastasized cells, they are 

typically less responsive to treatments, fast growing, and have worse prognosis. 

Lobular Carcinoma 

LCIS may be classified as non-invasive breast cancer, but patients with this 

cancer type have a higher risk of developing invasive cancer.  The cancer cells are 
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localized to the lobular glands and also contain hormone receptor positive cells that may 

be responsive to treatment (ACS, 2009).  

ILC, like IDC, is the invasive version of the in situ cancer type and are difficult to 

treat and to track progression using standard detection methods like mammograms.  It 

is a rarer subtype of invasive breast cancer, making up approximately 10% of all 

invasive breast cancer (ACS, 2009).   

Other Types of Breast Cancer 

There are less common types of breast cancer that do not readily conform to the 

above subgroups.  They have a more complex pathology and are not fully understood.  

A few of these types are briefly described as examples.  They are chiefly fast growing, 

invasive cancer cells that require aggressive therapy to control. 

Inflammatory breast cancer (IBC) is a rare form of invasive breast cancer that may 

be mistaken for an infection.  It elicits an inflammatory response due to blockage of 

lymph vessels in the skin by cancer cells.  IBC tends to grow quickly and aggressively.  

They are insensitive to antihormone and are treated with chemotherapy or radiation 

(ACS, 2009).   

Triple negative breast cancers do not express estrogen, progesterone, or HER2 

receptors.  This type of cancer is especially aggressive as there is no regulatory 

signaling from growth receptors, and they are completely non-responsive to receptor-

mediated inhibitors.  It usually requires aggressive chemotherapy to check growth, 

although results are temporary and recurrence rate is high (ACS, 2009). 

Medullary carcinoma is considered a subtype of IDC with cells derived from milk 

duct cells.  It has a well-defined boundary between tumor and normal tissue as 

abnormally large cancer cells are surrounded by immune cells along the periphery.  The 
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prognosis for this cancer type is better than most invasive breast cancer and may be 

successfully treated with standard therapies (ACS, 2009).   

Estrogen Receptor Alpha 

There are two estrogen receptor isoforms, ERα and ERβ. They are members of 

the nuclear receptor superfamily, and function as ligand-activated transcription factors.  

The two proteins are encoded on different chromosomes, have distinct localization 

pattern, and subtle differences in ligand binding affinity and structure (Figure 1-1).  In 

general terms, the two isoforms are present in the breast and have antagonistic 

functions.  ERβ can heterodimerize with ERα and inhibit activation of ERα target genes 

(Jones et al., 1999; Kuiper et al., 1998; Zhu et al., 2006; Ariazi et al., 2006).  Both 

receptors contain five distinct domains (Green and Carroll, 2007).  From the N-terminus, 

domain A/B contains the transcriptional activation function 1 (AF-1) region that 

modulates receptor activity.  Domain C contains the DNA binding domain (DBD) 

composed of cysteine-rich zinc fingers.  Domain D is a hinge region, followed by 

domains E and F at the C-terminus.  The E domain is the ligand binding domain (LBD) 

and also contains the second activation function region (AF-2).  F domain is a variable 

region between the 2 ER isoforms.  As the MCF7 cell line does not express ERβ 

significantly (Lindberg et al., 2010; Paruthiyil et al., 2004), ERβ will be omitted in this 

introduction. 

In mammalian tissues, ERα is known to be endogenously expressed at high levels 

in the mammary gland, male and female reproductive tracts, bone, the cardiovascular 

system, and parts of the brain.  Knockout studies in mice and ERα-deficiency studies in 

humans have reported phenotypes including infertility and inhibition of normal 
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physiological changes during puberty (Couse and Korach, 1999; Curtis Hewitt et al., 

2000).  Present knowledge maintains that ERα has a general role in modulating cell 

proliferation during embryonic development, but it is not essential.  However, the 

receptor has a profound role in postnatal development, especially during puberty and 

pregnancy as the mammary gland undergoes extensive remodeling.   

Estrogen Receptor Alpha Signaling 

The unliganded form of ERα is sequestered within the nuclei in inhibitory 

complexes composed of heat shock protein (Hsp90) chaperones (Fliss et al., 2000).  

Upon ligand binding and activation, ERα dissociates from the inhibitory complex and 

may regulate cellular proliferation and target gene expression through direct or indirect 

DNA interaction, or participate in non-genomic mitogenic signaling (Ariazi et al., 2006; 

Bjornstrom and Sjoberg, 2005).   

Genomic Function 

The classical function of ERα is mainly through genomic means as the receptor 

regulates target gene expression.  In the classic genomic model, the receptors dimerize 

upon ligand binding and interact directly with DNA on the promoter region of target 

genes.  The receptor binds preferentially on conserved cis-element sequences called 

the Estrogen Response Element (ERE) (Hayashi and Yamaguchi, 2008).  Recent 

genome wide ERα-DNA interaction studies have uncovered novel binding sites and new 

classes of ERα regulated genes (Carroll et al., 2006; Lin et al., 2007). 

ERα may also bind DNA without activation by ligands.  Ligand-independent 

binding is typically induced by receptor phosphorylation, and mediated by growth factor 

activated kinase cascades (Dudek and Picard, 2008; Lannigan, 2003).  These kinases 
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activate ERα by phosphorylating specific amino acid residues.  Eight specific residues 

have been reported and each is associated with a specific kinase cascade (Hayashi et 

al., 2008).  Cell cycle regulated cyclin A/cdk2 complex phosphorylates S104/106.  

MAPK is known to phosphorylate S118 (Atanaskova et al., 2002).  Akt (or PKB), in 

complex with PI3K, can phosphorylate S167 (Stoica et al., 2003; Campbell et al., 2001).  

These phosphorylation sites are located within the activation function 1 (AF-1) region, 

which resides in the A/B domain, of the receptor.  Phosphorylation of this region was 

shown to upregulate ERα transcriptional activity by inducing structure conformational 

changes that promotes coactivator interactions.  PKA is able to phosphorylate S236, 

located in the core DNA binding domain, and inhibit dimerization (Chen et al., 1999).  

p38 MAPK is known to phosphorylate T311 in the C-terminal domain (Lee and Bai, 

2002).  The Src kinase phosphorylates the receptor at Y537 (Arnold et al., 1995).  A 

novel phosphorylation site at the extreme C-terminus has recently been identified at 

S559, and it is phosphorylated by protein kinase CK2 (Williams et al., 2009). 

ERα can activate target gene expression indirectly through protein-protein 

interactions with other cofactors via the AF-1 or AF-2 region (Baek et al., 2002; Shang 

et al., 2000; Jakacka et al., 2001; Métivier et al., 2003).  Such interactions are generally 

modulated by conformational changes that accompany ligand binding or 

phosphorylation of ERα and its protein partner; a few examples include AP-1, SP-1, 

STAT and NFκB (McDonnell and Norris, 2002).  Recently discovered cofactors include 

epigenetic chromatin modifiers such as BRM, GCN5, and PCAF (Green et al., 2007).  A 

complex, dynamic picture concerning ERα mediated gene regulation is emerging.  It 

supports step-wise recruitment of transcription factors to cis-elements, and ordered 
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assembly of the transcription initiation complex at those regions (Metivier et al., 2006; 

Shang et al., 2000).  

Non-Genomic Function 

ERα can also influence cell proliferation through cytoplasmic signaling.  These 

pathways are associated with estrogenic functions that act as part of an extranuclear 

kinase cascade through membrane associated ERα.  These signaling cascades include 

G-protein coupled receptors (Pedram et al., 2006, 2007), cell membrane ion channel, 

tyrosine kinase c-Src, ERK1/2, p38, JNK, PKA, PKC, PI3K, and Notch pathway (Rizzo 

et al., 2008; Fu and Simoncini, 2008).  The presence of extranuclear ERα signaling is 

controversial (Losel et al., 2003).  This is mainly due to numerous crosstalk between 

ERα and kinase cascades as discussed earlier for ligand-independent genomic effects.  

These networks make it difficult to experimentally test and confirm estrogenic action in 

the non-genomic context.  Other issues under discussion include whether membrane 

associated ERα is the classic receptor tethered to the membrane by adaptor protein or 

is a variant protein.  An amino-terminus truncated isoform of the receptor (ER46) has 

been implicated as such a variant in human endothelial cells (Li et al., 2003).  A variant 

form of metastatic tumor antigen 1 (MTA1) was shown to sequester classical ERα in the 

cytoplasm and enhanced non-genomic function (Kumar et al., 2002).  Present 

understanding of non-genomic function of ERα is incomplete, but it proposes an 

integrated approach to understanding the full range of ERα molecular mechanisms.   
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Cell of Origin 

Clonal Evolution Model 

The cell-of-origin question has been much debated in cancer biology.  Can a 

complex, heterogeneous tumor originate from a single cell?  Or are there many points of 

origin to account for the various cell types found?  The clonal evolution hypothesis 

supports both single and multicellular origin of cancer cells (Shipitsin and Polyak, 2008; 

Campbell and Polyak, 2007; Shackleton et al., 2009).  Clonal evolution is natural 

selection applied to tumorigenesis, and loosely fits the "seed and soil" hypothesis.  The 

basic framework of clonal evolution is a hierarchical model where a single cell can give 

rise to the whole tumor and continuously transform as it adapts to its environment.  At 

the top of the pyramid is a single transformed cell.  It may acquire additional 

reproductive advantage with each cell division through inherent genetic instability 

characteristic of tumor cells.  These abnormalities may be acquired through mutation, or 

general protein variations due to stochastic gene expression (Raj and van 

Oudenaarden, 2008) that optimize survival in its particular environment.  Thus, under 

favorable conditions, a single transformed cell may give rise to a tumor by growing 

quickly and aggressively.  There may still be multiple subclones generated throughout 

this process, but they would not be the dominant cell type.  If the environment is less 

favorable, the condition may select for multiple subclones that compete for dominance 

and contribute to heterogeneity.   

The Cancer Stem Cell (CSC) Hypothesis 

The cancer stem cell (CSC)/ tumor initiating cell (TIC) hypothesis represents a 

paradigm shift in considering the nature of the "seed" (Lobo et al., 2007).  The 

fundamental change is instead of a cell that outgrows and out-competes other cells as 
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proposed by clonal evolution; it suggests a small reservoir of dedicated founder cells 

reside within tumors.  These founder cells are believed to be capable of self-renewal 

through asymmetric cell division that is analogous to somatic stem cells by sharing 

certain genetic features (Visvader and Lindeman, 2008).  In essence, the CSC/TIC 

hypothesis suggests a predictable, orderly cause for tumor initiation instead of a more 

random act through natural selection or genetic drift (made more favorable by the 

unstable genome of cancer cells).  It also dictates that tumor initiation originates from 

the top of a hierarchical system, whereas in clonal evolution a tumor can arise to 

multiple points of origin (Visvader et al., 2008).   

Tumor Heterogeneity and CSC Hypothesis 

The cancer stem cell (CSC)/tumor-initiating cells (TIC) hypothesis gained 

prominence when they were first isolated in hematopoietic malignancies (Bonnet and 

Dick, 1997). The hypothesis supposes there is a rare subpopulation of cells (< 2%) with 

stem-like features within tumors.  The characteristics include self-renewal, the ability to 

differentiate, and resistance to therapy. These features can confer tumorigenic 

properties to TICs and may explain recurrence after therapy.   

However, CSCs themselves can evolve significantly from their original pool during 

disease progression (Rosen and Jordan, 2009; Hwang-Verslues et al., 2009).  It is 

equally possible that a tumor may contain both stem-like cells and genomically unstable 

clones, both vying for dominance (Campbell et al., 2007).  To complicate the issue, 

there may yet be a graduated pool of tumorigenic lineage-restricted progenitor cells 

(Lim et al., 2009).  These considerations nullify much of CSC hypothesis‟ appeal since it 

resembles the clonal evolution model.  The CSC model thus represents tumorigenic 
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potential in a given group of cancer cells, not their fate as each cell would still undergo 

significant adaptive changes (Shackleton et al., 2009).   

To reconcile the seemingly contradictory viewpoints is to admit the two models are 

not mutually exclusive.  A tumor is a distinct and complex entity that remains dependent 

upon its host.  It may have originated from a founder cell, but it needs to adapt to its 

host environment in order to propagate itself.  The xenograph model typically used to 

evaluate tumorigenicity or CSCs may not provide the optimal microenvironment for the 

pool of varying CSCs, but simply select for a small fraction.  If true, this indicates the 

potential pool and frequency of tumor-initiating cells can be larger than present 

estimates (Kelly et al., 2007; Kern and Shibata, 2007; Alison et al., 2009).  It is 

reasonable to suggest tumor-initiating cells can undergo clonal evolution and evolve into 

a more efficient “seed”, which may then develop into a complex solid tumor.  Therefore, 

it is counterproductive to be limited by semantics when a broad range, integrated 

approach is required to target a tumorigenic pool rather than single cells.  In addition, it 

demonstrates the necessity for a more precise vocabulary to be introduced. 

Implications of Each Model on Breast Cancer Recurrence 

The CSC hypothesis supports targeting therapy towards the most tumorigenic 

cells.  The reasoning is to provide more effective treatment and inhibit tumor recurrence, 

which tends to produce cancer cells with an aggressive phenotype.  This idea assumes 

that tumorigenic cells are at the top of a hierarchy that gives rise to non-tumorigenic 

cells at the lower tiers.  Therefore eliminating the highly tumorigenic subpopulation 

would render the remaining cells more susceptible to standard antihormonal or 

chemotherapy treatments.   
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Under the clonal evolution model, the large pool of heterogeneous tumor cells 

should be the target.  This is also applicable to the potentially mixed CSC population.  It 

poses a bigger challenge as it will be necessary to identify common elements in the 

tumorigenic pool for effective therapeutic designs.  Pinning down a malignant signature 

in these cells (regardless of origin) can be a daunting task.  However, there is progress 

in that direction as tumorigenic cells share many molecular cascades with stem cells 

and vice versa.  A number of oncogenic and self-renewal signaling pathways associated 

with breast CSCs have been identified.  A few examples include the Wnt pathway 

(Chen et al., 2007; Rappa and Lorico), Hedgehog (Liu et al., 2006), Notch (Farnie et al., 

2007; Dontu, Jackson, et al., 2004), and receptor tyrosine kinases (Vera-Ramirez et al., 

2010; Farnie et al., 2007; Rappa et al.), NFκB (Zhou et al., 2008), PTEN/mTOR (Zhou 

et al., 2007), and CDKI (Pei et al., 2009; Liu et al., 2009).  Ongoing research strives to 

understand pathways in stem cell maintenance and their mis-regulation, which may 

contribute insight into oncogenic pathways.  These studies have yielded therapeutic 

developments that target breast CSC as well as other types of cancers.  These include 

molecular signatures (Liu et al., 2007), immunotherapy (Morrison et al., 2008), 

nutritional phytochemicals (Kakarala et al., 2009), and high-throughput drug screening 

(Gupta et al., 2009).   

Estrogen receptor alpha, stem cells and breast cancer 

The heterogeneous nature of CSCs/TICs themselves suggest varied cell-of-origin.  

They may be derived from multipotent cells, from the range of lineage-restricted 

progenitor cells that arise over the course of differentiation, or from transformed cells 

that acquired stem-like features.  Within the framework of ERα-positive breast cancer 
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recurrence, it is possible for ERα-positive cancer cells to acquire stem-like properties 

which allow for perpetual self-renewal, evasion from antiestrogen inhibition and 

recurrence of hormone-sensitive tumors.  This may account for the approximately 30% 

recurrence hazard after 5 years of initial antiestrogen treatment (Dignam et al., 2009; 

EBCTCG, 2005).  ERα-expressing cells with highly tumorigenic features may shed light 

on this observation.  If such a population exist, then it is worthwhile to characterize its 

response to antiestrogen in order to evaluate antiestrogen efficacy in this context. 

Developmental studies have yielded some clues.  Breast epithelial cells undergo a 

differentiation hierarchy similar to that of hematopoietic cells (Figure 1-2).  The source 

starts with the undifferentiated mammary stem cells (MaSCs).  They are maintained in 

the mammary tissue via self-renewal and differentiate to bi-potent progenitors and 

onward to the two major cell subtypes: myoepithelial and luminal progenitors.  These 

short-termed stem cells are maintained throughout life and contribute to hormone-

dependent remodeling of the breast during puberty and pregnancy (Vargo-Gogola and 

Rosen, 2007).  However, it is unknown whether hormone stimulation of progenitor cells 

is ERα dependent as evidence are contradictory.  Mouse mammary stem cells have 

been demonstrated as ERα negative, but are hormone responsive (Asselin-Labat et al., 

2006, 2010; Booth and Smith, 2006).  There is contrary evidence as well, with in vivo 

evidence of a small number of slow cycling cell that are ERα positive (Clarke et al., 

2005; Smith, 2005).  The ongoing debate continues as one side argues that ERα 

positive cells found during fetal development only serve to regulate ERα negative stem 

cell maintenance via paracrine mechanisms (LaMarca and Rosen, 2008), while the 

opposition maintains ERα positive progenitor cells not only proliferate and differentiate 
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in response to estrogen but also produce paracrine factors that influence nearby ERα 

negative cells (Clarke et al., 2005; Dontu, El-Ashry, et al., 2004; Booth et al., 2006; 

Wicha, 2008).  The population of ERα positive progenitor cells is believed to be present 

only during a small developmental window, and these cells are necessary for early 

mammary gland development. 

The idea that these committed progenitors give rise to TICs is gaining ground.  

Accumulating evidence from genetic profiles of mammary stem cells have been 

compared to human tumor datasets (Lim et al., 2009; Raouf et al., 2008).  These 

studies demonstrated that aberrant luminal progenitors with limited estrogen receptor 

expression are found to correlate with basal-like tumors (Lim et al., 2009).  The 

implications are that the various breast cancer subtypes may have corresponding 

partners in the stem cell hierarchy (Figure 1-3).   

