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Abstract 
Breast cancers with a basal-like gene signature are primarily triple-negative, 

are frequently metastatic, and carry the worst prognosis. Basal-like breast cancers 

are also frequently enriched for markers of breast cancer stem cells as well as 

markers of epithelial-mesenchymal transition (EMT). While EMT is generally 

thought to be important in the process of metastasis, direct in vivo evidence of EMT 

in human disease remains rare. Here we report a novel model of human triple-

negative breast cancer, the DKAT cell line, which was isolated from an aggressive, 

treatment-resistant triple-negative breast cancer that demonstrated morphological 

and biochemical evidence of epithelial-mesenchymal plasticity in the patient. 

In culture, the DKAT cell line exhibits a basal epithelial phenotype under 

normal culture conditions in serum-free MEGM, and can undergo a reversible EMT 

in response to serum-containing media, a unique property among the breast cancer 

cell lines we tested. This EMT is marked by increased expression of the transcription 

factor Zeb1, and Zeb1 is required for the enhanced migratory ability of DKAT cells 

in the mesenchymal state. Additionally, we find that expression of the cytokine IL-6 

is dramatically increased in mesenchymal DKAT cells, and blocking IL-6 signaling 

reduces expression of Zeb1 in DKAT and MDA-MB-231 cells. We further show that 
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DKAT cells express progenitor-cell markers, and single cells are able to generate 

tumorspheres containing both epithelial and mesenchymal cell types. In vivo, as few 

as ten DKAT cells are capable of forming xenograft tumors which display a range of 

epithelial and mesenchymal phenotypes. Finally, we also present evidence that 

epithelial-mesenchymal plasticity may be an early feature of some breast cancers, as 

we find vimentin-positive mammary epithelial cell clusters in asymptomatic women 

at high risk for breast cancer. Taken together, our results provide evidence that the 

aggressive behavior of a subset of triple-negative breast cancers is driven by inherent 

epithelial-mesenchymal plasticity, and that this plasticity may be a characteristic of 

some breast cancers from their earliest stages. 

The DKAT cell line represents an important new model for further study of 

the molecular mechanisms that regulate epithelial-mesenchymal plasticity. The 

novel finding that IL-6 regulates Zeb1 expression adds further support for the 

development of anti-IL-6 therapeutics, which will have the potential to target 

pathways at the intersection of metastasis and tumor recurrence. Increased 

understanding of the pathways that are critical for this plasticity will lead to 

improved diagnosis and treatment options for patients with highly aggressive and 

deadly breast cancers. 
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1 Introduction  
 

1.1 Breast Cancer and Metastasis 

Breast cancer is the most common cancer among women worldwide and 

accounts for more than 1 in 4 cancers in women in the United States [American 

Cancer Society]. Mortality rates from breast cancer have declined by approximately 

2 percent per year since 1990, in part due to better screening and increased use of 

targeted therapies directed against disregulated hormone and growth factor 

signaling pathways. Despite this progress, breast cancer remains a tremendous 

public health burden and there are still great strides that must be made in 

understanding and treating this disease. Nearly 40,000 women were expected to die 

of breast cancer in 2010 in the United States, and another 207,000 women were 

diagnosed with the disease [American Cancer Society].  

It has long been recognized that the vast majority of deaths caused by breast 

cancer do not occur from the primary tumor, but from complications arising from 

metastases [DeVita et al 2005].  Metastasis is a complex multi-step process whereby 

tumor cells invade into the surrounding tissue and eventually enter the blood stream 

where they must survive until reaching a distant site where a combination of 

physical and biochemical interactions will allow the cell to exit the blood vessel and 
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establish a new colony [Fidler 2003, Valastyan and Weinberg 2011].  The final step, 

establishment of a macrometastasis, is thought to be the rate limiting step [Hanahan 

and Weinberg 2011].  However, there remains a great deal of controversy over the 

origin of the metastatic cells within the primary tumor. 

Early studies of breast cancer metastases proposed the “seed and soil” 

hypothesis, which suggests that the establishment of a metastatic lesion requires 

both a cell capable of establishing a distant lesion (the “seed”), and a permissive 

tissue in which that cell could survive and multiply (the “soil”) [Paget 1889].  

Traditional models of invasion and metastasis hypothesize that metastases result 

from the outgrowth of a subpopulation of cells with defined morphology and gene 

expression patterns, and that these cells are unique in their ability to migrate away 

from the primary tumor and establish a distant metastasis [Fidler and Kripke 1977, 

Poste and Fidler 1980].  An alternative hypothesis states that the majority of cells in a 

primary tumor are capable of forming a distant metastasis, and that this process is 

mainly determined by random survival of cells during the metastatic cascade [Milas 

et al 1983].  In breast cancer, it has also been hypothesized that the aggressive 

metastatic behavior of certain types of breast cancers may reflect the cell of origin 

from which the cancer arose. The implication of this hypothesis is that some tumors 
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contain cells which are more capable of forming distant metastases than other 

tumors [Dontu et al 2004]. 

For a breast cancer patient with distant metastasis at the time of diagnosis, 

the five year survival rate is only approximately 23 percent [National Cancer 

Institute 2011]. Answering the fundamental questions about the nature of the 

metastatic process is critical in order to understand the most effective ways to 

prevent and target metastatic disease. In recent years it has become clear that 

important insights into the biology of the metastatic process can be gained by 

studying the different types of breast cancer which exhibit different propensities to 

form distant metastases. 

  

1.2 Breast Cancer Subtypes 

Breast cancer is a heterogeneous disease that exhibits a wide range of clinical 

behaviors, prognoses, and histologies. Many breast cancers grow very slowly and 

are also slow to metastasize, while others grow very rapidly and give rise to many 

metastases throughout the body in a short period of time. An understanding of the 

biology which underlies these very different clinical behaviors is essential for the 

development of new and better screening techniques and therapies. 
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The observation that some breast cancers are driven by hormone signaling 

was originally made through the work of Beatson et al. in 1896 which found that 

removing the ovaries of premenopausal women with breast cancer often resulted in 

tumor regression [Beatson 1896].  Further investigation has firmly established 

estrogen signaling as a driver of a subset of breast cancers, and this has led to the 

development of breast cancer therapies which function by blocking estrogen 

signaling. This can be accomplished by inhibiting estrogen production in post-

menopausal women with aromatase inhibitors, or by inhibiting estrogen receptor 

(ER) activity in the breast with selective estrogen receptor modulators such as 

tamoxifen or raloxifene [Obiorah and Jordan 2011].  However, not all breast cancers 

are dependent on estrogen for stimulating their growth, and breast cancers which 

are not driven by hormone signaling are typically not suitable for treatment with 

these therapies. 

With the advent of microarray technology, it became possible to compare 

mRNA expression from large numbers of breast cancer samples in an effort to 

understand the underlying biology of different tumors. Gene expression profiling 

initially identified five breast cancer subtypes, each with a distinct molecular 

signature and prognosis: luminal A, luminal B, Her2-amplified, normal breast-like, 

and basal-like [Perou et al 2000, Sorlie et al 2001, Sorlie et al 2003].  
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The Luminal A and B subtypes are characterized by high expression of ER 

and ER transcriptional targets including GATA3, XBP1, and LIV1 [Sorlie et al 2001, 

Sorlie et al 2003]. Tumors identified as Luminal A have the best prognosis, while 

Luminal B tumors have an intermediate prognosis. Because of their high expression 

of ERα, Luminal A and B breast cancers are commonly treated with anti-estrogen 

therapies [Sorlie et al 2001]. 

The Her2-amplified group is characterized by overexpression of the 

Her2/Neu/ErbB2 growth factor receptor [Sorlie et al 2001]. Overexpression of 

receptor tyrosine kinase Her2 leads to aberrant constitutive activation of 

downstream signaling pathways including MAPK and PI3K, which can act in 

concert to promote increased cell proliferation and to inhibit cell death [Ross et al 

2009]. Numerous therapies targeting the Her2 receptor have been developed in the 

past decade, most notably Herceptin and Lapatinib, leading to improved survival 

rates for Her2-overexpressing breast cancers. However, acquired resistance to these 

therapeutics and relapse remains a serious problem among Her2-positive breast 

cancer patients [Ross et al 2009]. 