As additional information concerning progenitor transformation emerges, it will 

generate a richer picture for understanding tumor initiation and a wider array of tools for 

their precise identification.  Further support is emerging as gene expression profiling 

using patient data confirms that traditional histological classification is a crude 

prognostic indicator, as even ER-positive tumors can have varying degrees of 

malignancy which molecular profiling can discern (Sotiriou et al., 2003, 2006).  

Molecular profiling information would be useful in diagnosing and tailoring the most 

effective treatment plan for each patient. 

Contribution of CSC/TIC to antiestrogen resistance 

Antiestrogens have been the treatment of choice for ERα positive breast 

carcinomas since the 1970s.  These tumors tend to be estrogen dependent and 
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blocking estrogen signaling with antiestrogens has proven effective.  Patients with 

antiestrogen responsive tumors generally have the best prognosis and survive the 

longest after initial diagnosis.  However, resistance to antiestrogen therapy has 

substantially hindered long-term use of antiestrogen compounds.  It is interesting to 

consider if a potential ERα positive stem-like cancer cell may be antiestrogen sensitive 

as well.  One of the key criteria of a CSC/TIC is resistance to chemotherapy and 

radiation (Phillips et al., 2006; Grimshaw et al., 2008; Fillmore and Kuperwasser, 2007; 

Li et al., 2008).  So, does ERα signaling supersede self-renewal pathways?  If it does 

not, it may explain why prolonged antiestrogen treatment can generate non-responsive 

ERα positive cells.  It would confirm the presence of an intrinsically different cellular 

subgroup that is responsible for tumorigenesis, and this subgroup may utilize alternative 

signaling pathways.  However, if ERα signaling supersedes self-renewal signaling, then 

one may suppose antiestrogen therapy can be effective against less differentiated ERα 

positive cells as well as against fully differentiated luminal cells.  The culmination of 

specific cofactor expression and activity patterns, ligand availability, receptor 

conformation, and growth factor signaling within each particular cell type determine their 

response to antiestrogen inhibition.  It is conceivable that the stem-like cells at various 

differentiation stages would have varying degrees of antiestrogen sensitivity.  Further 

characterization of antiestrogens in stem-like cells may provide a new perception into 

the development of antiestrogen resistance. 

To focus on the role of ERα in this study, only antiestrogens relating directly with 

ERα will be further discussed.  Other forms of antiestrogen therapy not related to the 

receptor, such as aromatase inhibitors, will be omitted.  There are two major classes of 
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antiestrogens that bind directly to ERα.  The first class is selective estrogen receptor 

modulators (SERMs).  They are classic antagonists specific for the estrogen receptor, 

although they may have agonist effects in a cell specific manner.  The agonist activity 

induced by SERMs has been attributed to ERα conformation changes upon SERM 

binding that may recruit coactivators in certain cell types (Jordan, 2007).  SERMs have 

a triphenylethylene chemical structure and a higher binding affinity to ERα compared to 

17β-estrodiol (Clarke et al., 2003).  Tamoxifen (TAM) was the first FDA approved 

compound for use against hormone-dependent breast cancer in pre- and 

postmenopausal women.  It is a triphenylethylene that is metabolized in the liver by 

cytochrome P450 enzymes to the metabolically active form 4-hydroxytamoxifen (4-

OHT) (Jordan, 2007).  4-OHT has a stronger binding affinity for ERα„s LBD than TAM.  

Many other SERMs have been developed over the years, the most promising of which 

is raloxifene, a benzothiophene derivative, as it has no known agonist activity (Lewis 

and Jordan, 2005).  However, raloxifen and other benzothiophene derivatives have 

lower binding affinity to ERα and have a short half-life (Jordan, 2007). 

The second class of compounds is selective estrogen receptor down-regulators 

(SERDs).  They are often referred to as pure antiestrogens because they have no 

known agonist effects.  SERDs function under a completely different mechanism from 

SERMs.  They impair receptor dimerization and induce conformational changes that 

expose ERα„s hydrophobic surface.  The unnatural conformation destabilizes the 

receptor and promotes degradation via the ubiquitination pathway (Ariazi et al., 2006).  

Fulvestrant (ICI 182780) is the most widely studied drug of the SERDs.  Clinical trials 

comparing fulvestrant to TAM have concluded that there were no significant differences 
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in efficacy between the two drugs.  Fulvestrant has become another option for patients 

that developed resistance to other lines of therapy; however clinical data has not shown 

it to be better than other therapies (Ariazi et al., 2006).  

CSC Isolation and Detection 

The premise of the CSC/TIC model has been keenly applied towards the study of 

breast cancer recurrence.  The initial toolbox consisted of BrdU label retentions and 

Hoechst dye efflux to isolate a slow-cycling "side-population".  This method was used in 

mouse mammary stem cell studies and it was noted that less differentiated cells 

overexpress multi-drug resistant transporters (Welm et al., 2002).  The tools have since 

expanded as additional molecular markers were identified.  A tumorigenic subpopulation 

was identified and isolated as CD44+CD24-Lin- (Al-Hajj et al., 2003) in human breast 

carcinomas. CD44 and CD24 are not the only stem-like markers proposed; they are just 

the most commonly used in breast cancer studies.  These markers have formed the 

basis for isolation of mammary stem cells in mice (Stingl et al., 2006; Regan and 

Smalley, 2007), rat (Zucchi et al., 2007), and humans (Liu et al., 2006).  These markers 

were adopted and combined with neural stem cell culture technique to generate an in-

vitro culture system that enriches for stem/progenitor cells from human mammary tissue 

(Liu et al., 2005), referred to as mammosphere culture.  It basically is growing cells at 

low density in serum-free, defined media under suspension condition to generate clonal 

spheres.  The mammosphere culture method has also consistently propagated 

tumorigenic cultures from established cell lines (Ponti et al., 2005; Fillmore and 

Kuperwasser, 2008).  A recent study provided preliminary evidence correlating 

differential cellular adhesion to stem-like/mesenchymal properties (Walia and Elble, 

2010).  Although the underlying mechanism is not understood, it indicates that cell 
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adhesion and culture environment can drive cells towards a stem-like/mesenchymal 

phenotype.  This may provide an explanation for the effectiveness of TIC enrichment in 

mammosphere culture.   

The debate concerning the genuine utility of the CD44 marker is ongoing.  Several 

studies have noted that CD44 expression is not unique to stem cell (Shipitsin et al., 

2007; Hwang-Verslues et al., 2009; Wright, Robles, et al., 2008) and that there is a 

significant level of heterogeneity within CD44-positive cell fractions (Shipitsin et al., 

2007; Pece et al., 2010; Park et al., 2010).  However, CD44 expression has been 

consistently linked to a more progenitor-like tumorigenic subpopulation (Shipitsin et al., 

2007; Sheridan et al., 2006; Abraham et al., 2005), and has potential prognostic value 

(Liu et al., 2007). The relative enrichment is dependent on cellular context.  Cells 

isolated in this manner have expressed some stemness properties, but their relative 

abundance in a given population and their function require further study (Zucchi et al., 

2008; Wright, Calcagno, et al., 2008).   

A new addition to the arsenal is the identification of aldehyde dehydrogenase 1 

(ALDH1) that is overexpressed in tumors, particularity in the highly tumorigenic and 

undifferentiated fraction (Ginestier et al., 2007).  ALDH1 has been further evaluated in 

established cell lines and initial results were confirmed (Charafe-Jauffret et al., 2009).  

This marker has also been applied to other cell types as CD44 has been.  Its validity as 

a CSC marker has likewise been contested because ALDH1 expression varies widely 

depending on cell type and microenvironment (Neumeister and Rimm, 2009).   

Other Examples of CSC Enrichment 

Results gathered using the existing markers are imperfect, and will surely be re-

evaluated when new methods become available.  In addition to markers mentioned 
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above, CD133 (Wright, Calcagno, et al., 2008) has also been used to identify  

stem/progenitor fractions from epithelial cells in other tissues including colon 

(Vermeulen et al., 2008), bladder (Chan et al., 2009), and prostate (Shi et al., 2007; 

Wang et al., 2009).  Similar issues concerning cell-of-origin and heterogeneity is also 

being discussed in these models. 

The overall picture emerging from CSC/TIC identification is the obvious paucity of 

available biomarkers and the limited application of each.  It has not constrained 

research in this area because, regardless of the real existence of cancer stem cells, it is 

useful to isolate and understand the more persistent cell types in solid tumors.  The 

main obstacle has been the difficulty in isolating those fractions.  The tools currently 

being developed will contribute to understanding the rarer subgroups and help develop 

long-term strategies for disease management.   

 



 

34 

 

 
Figure 1-1.  Estrogen receptor isoforms (Ariazi et al., 2006).  Amino acid sequence 

identity is shown as percentage homology relative to ERα.  Abbreviations: 

DBD is DNA binding domain.  LBD is ligand binding domain.   

 

 
 
Figure 1-2.  Mammary gland differentiation hierarchy (Visvader, 2009).  Model of 

mammary differentiation hierarchy with mouse primary cell surface markers in 
blue, and human primary cell surface markers in red.  The common 
progenitor cell is believed to be a potential bipotent cell restricted to 
mammary development. 
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Figure 1-3.  Potential relationship between mammary differentiation hierarchy and the 

development of tumor subtypes (Visvader, 2009).  A hypothetical model for 
the development of various breast cancer subtypes from a hypothetical 
mammary differentiation hierarchy.  It supposes less differentiated tumor 
subtypes are derived from oncogenic transformation of lineage-restricted 
progenitor cells, while highly differentiated subtypes are derived from fully 
differentiated luminal cell types.
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CHAPTER 2 
GENERAL MATERIALS AND METHODS 

Cell Culture 

MCF7 cell from ATCC were grown as monolayer culture in DMEM media 

(MediaTech) supplemented with 10% bovine calf serum (Hyclone), 1% L-glutamine 

(MediaTech), and 1% penicillin-streptomycin solution (MediaTech).  They were cultured 

in tissue-culture grade petri dishes.  To generate MCF7 mammospheres (MCF7S), 

MCF7 parental cells were first washed with PBS.  They were trypsinized with 0.05% 

trypsin/EDTA (MediaTech) for 5 minutes.  The trypsin was quenched with whole DMEM 

media, stained with 0.4% solution trypan blue (Gibco) for 5 minutes to exclude dead 

cells, and manually counted using a hemocytometer to calculate cell density according 

to the formula: cell number count (average) x dilution factor x 104 = cells/ml.  The cells 

were diluted to 5000 cells per ml in PBS and washed twice.  The cell pellet was 

resuspended in defined mammosphere media and seeded onto Poly-HEMA coated 

dishes to prevent attachment.  Poly-HEMA working solution was a 2X solution diluted 

from 10X stock solution in 95% ethanol.  The 10X Poly-HEMA stock solution was 

composed of 0.12 g/ml Poly-HEMA dissolved in 95% ethanol at 60˚C. 

MCF7 mammospheres (MCF7S), derived from mammosphere culture selected 

MCF7 cells, were maintained in 50:50 DMEM/F12 media (MediaTech) supplemented 

with 20 ng/ml EGF (Sigma), 10 ng/ml bFGF (Sigma), 5ug heparin (Sigma), 1% 

penicillin-streptomycin solution (MediaTech), 1% L-glutamine (MediaTech), and 1X B-27 

supplement (Invitrogen).  Cells were trypsinized every 6-7 days and passaged at 10,000 

cells per ml onto Poly-HEMA coated dishes.  For frozen cell stocks, MCF7S were 



 

37 

dissociated with trypsin and resuspend in desired amount of mammosphere culture 

media containing 10% DMSO, and stored at -80˚C. 

MCF7S Cell Proliferation and Sphere Formation Assay 

Serial Passaging 

For each passage, the MCF7S cells were spun down from suspension at 700 rpm 

for 6 minutes and the supernatant was removed.  The cell pellet was resuspended in 50 

μl 0.05% trypsin/EDTA for 2 minutes, and then actively dissociated by pipetting up and 

down.  The digestion was quenched by adding 150 μl of mammosphere media.  20 μl of 

cell suspension was taken for trypan blue viability assay and counted.  The cell 

suspension was diluted to 10,000 cells per ml and plated with desired antiestrogen or 

vehicle on Poly-HEMA coated tissue culture dishes.  The cells were incubated 

undisturbed for 7 days before repeating dissociation and cell counting. 

The fold change was calculated as final cell density / initial cell density.  The fold 

change for each passage is used to calculate cell expansion.  To calculate cell 

expansion, the fold change for each passage was multiplied by the cell density in each 

preceding passage.  The final results were expressed on a semilog graph and the slope 

was calculated as log expansion to determine growth rate changes.     

Cell Proliferation Assay 

MCF7S cells were spun down from suspension at 700 rpm for 6 minutes and the 

supernatant was removed.  The cell pellet was resuspended in 50 μl 0.05% 

trypsin/EDTA for 2 minutes, and then actively dissociated by pipetting up and down.  

The digestion was quenched by adding 150 μl of mammosphere media.  20 μl of cell 

suspension was taken for trypan blue viability assay and counted.  Cell suspension was 
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diluted to 5,000 cells per ml and was plated with desired drug or vehicle on Poly-HEMA 

coated tissue culture dishes.  The cells were incubated undisturbed for 2, 4, or 6 days 

before harvesting for viable cell count and replating for sphere formation assay (Figure 

2-1). 

Sphere Formation Assay 

Directly after viable cell count for the cell proliferation assay described above, the 

cell suspension was diluted in 2 ml of mammosphere media to a cell density of 5000 

cells per ml.  For each treatment condition, 200 μl of the cell suspension was allocated 

per well for one column (8 wells) of a 96-well plate with no Poly-HEMA coating.  There 

was an estimated 1000 cells per well at this point.  100 μl of the cell suspension in each 

well was diluted to 2 adjacent wells, which contained 100 μl of mammosphere media.  

The result was a final 1:1 dilution in 16 wells; each well contained an estimated 500 

cells.  The estimated total number of cells seeded was 8000 cells per condition (Figure 

2-1).  Plated cells were incubated undisturbed for 6 days.  Phase contrast pictures were 

then taken at 50x magnification and sphere size and number were manually evaluated 

from the images using ImageJ software.  Sphere formation frequency was calculated 

using the formula: (number of spheres/number of total cells plated) x 100%.    

RNA Isolation 

Samples were collected and homogenized by vortex in 0.5 ml Trizol reagent 

(Invitrogen) to obtain total RNA.  0.1 ml of chloroform was added to each homogenized 

samples.  The samples were then centrifuged at 12,000 x g for 15 minutes at 4˚C to 

separate aqueous: phenol-chloroform phase.  The aqueous phase was extracted from 

each sample.  The RNA was precipitated with the addition of 75% isopropanol (v/v), and 
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centrifuged maximum speed at 4˚C for 15 minutes.  The RNA pellets were washed with 

1 ml of 75% ethanol and centrifuged to remove supernatant.  The pellets were air-dried 

for 5 minutes before dissolving in sterile-filtered TE (10mM Tris pH 8, 1mM EDTA) and 

stored at -80˚C. 

Reverse Transcriptase PCR (RT-PCR) 

Approximately 1 μg of total RNA was added to a reaction cocktail containing 

DEPC-treated ddH2O, 2.5 μM dNTP, and 5 nM random hexamer primers to 16 μl final 

volume.  The mixture was incubated at 70˚C for 5 minutes, and quenched quickly on 

ice.  2 μl of 10X RT buffer (NEB M-MuLV), 1 μl RNase Inhibitor (Promega), and 1 μl M-

MuLV Reverse Transcriptase (NEB) were added to the reaction to a final volume of 20 

μl, which was incubated at 42˚C for 1 hour.  The reaction was heat-inactivated at 95˚C 

for 5 minutes, and was diluted 1:5 dilution with ddH2O.  1-2 μl of diluted template was 

used for real-time PCR. 

Real-Time PCR 

Each real-time PCR reaction was composed of the following: 1-2 μl cDNA 

generated from RT-PCR, 1 μl of 5 μM primer mix working solution, 8 μl ddH2O, and 10 

μl 2X Sybr Green PCR Master Mix (Applied Biosystems).  Triplicates were done for 

each reaction and results were expressed as relative quantitation normalized to beta-

actin expression as control.  Duplicates of reactions with no template were also included 

on real-time PCR plate for each run as negative control.  Gene expression differences 

larger than 2-fold are considered to be significant.  The thermal cycling parameters were 

as follows: 95˚C for 10 minutes, 40 cycles of 95˚C for 15 sec for denaturing step and 60-

64˚C for 60 sec for primer extension, and a melting curve analysis was performed at the 
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end of each run.  StepOne (48-well), or StepOnePlus (96-well) Real-time PCR 

machines (Applied Biosystems) were used for data collection.  Primers used were listed 

in Table 2-3.   

Total Protein Isolation 

Total protein lysates were isolated from MCF7 or MCF7S cell by first washing cells 

in cold PBS twice, then adding 50-200 μl lysis buffer (50mM Tris pH 7.5, 1mM EDTA, 

1% (v/v) SDS, 1% 2-mercaptoethanol, 20mM dithiothreitol).  The samples were boiled 

for 10 minutes, then 6X sample buffer (4x Tris-SDS pH 6.8, 30% glycerol, 10 % SDS, 

0.6M dithiothreitol, 0.012% bromophenol blue) was added.  The samples were either 

stored at -20˚C.  The samples were boiled again for 5 minutes prior to loading onto 

SDS-PAGE gel for analysis. 

Nuclear Extraction 

Cells were collected after antiestrogen treatment in cold PBS and rinsed twice.  

The cells were resuspended in 400 μl hypotonic buffer (10 mM HEPES pH7.9, 10 mM 

KCl, 2 mM MgCl2, 0.1 mM EDTA, 0.5 mM Dithiothreitol, 1X protease inhibitor cocktail), 

and incubated 15 minutes on ice.  30 μl of 10% NP-40 was added to each sample and 

then vortex 10 times for 3-5 seconds each.  The samples were centrifuged for 1 minute 

at 4˚C.  The cytosolic supernatant was collected in pre-chilled microcentrifuge tubes for 

each sample, and stored at -80˚C for later use.  Each nuclear pellet was resuspended in 

40 μl nuclear extraction buffer (50 mM HEPES ph7.9, 50 mM KCL, 500 mM NaCl, 0.1 

mM EDTA, 0.5 mM Dithiothreitol, 1X protease inhibitor cocktail).  The samples were 

incubated at 4˚C with rocking for 30 minutes.  The nuclear fractions were collected in 

pre-chilled microcentrifuge tubes after centrifuging at max speed for 1 minute at 4˚C.  
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The nuclear fraction was diluted 1:1 with hypotonic buffer before storage at -80˚C for 

later use. 

Immunoblot Analysis  

Protein lysate and nuclear extracts were analyzed by immunoblot.  The samples 

were resolved by first adding the appropriate amount of 6X sample buffer and boiled for 

5 minutes.  The samples were loaded onto 10% Tris-HCl polyacrylamide separating 

gels /4% stacking gel at 1mm thickness for electrophoration in 1X running buffer (25 

mM Tris, 190mM glycine, 0.2% SDS).  The gel was then electrotransferred onto 

polyvinylidene fluoride (PVDF) membrane using Trans-Blot Semi-Dry Electrophoretic 

Transfer Cell (BioRad) in 1X transfer buffer (20 mM Tris, 192mM glycine, 10% 

methanol).  Membranes were stained with Fast Green (0.1% Fast Green FCF, 50% 

methanol, 10% acetic acid) for 5 minutes at room temperature to ensure transfer and 

equal loading.  Stained membranes were washed 2-3 times in TBST (30mM Tris pH 

7.5, 200mM NaCl, 0.1% (v/v) Tween-20), and incubated in 3% (w/v) non-fat dry milk in 

TBST blocking solution for 30 minutes at room temperature.  Blocked membranes were 

rinsed in TBST before probing with diluted primary antibody in TBST for 30 minutes at 

room temperature, or overnight at 4˚C.  The membranes were then washed 3 times at 

room temperature in TBST for 5 minutes each.  They were next incubated in 1:10000 

diluted peroxidase-conjugated secondary antibodies in TBST for 30 minutes at room 

temperature.  The membranes were then washed 3 times at room temperature in TBST 

for 5 minutes each.  Bound antibodies were detected by applying Pierce ECL substrate 

solution (Thermo Scientific) and exposing the membrane to X-ray film. 
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Immunofluorescence 

Cells were attached to glass cover slips prior to immunofluorescence staining 

procedure.  Adherent cells were grown directly onto glass cover slips and treated with 

antiestrogens.  Mammosphere cells were dissociated with trypsin, quenched with 

media, centrifuged to concentrate cells to 50 μl media.  The cell suspension was then 

gently applied onto glass cover slips in 6-well tissue culture plate, and centrifuged at 

3000 rpm for 4 minutes to attach cells onto cover slips.  The cover slips were rinsed with 

PBS twice, and then 3.7% formaldehyde/PBS was added to cover slips to fix the cells 

for 5 minutes at room temperature.  The cells were rinsed with 0.1% NP-40/PBS 3 

times.  The cell membranes were permeablized for 15 minutes at room temp with 0.1% 

NP-40/PBS.  Next, they were incubated with 1:50 diluted primary antibodies in 3% 

BSA/0.1% NP-40/PBS for 1 hour at room temperature.  They were then rinsed 3 times 

with 0.1% NP-40/PBS for 5 minutes at room temperature.  They were incubated with 

1:500 diluted flurophore-conjugated secondary antibodies in 3% BSA/0.1% NP-40/PBS 

for 1 hour at room temperature in the dark.  The cover slips were rinsed 3 times with 

0.1% NP-40/PBS for 5 minutes at room temperature, followed by a quick rinse with 

water, and then counterstained with 200 μg/ml of Hoechst 33342 for 5 minutes at room 

temperature.  The cover slips were rinsed with water, and allowed to air dry in the dark 

for 30 minutes.  The cover slips were mounted onto glass slides using Fluoromount-G 

(Southern Biotech) and allowed to dry overnight at room temperature in the dark.  Glass 

slides were stored at 4˚C.   
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short-hairpin RNA (shRNA) Vector Construction  

shRNA Oligo Design and Cloning  

 Oligos for shRNA construction were designed using shRNA psm2 designer at 

RNAi Central (http://katahdin.cshl.edu/siRNA/RNAi.cgi?type=shRNA).  The accession 

number NM_000125.2 was entered for estrogen receptor alpha shRNA design.  In order 

to generate a high-fidelity oligo, it was broken into two fragments when ordering from 

Invitrogen (Table 2-1).  The breaks in the two fragments were designed with 

overlapping, complimentary loop regions so they anneal and extend during PCR into the 

full length oligo.  The desiccated oligos were dissolved in TE buffer and combined to a 

final working solution of 1 μM.  5 μM Mir30 PCR primers were used for amplification 

using Phusion High-Fidelity DNA Polymerase (Finnzymes).  Mir30 primer sequences 

were as follows: forward 5'-aagccctttgtacaccctaagcct-3' and reverse 5'-

actggtgaaactcacccagggatt-3'.   

The PCR was performed by mixing 1 μl of 1 μM mixed oligos, 1 μl of 5 μM Mir30 

PCR primers, 1 μl of Phusion polymerase, 2 μl of 10 mM dNTP mix, and distilled water 

to a final volume of 20 μl.  The reaction was first denatured at 98˚C for 30 seconds, 

followed by 35 cycles of 1) denatuaration at 98˚C for 10 seconds, 2) annealing at 60˚C 

for 30 seconds, and 3) extension at 72˚C for 30 seconds.  The reaction included a final 

round of extension at 72˚C for 5 minutes. 

After PCR, the fragment was gel purified using QIAquick Gel Extraction Kit 

(Qiagen).  The purified fragment was digested with XhoI and EcoRI restriction enzymes 

for at least 2 hours at 37˚C.  The retrovirus vector pLMP was also digested in parallel.  

The pLMP vector sequence and information can be found in Figure 2-2 

(Openbiosystems).  The enzymes were heat inactivated at 65˚C for 30 minutes.  The 

http://katahdin.cshl.edu/siRNA/RNAi.cgi?type=shRNA
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digested fragment and vector were mixed at a 7:1 ratio, respectively and ligated with 1 

μl of T4 DNA ligase and 1X ligase buffer (NEB) in 10 μl final volume for 1 hour - 

overnight.  The ligated DNA was transformed into DH5α competent E. Coli cells by 

heat-shock at 37˚C for 45 seconds.  The cells were allowed to recover in LB, incubated 

at 37˚C for 30 minutes with agitation.  The cells were plated onto 50 μg per ml ampicillin 

LB agar plates and incubated overnight at 37˚C for selection of positive clones.  Clones 

were manually picked and amplified in 5 ml LB culture with 50 μg per ml ampicillin 

selection overnight at 37˚C with agitation. 

Plasmid DNA MiniPrep 

1 ml of the overnight culture was transferred to a microcentrifuge tube.  The 

bacterial cells were centrifuged at 8000 rpm for 1 minute.  The cell pellets were 

resuspended with 200 μl P1 Buffer (50 mM Tris-Cl pH 8.0, 10 mM EDTA) each.  The 

cells were then lysed by adding 200 μl P2 Lysis Buffer (200mM NaOH, 1% SDS w/v) to 

each tube and mixed by inversion.  Next, 200 μl P3 Neutralization Buffer (3 M 

potassium acetate) were added to each tube and mixed by inversion.  The samples 

were centrifuged at 14000 rpm for 5 minutes to pellet precipitated proteins.  0.5 ml of 

the supernatant was transferred to a new tube and reserved.  The protein pellet was 

discarded.  1 ml of 100% ethanol was added to the reserved supernatant and mixed to 

precipitate DNA.  The precipitated DNA was pelleted by centrifugation at 14000 rpm for 

10 minutes.  The supernatant was discarded.  The DNA pellets were washed once in 1 

ml 70% ethanol and the supernatants were removed.  The DNA pellets were air dried 

for 5 to10 minutes.  The DNA was dissolved in 30 to 50 μl TE (1 M Tris-Cl, 0.5 M EDTA 
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pH 8) containing 20 μg/ml RNase A.  Purified DNA was sequenced to confirm shRNA 

oligo insertion prior to retrovirus production. 

Retrovirus Production and Transduction of Target Cells 

Transient Transfection 

To generate retroviral particles, the shRNA vector (Figure 2-2) containing the 

specific knockdown sequence was transiently transfected into transformed HEK293 

cells called Phoenix.  The Phoenix cells overexpress retroviral proteins Gag-Pol and 

Env to facilitate packaging of shRNA into retroviral particles and increase their 

production.  Phoenix cells were maintained in DMEM media (MediaTech) supplemented 

with 10% bovine calf serum (Hyclone), 1% L-glutamine (MediaTech), and 1% penicillin-

streptomycin (MediaTech).  Cells were seeded at ~60% confluency 24 hours prior to 

transfection.  They were transfected using Fugene 6 Transfection Reagent (Roche) by 

first diluting 2 μl of the transfection reagent in 100 μl PBS.  1 μg of DNA was also diluted 

in 100 μl PBS.  The two diluted reagents were combined and incubated at room 

temperature for 30 minutes to form a cationic lipid-mediated transfection complex.  The 

complex was added directly to cells dropwise.  The cells were then incubated from 12 

hours to overnight before switching to fresh media.  The cells were incubated for an 

additional 48 hours.  The virus-containing media was collected and passed through a 45 

μm filter to exclude cell debris.  The viral media was aliquoted and used immediately to 

infect target cells.  Excess aliquots were stored at -80˚C, or disposed after bleaching. 

Retroviral Infection for Stable Integration 

Target cells were trypsinized and plated 24 hours prior to retroviral infection. 

Adherent cells were infected by replacing culture media with the infection cocktail, which 
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consisted of 1:1 viral media: culture media and 4 μg/ml polybrene.  The cells were 

incubated for 24 hours, and then the infection cocktail was replaced with fresh media.  

The cells were incubated for an additional 24 hours. 

In order to infect suspension cells, they were first centrifuged to remove culture 

media.  The cell pellet was resuspended in the infection cocktail and plated on Poly-

HEMA coated tissue culture dishes.  The cells were incubated for 24 hours, and then 

the infection cocktail was replaced with fresh media.  The cells were incubated for an 

additional 24 hours. 

After the 24 hours of recovery in fresh media, the cells were treated with 2 μg/ml 

puromycin dihydrochloride (Cellgro) to begin selection of transformed cell.  Uninfected 

target cells were treated in parallel to estimate selection completion, which is typically 

complete 48 hours after addition of puromycin.  The selection media was replaced with 

fresh culture media after selection and transformed cells were allowed to expand to 

desired density.  The cells were then trypsinized and dissociated into a uniform 

suspension and aliquoted.  The transformed cell stocks were stored in freezing media 

(bovine serum albumin containing 10% v/v DMSO) at -80˚C, maintained as polyclonal 

culture, or further selected for monoclonal culture. 

Selection and Enrichment of Single Clones 

To select single clones in mammosphere culture, the spheres were dissociated 

with trypsin to a single cell suspension.  The cell suspension was first diluted to 1000 

cells per ml, and then distributed 200 μl per well into 2 columns of a 96-well plate.  The 

2 columns were serially diluted 100 μl down the remaining columns of the plate, which 

also contained 100 μl per well.  The final dilution was < 5 cells per well in 200 μl.  The 
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cells were incubated and media was added or replaced as needed until single colonies 

can be visualized.  Each clone was manually picked using micropipet tips into each well 

of a 24-well plate (Poly-HEMA coated).  The clones were allowed to expand until 

sufficient cells were obtained to ascertain knockdown using immunoblot analysis. 

Analysis of CD44 Expression 

For each sample, approximated 1x106 cells were trypsinized to obtain single cell 

suspension.  The cells were washed twice in cold PBS + 1% BSA.  The cells were 

incubated at 4˚C with either 1:25 diluted CD44-FITC antibody or isotype-FITC control 

antibody in PBS + 1% BSA for 45 minutes in the dark.  After incubation, the cells were 

washed twice in cold PBS + 1% BSA.  The cell pellet was resuspended in 400 μl cold 

PBS + 1% BSA for flow cytometry analysis within 1 hour. 

BrdU/Propidium Iodide Cell Proliferation Assay 

An asynchronous MCF7S culture of 1 x 106 cells were trypsinized and cells were 

pulsed with 10 μM BrdU for 2.5 hours.  Duplicates of samples without BrdU pulse were 

included as BrdU staining controls.  They were washed in cold PBS, and fixed overnight 

with cold 70% ethanol at 4˚C in the dark.  The samples were stored at -20˚C, protected 

from light, until BrdU staining.  On the day of staining, the cells were centrifuged and the 

ethanol was removed.  They were then washed once in PBS + 1% BSA.  To denature 

the DNA and expose BrdU antigen, the cells were treated for 30 minutes in 2 M 

HCl/0.5% Triton-X 100 at room temperature.  The cells were centrifuged and the 

supernatant was removed, and the cells were washed once in 0.1 M Na2B4O7 pH 8.5. 

 The supernatant was removed after centrifugation, and the cells were incubated with 

1:50 dilution anti-BrdU-FITC antibody in 0.5% (v/v) Tween-20/1% BSA/PBS containing 
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100 μg/ml (w/v) RNase A.  The samples were incubated in the dark at room 

temperature for 1 hour.  The samples were washed twice in PBS + 1% BSA and 

resuspended in PBS + 10 μg/ml propidium iodide (Sigma).  The samples were 

incubated at room temperature for 15 minutes in the dark, and kept on ice for less than 

1 hour prior to flow cytometry.  PI cell cycle modeling and data generation was 

performed using ModFit LT software.   

Annexin V-PE Apoptosis Detection using BD Pharmingen Kit 

Cells were washed 2 times in cold PBS, and then resuspended in 1X hypotonic 

binding buffer (BD Pharmingen) at 1x106 cells per ml.  100 μl (1x105 cells) were 

transferred to a culture tube.  5 μl Annexin V-PE antibodies and 5 μl 7-amino-

actinomycin D (7-AAD) were added to each tube.  Then the tubes were incubated at 

room temperature for 15 minutes in the dark.  Next, 400 μl 1X hypotonic binding buffer 

was added to each tube.  The samples were processed in a flow cytometer within 1 

hour.  Cells treated with 7-AAD alone, Annexin V alone, and unstained cells were used 

as controls to set up compensation and quadrants.   

Statistical Analysis 

 Statistical analyses were derived from at least three independent experiments.  

Error bars for three independent experiments were presented as standard error of the 

mean (SEM), and statistically significant differences were determined using the 

Student‟s t-test.  

In Vivo Tumorigenic Assay  

The following in vivo mouse injection protocol was adopted from Brian Morrison, 

advised by Dr. Alejandro Lopez, QIMR, Griffith University, AU. 
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Preparation of Mice  

A colony of NOD.Cg-Rag1tm1MomIl2rgtm1Wjl/SzJ mice (The Jackson Laboratory, Bar 

Harbor, Maine, USA) stock number 007799, were maintained and 5 to 8 weeks old 

littermates were used for the experiment, when possible.  17β-estradiol slow releasing 

pellets were implanted into the mice one day before injection.  

Preparation of Tumor Cells 

First, cell stocks were thawed in 37˚C water bath and cells were washed once in 

RPMI.  Then, the media was removed and the cells were washed with PBS.  Next, the 

cells were resuspended in PBS and a viability assay was performed using trypan blue 

and Countess cell counter.  For each injection, the cells were mixed in PBS 1:1 with 

Matrigel (BD Biosciences) to a final cell concentration of 2 x 106 in 100 μl.    