The normal breast-like subtype is characterized by high expression of genes 

associated with adipose tissue and mammary basal epithelial cells such as 

Cytokeratins 5 and 6 (CK5/CK6) and low expression of luminal epithelial-specific 
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genes [Sorlie et al 2001]. The fifth subtype, the basal-like group, is also characterized 

by high expression of genes associated with basal epithelial cells and low expression 

of luminal epithelial-specific genes. However, of the five subtypes, basal-like breast 

cancers have the worst prognosis and represent a significant clinical challenge 

[Sorlie et al 2001, Sorlie et al 2003].  

 

1.2.1 Basal-Like Breast Cancer 

Basal-type breast cancers account for approximately 15 percent of newly 

diagnosed breast cancers in the United States, and are most common among young 

African-American women and BRCA1 (breast cancer 1, early onset) mutation 

carriers [Millikan et al 2008, Sorlie et al 2001, Sotiriou et al 2003]. In an effort to better 

identify basal-like tumors without the expensive process of microarray analysis, 

many sets of immunohistochemical (IHC) markers have been proposed. The most 

commonly-used IHC marker combinations are ER/PR/Her2 (triple-negative) as well 

as ER/PR/Her2/EGFR/CK5/6 [Cheang et al 2008]. This five-marker panel has been 

found to have better predictive power of a poor prognosis and lower disease-free 

survival compared with ER/PR/Her2 staining alone [Cheang et al 2008]. While 

considerable disagreement over the precise definition of basal-like, triple-negative, 

and ER-negative breast cancers continues in the literature [Badve et al 2011, 
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Gusterson 2009, Rakha et al 2008], these terms are often found to be used 

interchangeably. For the sake of consistency in this work, the term “basal-like breast 

cancers” will refer to cancers with a basal-like signature as determined by gene 

expression profiling based on the initial subtype classifications [Sorlie et al 2001, 

Sorlie et al 2003], whereas the term “triple-negative” will refer to tumors which stain 

negatively for ER/PR/Her2 by IHC, and “ER-negative” will refer to tumors lacking 

expression of ERα as determined by IHC. 

 

1.2.1.1 Characteristics of Basal-Like Breast Cancers 

Tumors with a basal-like gene signature are primarily triple-negative, lacking 

ER and PR expression and HER overexpression [ER-/PR-/Her2-].  However, it is 

important to note that not all triple-negative breast cancers are basal-like by gene 

expression profiling, nor are all basal-like breast cancers triple-negative. Although 

estimates vary, approximately 10 – 20 percent of triple-negative breast cancers are 

not basal-like by gene expression profiling, and approximately 15 – 45 percent of 

basal-type breast cancers are reported to express at least one of the three triple-

negative markers [Nielsen et al 2004, Rakha et al 2008]. Nevertheless, in the absence 

of more specific marker sets, the basal-like subtype is typically identified 

immunohistochemically by lack of ER/PR/Her2 staining, and positive staining for 
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CK5/6, CK14, and CK17, which are characteristic of the basal epithelial layer of the 

ducts of the mammary gland, as well as by high expression of the epidermal growth 

factor receptor (EGFR) [Rakha et al 2008, Sorlie et al 2001]. 

Clinically, triple-negative breast cancers tend to be highly aggressive and 

have the worst prognosis.  While some triple-negative breast cancers are responsive 

to chemotherapy, they have a high percentage of recurrence and a high frequency of 

metastasis to visceral organs [Carey et al 2007, Rouzier et al 2005]. Currently there 

are no biomarkers to determine whether a woman has a chemotherapy-resistant or 

chemotherapy-sensitive basal-like breast cancer. Additionally, because they do not 

express either estrogen or progesterone receptors or overexpress the HER2 receptor, 

these tumors are not suitable for treatment with targeted therapies against these 

molecules such as Tamoxifen or Herceptin.  Due to the combination of aggressive 

biology and lack of effective therapies, the five year survival rate for African-

American women with basal-like breast cancer is only 15 percent. Thus there is a 

desperate need to improve our understanding of the underlying biology of basal-like 

breast cancers in order to identify biomarkers of resistance, and to develop therapies 

to treat those which do not respond to current treatments. 

In an effort to better identify the clinically aggressive triple-negative breast 

cancers, several additional triple-negative sub-groups have recently been proposed. 
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These include the claudin-low and metaplastic subtypes of human breast tumors 

[Hennessy et al 2009, Herschkowitz et al 2007], and the basal B or mesenchymal 

subgroup identified in breast cancer cell lines [Charafe-Jauffret et al 2006, Neve et al 

2006].  The genetic signatures of the claudin-low and metaplastic subtypes suggest 

clues to the biology that underlies these aggressive tumors, as both groups are 

enriched for markers of mammary stem or progenitor-like cells as well as markers of 

epithelial-mesenchymal transition (EMT), a developmental process thought to be co-

opted by cancer cells as part of the metastatic cascade [Prat et al 2010, Taube et al 

2010]. 

 

1.3 Epithelial-Mesenchymal Plasticity 

The cells of metazoan organisms can be broadly categorized into two types 

that differ in both their function and morphology, both of which are necessary for 

proper body patterning and tissue function.  Epithelial cells display apical-basal 

polarity and comprise cohesive layers via specialized membrane structures 

including tight junctions, adherens junctions, gap junctions, and desmosomes.  

These epithelial layers are separated from surrounding tissue by a layer of 

extracellular matrix called the basal lamina [Thiery and Sleeman 2006].  

Mesenchymal cells, on the other hand, do not have apical-basal polarity, do not form 
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organized layers, and express different cytoskeletal proteins than epithelial cells 

[Thiery and Sleeman 2006]. 

The process by which epithelial cells lose epithelial characteristics and gain 

mesenchymal characterstics is called Epithelial-Mesenchymal Transition (EMT). 

EMT involves large-scale phenotypic and molecular changes characterized by loss of 

intercellular adhesion complexes and apico-basal polarity, and increased migratory 

capacity (Figure 1.1) [Thiery and Sleeman 2006]. This process can be induced by 

many different extracellular cues or intracellular signaling mechanisms, and not 

every EMT is the same. Importantly, EMT can be both partial and transient in some 

contexts, and both EMT and the reverse process, mesenchymal-epithelial transition 

(MET), are well described critical processes for embryonic development [Thiery et al 

2009]. Because clinical and in vitro observations of invasive and metastatic cancer 

cells are reminiscent of developmental EMT processes, there has been great  

speculation that aberrant activation of EMT pathways may be important in the 

metastatic cascade [Micalizzi et al 2010].  
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Figure 1.1: Epithelial-mesenchymal plasticity. 

Illustration of the changes associated with epithelial-mesenchymal transition, 
including loss of cell-cell junctions and apical-basal polarity (top), and the reverse 
process, mesenchymal-epithelial transition (bottom). These changes may be partial 
and reversible. 

 

1.3.1 EMT/MET in Development and Tissue Homeostasis 

EMT was first described in a developmental context in a model of chick 

primitive streak formation [Hay 1995]. EMT occurs in several stages during 

embryonic development, and these events are broadly categorized by function into 
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primary, secondary, and tertiary EMTs.  Examples of a primary EMT include 

gastrulation in metazoans and neural crest formation in vertebrates [Thiery et al 

2009, Yang and Weinberg 2008].  Gastrulation is the first instance of EMT during 

embryonic development, where growth factor gradients induce a small subset of 

cells at the primitive streak of the single epithelial layer of the embryo to change 

their cellular architecture, lose their tight junctions and gain focal adhesions, and 

migrate through the original basement membrane to the interior of the epiblast 

[Micalizzi et al 2010]. Induction of the transcription factor Snail through Fibroblast 

Growth Factor (FGF) signaling is thought to be important in the downregulation of 

E-cadherin in gastrulation [Ciruna and Rossant 2001]. The remaining epithelial cells 

give rise to the ectoderm, while the ingressing cells eventually give rise to the 

mesoderm or undergo a subsequent MET in order to give rise to the endoderm 

[Acloque et al 2009, Micalizzi et al 2010].  