Mouse Injections 

The inoculation area of the mice was cleaned and sterilized with ethanol.  The 

cells were mixed and drawn into a cold 1cc syringe without a needle to prevent cell 

damage.  A 26.5 gauge needle was used to inject 2 x 106 cells subcutaneously (s.c.) 

into the lower right flank of the mice.  Mice were monitored twice a week for overall 

health.  Tumor diameters were measured with a digital caliper 4 weeks after injection 

and once a week thereafter.  The tumor volume in mm3 was calculated using the 

formula: Volume = width2 x length x 0.5. 
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Figure 2-1.  Tissue culture scheme for MCF7S proliferation assay and sphere formation 

assay.  The growth curve was performed by first seeding viable MCF7S cell 
suspension at clonal density and cultured in the presence of 4-
hydroxytamoxifen or ICI 182780, then incubate for 2, 4, or 6 days.  Viable 
cells were counted at each time point, and replated in fresh media at a 
defined cell density (~500 cell per well) in a 96-well plate.  The cells were 
incubated for 6 days and sphere formation frequency was assessed.   
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A

 
 

 
B

 

 
Figure 2-2.  Cloning vector information for microRNA-adapted retroviral vector.  A)  

Vector map and unique restriction sites of MSCV-LMP cloning vector.  B)  
Xho1-EcoR1 cloning site for shRNAmir expression using retroviral 5‟ LTR and 

PSI (Ψ) promoter.  PGK promoter (Ppgk) drives expression of selection 

cassettes.  Puror cassette allows for selection of stable integrates.  IRES-GFP 
served as marker for stable integration.  Abbreviations: LTR is long terminal 
repeats.  MiR is microRNA.  Ppgk is phosphoglycerate kinase promoter.  Puro 
is puromycin.  IRES is internal ribosome entry site.  GFP is green 
fluorescence protein.   
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Table 2-1.  shRNA Oligos designed for retrovirus-mediated knockdown. 
Oligo 
Name 

Gene 
Targeted 

Sequence Start 
Position 

shER-1F ERα TGCTGTTGACAGTGAGCGAAGGGAGAATGTTGAAACACAATA
GTGAAGCCACAGATGTA 
 

1143 

shER-1R ERα TCCGAGGCAGTAGGCAGAGGGAGAATGTTGAAACACAATACA
TCTGTGGCTTCACTA         
 

1143 

shER-3F ERα TGCTGTTGACAGTGAGCGCGGAGTTTGTGTGCCTCAAATCTA
GTGAAGCCACAGATGTA 
 

1689 

shER-3R ERα TCCGAGGCAGTAGGCAAGGAGTTTGTGTGCCTCAAATCTACA
TCTGTGGCTTCACTA 
 

1689 

Control 
shRNA-F 

Tbx2 TGCTGTTGACAGTGAGCGAGCCAAGTATATCCTGCTGATGTA
GTGAAGCCACAGATGTA 
 

724 

Control  
shRNA-R 

Tbx2 TCCGAGGCAGTAGGCAGGCCAAGTATATCCTGCTGATGTACA
TCTGTGGCTTCACTA 

724 
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Table 2-2.  Antibodies used for Immunoblotting (IB), Immunofluorescence (IF), or Flow 
Cytometry (FC) 

Antibody Species Isotype Company Catalogue 
Number 

Use 

Alexa Fluor 488-
FITC 

Rabbit Goat-IgG Molecular Probes 
(Invitrogen) 

A11034 IF 

BrdU-FITC 
(PRB-1) 

 Mouse-IgG eBioscience 11-6071-41 
 

FC 

CD44-FITC 
(G44-26) 

Human Mouse-IgG BD Pharmingen 555478 FC 

ERα (HC-20) Human Rabbit-IgG Santa Cruz Biotechnology SC-543 IB 
ERα (MC-20) Human Rabbit-IgG Santa Cruz Biotechnology SC-542 IF 
HRP-Donkey 
anti mouse 

Mouse Donkey-IgG Jackson ImmunoResearch 715-035-
150 
 

IB 
 

HRP-Donkey 
anti rabbit 

Rabbit Donkey-IgG Jackson ImmunoResearch 711-035-
152 
 

IB 

Iso-FITC   Mouse-IgG2b Molecular Probes MG2b01 FC 
LSD1 Human Rabbit-IgG Cell Signaling C69G12 IB 
Tubulin Human Mouse-IgG Sigma T9026 IB 

 

 

Table 2-3.  Primers used for real-time RT-PCR 
Name Forward Reverse Tm (˚C) 

hERα CCGGCATTCTACAGGCCA 
 

TCGGTCTTTTCGTATCCCAC 
 

60 

hERβ TGTCTGCAGCGATTACGCA GCGCCGGTTTTTATCGATT 60 

hTFF1 GTACACGGAGGCCCAGACAGA 
 

AGGGCGTGACACCAGGAAA 
 

64 

hCTSD CTGCACAAGTTCACGTCCAT ACTGGGCGTCCATGTAGTTC 
 

60 



 

54 

CHAPTER 3 
CHARACTERIZING MAMMOSPHERES DERIVED FROM MCF7 PARENTAL CELLS 

Introduction 

Despite the assumption that breast cancer cell lines are relatively homogeneous, 

the cells in tissue culture are highly dynamic and heterogeneous in reality (Lacroix and 

Leclercq, 2004; Burdall et al., 2003).  It has been demonstrated that tissue culture 

conditions can select and enrich for different dominant cell types from the original 

source (Osborne et al., 1987; Ince et al., 2007).  One of the key points in the cancer 

stem cell (CSC)/tumor initiating cell (TIC) hypothesis has been that there exists an 

inherently more tumorigenic cell population in a particular tumor.  This population is 

believed to be more resistant to treatment and may reseed the tumor at a later date, 

thus contributing to tumor recurrence.  Previous studies have taken advantage of the 

innate heterogeneity in tissue culture and used mammosphere culture techniques to 

enrich for potential TICs from established cell lines.  This included MCF7 cells (Ponti et 

al., 2005), which is an ERα positive breast cancer epithelial cell line.  The 

mammosphere-enriched culture contained cells that were characterized as less 

differentiated, more resistant to conventional antitumor treatments, and more 

tumorigenic (Phillips et al., 2006; Fillmore et al., 2008).   

In the context of tumor recurrence following antiestrogen treatment, It has been 

hypothesized that ERα positive TICs may be responsible for antiestrogen resistance 

and tumor recurrence in ERα expressing cancers (Dontu, El-Ashry, et al., 2004).  This 

idea has been controversial because evidence for the existence and role of ERα 

positive stem cells in primary culture were contradictory.  This is not surprising as this 

cell group may exist in a very limited window during mammary development, as 
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discussed in Chapter 1.  The group of ERα positive progenitor cell suits the 

requirements for TICs as they are sufficiently de-differentiated to maintain stem-like 

features such as self renewal and bipotency.  However, they may express functional 

hormone receptors that can respond to antihormonal treatments.   

To test this idea, we first generated mammospheres from MCF7 cells and 

determined their ERα status.  MCF7 was chosen because there are few ERα positive 

cell lines currently available for study.  Also, the relationship between MCF7-derived 

mammospheres (MCF7S) and potential TICs has been supposed by earlier studies.  

The human breast tumorigenic marker CD44 antigen expression (Al-Hajj et al., 2003) 

has been correlated with MCF7S sphere formation frequency and stem-ness markers 

like Oct4 has also been associated with MCF7S (Ponti et al., 2005).  Therefore, MCF7S 

may serve as a model for studying antiestrogen response in potential TICs in ERα 

breast cancer. 

Results 

Characterization of Mammospheres (MCF7S) Derived from MCF7 Cells 

MCF7-derived mammospheres were derived by first plating MCF7 parental cells 

(MCF7P) at 5000 cells per ml cell density in defined serum-free media under 

suspension conditions as described in Materials and Methods.  The MCF7S cells have 

a doubling time of 2.5-3 days under these conditions (Figure 3-1).  As they divide, each 

cell formed increasingly larger spheroids and extended microspikes (Figure 3-2A; 

Figure 3-2B).  The microspikes are presumed to be microfilaments that the spheroid 

cells use to detect nutrient availability in the surrounding environment.  Eight days after 

initial plating, spheres were typically over 50 microns in diameter and formed a 
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multicellular mass (Figure 3-2C; Figure 3-2D).  The culture was maintained without 

additional growth factor supplementation or culture media change over the course of a 

week from initial plating until next passage.  Initial attempts of growth factor 

supplementation resulted in the swelling of cells and subsequent lysis.   

 The mammospheres were serially passaged to evaluate their growth kinetics as 

they transformed from MCF7 parental cells.  MCF7P cells were seeded at a density of 

10000 cells per ml at each passage, and viable cells were counted using trypan blue 

exclusion after 1 week in culture.  The cells were thus tracked for 6 weeks and the data 

was plotted as fold change in cell density between final cell count and initial seeding 

(Figure 3-3).  Two independent experiments were performed and they demonstrated 

that MCF7 parental cells undergo a rapid expansion in proliferation during the first 2-3 

weeks in mammosphere culture.  However, as the selection progresses a dominating 

subgroup emerges with stable growth kinetic.  After 3 weeks, the initial MCF7 parental 

cell culture transformed into the MCF7S culture enriched with an alternate dominant 

subgroup and has predictable growth rate of roughly 200-fold change per passage. 

Expression of Putative Breast Tumorigenic Marker CD44 in MCF7S Cells 

The CD44 antigen was first described as an integral cell membrane glycoprotein 

with a role in cellular attachment to the extracellular matrix via hyaluronate (Aruffo et al., 

1990).  Subsequent studies have demonstrated a key role for CD44 during development 

and tumor formation as a necessary component for cellular migration and invasion (Jin 

et al., 2006; Schmits et al., 1997; Godar et al., 2008).  CD44 expression was identified 

as a marker for breast cancer cell tumorigenicity (Al-Hajj et al., 2003), and has been 

used to isolate TICs in mammosphere cultures derived from both primary (Dontu et al., 
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2003) and established cell lines (Fillmore et al., 2008; Ponti et al., 2005; Cariati et al., 

2008).   

This marker was used to further characterize MCF7-derived mammospheres and 

to determine if there is similar enrichment.  Previous studies used CD44 expression to 

sort for potentially tumorigenic cells prior to mammosphere culture (Fillmore et al., 2007; 

Shipitsin et al., 2007; Grimshaw et al., 2008; Li et al., 2008).  It was necessary to 

confirm that mammosphere culture alone can enrich for a similar subgroup, even if the 

efficiency is lower.  MCF7 parental and MCF7S cells were both fixed and stained for 

CD44 antigen as described in Materials and Methods.  The cells were assayed using 

flow cytometry to quantify the relative percentages of CD44 positivity in the samples.  

Isotype controls were included for both cell types to account for background signal.  As 

shown in Figure 3-3 and Table 3-1, there is an approximately 59.92% of MCF7S cells 

expressing CD44 while only 1.31% of MCF7 parental cells expressed the marker.  The 

experiment was repeated and MCF7S CD44 expression percentage was reproducible 

(Figure A-1 and Table A-1).  However, MCF7 parental cell can have up to 17-25% 

CD44 expression after long-term culture (Figure A-1 and Table A-1).   

ERα Status and Stability in MCF7S Cells 

It is unknown whether ERα expression and stability may be linked to 

mammosphere formation.  Previous studies have argued that mammosphere formation 

is associated with ERα negative, basal cell types rather than ERα positive, luminal 

subgroups (Sleeman et al., 2007; Asselin-Labat et al., 2007).  More recent evidence 

argued that a stem cell hierarchy exists during mammary stem cell development that 

supports the notion of a lineage-restricted, ERα positive progenitor cell (Villadsen et al., 
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2007).  With these conflicting viewpoints, ERα expression in MCF7S cells was 

compared to MCF7 parental cell to determine if mammosphere formation alters ERα 

expression.  The RNA was extracted from both cell types and a cDNA library was 

generated from total RNA using reverse transcription.  Semi-quantitative real time RT-

PCR showed comparable levels of both ER isoforms (alpha and beta) for MCF7P and 

MCF7S (Figure 3-5A).  ER expression levels in both samples were normalized to beta-

actin expression (Figure 3-5A).  It appeared MCF7S displayed lower levels of ER 

isoforms than MCF7P.  The difference in ERα expression was less than 2-fold and was 

not considered significant.  The difference in ERβ expression was 2.06 and was 

considered to be significant, but the biological relevant of the difference was unknown.  

Indirect immunofluorescence was used to determine if there were variations in ERα 

protein stability at the single cell level.  For a negative control, no primary antibody was 

used and the cells were stained with secondary antibody only.  ERα negative HEK293 

cells were used as negative controls during initial experiments.  As shown in Figure 3-

5B, ERα was primarily a nuclear protein in both MCF7P and MCF7S.  All MCF7 cells 

were positive for ERα.   

Discussion 

It is possible to take advantage of innate heterogeneity in established breast 

cancer cell lines to establish a mammosphere culture.  However, the efficiency and 

reproducibility is quite variable.  Only a single cell line was used in this study, as 

attempts at generating mammospheres from other cell lines had been unsuccessful.  

MDA-MB-231 (human ERα negative breast cancer epithelial), Eph4 (mouse non-

tumorigenic ERα positive mammary epithelial), MCF10A (human non-tumorigenic ERα 
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negative breast epithelial), BT474 (human ERα negative breast cancer epithelial), and 

ZR-75-1 (human ERα positive breast cancer epithelial) have either failed to survive in 

mammosphere culture outright, or failed to expand in subsequent passages.   

 The reproducibility of MCF7-derived mammospheres hints that unknown factors 

lend MCF7 additional flexibility to environmental changes.  This feature may be due to 

the selection of a subgroup with favorable traits, or possibly to the active transformation 

of the population in response to extracellular conditions.  There is insufficient 

information at this time to support either conjecture.  However, one may hypothesize 

that both scenarios are in play.  This is because if there is indeed a dominant subgroup 

that survived the selection process, one may expect a higher percentage of CD44 

positive cells than the roughly 60% that exists in mammosphere culture as the dominant 

subgroup would expand with each additional passage.  As there is no clear dominance, 

one may suppose that a mixed population still exists and has shifted to a new 

equilibrium.  The newly emerged dominant population in the MCF7S culture may have a 

distinguishing molecular profile (Kok et al., 2009).  However, these differences are not 

fully characterized in this study.   

In summary, the parental MCF7 cell population possessed a predictable growth 

rate once it acclimated to mammosphere culture conditions (Figure 3-3).  The resulting 

MCF7S culture showed greater consistency in CD44 expression than MCF7 parental 

cells (Figure 3-4).  These two observations indicated that there was a shift in equilibrium 

as the adherent MCF7 parental cells adapted to mammosphere culture.  However, the 

exact mechanism for the shift is unknown.  The presumed differences that existed 

between the MCF7S and MCF7P cultures may affect hormone sensitivity of the two cell 
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types.  This hypothesis was first assessed by evaluating ERα expression in the two 

groups.  As shown in Figure 3-5, there was no significant difference in ERα mRNA 

expression or protein stability.  However, there was a significant difference in ERβ 

expression that may have further relevant but was not probed further.   

This did not offer sufficient explanation for ERα requirement in mammosphere 

formation or maintenance.  It also precluded assumptions relating antiestrogen 

response in the two groups.  These considerations were further studied and discussed 

in Chapter 4 and 5. 
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Figure 3-1.  MCF7-derived mammospheres (MCF7S) growth curve (n=2).  The average 

viable cell density of MCF7S was assessed every 48 hours after initial 
seeding at 2500 cell per ml.   

A

   

B
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Figure 3-2.  Phase contrast microscopy of mammospheres derived from MCF7 parental 

cells.  Representative images of: A) 2 days after initial seeding, B) 4 days 
after initial seeding with microspikes indicated by arrows, C) 8 days after 
initial seeding, and D) Hoechst nuclei staining of mammospheres 8 days after 
initial seeding to show mammosphere are multicellular.  Scale bar = 100 
microns.   
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Figure 3-3.  Enriching MCF7S from MCF7P by serial passage in mammosphere media 

(n=2).  Each passage is 7 days.  Fold change is expressed as final cell 
density/initial cell density.  The average of two independent experiments is 
represented on the graph.  
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Figure 3-4.  Comparing CD44 expression in MCF7P vs. MCF7S using flow cytometer.  

A) Representative scatter plot and gating of FACS sorted cells.  B) 
Representative overlay histogram of CD44-FITC and Iso-FITC staining for 
MCF7P and MCF7S.  Technical duplicates were shown for the experiment.  
Isotype staining control (Iso-FITC) showed negligible staining for both sample 
groups.  MCF7P cells showed an averaged 1.31% CD44-positive staining.  
MCF7S cells showed an averaged 59.92% CD44-positive staining.  
Percentages were calculated from 30000 cells. 
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Table 3-1.  Data for CD44-FITC signal quantification using flow cytometer.   

Sample Gated Events Background 
Subtracted 

Events 

% Gated % Total (Not 
gated) 

MCF7P Iso 28329 112 0.4 0.37 
MCF7P CD44-1 28537 375 1.31 1.42 
MCF7P CD44-2 28548 427 1.5 1.42 
MCF7S Iso 29504 24 0.08 0.08 
MCF7S CD44-1 28922 17330 59.92 57.77 
MCF7S CD44-2 29413 19419 66.02 64.73 

 
Table 3-1 data represents additional experiment to evaluate CD44 expression in 
MCF7P and MCF7S (Figure 3-4).  A total of 30000 cells were counted for each sample.  
Gated events represent cell fraction used for analysis (R1) based on forward and side 
scatter pattern as shown in Figure A-1A.  Background subtracted events represented 
CD44-FITC signal levels above Iso-FITC control.  % Gated is percentage ratio of gated 
events / background subtracted events.  % Total is percentage ratio of gated events / 
30000 total events.  
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Figure 3-5.  ERα expression in MCF7P and MCF7S.  A) Semi-quantitative real-time RT-

PCR for ERα and ERβ expression in MCF7P and MCF7S cells.  The data is 

shown as average of two independent experiments.  Each experiment was 

performed with technical triplicates.  Both ERα and ERβ expression was 

normalized to beta-actin expression.  Technical duplicate negative control (no 
cDNA template) was included in the experiment.  B and C) Indirect 

immunofluorescence for ERα protein (green) was performed on MCF7P and 

MCF7S (B and C, respectively).  DAPI (blue) counterstain was used to 
indicate nuclear region.  Immunofluorescence negative control was performed 

by omitting primary anti-ERα antibody.  Abbreviations: MCF7P is MCF7 

parental.  MCF7S is MCF7 mammosphere culture.  ERα is estrogen receptor 

alpha.  ERβ is estrogen receptor beta. 
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CHAPTER 4 
THE EFFECTS OF ANTIESTROGEN ON MAMMOSPHERE FORMATION 

Introduction 

If the mammosphere culture has indeed selected or transformed the parental 

culture, one may expect MCF7S to display altered behavior when compared to MCF7P.  

In previous studies, mammosphere cells were shown to be resistant to 

chemotherapeutic agents such as 5-fluorouracil and paciltaxel (Fillmore et al., 2008) 

when compared to parental cells.  The observation implied that there were intrinsic 

properties in mammosphere cells that lend additional resistance to cytotoxic agents, 

rather than acquiring resistance from extended exposure.   

We questioned if such resistance is an indication of potential TICs enrichment in 

mammosphere culture, and if it is applicable to antiestrogens.  We were interested in 

studying MCF7S antiestrogen response, which may contribute new insights into cancer 

recurrence in ERα positive tumors.  We utilized the sphere forming ability of MCF7S 

cells to query their tumor-initiating potential, and to quantify possible TIC enrichment.  

The sphere formation assay was also used to assess the bulk culture‟s tumorigenic 

potential following antiestrogen challenge.  Pharmacological inhibition by antiestrogens 

also served to elucidate the role of ERα in mammosphere formation and maintenance.   

The rationale for the sphere formation assay was that tumorigenic cells have a 

higher probability of survival in mammosphere culture, while the non-tumorigenic 

population is less likely to survive under the same conditions.  Therefore, it would be 

possible to estimate the tumor-initiating potential of a cell population by quantifying the 

sphere forming frequency of the MCF7S population.  While it is true that not every 

mammosphere is derived from a TIC, previous studies have suggested the 
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mammosphere-forming population to be more tumorigenic in general (Ponti et al., 2005; 

Li et al., 2008; Grimshaw et al., 2008; Fillmore et al., 2008; Cariati et al., 2008).  The 

reaction of this population to antiestrogen treatments will yield information useful for 

clinical applications.    

In addition, we studied the long-term expansion of MCF7S cells under 

antiestrogen challenge to determine the growth kinetics of potential TICs.  If the MCF7S 

culture is indeed enriched for potential TICs, there would be a stable subpopulation that 

maintains the culture over many passages while under antiestrogen challenge.  The 

expansion of this subgroup would remain relatively constant over time and would not be 

affected by antiestrogen treatment.  However, if there is merely selection of an 

antiestrogen resistant subgroup it would be reflected in the growth kinetics of the bulk 

culture over time.  For example, if the population had acquired resistance then the cell 

number is expected to increase at later passages as the dominant subgroup continues 

to expand.  Inversely, if the population becomes quiescent or senescent then cell 

number would decrease over time.   

Two classes of antiestrogens were used in this study.  The first is selective 

estrogen receptor modulator (SERM), which is the classic ERα antagonist.  The 

particular compound used was 4-hydroxytamoxifen (4-OHT), which is an active 

metabolite of tamoxifen.  The second is selective estrogen receptor down-regulator 

(SERD), which induces ERα degradation and impairs receptor dimerization.  ICI 182780 

(ICI), also known as Fulvestrant or FASLODEX® was the SERD chosen for this study.   
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Results 

MCF7S Response to Antiestrogens 

 The initial treatment of MCF7S with antiestrogens produced an interesting 

phenotype.  MCF7S were seeded at 5000 cells per ml and treated with vehicle or 

various dilutions of 4-OHT and ICI.  The cells were incubated for 6 days and spheres 

above 50 microns in diameter were scored.  As shown in Figure 4-1, there was a 

marked difference in sphere formation ability when the cells were exposed to the two 

different antiestrogens.  Figure 4-1A illustrated the loss of sphere formation upon 

treatment with at least 2.5 μM 4-OHT, which caused cells to form disordered 

aggregates.  Quantification of sphere formation is shown in Figure 4-1B.  Samples 

exposed to vehicle controls, 10 μM 17β-Estradiol, 1 μM 4-OHT, or two different 

concentrations of ICI did not exhibit sphere formation disruption and remained as tightly 

packed spheroids.  Three different concentrations of 4-OHT were tested (1, 2.5 and 5 

μM) and sphere formation inhibition was evident at concentrations of 2.5 μM or above 

(Figure 4-1B).  This result suggested MCF7S can respond to antiestrogen treatments 

and that ERα antagonism has a significantly different effect than ERα reduction. 

 Proliferation study was used to further characterize antiestrogen effects on 

MCF7S cells.  The cells were plated at 5000 cells per ml and treated with antiestrogens 

on the day of seeding.  The cells were then counted every 48 hours for 6 days to 

determine the proliferation rate of these cells in the presence of antiestrogens.  Figure 

4-2 demonstrated the effects varied amounts of SERM /SERD had on MCF7S 

proliferation.  It showed MCF7S responded to antiestrogens in a dose dependent 

manner.  Proliferation of MCF7S cells were not significantly affected by 1 μM 4-OHT, 
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while 2.5 μM 4-OHT significantly decreased (p<0.05) MCF7S proliferation by about 

50%.  MCF7S proliferation was further decreased by 5 μM 4-OHT, which may be signs 

of cytotoxic effects (Figure 4-2A).  The effects of 1 μM ICI treatment were comparable to 

that of 2.5 μM 4-OHT for the inhibition of MCF7S proliferation (Figure 4-2B).  MCF7S 

cells treated with 0.5 μM ICI showed a decrease in cell proliferation, but it is not 

significant when compared to 0.1% DMSO control (Figure 4-2B).   

Antiestrogen Efficacy in Parental MCF7P and MCF7S 

 MCF7P cells were then treated with 4-OHT to determine if they were similarly 

affected by antiestrogens as MCF7S and to confirm drug efficacy.  MCF7P cell are 

generally maintained in complete DMEM medium that contains a full complement of 

steroidal hormones, thus dulling the effects of antiestrogens.  Therefore, MCF7P cells 

were cultured under adherent conditions in complete DMEM, steroid-free DMEM, and 

mammosphere media to compare 4-OHT effects on proliferation.   

The cells were seeded using complete DMEM media onto three 6-well plates and 

allowed to attach for several hours.  After which, two of the plates were washed with 

PBS and the media was replaced with either steroid-free (SF) media or mammosphere 

media.  The cells were incubated for 48 hours in their respective media, and then either 

0.1% DMSO or 2.5 μM of 4-OHT was added to the cells and the time course 

commenced.  The cells were counted with trypan blue exclusion every 48 hours for 6 

days to assess MCF7P proliferation.  The experiment was repeated in Figure 4-3C 

using 6 days incubation time point because that is when significant differences were 

detectable. 
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 Figure 4-3 showed there were no major differences in 4-OHT response 

regardless of the culture media used.  Figure 4-3A indicated no significant differences in 

proliferation between MCF7P cells cultured in complete DMEM or steroid-free (SF) 

media, and there were little differences in cell number in response to 2.5 μM 4-OHT.  

Nor were there a significant difference between cells cultured in steroid-free (SF) media 

or mammosphere (sphere) media as shown in Figure 4-3B and Figure 4-3C.  In 

summary, MCF7P was unaffected by differences in culture media when grown under 

adherent conditions and were not significantly affected by 4-OHT under these 

conditions.  The results indicated a significant difference in antiestrogen response 

between MCF7S and MCF7P. 

 It was necessary to confirm drug efficacy in the two cell groups in order to 

appraise their respective response.  Nuclear extraction was performed for both cell 

types after antiestrogen treatment for 48 hours to determine if there is a difference in 

ERα stability or localization.  ICI is a known SERD, which gave a clear confirmation of 

drug efficacy in both MCF7S and MCF7P as ICI decreased overall ERα protein levels 

(Figure 4-4).  4-OHT has been implicated as an ERα stabilizer in previous studies 

(Wijayaratne and McDonnell, 2001; Marsaud et al., 2003).  The results in Figure 4-4 

verified 4-OHT effect to be consistent in both cell groups with the increase in ERα 

observed in the nuclear fraction. 

 ERα transcriptional function was examined using real-time RT-PCR to evaluate 

the expression of Trefoil Factor 1 (TFF1), a known estrogen response gene.  TFF1 

expression in MCF7P cells was predictably upregulated by 17β-estradiol (E2) treatment, 

and the gene was maximally expressed 12-24 hours following E2 addition (Figure A-
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2A).  MCF7P showed noticeable reduction of TFF1 expression upon pre-treatment with 

antiestrogens (Figure A-2B, A-2C).  TFF1 expression in MCF7S cells were increase 12-

24 hours after E2 addition, and followed a similar trend as MCF7P (Figure A-3A).  

However, data for antiestrogen inhibition of TFF1 induction were inconsistent and 

overall changes were too low (less than 2-fold) to be considered significant (Figure A-

3B, A-3C).  CTSD was another estrogen response gene tested (Figure A-4), but it did 

not showed significant upregulation upon E2 treatment and was not further evaluated.  

This may reflect inherent heterogeneity in gene expression profile upon antiestrogen 

treatments, or ERα was no longer responsive at the transcriptional level.   

Sphere Formation Frequency Following Antiestrogen Challenge 

Previous studies have correlated mammosphere formation with TIC enrichment 

(Grimshaw et al., 2008; Fillmore et al., 2008).  Therefore, sphere formation frequency 

was quantified after antiestrogen challenge as an indicator of tumor-initiation potential.  

Figure 2-1 offers the general workflow for the study.  Following cell count for the 

evaluation of MCF7S antiestrogen response (Figure 4-2), the surviving cells were 

replated at approximately 500 cells per well in a 96-well plate without drugs to 

determine sphere formation efficiency after antiestrogen challenge.  Spheres larger than 

50 microns in diameter were scored for sphere formation frequency.   

As shown in Figure 4-5, there was no statistically significant decrease in sphere 

forming frequency following antiestrogen treatments with the exception of 2 days 0.5 μM 

ICI treatment (p=0.028) in Figure 4-5B.  There was a statistically significant increase in 

sphere forming frequency with 0.1 μM 4-OHT (p=0.0004) and 2.5 μM 4-OHT (p=0.014, 

4 days), (p=0.021, 6 days) treatments (Figure 4-5A), however the biological significant 
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of this observation is unknown.  These results suggested that antiestrogens did not 

statistically decrease sphere formation potential of MCF7S cells, and that less than 10% 

of bulk MCF7S cells were responsible for sphere formation.  In addition, the evidence 

supported the notion of a relatively stable subpopulation in MCF7S was resistant to 

acute antiestrogen treatment and survived to perpetuate sphere formation.   

MCF7S Cell Proliferation under Long-Term Antiestrogen Treatment 

According to the TIC hypothesis, TICs remain and persist in the bulk population.  

This infinite growth serves to “reseed” a tumor after initial treatments and contributes to 

overall malignancy.  However, a subtle detail should be noted as the TIC hypothesis 

does not stipulate the TICs would ever become the dominant population through 

endless expansion.  The theory argues that potential TICs only grow and divide 

sufficiently to maintain themselves, and the growth of the bulk population is dependent 

on non-TICs.  This reasoning contends that cells in the bulk population were more 

dynamic and their growth can be altered due to environmental causes.  Therefore, if 

MCF7S does indeed contain a subpopulation of TICs, then it is possible to examine this 

property through long-term serial passage.  This method, which is analogous to that 

used in neural stem cells characterization (Reynolds and Rietze, 2005), can also probe 

the possibility of antiestrogen effects on long term mammosphere culture self-renewal 

property.   

This was done by seeding viable cells at 10000 cells per ml at each passage.  The 

cells were treated either with vehicle or antiestrogen at the time of seeding, and 

incubated for 7 days which constitutes one passage.  Viable cells were counted at the 

end of each passage.  The fold change in cell number for each passage was used to 

calculate potential expansion of the population if all the cells, instead of a fraction, were 



 

73 

passaged.  The long term growth kinetics can be determined in this manner and allowed 

for comparison between different antiestrogen treatments.   

As shown in Figure 4-6 and Table 4-1, 0.1% DMSO treated MCF7S did not 

influence long term cell expansion.   There was a small decrease in growth for 1 μM and 

2.5 μM 4-OHT treated MCF7S, but there were no significant differences between the 

two drug concentrations.  5 μM 4-OHT and ICI treated cells suffered the most dramatic 

decrease in long term proliferation and expansion.  However, the differences were not 

statistically significant.   

Long term serial passage further delineated the marked differences in mechanism 

for the two classes of antiestrogens, which helped to clarify some conclusions drawn 

from Figure 4-5.  The minimal decrease in growth kinetics for 1 μM and 2.5 μM 4-OHT 

treated MCF7S helped to explain the increase in sphere formation frequency in those 

samples.  This information suggested that indeed not every sphere was derived from a 

potential TIC, but the overall health and proliferation of a cell contributed to sphere 

formation frequency.  Paradoxically, decrease in long-term cell expansion did not 

significantly decrease sphere formation frequency, as indicated by 5 μM 4-OHT and ICI 

treated cells (Figure 4-5 and Figure 4-6).  The results indicated sphere formation 

potential of the MCF7S bulk population was not decreased by antiestrogens, even when 

the long term growth rate was slowed.   

MCF7S Cell Cycle Analysis 

To further study the growth kinetics of antiestrogens treated MCF7S, cell cycle 

analysis was performed using bromodeoxyuridine (BrdU)/propidium iodide (PI) staining.  

MCF7S cells were dissociated and treated with 2.5 μM 4-OHT or 1 μM ICI for either 48 
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or 72 hours.  The cells were then fixed in 70% ethanol and BrdU/PI staining was 

performed as described in Chapter 2.  BrdU staining was largely unsuccessful due to 

technical hurdles and data was obtained for only a single experiment (Figure A-5).  

BrdU staining indicated a 10-14% increase in G1 phase retentions, with a 

corresponding decrease in S phase and G2 phase cell cycle for antiestrogen-treated 

cells compared to vehicle-treated control.  Cell cycle data were primarily obtained from 

the analysis and modeling of propidium iodide (PI) histogram using ModFit LT software.   

As shown in Figure 4-7, cells treated with 2.5 μM 4-OHT had a significant fraction 

(p=0.0009) of cells retained in G1phase (75.3%) and significant reduction (p=0.00006) 

in G2 phase (7.39%) 48 hours after treatment when compared to vehicle treated control.  

There was significant reduction (p=0.0003) in S phase (18.9%) 72 hours following drug 

introduction.  MCF7S cells treated with 1 μM ICI had a significant reduction (p=0.0009) 

in S phase (13.3%) cell cycle 48 hours after addition of the compound.  Cellular growth 

arrest was more pronounced at 72 hours as a significant (p=0.0003) percentage of cells 

stalled at G1 phase (78.8%) with a correspondingly significant (p=0.00005) decrease of 

cells in S phase (13.4%), compared to vehicle treated control.  These results showed 

growth arrest for 2.5 μM 4-OHT treated cells 48 hours after drug addition, while 1 μM ICI 

showed maximal growth arrest 72 hours after drug treatment. 

MCF7S Apoptosis Assay 

Apoptosis assay using Annexin V staining was performed to account for observed 

cell loss after antiestrogen treatment.  As shown in Figure 4-8, there was a statistically 

significant (p=0.025) increase in apoptosis for 2.5 μM 4-OHT treated cells 72 hours of 

drug treatment.  However, there was no significant apoptosis observed upon 1 μM ICI 



 

75 

treatment.  There was significant quantitative variation between experiments, but the 

trend was consistent within individual experiments as 2.5 μM 4-OHT treated MCF7S 

consistently displayed a statistically higher percentage of dead cells than those treated 

with 1 μM ICI (Figure A-6).  However, the data generated from Annexin V assay may 

not be biologically significant as attempts at other cell death assays (TUNEL assay, 

trypan blue) failed to detect significant changes in cell death 48 or 72 hours after 

antiestrogen treatment.  Therefore, it is possible that the loss of viable cells is due to 

acute necrosis induced within the first 24 hours of antiestrogen treatment. 

Discussion 

MCF7S cells possessed a unique disposition that altered their response to 

antiestrogens when compared to MCF7P cells (Figure 4-3).  The initial assumption that 

MCF7S cells may be more resistant to antiestrogen than MCF7P was dispelled, as the 

inverse appeared to be true.  This observation may be the result of optimized growth 

condition in MCF7P adherent culture that rendered the cells less responsive to 

antiestrogens.  It is also possible that a higher degree of heterogeneity was maintained 

in adherent MCF7P culture, which resulted in a higher background and hindered 

antiestrogen response detection.  The MCF7S culture was enriched for a narrower 

range of cells grown under more stressful conditions, which may contribute to the 

distinct antiestrogen response profile when compared to the originial population.   

The data suggests that mammosphere formation is not dependent upon ERα 

status as SERD treated cells retain sphere forming ability (Figure 4-1).  However, 

MCF7S cells are responsive to antiestrogen effects and ERα may play a role in cell 

proliferation kinetics (Figure 4-2 and Figure 4-6).  Typically less than 10% of the ERα 
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positive cells can form spheres larger than 50 microns (Figure 4-5).  These cells 

appeared to be more resistant to acute SERM treatments, as the normal recommended 

dosage is 1 μM for 4-OHT to inhibit proliferation which had little effect on MCF7S cells 

(Figure 4-2).  SERD induced growth inhibition was consistent with published studies, 

which utilized 1 μM to demonstrate efficacy (Figure 4-2).  If mammosphere culture truly 

enriched for tumor-initiating cells, then these results suggest tumorigenicity may not be 

dependent on hormone receptor status; nor does it indicate hormone receptor status as 

a straightforward prognostic factor.  

Interestingly, the sphere formation frequency did not significantly decrease after 

antiestrogen challenge (Figure 4-5).  This signified that the same percentage of 

surviving cells were resistant to acute antiestrogen treatment.  However, not all 

surviving cells were capable of sphere formation after drug removal or may contribute to 

tumor persistence.  The two classes of antiestrogens produced different characteristics 

in surviving cells.  The conclusions concerning antiestrogen action suggested ERα 

antagonism may result in acute cell death (Figure 4-8) and perhaps growth arrest as a 

secondary result (Figure 4-7), while ERα destabilization may resulted mainly in growth 

inhibition (Figure 4-7).  The observations for 4-OHT may be consistent with the sphere 

formation phenotype (Figure 4-1) because cell membranes are disrupted during 

necrosis and would inhibit cell-cell adhesion.  In the case of ICI induced growth arrest 

(Figure 4-7), sphere formation phenotype and frequency remained undisturbed (Figure 

4-1 and Figure 4-5).   