Neural crest formation is considered to be the second EMT event during 

vertebrate embryogenesis. During neurulation, cells of the junction of the ectoderm 

and neuroectoderm undergo a partial EMT which leads to delamination of these 

cells which then collectively migrate as a sheet of cells into the embryo. These cells 

give rise to neurons, pigment cells, facial structures, and cervical structures [Kalluri 

and Weinberg 2009]. Expression of Snail is again observed in cells undergoing EMT 
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during neural crest formation, and this is thought to be driven by extracellular 

growth factor stimulation of pathways including Fibroblast Growth Factor (FGF), 

Wnt, and Bone Morphogenetic Proteins (BMPs) pathways. Further EMTs throughout 

development give rise to the heart valves, skeletal muscle, and the palate, among 

other structures [Kalluri and Weinberg 2009]. 

In development, the process of MET is best described as it relates to 

formation of the functional kidney, where specialized group of mesenchymal cells 

revert to an epithelial phenotype to give rise to the kidney tubules [Davies 1996]. In 

the adult organism, EMTs are also implicated in processes which involve the 

production of fibroblast-like cells or which require induction of cell motility. This 

includes tissue fibrosis in the kidney, liver, lung and intestine, as well as wound 

healing in organs such as skin [Kalluri and Weinberg 2009]. 

 

1.3.2 EMT/MET in Cancer 

The majority of human solid tumors are carcinomas, which by definition 

means that they are thought to arise from an epithelial cell. Early disease 

progression involves uncontrolled cellular proliferation, but invasion through the 

basement membrane and spread to distant sites is the main cause of cancer-related 

mortality [DeVita et al 2005]. Many studies of the metastatic process have found that 
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activation of various components of the EMT program can give cancer cells 

increased migratory and metastatic capabilities; however, there has been great 

debate over the relevance of these in vitro findings to human cancer. The main 

sources of disagreement stem from 1) disagreements over the terminology and 

precise definition of EMT, and 2) the lack of proof of mesenchymal-like carcinoma 

cells in human cancers [Tarin et al 2005]. Indeed, an early argument against the 

importance of EMT centered on the observation that many metastatic lesions appear 

to have an epithelial morphology and expression pattern [Bukholm et al 2000, Wells 

et al 2008]. However, a number of recent studies in both mouse and human have 

provided strong evidence for the importance of epithelial-mesenchymal plasticity in 

invasion and metastasis. 

 

1.3.2.1 Evidence of EMT in Mouse Models of Carcinoma 

Even some of the earliest studies of mouse mammary carcinomas described 

the appearance of “carcinosarcomas” that included areas of spindle cell morphology, 

though their existence was largely thought of as an experimental artifact and not 

studied in great detail [Cardiff 2010]. However, with the more recent advent of a 

large number of genetically engineered mouse models of breast cancer and a deeper 

understanding of developmental epithelial plasticity, spindle cell tumors were 
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observed in numerous models of breast cancer, often associated with loss of p53 

function, and were considered as possible evidence of EMT [Cardiff 2010]. Since 

many of these mouse models utilize epithelial-cell specific expression or knockout, 

the emergence of tumor regions with spindle cell morphology expressing 

mesenchymal markers such as snail, vimentin, Smooth Muscle Actin (SMA), and 

loss of E-cadherin, supports the occurrence of epithelial-mesenchymal transition in 

vivo [Cardiff 2010]. 

More direct proof was offered recently by a study in which mammary 

epithelial cells were permanently labeled by the LacZ reporter gene in a myc-

induced model of tumorigenesis [Trimboli et al 2008]. In this study, tumor-adjacent 

stromal fibroblasts expressing mesenchymal markers were found to express LacZ, 

demonstrating full morphological transition to a mesenchymal state. By using a 

mesenchymal-specific reporter, this group was also able to identify epithelial cells in 

the early stages of EMT which co-expressed epithelial and mesenchymal markers 

[Trimboli et al 2008]. 

Further evidence of epithelial-mesenchymal plasticity in mouse models of 

carcinoma came from the work of Oltean et al., who utilized several reporter 

systems based on mesenchymal- or epithelial-specific expression patterns of FGFR2 

splice-variants. These studies convincingly showed that Dunning AT3 rat prostate 
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cancer cells with a mesenchymal expression pattern, when injected subcutaneously 

into rats, could give rise to metastatic lesions in the lung in which a subset of cells 

had adopted an epithelial expression pattern, based on expression of the epithelial 

FGFR2 splice variant as well as E-cadherin [Oltean et al 2006, Oltean et al 2008]. 

 

1.3.2.2 Evidence of EMT in Human Cancers 

In human cancers, there is strong evidence correlating expression of EMT 

markers with metastasis and poor prognosis. E-cadherin is an important component 

of the adherens junctions of epithelial cells which contribute to their characteristic 

intercellular interactions and polarity [Liu et al 2005]. In recent years, loss of E-

cadherin has come to be seen as a central event in EMT by which tumor cells can lose 

their intercellular contacts in the process of becoming metastatic. In many cancer 

types, E-cadherin has been described as a tumor suppressor and metastasis inhibitor 

[Berx et al 1995, Frixen et al 1991]. In many solid tumor types, including breast 

cancers, decreased expression of E-cadherin is associated with poor prognosis and 

decreased survival [Siitonen et al 1996, Yang and Weinberg 2008]. In normal 

development, E-cadherin is regulated by a large number of extracellular cues such as 

Transforming Growth Factor β (TGFβ), Hepatocyte Growth Factor (HGF), 

Epidermal Growth Factor (EGF), and Platelet Derived Growth Factor (PDGF). E-
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cadherin transcription is directly regulated by a variety of transcription factors 

including Snail, Slug, Twist, Zeb1, Zeb2, and FOXC2 [Liu et al 2005]. Activation of 

these pathways or overexpression of these transcription factors in vitro is capable of 

inducing EMT, and many of these same pathways and transcription factors are also 

associated with invasion and metastasis in human cancers [Blanco et al 2002, 

Peinado et al 2007, Yang and Weinberg 2008].  

By immunohistochemistry, expression of mesenchymal markers is often 

found at the tumor-stroma interface, suggesting that signaling cues from the tumor 

microenvironment may be important in inducing EMT [Brabletz et al 2001, Franci et 

al 2006]. Furthermore, a recent study found that in the majority of men with 

castration resistant metastatic prostate cancer and women with metastatic breast 

cancer, circulating tumor cells stained positively for both cytokeratin and vimentin, 

indicative of a partial or intermediate EMT state [Armstrong et al 2011].  

While disagreement continues in the literature over whether the spectrum of 

changes observed during cancer progression and metastasis constitutes a true 

epithelial-mesenchymal transition, a significant body of evidence demonstrates that 

epithelial-mesenchymal plasticity is a feature of many solid tumors, including breast 

cancers. 
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1.3.3 Transcription Factors Regulate EMT 

In normal epithelial tissue, E-cadherin expression is governed by several 

activating transcription factors including Sp1 and AP-2 [Batsche et al 1998, Hennig et 

al 1996, Liu et al 2005]. As previously mentioned, loss of E-cadherin in cancer cells is 

commonly viewed as a marker of EMT, and is often associated with concomitant 

upregulation of EMT-associated transcription factors. These transcription factors 

include zinc finger transcriptional repressors such as Snail, Slug, Zeb1, and Zeb2, 

and the bHLH family member Twist [Kalluri and Weinberg 2009, Peinado et al 

2007]. Each of these transcription factors has been shown to be able to induce 

features of EMT in vitro, in part through binding to the promoter of E-cadherin, as 

well as other genes important for epithelial cell-cell junctions, and repressing their 

transcription [Peinado et al 2007]. 