This theory was supplemented by long term serial passage studies, which 

confirmed that the two antiestrogens influenced MCF7S growth in different manners 
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(Figure 4-6).  4-OHT did not significantly change the growth kinetics of MCF7S cells, 

which is consistent with the increase in cell death (Figure 4-8).  The signs of growth 

arrest shown in Figure 4-7 did not appear to contribute significantly to long term cell 

expansion, which led to the conclusion that 4-OHT sensitive MCF7S cells may undergo 

growth arrest in addition to cell death.  This situation was not observed in ICI treated 

MCF7S as the compound was found to be more effective against cell expansion (Figure 

4-6 and Figure 4-7), then stimulating cell death (Figure 4-8).  This indicated that while 

mammosphere formation does not require ERα, the receptor can control proliferative 

potential in individual cells by inhibiting growth or cell death.  One hypothesis is ERα 

has an alternative role for a fraction of the mammosphere forming cells, which may 

account for differential response to antiestrogens within the MCF7S population.    

As discussed in Chapter 1, ERα can influence cell proliferation through both 

genomic and non-genomic pathways.  The receptor functions are modulated by factors 

such as ligand availability and binding, cofactor recruitment, and mitogenic signaling.  

Therefore, the observation that the two classes of antiestrogens exert different effects 

on MCF7s is to be expected.  It is also possible that 4-OHT has non-ERα targets, or 4-

OHT may generate proliferative effects in cells through alternative ERα signaling.  In 

this culture model, after the removal of 4-OHT, the cells resume sphere formation and 

are expected to still be ERα positive.  These features suggested that antiestrogen had 

no significant effect on tumor initiating potential of ERα positive breast cancer cells.  

However, antiestrogen may continue to suppress tumor growth and prevent recurrence 

over an extended period of time.   
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Figure 4-1.  Mammosphere formation in the presence of antiestrogens.  A) 

Representative phase-contrast images of MCF7S cells in the presence of 
antiestrogens or vehicle controls for 7 days.  B) Quantification of >50 microns 
diameter MCF7S spheres scored from images in A).  The percentage on y-
axis was calculated as (number of >50 micron spheres / total number of cells 
seeded) X 100%.  Abbreviations: E2 is 17β-estrodiol.  4-OHT is 4-
hydroxytamoxifen.  ICI is pure antiestrogen ICI 182780.  Scale bar = 100 
microns.   
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Figure 4-2.  Cell proliferation of MCF7S in the presence of antiestrogens.  A) Cell 

proliferation of 4-OHT treated MCF7S derived from four independent 
experiments.  B) Cell proliferation of ICI treated MCF7S derived from four 
independent experiments.  Abbreviations: 4-OHT is 4-hydroxytamoxifen.  ICI 
is pure antiestrogen ICI 182780.  Error bars are calculated standard error of 
the mean (S.E.M.).  Statistical analysis was performed using pair Student‟s t-
test.   
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Figure 4-3.  MCF7 adherent culture response to 4-hydroxytamoxifen (4-OHT) with 

various culture media.  A)  Comparing 4-OHT response in MCF7P cultured in 
complete (DMEM), steroid free (SF) and mammosphere (sphere) media.  B)  
Comparing 4-OHT response in MCF7P cultured in steroid-stripped (SF) vs. 
mammosphere (sphere) media.  C)  Comparing 4-OHT response in MCF7P 
cultured for 6 days in SF vs. sphere media.  Abbreviations: 4-OHT is 4-
hydroxytamoxifen.   
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Figure 4-4.  Immunoblot of cytoplasmic and nuclear fractions from MCF7P and MCF7S 

cells treated for 72 hours with 4-hydroxytamoxifen (4-OHT) or ICI 182780 

(ICI) to characterize ERα stability.  A)  Immunoblot for MCF7P.  B)  

Immunoblot for MCF7S.  α-tubulin was used as loading control for 

cytoplasmic (C) fraction.  α-LSD1 was used as loading control for nuclear (N) 

fraction.  Densitometry quantification of three independent experiments is 
shown below a representative immunoblot.  Statistically analysis was 
performed using paired Student‟s t-test. 
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Figure 4-5.  Sphere formation frequency of MCF7S after antiestrogen challenge using 4-
hydroxytamoxifen (4-OHT) or ICI 182780 (ICI).  A)  Sphere formation 
frequency of 4-OHT treated MCF7S derived from four independent 
experiments.  B)  Sphere formation frequency of ICI treated MCF7S derived 
from four independent experiments.  Plating efficiency was calculated as 
(number of sphere >50 microns diameter/ total number of cells plated) x 
100%.  Statistically analysis was performed using paired Student‟s t-test.   
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Figure 4-6.  Long-term expansion of MCF7S in the presence of antiestrogens.  The lines 

are expressed on a semilog graph and slope of each line was calculated as 
log expansion for each condition (Table 4-1).   A)  Average expansion derived 
from four independent experiments of MCF7S treated with antiestrogens or 
vehicle compared to untreated control.  B)  Comparing average expansion of 

vehicle control against 2.5 μM 4-OHT and 1 μM ICI treated MCF7S using data 

set from A).  Abbreviations: 4-OHT is 4-hydroxytamoxifen.  ICI is pure 
antiestrogen ICI 182780.  Error bars are shown as calculated standard error 
of the mean (S.E.M.).   
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Table 4-1.  Growth kinetics of MCF7S long term expansion under antiestrogen 
challenge. 

Sample Line Slope (log) R2 

MCF7S 2.380 0.999 

MCF7S +0.1% DMSO 2.321 0.999 

MCF7S +1μM 4-OHT 2.046 0.999 

MCF7S +2.5μM 4-OHT 2.019 0.999 

MCF7S +5μM 4-OHT 1.790 0.994 

MCF7S +0.5μM ICI 1.861 0.999 

MCF7S +1μM ICI 1.574 0.997 

 
Table 4-1 represents the slope of lines represented in Figure 4-6A.  The slope was 

calculated a log expansion for each condition.
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Figure 4-7.  Propidium iodide (PI) cell cycle analysis.  A)  Cell cycle analysis of 48 hours 

antiestrogen treated MCF7S derived from four independent experiments.  B)  
Cell cycle analysis of 72 hours antiestrogen treated MCF7S derived from four 
independent experiments.  PI cell cycle analysis and modeling were 
performed using ModFit LT software.  Abbreviations: 4-OHT is 4-
hydroxytamoxifen.  ICI is pure antiestrogen ICI 182780.  Error bars were 
expressed as standard error of the mean (S.E.M.).  Statistical analysis was 
performed using paired Student‟s t-test. 
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Figure 4-8.  Annexin V apoptosis assay for antiestrogen treated MCF7S.  The average 

of three independent experiments is shown.   Abbreviations: 4-OHT is 4-
hydroxytamoxifen.  ICI is pure antiestrogen ICI 182780.  Error bars were 
expressed as standard error of the mean (S.E.M.).  Statistical analysis was 
performed using paired Student‟s t-test. 
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CHAPTER 5 
THE ROLE OF ESTROGEN RECEPTOR ALPHA ON MAMMOSPHERE FORMATION 

Introduction 

Evidence gathered through pharmacological inhibition in Chapter 4 suggested 

mammosphere formation did not require ERα.  However, the receptor can potentially 

exert significant command on proliferation in a fraction of the bulk mammosphere 

culture.  A molecular biological approach was undertaken to confirm pharmacological 

results and to delineate the role of ERα more specifically.  Stable ERα knockdown 

clones (shER) were generated using shRNA integration to further examine the 

receptor‟s role in mammosphere culture.   

As previously discussed in Chapter 1, there may be changes in ERα signaling 

upon antiestrogen binding that may promote misleading interpretation of the results.  

ERα has a role in multiple signaling pathways such as NFκB, Notch, and Hedgehog 

(Chapter 1).  These pathways have been implicated in mammosphere culture 

maintenance as well as TIC enrichment (Murohashi et al., 2009; Liu et al., 2006; Zhou 

et al., 2008).  Therefore, it is necessary to clarify ERα function in MCF7S to ascertain its 

role in the context of potential TICs.   

The different mechanisms of growth inhibition produced by the two classes of 

antiestrogens have been described in previous studies (Fan et al., 2006; Osipo et al., 

2003; Shaw et al., 2006).  It is of further interest to study antiestrogen effects on ERα 

knockdown cells as it may compliment studies done on hormone receptor negative cell 

lines (Jeng et al., 1994; Lazennec and Katzenellenbogen, 1999; Keen et al., 2003), 

which were insensitive to antiestrogen treatment.  These studies have noted ectopic re-

introduction of hormone receptor restored antiestrogen sensitivity.  If the inverse is true 
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for MCF7S cells, then one may expect shER cells to be more resistant to antiestrogens, 

to have higher sphere formation frequency and higher tumorigenic potential.   

Results 

Proliferation of ERα Knockdown MCF7S 

The generation of shER clones was described in detail in Chapter 2.  The clones 

were evaluated by immunoblot and several knockdown clones were identified (Figure 5-

1A) with significant ERα knockdown.  The proliferation of the clones was compared to 

the bulk MCF7S cells to determine potential differences in growth rate.  As shown in 

Figure 5-1B, there is a decrease in cell doubling for all 3 clones with clone 11 growing 

the slowest of the three.  However, clones 7 and 9 had comparable doubling rates and 

the difference from MCF7S was not significant.   

All three shER clones were capable of sphere formation, which further confirmed 

ERα was not required for mammosphere formation or maintenance (Figure 5-2).  Visual 

inspection of the shER clonal spheres did not reveal significant differences in size or 

frequency (Figure A-7).  The clones can be continuously passaged as MCF7S, although 

experiments were done using cells cultured for less than three passages.   

Antiestrogen Response of ERα Knockdown MCF7S 

The shER clones were tested for their antiestrogen response as described in 

Chapter 2 and Chapter 4.  Control shRNA MCF7S cells were likewise treated as 

controls.  Figure 5-2 showed the sphere formation phenotype of MCF7S, control shRNA 

MCF7S, and shER clone 7.  Both MCF7S and control shRNA MCF7S showed similar 

sphere formation inhibition by 2.5 μM 4-OHT.  These results were consistent with data 

from Figure 4-1A.  However, shER clone 7 underwent massive cell loss judging by the 
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presence of cell debris.  The surviving cells formed tightly packed spheroids.  As 

expected, 1 μM ICI treatment did not affect sphere formation phenotype or significantly 

affect proliferation.   

The proliferation of knockdown clones under antiestrogens was further 

characterized in the same manner as described previously in Chapter 2 and 4.  The 

clones were evaluated for only one time point after treatment (6 days) because Figure 

4-2 showed it was when the most significant differences were detectable.  The results 

were expressed as % Cell Survival, which represented the cell density of antiestrogen 

treated samples relative to vehicle treated control for each shRNA used, in order to 

normalize results for comparison.  Figure 5-3 summarized the results, in which control 

shRNA MCF7S response to antiestrogen corroborated with data shown in Chapter 4.  

Surprisingly, there was a heightened sensitivity to 2.5 μM 4-OHT treatment in all three 

clones.  1 μM ICI efficacy was significantly reduced in clones 7 and 9, as the compound 

had no significant effect on cell density.  This was an indication that ERα was indeed 

sufficiently removed from the cell culture to nullify SERD effects.   

Interpretation of antiestrogen effects on clone 11 should be considered with 

caution as its slower doubling time (Figure 5-1B) may be a contributing factor to its 

antiestrogen response.  Its proliferation was affected by 4-OHT in a similar manner as 

the other two clones.  However, it did not show the same degree of resistance to ICI 

treatment, which may be the result of its slower growth rate.   

Sphere Formation Frequency of ERα Knockdown MCF7S Following Antiestrogen 

Challenge 

The sphere formation frequency of the knockdown clones were similarly evaluated 

as in Figure 4-5.  The clones were replated in fresh media without treatment after 6 
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days of antiestrogen challenge.  The resulting spheres were scored for their size (> 50 

microns diameter) and their total number.  Data in Figure 5-4 showed the same lack of 

change in sphere formation frequency for control shRNA spheres as shown in Figure 4-

5.  This was proven in terms of both total frequency and sphere diameter (>50 microns).  

For knockdown clones, the sphere formation frequency of vehicle and ICI treated cells 

were likewise stable in both MCF7S and control shRNA MCF7S.  A noticeable reduction 

in sphere formation frequency was identified in knockdown cell when treated with 4-

OHT.  This result was consistent with the low number of surviving cells after initial 

antiestrogen challenge.  These observations indicated that a fraction of MCF7S that 

initially escaped acute 4-OHT-induced apoptosis were sensitized after ERα knockdown.  

The implication is the potential TIC pool in shER MCF7S shrank.   

Using SERDs and SERMs to Mimic shER Effects in MCF7S  

The increased potency observed for 4-OHT in shER MCF7S cells was puzzling as 

the compound was expected to lose its effect upon ERα knockdown.  In order to 

address clinical relevance, we attempted to mimic knockdown effect using a 

combination of SERD and SERM.  MCF7S cell were subjected to daily dosing with fresh 

media containing various concentrations and combinations of antiestrogens.  The data 

summarized in Figure 5-5 poses several points for further considerations.  First, it 

indicated that pharmacologically induced ERα degradation was insufficient to promote 

the level of cell death seen in 4-OHT treated shER cells.  Second, continuous high dose 

4-OHT exposure was required to prompt a similar decrease in cell number as 4-OHT 

treated shER MCF7S.  Third, there were significant additive effects with combinatorial 

treatments.  Finally, the response was dose dependent.  In general, it would require a 
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constant, cytotoxic level of antiestrogens to achieve the same effect as a single high 

dose of SERM in shER cells.  This would suggest ERα saturation can inhibit MCF7S 

proliferation.   

Discussion 

ERα is proving to be a paradoxical factor in MCF7S cells.  It is not required for 

sphere formation and maintenance; however its concentration in the cell has vast 

impact on cell proliferation.  One possible explanation is the lower concentration of ERα 

allowed a single high dose of 4-OHT to fully saturate all available receptors in the bulk 

shER population, and so increase the appearance of drug potency.  This suggests that 

recurrence in some cases of hormone-receptor positive tumor are not due to resistance, 

but because high receptor levels prevented optimal inhibition by ERα antagonists.  This 

resulted in cells evading antiestrogen effects that theoretically were still responsive to 

treatment, thus resulting in recurrence and disease advancement.  Standard 

antiestrogen treatments are not optimized for such heterogeneity that naturally exists.  

Rather, lower doses are preferred due to side effects that disrupt patient‟s quality of life.   

Another possibility to consider is 4-OHT binds alternative targets as the 

concentration of its preferred binding partner decreased.  It is conceivable that the high 

4-OHT dosage antagonized not only ERα, but also saturated other targets such as 

Estrogen-Related Receptor beta (ERRβ) and gamma (ERRγ) (Coward et al., 2001; 

Tremblay et al., 2001).  Additional targets for 4-OHT binding may exist, as it is generally 

true for pharmacological agents.  It has been suggested that 4-OHT mediated apoptosis 

through both ERα dependent and independent pathways such as oxidative stress and 

activation of stress kinases (Obrero et al., 2002).  The present study provided evidence 
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that mammosphere formation and potential TIC enrichment respond to 4-OHT in a 

related manner.   
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Figure 5-1.  Knockdown of ERα (shER) in MCF7S cells.  A)  Immunoblot comparing 

ERα levels of three independent shRNA clones with bulk MCF7S culture.  

Relative densitometry reduction for shRNA clones were shown as relative to 
MCF7 sample.  B)  Growth curve of shER clones compared to bulk MCF7S 
culture averaged from two independent experiments. 
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Figure 5-2.  Representative phase-contrast images of MCF7S, control shRNA MCF7S, 

and shER clone 7 exposed to antiestrogens for 6 days.  0.1% DMSO did not 
affect sphere formation phenotype for all three cell groups.  4-OHT treatment 
inhibited sphere formation MCF7S and control shRNA cells.  The shER C7 
cells responded to 4-OHT with increase in cell debris, but surviving cells 
formed tightly packed spheroids.  ICI treated cells all retained sphere 
formation phenotype.  Abbreviations: 4-OHT is 4-hydroxytamoxifen.  ICI is 
pure antiestrogen ICI 182780.  Scale bar = 182 microns.  



 

95 

A

 
B

 
C

 
 

Figure 5-3.  Antiestrogen response of ERα knockdown in MCF7S cells.  Data for clone 7 

(A) and clone 9 (B) were generated from three independent experiments.  
Data for clone 11 (C) were derived from two independent experiments.  4-
OHT is 4-hydroxytamoxifen.  ICI is pure antiestrogen ICI 182780.  Error bars 
were expressed as standard error of the mean (S.E.M.).  Statistical analysis 
was performed using paired Student‟s t-test.   
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Figure 5-4.  Sphere formation frequency of antiestrogen treated ERα knockdown 

MCF7S cells.  Three independent experiments were performed for clones 7 
(A) and 9 (B).  Clone 11 (C) experiments were repeated twice.  Abbreviations: 
4-OHT is 4-hydroxytamoxifen.  ICI is pure antiestrogen ICI 182780.  Error 
bars were expressed as standard error of the mean (S.E.M.).  Statistical 
analysis was performed using paired Student‟s t-test. 
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Figure 5-5.  SERDs and SERMs combination treatment to mimic shER effects in 

MCF7S.  Media containing the indicated antiestrogens were administered 
daily for 6 days.  The data was derived from three independent experiments.  
Abbreviations: 4-OHT is 4-hydroxytamoxifen.  ICI is pure antiestrogen ICI 
182780.  All antiestrogen treated MCF7S showed significantly decreased 
viable cells compared to 0.1% DMSO treated cells.  Error bars were 
expressed as standard error of the mean (S.E.M.).  Statistical analysis was 
performed using paired Student‟s t-test.
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CHAPTER 6 
CONCLUSIONS AND FUTURE DIRECTIONS 

Conclusions and Discussion 

The CSC/TIC hypothesis captured the imagination of cancer biologists by 

proposing TICs as a recognizable target for the study of tumor recurrence.  It has been 

generally presumed the TICs did not express hormone receptors.  This assumption is 

colored by a strict interpretation of mammary stem cell hierarchy in which MaSCs 

belonged to the basal subtype while hormone sensitive cells were grouped in the 

luminal category (Smalley et al., 2003; Villadsen, 2005).  This assertion has limited the 

scope of cancer biology by superimposing one discipline onto another.  Emerging 

studies are probing the role of hormone receptor positive progenitor cells and hormone 

response in hormone receptor negative stem cells (Lim et al., 2009; Asselin-Labat et al., 

2010; Clarke et al., 2005; Booth et al., 2006; Raouf et al., 2008), with the expectation to 

define the function of hormones and hormone receptors during development.  There 

may emerge some common links that will enhance oncogenic studies.   