While members of the Snail family have been extensively characterized in the 

developmental context and more recently in cancer, Zeb1 has received less attention 

until recently. However, emerging evidence points to a critical role for Zeb1 in the 

induction and maintenance of the mesenchymal phenotype in breast cancer cells 

[Aigner et al 2007, Brabletz and Brabletz 2010]. 
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1.3.4 Zeb1 in EMT 

Zinc finger E-box binding protein (Zeb1) is an evolutionarily-conserved zinc-

finger transcription factor best characterized as a repressor of the epithelial cell 

protein E-cadherin.  Both Drosophila and C. elegans contain a single functional 

ortholog (Zfh1 and Zag-1, respectively), while in vertebrates, the Zeb family contains 

two members: Zeb1 (Tcf8, deltaEF1, BZP, zfhx1a, zfhep, AREB6) and Zeb2 (SIP1, 

ZFHX1B) [Clark and Chiu 2003, Fortini et al 1991].  Zeb1 was first discovered and 

cloned in 1993 and early studies identified it as an E-box binding protein with roles 

in repression of the delta-crystallin gene during lens cell formation in chicken 

embryogenesis [Funahashi et al 1993], repression of the mouse Muscle Creatine 

Kinase gene (MCK) during myogenesis [Sekido et al 1994], and repression of the 

Immunogloblulin heavy-chain enhancer in non-B cells in humans [Genetta et al 

1994]. In recent years, Zeb1 has been implicated in regulation of EMT in numerous 

cancer types through transcriptional regulation of multiple targets [Peinado et al 

2007]. 

 

1.3.4.1 Zeb1 Structure and Function 

The structure of Zeb1 is characterized by two widely-separated C2H2-type 

zinc finger domains. The N-terminal zinc finger domain (NZF) contains four zinc 
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fingers, while the C-terminal zinc finger domain (CZF) contains three. Other 

domains include a centrally-located homeobox domain, a CtBP interaction domain 

(CID), a Smad binding domain (SBD), and a glutamic acid-rich region at the C-

terminus [Funahashi et al 1993]. There is a high degree of homology between Zeb1 

and Zeb2 in their NZF (88%) and CZF (93%) suggesting that they display similar 

DNA binding preferences [Postigo and Dean 2000]. The homology between these 

two family members outside the zinc finger clusters is considerably lower.  While 

the most widely recognized role for Zeb1 is transcriptional repression, the 

mechanism of Zeb1 action on promoters is complicated and can include both 

repression and activation based on context-dependent binding partners [Postigo 

2003]. 

Similar to other transcription factors implicated in EMT such as Snail1 and 

Snail2, Zeb1 functions by zinc finger domain binding directly to 5’-CACCT(G)  

 

Figure 1.2: Zeb1 Protein Structure.  

Representation of Zeb1 protein functional domains. Zeb1 interacts with DNA 
through the ZFDs, while other domains are important for coactivator and 
corepressor interactions. CBD: coactivator binding domain; ZFD: zinc finger domain; 
SBD: Smad binding domain; HD: homeodomain; CID: CtBP interaction domain. 
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sequences, commonly referred to as E-boxes [Genetta et al 1994, Sekido et al 1994].  

Once bound to the DNA, Zeb1 can recruit a large number of cofactors including co-

repressors such as Carboxyl-terminal binding protein (CtBP-1) which can bind to 

three PLDLS and PLSDLS-like CtBP binding sequences within Zeb1 [Postigo and 

Dean 1999].  All three of these CtBP binding sites are reported to be necessary for 

efficient repression of E-cadherin expression, though another group found that the 

CtBP-1 interaction was dispensible for Zeb1 repression of E-cadherin in a 

controversial model of Zeb1 overexpression [Postigo and Dean 1999, van Grunsven 

et al 2003].  Once bound to Zeb1, CtBP can further recruit other proteins including 

histone deacetylases, histone methyltransferases, and chromatin remodeling 

complexes that combine the necessary factors for altering the chromatin 

environment to support transcriptional repression [Shi et al 2003]. 

Knockdown of CtBP-1, or the CtBP-interacting histone methyltransferase 

proteins G9a or EuHMT, resulted in increased activity of an E-cadherin promoter 

construct in the E-cadherin-low U2OS osteosarcoma cell line, suggesting the 

importance of this complex in repression of E-cadherin transcription. Other co-

repressors reported to interact with Zeb1 include the Tat-interacting protein TIP60 

and the ubiquitous negative cofactor NC2 [Hlubek et al 2001, Ikeda et al 1998]. 
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In other contexts, Zeb1 has been reported to act, at least in part, by 

displacement of transcriptional activators of the basic helix-loop-helix (bHLH) 

family or by competition for co-activators such as CBP/p300 [Genetta et al 1994, 

Jethanandani and Kramer 2005]. Interestingly, it was observed in a panel of cell lines 

that mutation of the Zeb1 CID resulted in only a partial relief of its E-cadherin 

repressor activity, suggesting CtBP-independent mechanisms of repression 

[Sanchez-Tillo et al 2010]. This study found that N-terminal region of Zeb1 

interacted with BRG1, an ATPase subunit of the SWI/SNF chromatin remodeling 

complex, and that knockdown of BRG1 in the presence of the CID-mutant Zeb1 

completely abolished its repressor activity. These findings suggest that BRG1 and 

CtBP are the two main interacting proteins required for Zeb1-mediated repression of 

E-cadherin [Sanchez-Tillo et al 2010]. 

While most studies of Zeb1 focus on its role as a transcriptional repressor, it 

has also been reported to act as a transcriptional activator.  Early reports implicated 

Zeb1 in transcription of the chicken ovalbumin gene in response to estrogen 

treatment [Chamberlain and Sanders 1999], while another group found that a Zeb1 

variant, AREB6, was able to activate transcription of rat Na, K-ATPase α1 subunit 

gene (Atplal) [Watanabe et al 1993].  Zeb1 has also been shown to bind to two E-

boxes within the Vitamin D3 Receptor (VDR) promoter region and upregulate 
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activity of a VDR promoter in certain cell types in vitro [Lazarova et al 2001]. In this 

instance, promoter activation was unchanged by the presence of exogenous CtBP, 

though a seperate study found that expression levels of CtBP and CBP/p300 in 

human tumor tissues determined whether Zeb1 acted as an activator or repressor of 

transcription [Pena et al 2006]. 

 

1.3.4.2 Regulation of Zeb1 Activity 

Like many other transcription factors, the activity of Zeb1 is thought to be 

regulated, at least in part, by post-translational modifications including 

phosphorylation and sumoylation. These modifications may also play a role in the 

determination of Zeb1’s role as a transcriptional activator or repressor.  Though little 

is known about the functional implications, Zeb1 has been shown to exist in both 

hypophosphorylated and hyperphosphorylated forms in multiple cell lines, though 

it does not appear to affect nuclear localization. Zeb1 and Zeb2 were also found to be 

sumoylated, with the polycomb protein Pc2 acting as a SUMO E3 ligase for Zeb2 

[Long et al 2005].  Interestingly, mutation of the proposed sumoylation sites in Zeb2 

did not affect nuclear localization, protein stability, or activity of a VDR promoter 

construct, but the mutation did result in enhanced repression of an E-cadherin 

promoter in 293T cells.   This finding suggests that sumoylation may represent a cell 
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type-specific and gene-specific method of regulating Zeb1 and Zeb2 repressor 

activity, possibly by disrupting binding to the co-repressor CtBP [Long et al 2005]. 

 

1.3.4.3 Regulation of Zeb1 Expression 

As a critical regulator of multiple processes during embryogenesis, 

expression of Zeb1 is tightly controlled in a cell-specific fashion. Early studies of 

Zeb1 regulation found that its transcript was upregulated in response to estrogen 

signaling in the chick oviduct, and this was determined to be mediated directly by 

estrogen receptor binding to the Zeb1 promoter [Chamberlain and Sanders 1999]. In 

humans, several studies have shown that Zeb1 can be induced by progesterone and 

estrogen, and that this induction requires the associated hormone receptors [Dillner 

and Sanders 2002, Spoelstra et al 2006]. 

Zeb1 has also been implicated in modulation of TGFβ signaling through its 

interactions with Smad proteins via the Smad binding domain, and Zeb1/Smad 

interactions have been shown to lead to upregulation of a number of TGFβ target 

genes [Postigo 2003]. Like TGFβ, the NF-κB signaling pathway is multifaceted. The 

NF-κB pathway was first characterized as an important activator of immune and 

inflammatory responses in immune cells, but many studies have also shown its 

effects to be important in epithelial cells where NF-κB signaling can induce cell 
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proliferation and EMT [Orlowski and Baldwin 2002]. In the MCF10A mammary 

epithelial cell line, exogenous expression of the constitutively-active NF-κB p65 

subunit led to repression of E-cadherin and other changes typical of EMT, including 

upregulation of Zeb1 and increased activity of a Zeb1 promoter construct [Chua et al 

2007]. Further, knockdown of Zeb1 in this model of active NF-κB signaling resulted 

in a decrease in the number of viable cells, suggesting Zeb1 may be important in cell 

proliferation or survival downstream of active NFkB signaling in mammary 

epithelial cells [Chua et al 2007]. 

Hypoxia has also been proposed to increase Zeb1 by signaling through the 

Hypoxia Inducible Factor 1 (HIF1α) transcription factor in a renal carcinoma cell line 

[Evans et al 2007, Krishnamachary et al 2006]. While hypoxia and HIF1α have been 

demonstrated to be capable of inducing EMT and repressing E-cadherin in a number 

of models, a direct interaction between HIF1α and Zeb1 expression remains 

controversial [Yang et al 2008]. 

Recent advances in the study of microRNAs (miRNAs) have revealed a 

critical role for a Zeb1/miRNA feedback loop in repression of the epithelial 

phenotype in multiple cell types.  Mature miRNAs are non-coding single stranded 

transcripts of approximately 22 nucleotides which regulate expression of a vast 

number of genes. The two currently recognized methods of action involve the 
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binding of miRNA to an mRNA transcript which can 1) create double-stranded RNA 

which is then recognized and degraded by the Dicer complex, and 2) inhibit 

translation of mRNA into protein [Inui et al 2010].  The Zeb1 mRNA contains 

binding sites for several members of the miR-200 family including miR-200a, miR-

200b, and miR-200c, as well as miR-205 [Gregory et al 2008]. All four of these 

miRNAs are able to repress expression of Zeb1 and Zeb2 to varying degrees. This 

has been demonstrated to occur via direct binding of the mature miRNAs to the 

Zeb1 or Zeb2 transcript, as mutation of the putative miRNA binding sites abolishes 

the inhibitory effect of the miRNA [Gregory et al 2008, Park et al 2008].  

Conversely, Zeb1 has also been shown to regulate these same miRNAs as 

part of a feedback loop regulating epithelial gene expression. MiR-200b, miR-200c, 

and miR-141 were all highly upregulated in response to Zeb1 knockdown by shRNA 

in MDA-MB-231 breast cancer cells. Zeb1 was found to bind directly to Z-boxes and 

E-boxes within the regulatory region of the miR-200c and miR-141 sequence. 

Interestingly, while miR-200c inhibits Zeb1 expression as previously mentioned, 

miR-141 is capable of repressing TGFβ2 expression, providing a functional link 

whereby these miRNAs target two different factors in the same EMT-induction 

pathway [Burk et al 2008].  This same study also found that the level of these 

epithelial-specific miRNAs was decreased in basal-type breast cancers compared to 
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more differentiated cancers [Burk et al 2008].  Together, this data suggests that these 

factors form a feed-forward loop whereby aberrant expression of Zeb1 can repress 

miRNAs which normally repress Zeb1, leading to robust induction and maintenance 

of the mesenchymal phenotype. 

 

1.3.4.4 Zeb1 in Development 

In any metazoan, proper development is thought to occur through precise 

spatio-temporal regulation of protein expression achieved in part through a delicate 

balance of postitive and negative regulators of transcription. As a master regulator 

of a broad number of genes, Zeb1 has been implicated in a number of developmental 

pathways including hematopoiesis, chondrogenesis, osteogenesis, and myogenesis. 

In the developing Drosophila embryo, the Zeb1 ortholog zfh-1 is expressed early on 

in the mesoderm, but is normally downregulated prior to the beginning of 

myogenesis. It is also expressed in the later embryo in the dorsal vessel, support cells 

of the gonads, muscle precursor cells, and motor neurons of the developing central 

nervous system [Lai et al 1991]. Loss of zfh-1 function, while not lethal, results in 

CNS defects and adversely affects muscle organization and positioning. Conversely, 

forced expression of zfh-1 results in CNS defects and blocks Drosophila myogenesis, 
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possibly through repression of the muscle differentiation factor mef2 [Lai et al 1991, 

Postigo et al 1999]. 

Zeb1 expression in the mouse embryo is similar to that of the Drosophila 

embryo, occurring in the mesodermal tissues, derivatives of the neural crest, parts of 

the central nervous system, and thymocytes [Higashi et al 1997]. Homozygous 

deletion of Zeb1 results in perinatal lethality with skeletal and limb defects, 

consistent with a role of Zeb1 in chondrogenesis and limb formation, as well as T-

cell deficiency in the thymus [Takagi et al 1998]. Among mice expressing a truncated 

form of Zeb1 lacking the C-terminal zinc finger cluster, approximately 20 percent of 

mice survived past postnatal day two, and all mice had a similar deficiency of T-cells 

in the thymus [Higashi et al 1997, Takagi et al 1998]. The difference between the 

Zeb1-null mice and Zeb1-mutants suggests an important role for the N-terminal 

zinc-finger cluster during development [Miyoshi et al 2006]. 

 

1.3.4.5 Zeb1 in Cancer 

As previously discussed, E-cadherin is an important component of epithelial 

cell-cell junctions, and its loss is frequently used as a marker of EMT in vitro and in 

vivo. Loss of E-cadherin also has implications beyond its direct physical role, as this 
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loss also releases the transcription factor β-catenin to be translocated to the nucleus 

and induce transcription of numerous pro-survival and pro-migratory genes. 

Along with Snail, Slug, and Twist, Zeb1 has been demonstrated to be capable 

of repressing E-cadherin in numerous contexts including during cancer progression. 

In breast cancer cell lines, a strong inverse correlation has been demonstrated 

between expression of Zeb1 and E-cadherin, and endogenous Zeb1 has been shown 

to bind directly to the E-cadherin promoter in the mesenchymal MDA-MB-231 cell 

line [Eger et al 2005]. Additionally, knockdown of Zeb1 in MDA-MB-231 cells is 

sufficient to restore expression of E-cadherin protein at the membrane and reduce 

migration through a transwell [Aigner et al 2007]. Conversely, these studies found 

that expression of Snail-1 did not correlate with E-cadherin levels in a panel of breast 

tumors, and knockdown of Snail was less effective at blocking migration than Zeb1, 

suggesting that Zeb1 may be a more efficient repressor of E-cadherin than Snail in 

some breast tumors [Aigner et al 2007]. 

This same study further looked at the expression of Zeb1 in a panel of human 

colorectal and breast tumors. In colorectal adenocarcinomas, Zeb1+/Cytokeratin+ 

epithelial cells were found invading into the surrounding stromal tissue, suggesting 

an intermediate EMT phenotype at the leading edge of the tumor and a role for Zeb1 

in metastasis [Aigner et al 2007]. Indeed, knockdown of Zeb1 in the HCT116 
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colorectal cancer cell line also greatly diminished metastasis formation following 

intrasplenic injection or tail vein injection assays [Spaderna et al 2008]. Similarly, 

Zeb1 overexpression is found in the tumor-associated stroma of low-grade 

endometrioid adenocarcinomas, and in the epithelial and stromal compartments of 

high-grade endometrioid adenocarcinomas and uterine papillary serous carcinomas 

[Singh et al 2008, Spoelstra et al 2006]. In stained breast tumor samples, Zeb1 was 

found in the tumor-associated stroma, as well as in epithelial cells in de-

differentiated areas of the tumor which had lost cytokeratin expression [Aigner et al 

2007].  