In this study, evidence was presented for the role of ERα as a mediator of 

antiestrogen effects in the context of MCF7-derived mammospheres.  MCF7S was 

shown to be phenotypically distinct from MCF7P and express higher levels of putative 

tumorigenic marker CD44.  ERα expression and endogenous protein levels were not 

significantly difference between the two cell groups.  The receptors can activate known 

estrogen response gene TFF1 in both cell types, although gene expression is highly 

variable in MCF7S cells. The antiestrogen response in MCF7S was significantly 

different from MCF7P as MCF7S displayed dose dependent growth inhibition upon 

acute antiestrogen exposure, while MCF7P showed minimal sensitivity to antiestrogens.  
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However, the sphere formation frequency in MCF7S was unperturbed following drug 

removal.  Profound differences in response to SERM versus SERD were discernable in 

MCF7S culture.  The long term growth kinetics were strongly affected by SERD 

treatments, while that of SERM was not significantly different from control and may 

contribute to increased sphere formation frequency after antiestrogen challenge.  

Mammosphere formation and maintenance was shown to be ERα independent using 

pharmacological and molecular means.  However, ERα knockdown clones showed 

vastly different antiestrogen response.  shER cells became resistant to ICI treatment 

and sphere formation frequency was unaffected, as expected. Surprisingly, the 

knockdown cells became highly sensitive to 4-OHT induced growth inhibition and 

sphere formation frequency was drastically reduced.  These two observations 

suggested bulk MCF7S culture is composed of a mixed population with ERα 

potentiating divergent proliferative pathways.  Additional pharmacological inhibition data 

in Figure 5-5 suggested there were ERα positive MCF7S subclones that were only 

partially inhibited by the antagonist 4-OHT.  One explanation may be the receptor‟s 

concentration is particularly high in that fraction and a single dose of 4-OHT was 

insufficient as some active receptors remain and signal cell growth.  Another possibility 

is that 4-OHT has non-ERα targets that also regulate MCF7S proliferation.  This is not 

unexpected as 4-OHT resistant subclones may have alternate proliferation signaling 

pathways that can compensate for ERα inhibition.   

The idea that alternative mitogenic pathways alter antiestrogen response and 

allow for anchorage-independent growth is not new.  Previous studies have been done 

where MCF7 was maintained under long-term steroid deprivation (Martin et al., 2003, 
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2005; Chan et al., 2002).  It was noted that MAPK/ERK1/ERK2 and PI3K activity are 

upregulated under these conditions and contributed to hormone-independent growth, 

while the cells remained antiestrogen responsive.  Considering the fact that 

mammosphere culture is maintained in growth factor supplemented media, it is possible 

that mitogenic pathways upregulated under these conditions contributed to the 

observed MCF7S antiestrogen response.  MAPK pathway upregulation would also allow 

for MCF7 to grow as anchorage-independent spheroids (Fukazawa et al., 2002; 

Thottassery et al., 2004).  Recent studies have shown prolong ERK activation was 

required to mediate 4-OHT may induced cell death, and effects of ERK phosphorylation 

can be mitigated by ERα activation (Zheng et al., 2007; Zhou et al., 2007).  If true, this 

pathway would account for 4-OHT hypersensitivity observed in shER MCF7S.  A 

proposed model would be ERK activation via growth factor stimulation in shER MCF7S 

combined with 4-OHT induce apoptosis through ERα independent mechanism (Obrero 

et al., 2002) result in uncontrolled cell death as ERα was taken out of a signaling loop 

that may regulate ERK activation (Hutcheson et al., 2003; Britton et al., 2006).  These 

signaling pathways would undoubtedly affect downstream gene expression and amplify 

effects at the genomic level. 

An additional consideration is how key tumorigenic characteristics may drive 

mammosphere formation.  Of the six key features designated as “hallmarks” of cancer 

(Hanahan et al., 2000), four can be applied to mammosphere formation in MCF7S cells.  

They are self-sufficiency in growth signals, insensitivity to antigrowth signals, evading 

apoptosis, and limitless replicative potential (Hanahan et al., 2000).  MCF7S cells were 

able to form tightly pack spheroid cultured in a rudimentary media under suspension 



 

101 

conditions, and displayed indefinite self-renewal capacity.  While many establish breast 

cancer cells lines shared the above characteristics under normal culture conditions, only 

MCF7 was able to survive in mammosphere culture (Chapter 1).  It would be of general 

interest to probe for intrinsic cellular differences that may account for this phenomenon, 

and establish which of the aforementioned key features significantly contribute to 

mammosphere formation.    

There are major gaps in knowledge regarding cellular response to hormones, and 

the role of steroid hormone receptors in cellular signaling under different cellular 

context.  Of course, it is a daunting task to catalogue all possible cell signaling 

combinations.  However, it may be worth the effort for it provides the basis for disease-

relevant gene regulation studies.  

Mammosphere culture provided a model for further characterization of tumor 

recurrence.  However, it is uncertain if mammosphere cells may be accurately termed 

CSCs/TICs.  It is probable that there is no definable population to target, and tumor 

recurrence depend upon a mixed subclone population with the evolutionally advantage 

to survive.  The current experimental approach of isolating specific subgroup may aid 

mechanistic studies; but it is inadequate in providing a complete picture of tumor 

development.  As evident in this study, there are heterogeneous subgroups that can be 

enriched under mammosphere forming conditions that respond markedly different from 

adherent culture.  It appears adherent culture tends to homogenized cell population as it 

provides a rich environment for the survival of most cells, rather than selecting for the 

hardier portion that are most likely to be malignant.  Nevertheless, this portion may still 
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contain antiestrogen responsive cells that can be eliminated if treatment regiments are 

optimized. 

Future Directions 

In vivo tumorigenic studies are ongoing to confirm MCF7S tumorigenicity.  If in 

vitro experiments are translatable, it is expected that MCF7S will be more tumorigenic 

than MCF7P.  Antiestrogen-treated MCF7S cells will be expected to have similar 

tumorigenic frequencies, and 4-OHT treated shER clones will have the lowest 

frequency.  Of course, there are reasons to suppose in vivo data will not match those 

from in vitro studies.  The injected cells will receive estrogen supplement by means of 

an implanted pellet in the mouse, and the cells will no longer receive growth factors.  

Therefore, it is unknown if MCF7S will revert to MCF7P phenotype under these 

conditions and display no differences in tumorigenic ability.  There is the additional 

concern that the microenvironment at the injection site would alter cellular signaling that 

translates into confusing results where no conclusions may be drawn.   

Cytoplasmic signaling in MCF7S is the next logical area of investigation.  A rich 

source of information concerning mitogenic and estrogen receptor crosstalk can be 

gathered with further study, which can translate to a deeper understanding into both 

genomic and non-genomic ERα functions.  Of specific interest is ERK phosphorylation 

as it appears to be an important branch point in cytoplasmic and ligand-independent 

ERα functions that may mediate antiestrogen response. 

Finally, a multi-pronged approach has long been advocated as the most efficient 

means of cancer control.  However, such a rigorous treatment regimen may be 

prohibitive for patients both in terms of cost, time investment, and quality of life.  
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Therefore, recent efforts towards optimizing the potency and the innovative usage of 

currently available drugs are vital for the future of cancer treatment.  This study has 

provided evidence for extending SERM treatment beyond the current recommendation 

of 5 years.  The results from this study have shown the tumor initiating potential of 

estrogen receptor positive cells were unaffected by antiestrogen treatments (Chapter 4).  

However, the evidence also suggested antiestrogens can inhibit proliferation and 

potentially suppress tumor recurrence (Chapter 4 and 5).  The data also suggested 4-

hydroxytamoxifen may have additional non-ERα targets that warrant further study 

(Chapter 5).  An important question remains: whether antiestrogen resistant cells and 

TICs are the same.  The tools currently available are insufficient to provide solid 

experimental proof.  However, the enthusiasm generated in the area will surely drive 

future technical improvements. 
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APPENDIX A 
SUPPLEMENTAL FIGURES 

Chapter 3 
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Figure A-1.  Additional figures comparing CD44-expression in MCF7P and MCF7S.  A) 

Scatter plot and gating of FACS sorted cells.  B) Overlay histogram of CD44-
FITC and Iso-FITC staining for MCF7P and MCF7S.  Technical duplicates 
were shown for the experiment.  Isotype staining control (Iso-FITC) showed 
negligible staining for both sample groups.  MCF7P cells showed an 
averaged 21.4% CD44-positive staining.  MCF7S cells showed an averaged 
57.97% CD44-positive staining.  Percentages were calculated from 30000 
cells. 

 
Table A-1.  Additional data for CD44-FITC signal quantification using flow cytometer 

(Figure A-1).   

Sample Gated Events 
Background 
Subtracted 
Events 

% Gated 
% Total (Not 
gated) 

MCF7P Iso 29366 394 1.34 1.31 
MCF7P CD44-1 29403 5192 17.66 17.31 
MCF7P CD44-2 29378 7486 25.48 24.95 
MCF7S Iso 29317 59 0.2 0.2 
MCF7S CD44-1 29333 17283 58.92 57.61 
MCF7S CD44-2 29205 16654 55.51 56.49 
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Table A-1 data represents additional experiment to evaluate CD44 expression in 
MCF7P and MCF7S.  A total of 30000 cells were counted for each sample.  Gated 
events represent cell fraction used for analysis (R1) based on forward and side scatter 
pattern as shown in Figure A-1A.  Background subtracted events represented CD44-
FITC signal levels above Iso-FITC control.  % Gated is percentage ratio of gated 
events/ background subtracted events.  % Total is percentage ratio of gated events / 
30000 total events.   
 
 

Chapter 4 

A
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C

 
 
Figure A-2.  Real time RT-PCR of MCF7P for estrogen response gene TFF1.  A)  Time 

course of TFF1 expression induced with 100 nM  β-estrodiol (E2).  B) and C) 
Inhibition of E2 induced TFF1 expression after 1 hour antiestrogens pre-
treatment.  All TFF1 expression normalized to beta-actin expression.  
Abbreviations: 4-OHT is 4-hydroxytamoxifen.  ICI is ICI 182780.  All TFF1 
expression was  normalized to beta-actin expression.  Error bars represented 
technical triplicates.  Each graph is n=1. 
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Figure A-3.  Real time RT-PCR of MCF7S for estrogen response gene TFF1.  A) Time 

course of TFF1 expression induced with 100 nM 17β-estradiol (E2), TFF1 
expression levels were shown relative to untreated cells.  B) TFF1 expression 
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after 12 hours induction with 100 nM 17β-estradiol (E2) following 1 hour 
antiestrogen pre-treatment.  C) TFF1 expression after 24 hours induction with 
100 nM 17β-estradiol (E2) following 1 hour antiestrogen pre-treatment.  
Abbreviations: 4-OHT is 4-hydroxytamoxifen.  ICI is ICI 182780.  All TFF1 
expression was normalized to beta-actin expression.  Error bars represented 
technical triplicates.  Each graph is n=1. 

 
 
 

 
 
Figure A-4.  Time course of CTSD gene expression induced with 100 nM 17β-estradiol 

(E2).  CTSD expression levels were shown relative to untreated cells, and 
normalized to beta actin expression.  Error bars represented technical 
triplicates.  The graph is n=1.   
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Figure A-5.  BrdU/PI cell cycle analysis for MCF7S treated with antiestrogens for 72 

hours.  A)  0.1% DMSO treated control pulsed with 10μM BrdU for 2.5 hours.  

Total events were shown as R2 fraction in scatter plot on the left.  B) No BrdU 
pulse control MCF7S cells.  Gated events were shown in scatter plot on the 

left.  C)  1μM ICI treated MCF7S cells pulsed with 10μM BrdU for 2.5 hours.  

Gated events were shown in scatter plot on the left.  D) 2.5 μM 4-OHT treated 

MCF7S cells pulsed with 10μM BrdU for 2.5 hours.  Gated events were 

shown in scatter plot on the left.  All samples were analyzed by flow 
cytometer.  Abbreviations: 4-OHT is 4-hydroxytamoxifen.  ICI is pure 
antiestrogen ICI 182780.  30000 cells were counted for each sample.  Data 
represents n=1.   
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Table A-2.  Data for BrdU/PI cell cycle analysis MCF7S cells treated 72 hours with 
antiestrogens (Figure A-5).   

Sample Gated 
Events (S 

Phase) 

Background 
Subtracted 

Events 

% Gated % Total (Not 
gated) 

-BrdU 17 27495 0.06 0.06 
0.1% DMSO +BrdU 10474 28417 36.86 34.91 

2.5 μM 4-OHT +BrdU 7323 28056 26.1 24.41 

1 μM ICI +BrdU 7652 27844 27.48 25.51 

 

Table A-2 data represents experiment data for BrdU/PI cell cycle analysis in MCF7S 
cells treated with antiestrogens for 72 hours (Figure A-5).  A total of 30000 cells were 
counted for each sample.  Gated events represent BrdU incorporation during S phase of 
the cell cycle (Figure A-5 right).  Background subtracted events represented cell fraction 
(R2) deemed unicellular based on scatter plot gating (Figure A-5 left).  % Gated is 
percentage ratio of gated events / background subtracted events.  % Total is 
percentage ratio of gated events / 30000 total events.   
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Figure A-6.  Individual Annexin V experimental data for antiestrogen treated MCF7S at 

48 hours and 72 hours summarized in Figure 5-5.  Each graph represented 
one experiment (n=1).  Total percentage of apoptosis was shown.   
Abbreviations: 4-OHT is 4-hydroxytamoxifen.  ICI is pure antiestrogen ICI 
182780. 
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Chapter 5 

 
 
Figure A-7.  Representative phase-contrast images of shER C7 knockdown (left) and 

control shRNA (right) mammospheres.   There were no observable 
differences in sphere size or formation frequency between the two cell types.  
Scale bars = 182 microns 
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APPENDIX B 
BRD8 FUNCTION DURING EARLY CARDIAC DEVELOPMENT 

Introduction  

Congenital heart defects are common conditions that affect a large portion of the 

population.  Although medical advances have greatly extended the life of affected 

individuals, the underlying causes of these conditions are not fully characterized.  

Genetic and molecular approaches have identified a number of key regulators that form 

complex signaling networks directing each stage of heart development.  In addition, 

there is emerging evidence for epigenetic regulation of developmental pathways.  This 

includes the possible “priming” of promoter regions for activation via incorporation of 

histone variants by SWR1 chromatin remodeling complexes.  To this end, we propose a 

SWR1 subunit, Brd8, as a novel protein involved in cardiac development.  The goal of 

the project is to gain a better understanding of Brd8‟s role in cardiogenesis by studying 

the morphological characteristics of Brd8 mutant mice, identifying specific genes 

affected in Brd8 mutants, and investigating the mechanism by which Brd8 affects 

downstream gene expression.   

Overview of Mammalian Heart Development   

Major events in heart development are shown in the Figure 1, as reviewed in 

(Srivastava, 2006).  Cardiac progenitor cells from the mesoderm form the primary and 

secondary heart field in the cardiogenic region.  The first heart field (FHF) is localized 

along the anterior part of the embryos, while the second heart field (SHF) is located 

posterior to the FHF.  The cardiogenic region has undergone patterning and a ventral 

midline has been established, which guides the formation of the primitive heart tube 

from cells in the FHF.  The first heart field differentiates into two symmetrical regions 
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that extend from the midline; this structure is known as the cardiac crescent.  The 

crescent has specific cell populations that will form the future left ventricle (LV) and atria 

(A) of the heart.  The two halves of the crescent later converge along the midline.  This 

forms the primitive heart tube, containing two distinct cell populations destined to be the 

ventricle (V) or the two halves of the atria (RA and LA).  The SHF differentiates at this 

stage, and cells from the SHF migrate into both ends of the heart tube forming the 

future right ventricle (RV), the outflow tract or conotruncus (CT), and parts of the atria.  

The SHF also supports a population of non-mesodermal cells called the neural crest, 

which contribute to the septation of the heart and valve formation in late heart 

development.  The heart tube then undergoes rightward looping, segments of the aortic 

arches are specified, and the chambers are formed by the asymmetric proliferation of 

various regions.  Septation, valve formation, and maturation of the aortic arches 

complete heart development (Srivastava, 2006). 

 
Transcription Factors Regulating Heart Formation 

Specification of Myocardial Progenitor Cells  

All tissue types originate from the epiblast, derived from the inner cell mass of the 

post-implantation blastocyst.  During gastrulation (E6.5 in mouse), the primitive streak 

forms on the posterior region of the embryo,  the primary germ layers (ectoderm, 

endoderm, mesoderm) are defined and enter the primitive streak (Tam and Loebel, 

2007).  The earliest mesodermal genes are MesP1/2 and Fgf8, which are expressed 

during gastrulation (Abu-Issa and Kirby, 2007; Brand, 2003).  Induction of Nkx2.5 

expression by upstream signaling induces differentiation of mesoderm germ cells into 

cardiomyocyte precursors (Xu and Baldini, 2007; Srivastava and Olson, 2000).  These 

Fig. 2 from [1] 
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upstream signals include members of the Bone Morphogenetic Protein family (BMP) 

(Prall et al., 2007), as well as Sonic Hedgehog (Shh), Fibroblast Growth Factor (FGF), 

Wnt and Notch proteins (Srivastava, 2006; Kimelman, 2006; Dunwoodie, 2007).   