 

1.4 Mammary Stem Cells and Breast Cancer Stem Cells 

Many groups have postulated that within a heterogenous tumor, there exists 

a subgroup of cancer cells commonly referred to as tumor initiating or cancer stem 

cells (CSCs) [Reya et al 2001]. These rare cells are thought to fulfill a function similar 

to stem cells of normal tissues, and by virtue of increased resistance to apoptosis are 

thought to be able to repopulate a tumor following therapy [Wicha et al 2006]. In 

addition to expressing markers of EMT, basal-like breast cancers have also been 

shown to contain a higher percentage of these CSCs compared to other subtypes 

[Honeth et al 2008]. Thus there has been intense interest in understanding the 
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processes and pathways which regulate breast cancer stem cell behavior with the 

goal of finding therapies which can target these cells. 

 

1.4.1 Stem Cells in the Normal Mammary Gland 

The mammary gland consists of branching ducts and terminal ductal lobulo-

alveolar units, which function to produce the milk proteins during breast feeding.  

The ducts and lobules are comprised of two layers of epithelial cells: the inner 

luminal epithelial cell layer and the surrounding basal layer of myoepithelial cells. 

The majority of breast tumors are considered to derive from this ductal lobulo-

alveolar network, and the majority of breast tumors contain cells expressing markers 

of the luminal epithelium [Taylor-Papadimitriou et al 1989, Wellings et al 1975]. The 

large-scale expansion of luminal and myoepithelial cells that occurs at puberty and 

during pregnancy supports the existence of stem-like cells capable of tissue 

generation and regeneration throughout the reproductive period. Evidence from a 

number of groups suggests that similar to other organs, a hierarchy of cells can be 

defined within the mammary gland with a stem cell at the apex. 

Stem cells are characterized by the ability to self-renew (possibly through 

asymmetric cell division) while also giving rise to more committed progenitor cells 

which in turn proliferate and differentiate into all the cell types of that specific tissue 
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[Reya et al 2001]. Mammary fat pad transplantation assays, in which a tissue 

fragment or cell suspension is implanted into the cleared mammary fat pad of a 

recipient mouse, have provided a wealth of experimental evidence to support this 

hypothesis [Daniel et al 2009, Deome et al 1959, Visvader 2009]. Using combinations 

of cell surface markers to identify cells enriched for stem- or progenitor-like activity, 

Shackleton et al. showed that a single Lin-CD29hiCD24+ cell is able to reconstitute a 

complete functional mammary gland [Shackleton et al 2006]. It is important to note 

that this Lin-CD29hiCD24+ population does not consist entirely of mammary stem 

cells (MaSCs), but is enriched for mammary gland repopulating activity. 

Furthermore, many studies disagree on the cell surface markers to best enrich for 

such activity, as well as the markers which identify more committed steps of 

differentiation, such as the putative luminal or myoepithelial progenitor cells. 

In the human mammary gland, evidence for such a MaSC is less direct, but a 

number of observations suggest the existence of MaSCs similar to those in the 

mouse. First, identical chromosomal alterations can be found in contiguous regions 

of mammary epithelial tissue, suggesting they came from a common progenitor cell 

[Deng et al 1996, Lakhani et al 1996]. Attempts to use humanized murine mammary 

fat pads to recapitulate the mouse transplantation experiments have thus far failed 
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to yield similar results with normal human MaSCs, but xenograft studies in mice 

have been vital in the development of the breast cancer stem cell (BCSC) theory. 

 

1.4.2 Breast Cancer Stem Cells 

In 2003, Al-Hajj et al. demonstrated that a distinct population of human 

breast cancer cells, described as CD44+/CD24-/low/ESA+, was dramatically and 

reproducibly enriched for tumor forming capability in an orthotopic xenograft 

model versus the bulk unsorted population [Al-Hajj et al 2003]. Many subsequent 

studies have focused on the CD44+/CD24-/low population of breast cancer cells both 

from patient samples and established breast cancer cell lines, showing that this 

population is enriched for numerous characteristics of stem-like cells in vitro 

including self renewal and generation of heterogenous progeny [Fillmore and 

Kuperwasser 2008, Ponti et al 2005, Zucchi et al 2007]. 

Other groups have found that in a number of different normal tissues and 

cancer types, the stem cell population may be identified by increased aldehyde 

dehydrogenase (ALDH) activity [Ginestier et al 2007]. The ALDH family of enzymes 

is responsible for oxidation of intracellular aldehydes and is involved in other 

cellular processes such as retinoic acid production [Jackson et al 2011, Yoshida et al 

1992]. In breast cancers, ALDH1-positive cells are enriched in mammosphere 
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forming capacity and tumor forming capacity compared to ALDH1-negative cells, 

and expression of ALDH1 in human tumors correlated with poor prognosis 

[Charafe-Jauffret et al 2010, Ginestier et al 2007]. Further studies have found that 

ALDH1-1 positive cells display enhanced migratory and metastatic behavior in vitro 

and in mouse xenografts, and expression of ALDH1 in human tumors correlates 

with tumor grade, presence of metastasis, and cancer stage [Croker et al 2009, 

Marcato et al 2011]. 

 

1.5 Linking EMT and Breast Cancer Stem Cells 

Numerous in vitro studies have found that a population of CD44+/CD24-/low 

cells exists in mammary epithelial cells isolated and grown in tissue culture and in 

many of the commonly-used breast cancer cell lines, and that this population is 

enriched in self-renewal as assessed by mammosphere formation assays [Fillmore 

and Kuperwasser 2008]. These studies have allowed further characterization of the 

putative breast cancer stem cells (BCSCs), and have shown that CD44+/CD24-/low cells 

are 1) more resistant than non-BCSCs to apoptosis induced by radiation [Phillips et 

al 2006, Zhan et al 2011] and chemotherapy [Fillmore and Kuperwasser 2008], and 2) 

more invasive than non-BCSCs in transwell invasion assays [Sheridan et al 2006]. 

Collectively, these reports have shown that in addition to their increased capacity for 
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self-renewal, BCSCs also possess biological properties similar to cells which have 

undergone EMT, suggesting a biological link between stem cell activity and EMT. 

 

1.5.1 EMT Generates Cells with Properties of Cancer Stem Cells 

One of the most intriguing findings in the field of EMT in cancer progression 

and metastasis is the observation that induction of EMT by a variety of stimuli in 

vitro also endows cells with properties of cancer stem cells. Breast cancer stem cells 

were strongly linked to EMT by two studies in 2008 which demonstrated that 

induction of EMT by a variety of stimuli in vitro resulted in an increased fraction of 

cells with properties of cancer stem cells [Mani et al 2008, Morel et al 2008]. 

Treatment with TGFβ or overexpression of the EMT-inducing transcription 

factors Snail or Twist in a model of nontumorigenic immortalized human mammary 

epithelial cells increased the percentage of cells in the CD44+/C24- fraction, increased 

the tumorigenicity of the cells, and greatly increased the ability of the cells to form 

mammospheres in vitro. These mammospheres contained both basal/myoepithelial-

like cells (CK14+) and luminal epithelial-like cells (CK8/18+) [Mani et al 2008]. 

Additionally, this study extended the findings with in vivo experiments which 

demonstrated that mouse mammary stem cells (CD49fhigh/CD24med) [Stingl et al 

2006]and human CD44+/CD24low cells from normal reduction mammoplasty tissue 
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also express markers of EMT, including high expression of vimentin and low 

expression of E-cadherin [Mani et al 2008]. Several functional mechanisms for this 

link have been proposed, including direct repression of CD24 transcription by Twist 

even before the onset of EMT markers [Vesuna et al 2009]. However, the functional 

implications of CD24 repression have yet to be elucidated. 

These studies suggest that the very process which allows tumor cells to leave 

the primary tumor site and enter the circulatory system also endows cells with 

enhanced survival and self-renewal capabilities, both of which would be beneficial 

to the process of establishing a metastatic lesion (Figure 1.2) [Chaffer and Weinberg 

2011]. The idea of targeting the tumor initiating cells had previously been proposed, 

as had the idea of preventing or targeting cells which have undergone EMT. 

Interestingly, it has recently emerged that not only are CD44+/CD24- cells more 

resistant to some chemotherapies, chemotherapy itself may actually increase the 

CD44+/CD24- population of cells in some tumors. 

One study found that among patients with locally advanced breast cancers, 

12 weeks of neoadjuvant chemotherapy (including docetaxel, or doxorubicin and 

cyclophosphamide) resulted in a significant increase in the percentage of 

CD44+/CD24- cells and increased mammosphere forming efficiency [Li et al 2008]. A 

later study found that following treatment with either endocrine therapy (using the 
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Figure 1.3: CTCs may represent cells with an intermediate EMT or stem cell 
phenotype. 

The process of EMT endows cells with increased invasive and migratory abilities as 
well as features of the putative cancer stem cell population, including increased 
resistance to apoptosis and anoikis. The formation of macrometastases may be 
determined in part by the ability of migrating cells to return to a more epithelial-like 
state, and by signals regulating tumor cell dormancy and proliferation. 
 

aromatase inhibitor letrozole) or chemotherapy (docetaxel), gene expression analysis 

revealed a higher degree of overlap with the CD44+/CD24- stem-like cell profile than 

before treatment, as well as an increase in mesenchymal markers such as vimentin 

[Creighton et al 2009]. Similar findings of increased expression of EMT markers 

following endocrine or chemotherapy have also been reported in colorectal cancer 

cell lines in vitro [Yang et al 2006] and in ovarian cancer cell lines in mouse 
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xenografts [Kajiyama et al 2007], suggesting this may be a common characteristic 

among solid tumors. It remains to be determined whether these observations are 

due to enhanced survival of the CD44+/CD24- population compared to the bulk of 

the tumor, or whether the stresses of chemotherapy can induce an EMT-like change 

in some fraction of the cancer cells, which also promotes a change toward a stem 

cell-like phenotype. 

 

1.5.2 EMT and Breast Cancer Stem Cell Phenotypes are Related to the 
Basal-Like Subtype 

The basal-type breast cancer subtype was originally named such for the 

expression pattern characteristic of the basal epithelial cells of the mammary ductal-

alveolar structure. This basal epithelial layer has been proposed to contain the 

mammary gland stem cells, as well as a population of more committed 

basal/myoepithelial progenitor cells [Sleeman et al 2006]. Combined with the stem 

cell-like phenotype of many basal-like tumors, it has been hypothesized that basal-

like breast cancers were likely derived from a basal progenitor or stem cell. 

Interestingly, one recent study has suggested that this notion is not 

necessarily true. Using a transgenic mouse model with targeted inactivation of 

BRCA1 and p53 with a cell-type specific Cre-recombinase gene, Molyneux et al. 

demonstrated that inactivation of these proteins in CD24+/high/Sca-1-/ER- luminal 
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progenitor cells results in a basal-like tumor, while inactivation of these proteins in 

CK14+ basal progenitor cells results in the formation of tumors of the clinically-rare 

metaplastic subtype [Molyneux et al 2010]. The results of this study are at odds with 

a similar prior study in which BRCA1 and p53 inactivation in CK14+ positive cells 

resulted in basal-like tumors [Liu et al 2007]. 

These opposing observations may be due in part to the different genetic 

backgrounds of the mice, different K14-Cre transgenes, or deletion of different exons 

from BRCA1. Another possible interpretation of this discrepancy is that the markers 

used to identify luminal progenitor cells in the study of Molyneux et al. were not 

sufficiently specific and also identified bipotent progenitor cells. However, the 

implication that luminal progenitor cells can give rise to cells with basal 

characteristics suggests an inherent ability for aberrant de-differentiation during 

tumorigenesis, possibly as a result of loss of BRCA1 or p53 function. 

Breast cancers occurring in BRCA1 germline mutation carriers are frequently 

of the basal-like subtype [Sorlie et al 2003, Turner and Reis-Filho 2006]. The 

abundance of basal-like breast cancers among BRCA1 mutation carriers may be due 

in part to the effects of loss of BRCA1 function on the PI3K-Akt pathway, which is 

frequently over-active in triple-negative breast cancers [Lopez-Knowles et al 2010, 

Umemura et al 2007]. Basal-like tumors frequently display loss of PTEN copy 
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number, and a high-frequency of PTEN mutations including intragenic chromosome 

breaks, inversions, deletions and micro copy number aberrations were found 

specifically in BRCA1-mutant cell lines and xenografts [Saal et al 2008]. Additionally, 

mutation of PTEN or loss of heterozygosity (LOH) leads almost exclusively to basal-

like tumors in the breast [Podsypanina et al 1999, Saal et al 2008]. 

Downstream of PTEN, Akt is capable of affecting EMT through direct 

phosphorylation and inhibition of the kinase GSK3β. Active GSK3β is capable of 

repressing Snail activity both by direct phosphorylation (which results in Snail 

translocation out of the nucleus and proteolytic degradation) and by inhibition of 

Snail transcription, possibly through NFkB [Bachelder et al 2005, Zhou et al 2004]. 

Thus Akt activity may play a context-dependent role in EMT. Together, these studies 

suggest a possible functional link between loss of BRCA1 activity and over-

activation of the PI3K-Akt pathway, which are frequently observed in basal-like 

tumors, and EMT.  

In addition to mutant BRCA1, basal-like breast cancers also frequently harbor 

mutant p53. Interestingly, a separate study regarding the cell of origin for basal-type 

breast cancer utilized a transgenic mouse model based on inactivation of the Rb 

tumor suppressor protein. Targeted inactivation of Rb in mammary epithelial cells 

lead to an expansion of the Lin-/CD24+/CD49f+ presumptive stem cell population and 
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gave rise to tumors of a number of phenotypes. However, when p53 was mutated 

during tumorigenesis or through Cre-mediated recombination, the Rb-null mice 

exclusively developed tumors with a basal-like gene expression pattern and markers 

of EMT [Jiang et al 2010]. Similarly, in a transgenic mouse model of Wnt1-dependent 

breast tumor escape, loss of heterozygosity (LOH) of the p53 allele resulted in 

recurrence of tumors with hallmarks of EMT [Debies et al 2008], further supporting a 

role for loss of p53 function in epithelial-mesenchymal plasticity and basal-like 

breast cancer. 

 

1.6 Summary and Hypothesis 

Breast cancers with a basal-like gene signature are primarily triple-negative, 

frequently occur in young African-American women and BRCA1 mutation carriers, 

and carry the worst prognosis [Sorlie et al 2001]. Recent studies have shown that 

triple-negative breast cancers are enriched for markers of EMT, a process thought to 

be important in the metastatic cascade [Thiery 2002, Thompson et al 2005]. Other 

recent work has demonstrated a link between EMT and the induction of stem cell-

like characteristics in mammary epithelial cells, and that an EMT and stem cell-like 

gene expression signature is found in residual breast cancer cells following 

chemotherapy [Creighton et al 2009, Mani et al 2008]. 
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Collectively, these studies suggest that epithelial-mesenchymal plasticity may 

be important for the highly aggressive behavior and poor prognosis of the lethal 

subset of triple-negative breast cancers, but direct in vivo evidence of EMT/MET 

remains rare. Additionally, development of novel therapeutic approaches to target 

triple-negative breast cancers is currently limited in part by a lack of appropriate cell 

lines and mouse xenograft models. 

We have developed a novel model of human triple-negative breast cancer, 

the DKAT cell line, isolated from an aggressive, treatment-resistant triple-negative 

breast cancer. While the DKAT model was derived from a breast cancer that 

exhibited a diverse range of phenotypes, it is unclear whether this phenotypic 

diversity was the result of 1) outgrowth or evolution of specialized subpopulations 

of cells within the primary tumor or 2) phenotypic plasticity inherent within the 

DKAT cells. Therefore we tested DKAT cells for evidence of phenotypic plasticity by 

altering culture conditions and testing for in vitro EMT/MET, and utilized this model 

and other breast cancer cell lines to study the pathways regulating epithelial-

mesenchymal plasticity in breast cancer. Finally, we also tested whether this 

plasticity can be found as an early event in mammary carcinogenesis by testing for 

expression of mesenchymal markers in mammary epithelial cells from 

asymptomatic women at high risk for developing breast cancer. Increased 
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understanding of the pathways which regulate epithelial-mesenchymal plasticity 

will lead to improved diagnosis and treatment options for patients with highly 

aggressive and deadly triple-negative breast cancers. 
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2 Materials and Methods 
 

2.1 Cell Culture 

2.1.1 Establishment of the DKAT cell line 

Pleural fluid from a patient with biopsy-confirmed primary breast cancer was 

obtained with the approval of The Ohio State University Institutional Review Board 

and with the written informed consent of the patient. Pleural fluid was centrifuged 

to pellet the cells. The pellet was then resuspended in Mammary Epithelial Cell 

Growth Medium (MEGM) supplemented with bovine pituitary extract, insulin, 

human recombinant epidermal growth factor, and hydrocortisone (Lonza, Basel, 

Switzerland). 