Differentiation of Precursors into Cardiomyocytes  

A number of other induction signals trigger differentiation of precursors into mature 

cardiomyocytes, and further specification as the first and second heart fields.  The first 

heart field (FHF) is characterized by activators such as GATA4 (Pu et al., 2004; Xin et 

al., 2006), which interacts with Nkx2.5 (Pu et al., 2004; Tanaka et al., 1999) and other 

downstream regulatory factors during chamber formation.  Cells in the secondary heart 

field (SHF) differentiate at a later stage.  They are first marked by the expression of Isl1 

(Dodou et al., 2004; Park et al., 2006) and Foxh1 (Xu et al., 2007; von Both et al., 

2004).  The upstream factors in both heart fields interact with a multitude of downstream 

targets.  These interactions are important for specifying polarity and asymmetry, 

organization of multiple cell types, inducing proliferation and formation of defined 

cardiac structures (Dunwoodie, 2007). 

Downstream Transcriptional Networks Associated With Heart Formation 

 The plethora of downstream transcriptional targets overlap and cross-regulate, 

creating a complex regulatory network.  Many families of transcription factors contribute 

to the development of specific cardiac structure.  Each family contains numerous 

isoforms, giving rise to an enormous variety of combinational signaling.  Their 

interactions as activating or repressive complexes direct and fine tune each step in the 

development of a four-chamber heart from the two heart fields.  This complex network 

has been intensely studied and a few are well-characterized.  Some examples are the 

Tbx family (Plageman and Yutzey, 2005; Stennard and Harvey, 2005; Naiche et al., 
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2005), Gata-4,-5,-6 (Pu et al., 2004; Patient and McGhee, 2002), Mef2 family 

(Karamboulas et al., 2006; Black and Olson, 1998), HANDs (Risebro et al., 2006; Firulli, 

2003), and certain Nkx2 (Tanaka et al., 1999; Heathcote et al., 2005; Pabst et al., 

2000).   

General Introduction to Brd8 

Brd8 protein was originally identified as a coactivator for thyroid receptors and 

retinoic acid receptors (Monden et al., 1997, 1999).  It contains two bromo domains, 

which are generally associated with acetylated-histone binding.  Brd8 is a subunit of 

various chromatin remodeling complexes, including HAT complexes and histone 

exchange complexes such as Domino (Raisner and Madhani, 2006; Cai et al., 2003).  It 

has also been suggested to be a cell differentiation switch (Benevolenskaya et al., 

2005).  Tentative evidence suggests that Brd8 is a downstream target of Tbx5 (Mori et 

al., 2006), a key regulator in cardiomyocyte differentiation and chamber formation.  

Taken together these data suggest that Brd8 can be mediating differentiation signals 

induced by nuclear receptors and thereby affecting downstream gene regulation by 

interacting with trans-acting cofactors.  Brd8 may also be organ-specific as its 

expression is controlled by organ-specific transcription factors.   

Materials and Methods 

Methods not previously described in Chapter 2 are described below. 

Immunohistochemistry 

Immunohistochemistry was performed as follows, the embryos are dissected away 

from maternal tissue.  They were then rinsed in PBS pH 7.3  (137mM NaCl, 2.7mM KCl, 

4.3mM Na2HPO4-7H2O, 1.4mM KH2PO4) and fixed overnight with 4% paraformaldehyde 

(PFA) (w/v) at 4˚C.  Next day, they were washed twice in PBS, dehydrated in a 
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methanol series and bleached with 5% hydrogen peroxide (v/v) in methanol for 2 hours 

to neutralize endogenous peroxidase activity.  They were rehydrated in a methanol 

series to PBS, blocked with 1.5% sheep serum in PBS, and incubated with primary 

antibody overnight at 4˚C.  Samples were washed extensively in PBS, and HRP-

conjugated secondary antibody applied overnight at 4˚C.  They were washed as 

previously described after primary antibody incubation.  The samples were incubated 

with HRP-conjugated secondary antibody for 1 hour at room temperature.  Signal was 

detected using (3,3‟-diaminobenzidine tetrahydrochloride) DAB Plus substrate kit 

(Zymed).  Once sufficient signal was achieved, samples were washed in PBS, postfixed 

in 4% PFA and 0.1% glutaraldehyde (w/v) in PBS, washed again in PBS, cleared in 

50% and 70% glycerol in PBS.  The samples were stored at 4˚C until images were 

captured. 

Whole Mount In Situ Hybridization (WHISH) 

Riboprobe synthesis   

Riboprobes were generated from plasmids containing the cDNA gene of interest 

and bacteriophage T7/T3 promoters.  Digoxigenin (DIG)-labeled riboprobes were 

synthesized from 10 µg linearized DNA template, 2 µl DIG RNA labeling mix (Roche), 4 

µl of 5X transcription buffer, 100 mM DTT, 1 µl RNase inhibitor, and 1 µl of appropriate 

RNA polymerase to synthesis antisense/sense strand in a 20 µl reaction.  The reaction 

was incubated at 37˚C for 2 hours, followed by DNase treatment.  The reaction was 

stopped by the addition of 2 µl 0.5M EDTA pH 8.  The DIG-labeled riboprobe was 

pelleted via ethanol precipitation with the aid of LiCl.  The pellet was resuspended in 

DEPC-treated water and stored at -20˚C until hybridization.   
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Mouse embryo preparation 

Dissected mouse embryos at desired time points were treated as follows prior to 

hybridization: fixed in 4% PFA at room-temperature (RT) for 20 minutes, and then 

dehydrated through a methanol series and stored at -80˚C until hybridation.   

Whole mount in situ hybridization 

In-Situ hybridization was performed as follows: embryos were rehydrated through 

methanol series to PBT (PBS+0.1% Tween-20), bleached in 6% hydrogen peroxide for 

1 hour, washed in PBT, treated with 10 µg/ml Proteinase K for 6-8 minutes, washed in 2 

mg/ml glycine for 10 minutes, and rinsed in PBT.  The samples were then postfixed in 

4% PFA/0.2% glutaraldehyde (w/v) for 20 minutes, blocked in prehybridation solution 

(50% formamide, 5X SSC, 0,1% Tween-20, 0.1% SDS, 50 μg/ml heparine, 50 μg/ml t-

RNA, 60mM citric acid) at 70˚C for 1 hour, and hybridized overnight at 70˚C in fresh 

prehybridization buffer containing 0.2 µg/ml DIG-labeled probe.  On the next day, 

samples were extensively washed at 65˚C with wash solutions (50% formamide, 5X 

SSC, 60-24mM citric acid, 1-0.2% SDS, and 0.1% Tween-20), blocked in 2% 

Boehringer blocking reagent (w/v) and 10% sheep serum (v/v) dissolved in Maleic Acid 

Buffer (MAB). The samples were then incubated overnight in 1:2000 pre-blocked, AP-

conjugated anti-DIG antibody at 4˚C.  On the following day, samples were washed at 

length with MAB, with a final overnight wash in MAB at 4˚C.  Finally, samples were 

washed in alkaline phosphatases buffer (NTMT) and the signal was detected using BM 

Purple AP Substrate (Roche).  Once sufficient signal was obtained, samples were 

washed in PBT, postfixed in 4% PFA/ 0.1% glutaraldehyde for 1 hour, washed again in 

PBT, and stored at 4˚C until images of the stained embryos are photographed. 
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RT-PCR Primers for Brd8 Allele Expression 

Primers used to confirm gene trap vector insertion is illustrated in Figure B-1B.  

The sequences were as follows: exon 1 (Brd-1: 5‟-AGGAGTGGGGATCAGAACTG-3‟), 

beta-geo of gene-trap insert (Beta-geo: 5‟-GTATCGGCCTCAGGAAGATCG-3‟), and 

exon 5 (Brd-ex-5: 5-CTCAGCAGTCAGTTTGCGAAC-3‟).  Primer set Brd-1 and Brd-ex-

5 amplified the wild type allele, while primer set Brd-1 and Beta-geo amplified the 

mutant allele.  Brd8+/- ES cell cDNA (XE487) were reversely transcribed using beta-geo 

specific primers, and was included to show the expected size of mutant bands. 

 Sample cDNA were obtained from E10.5 embryos following homogenization in 

Trizol to extract total RNA, and RT-PCR as described in Chapter 2. 

Results and Discussion 

The initial evaluation of Brd8 gene-trapped whole mouse embryos included gross 

morphological characterization and assessing Brd8 allelic expression level.  The Brd8 

mutant mouse line demonstrated obvious embryonic phenotype such as developmental 

retardation and lethality by E10.5 (Figure B-2A).  Semi-quantitative RT-PCR showed the 

Brd8 allele was not completely depleted in mutants, but low residual expression 

remained in both ES cell clone XE487 and Brd8 homozygous mutant embryos at E10.5 

(Figure B-2B and Figure B-2C).  Endogenous Brd8 expression in wild type E10.5 

embryos was assessed using whole mount in situ hybridization to determine Brd8 

localization.  As shown in Figure B-3, endogenous Brd8 was ubiquitously expressed 

throughout the embryos with the exception of the cardiac region.  The evidence 

suggested Brd8 was an important cofactor during embryogenesis.  However, the data 

implied the role of Brd8 is generalized and may not be organ specific.  It was possible 

that the cardiac defects observed were the indirect result of generalized growth arrest.  
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The observed abnormal cardiac pathology (Figure B-4) may be attributed to the heart 

being one of the earliest organs to be fully developed and thus was one of the first 

organs affected by growth inhibition.  The failures of the mutant embryo to turn and the 

neural tube to close were additional indicators of early growth inhibition (Figure B-2A 

and B-4).   

The malformation of essential organs could explain the early lethality of Brd8 

mutants.  Further evaluation of Brd8 mutant embryos included whole mount 

immunohistochemistry using PECAM antibody to compare vasculature development of 

Brd8 mutant embryos and stage matched wild type embryos.  As shown in Figure B-5, 

Brd8 mutant embryos showed less robust PECAM signal in the neural, cardiac and 

dorsal regions.  The failure of the heart tube to undergo normal rightward looping was 

evident in the Brd8 mutant embryo (Figure B-5B and 5C).  The mutant embryo 

displayed an enlargement of the ventricular regions of the heart tube, which suggested 

that cardiac patterning occurred independently of positional cues.  It also implied that 

cells in the heart tube were already programmed to become specific cardiac 

components very early in development.   

The Brd8 mutant embryos showed cardiac-specific morphological defects such as 

cardiac edema, abnormal ventricular enlargement and insufficient rightward looping of 

the heart tube.  The expression levels and localization of specific cardiac differentiation 

markers were assessed by whole mount in situ hybridization to determine if the 

abnormal cardiac pathology had any bearing on cardiac cell fate determination.  As 

shown in Figure B-6, Brd8 mutant embryonic heart tube retained a similar molecular 

signature as stage matched wild type embryos.  Hybridization of Tbx5 (Figure B-6A), 
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Nkx2.5 (Figure B-6B), and Mlc2v (Figure B-6C) in mutant embryos all showed a similar 

expression localization and pattern to wild type embryos.  However, there were obvious 

ventricular enlargement and lack of rightward looping as mentioned earlier.  These 

results indicated that while the patterning of the heart tube was fixed during early 

development, cardiac morphogenesis still required differential positional cues 

throughout the process to direct proper formation.  Without which, the heart was 

physiologically defective and resulted in embryonic lethality.   

The preliminary data provided here demonstrated a generalized, but essential role 

for Brd8 during mammalian development.  Even though the Brd8 allele may not be fully 

silenced (Figure B-2B and 2C), it was enough to cause developmental arrest and 

physiological defects that resulted in lethality.  However, Brd8 did not appear to affect 

early specification or differentiation of mesodermal cells to cardiomyocytes.  This would 

suggest the cardiac defects observed were secondary effects initialed by Brd8 

downregulation.  Additional cardiac molecular markers may be used to further evaluate 

cardiac patterning and dissect this assumption.  It is unclear how Brd8 expression may 

influence embryonic development.  It may be speculated that the ubiquitous expression 

of Brd8 (Figure B-3) would affect multiple regulators.  The deregulation of these 

regulators culminated into an unsustainable combination that initiated cell death.  These 

factors may include Sonic Hedgehog, BMP, Wnt, Notch, or FGF.  It can be of interest to 

study Brd8 effects on known signaling pathways and cellular proliferation.  This course 

of inquiry can offer additional insight into the effects of Brd8 in mammalian 

development. 
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Figure B-1.  Gene trap vector inserted into mouse genome to generate Brd8 null allele.  
A)  Design of gene trap vector used (SIGTR).  Abbreviations: Intron is 1.5 kb 
of Mouse En2 intron 1.  SA is splice acceptor of mouse En2 exon 2.  β-geo is 
fusion of β-galactosidase and neomycin transferase.  pA is SV40 
polyadenylation signal.  B)  Diagram of gene trap vector insertion into Brd8 
intron 2 and relative position of primers used to evaluate insertation.  5‟ primer 
for both mutant and wild type is Brd-1.  3‟ primer for wild type Brd8 is Brd-ex-
5.  3‟ primer for Brd8 mutant knock-in vector is Beta-geo.  Diagram is not to 
scale. 
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Figure B-2.  Brd8 gene-trapped mouse embryos and expression of wild type and mutant 
alleles.  A)  Bright field microscopy image of wild type (right) and mutant Brd8 
(left) embryos at E9.5.  Brd8 mutant embryos displayed overall growth 
retardation and cardiac edema (white arrow). B)  Semi-quantitative RT-PCR 
to assay Brd8 allelic expression in cDNA extracted from Brd8 mutant (Brd8-/-) 
and Brd8 heterozygous (Brd8+/-) E10.5 embryos.  The primers were located 
as described in Figure B-1B.  The cDNA were amplified for 35 cycles and 
performed in duplicate.  Abbreviations:  XE 487 is Brd8-/- ES cells cDNA 
control.  Mutant (Mut) and wild type (WT) PCR product bands are indicated 
on the right.  C)  Beta-actin semi-quantitative RT-PCR normalization controls 
were shown for mutant Brd8 E10.5 embryos cDNA (left), and Brd8 
heterozygous (Brd8 +/-) cDNA (right).  PCR cycle numbers are indicated 
below PCR product band.   
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Figure B-3.  Endogenous Brd8 expression in wild-type E10.5 mouse embryos using 
whole mount in situ hybridization (WMISH).  E10.5 wild type embryos were 
hybridized to Brd8 antisense probe and compared to litter matched embryos 
hybridized to sense probe as control for 1, 5, 10 or 23 hours.  There was no 
signal for sense probe, as expected.  Brd8 specific antisense probe indicated 
Brd8 was expressed throughout the embryo, except for the cardiac region 
(red circle).   
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Figure B-4.  Hematoxylin and eosin stained sections of Brd8 mutant embryos (E10.5) 
compared to wild-type littermates.  Brd8 mutant embryo (right) displayed 
general growth retardation as indicated by neural tube defect (black arrow).  It 
showed possible signs of cardiac bifidia (red point).  The respective sections 
were compared to E10.5 wild type sections (left).  The samples were 
processed by Jim Richardson‟s lab at University of Texas Southwestern 
Medical Center, Molecular Pathology Core.  The sections were evaluated by 
Dr. Hideko Kasahara at University of Florida, Department of Physiology and 
Functional Genomics. 
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C

 
 

Figure B-5.  PECAM whole mount immunohistochemistry comparing vascularization of  
Brd8 mutant and stage matched wild-type embryos (E8.5).  A)  Wild type E8.5 
embryo immunostain for PECAM viewed from various angles.  Black arrow 
denotes embryonic heart tube.  The embryo showed robust vasculature 
formation in neural, heart and dorsal regions.  The heart tube showed normal 
rightward looping, as expected at this embryonic stage.  B)  Brd8 mutant 
(Brd8 -/-) E9.5 embryo immunostain for PECAM viewed from various angles.  
Black arrow denotes embryonic heart tube.  The embryonic heart tube 
showed incomplete rightward looping.  Vascularization of the mutant embryo 
also appeared to be deficient in the neural and dorsal regions.  However, 
vascularization of the yolk sac was robust.  C)  Left side view and comparison 
of PECAM immunostain E8.5 wild type (left) and E9.5 Brd8 mutant (right) 
embryos.  Black arrows indicate embryonic heart tube.  The comparison 
demonstrates mutant embryo retarded development in the neural, heart tube, 
and dorsal regions.  



 

128 

 
A

 
 

B

 
 

C

 
 

Figure B-6.  Whole mount in situ hybridization (WMISH) characterizing expression of 
key cardiac development genes.  A) E8.5 wild type compared to E10.5 Brd8 
mutant embryos hybridized to Tbx5 probe.  The embryos were shown from 
the left (left image) and ventral angle (right image).  Tbx5 is specific for 
ventricle region and it is seen in the two samples.  The Brd8 mutant embryos 
display an enlarged heart tube.  B) E8.5 wild type compared to E10.5 Brd8 
mutant embryos hybridized to Nkx2.5 probe.  The embryos were shown from 
the left (left image) and ventral angle (right image).  Nkx2.5 is specific for the 
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entire embryonic heart tube.  Both embryos showed positive signal for Nkx2.5 
in the heart tube region.  Wild-type embryo showed stronger signal in the 
inflow and outflow tract at E8.5, and weaker signal at atrial and ventricle 
regions.  Brd8 mutant embryo showed robust signal for the entire heart tube.  
Defective rightward looping and heart tube enlargement was observed in the 
mutant embryo.  C) E8.5 wild type compared to E10.5 Brd8 mutant embryos 
hybridized to Mlc2v probe.  The embryos are shown from ventral view.  Mlc2v 
is specific for ventricular region of the heart tube.  Both embryos showed 
positive signal in the ventricular region.  Brd8 mutant embryo (right) showed 
abnormal enlargement of the heart tube, compared to stage matched wild 
type embryo (left).   
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