 

2.1.2 In Vitro Plasticity 

For EMT: DKAT cells were switched from MEGM to SCGM (Lonza); DKAT control 

cells remained in MEGM. Time in SCGM ranged up to 10 passages, and control 

DKAT cells were maintained in MEGM and passaged in parallel. For MET: After 10 

passages in SCGM, a portion of DKAT cells were switched back to MEGM. Control 

cells included 1) the original DKAT cells grown continuously in MEGM and 2) 
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DKAT cells maintained in SCGM. All cells and controls were passaged in parallel 

and imaged and harvested at similar confluency. 

 

2.1.3 Generation of Clonal DKAT Cell Lines 

DKAT cells in MEGM were digested into a single-cell suspension with 

trypsin and plated at one cell per well in a 96 well plate, and wells were visually 

checked for individual cells and monitored for the formation of colonies. After 22 

days, cells were removed from wells containing colonies by cell dissociation buffer 

(Invitrogen) and sequentially grown out in a 24-well plate, 6-well plate, T25 flask, 

and T75 flask in MEGM. In vitro EMT was induced as previously described. 

 

2.1.4 Zeb1-Expressing DKAT Cells 

The full-length Zeb1 transcript was amplified from MDA-MB-231cells by 

PCR using the following primers: Forward 5’-CAA GCG AGA GGA TCA TGG CG-

3’ and Reverse 5’-TTC CTT CTA GAA AAA CGA TTA GGC-3’. The resulting 

product was cloned into the XhoI and BamHI sites of pLXSN. Retroviral particles 

were generated by transfecting the resulting construct or the pLXSN empty vector 

control into GP293 cells. DKAT-MEGM cells were then transduced and expressing 

cells were selected with .5mg/ml G418 (Invitrogen). 
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2.1.5 Zeb1 shRNA 

Mission shRNA constructs targeting Zeb1 and a non-targeting control 

construct were purchased from Sigma (St. Louis, MO), and lentivirus was produced 

according to manufacturer’s instructions. DKAT cells in MEGM were transduced 

and selected with .5µg/ml Puromycin, and the resulting cells were grown in either 

MEGM (control) or SCGM to induce EMT. Scratch assays were performed at least 14 

days after the transition to SCGM. Zeb1 mRNA was assessed by rtPCR using 

commercially-available PCR primers (sc-38644-PR, Santa Cruz).  

 

2.1.6 Other Cell Lines 

Primary human mammary epithelial cells (HMECs) (Lonza) were 

immortalized with hTERT (HMEC-hTERT), and maintained in supplemented 

MEGM.  MDA-MB-231 and MCF-7 cells (American Type Culture Collection [ATCC], 

Manassas, VA) were maintained in αMEM (Invitrogen, Carlsbad, CA) supplemented 

as previously described [Seewaldt et al 1995].  SUM-190 cells (ATCC) were 

maintained in RPMI supplemented with 10% FBS. 

 



 

47 

2.2 Cytogenetic Analysis 

Spectral karyotyping analysis (SKY) was performed as previously described 

[Mrozek et al 2002]. Karyotypic abnormalities were classified according to the 

International System for Human Cytogenetic Nomenclature. 

 

2.3 Immunohistochemisty 

The human formalin-fixed, paraffin-embedded primary breast biopsy, chest 

wall recurrence, and bone metastasis samples were sectioned at 4 µm thickness and 

stained for alpha-smooth muscle actin (1A4, Sigma), vimentin (3B4 Boehringer 

Mannheim Roche, Hvidovre, Denmark), CK5 (OVTM, DAKO, Glostrup, Denmark) 

and wide range keratins (MNF116, DAKO). The antibodies were visualized by 

streptavidin-biotin (DAKO 5004). 

 

2.4 TP53 and PIK3CA Sequencing 

Sequencing of exons 5-9 of the TP53 gene and exons 9 and 20 of PIK3CA 

using previously published primers and programs [IARC TP53 Mutation Database, 

http://www-p53.iarc.fr/p53sequencing.html and [Wang et al 2000]] was performed 

on genomic DNA isolated from passage 20 DKAT cells. Mutations were tested in 

http://www-p53.iarc.fr/p53sequencing.html�
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both the sense and antisense sequences and were confirmed by repeat sequencing of 

a second, independent genomic DNA preparation.  

 

2.5 Immunofluorescence 

Cells were fixed in either methanol for 20 minutes or 4% paraformaldehyde 

for 30 minutes on ice. Cells were blocked for 30 minutes, incubated with primary 

antibody overnight at 4oC and secondary antibody for 1 hour at RT, and counter 

stained with DAPI. Images were acquired on a Zeiss Axio Observer A1 fluorescence 

microscope (Carl Zeiss, Göttingen, Germany) with a 40x or 63x objective. Primary 

antibodies were from 1) Santa Cruz Biotechnology Inc. (Santa Cruz, CA): CK5 (sc-

66856), CK14 (sc-53253), CK18 (sc-28264), CK17 (sc-101931), E-cadherin (sc-7870), 

EGFR (sc-120), ERalpha (sc-8005), p63 (sc-56188), and vimentin (sc-5565) 2) BD 

biosciences (San Jose, CA): vimentin (550513), E-cadherin (610181) 3) Thermo Fisher 

Scientific Inc. (Fremont, CA): PR (MS-298) 4) Abcam (Cambridge, MA): smooth 

muscle actin (ab15734), and 5) Invitrogen (Carlsbad, CA): claudin-1 (37-4900), 

claudin-4 (32-9400), ZO-1 (40-2300), occludin (40-4700). Fluorescent secondary 

antibodies included goat anti-mouse Alexa-fluor 488 (A21222) and goat anti-rabbit 

Alexa-fluor 597 (A11070) from Invitrogen. 
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2.6 Immunoblots 

Cells grown on 10cm dishes or 6-well plates were washed with ice-cold PBS 

and lysed with radioimmunoprecipitation assay (RIPA) buffer supplemented with 

protease inhibitor cocktail (Roche). Cells were then scraped and pipette into a 

microcentrifuge tube, incubated on ice for 10 minutes, and vortexed for 15 seconds. 

Lysate was then spun down at 14,000 rpm for 10 minutes at 4 degrees, and 

supernatant was collected and stored at -80 degrees celcius. Proteins were separated 

by SDS-PAGE using NuPAGE Bis-Tris gels (Invitrogen) and transferred to PVDF 

membranes (Roche). 

Primary antibodies used include: p53 and Zeb1 (DO-1 and E-20, respectively, 

Santa Cruz Biotechnology Inc., Santa Cruz, CA); PTEN, Akt-pSer473, Akt-1, Akt-2, 

Akt-3, and Twist (9552, 4051 and 4058, 2967, 2964, 3788, and 4119, respectively, Cell 

Signaling, Danvers, MA); claudin-1, claudin-4, occludin, ZO-1 (37-4900, 32-9400, 40-

4700, and 40-2300, respectively; Invitrogen, Carlsbad, CA), snail-1 (gift from Antonio 

Garcia-deHerreros). Loading control was provided by reprobing the membrane with 

an antibody to beta-actin (I19, Santa Cruz Biotechnology, Inc.).  

Immunoblots were imaged utilizing SuperSignal West Dura Substrate 

(Thermo) and a Kodak Image Station 2000MM. Immunoblot quantitation was 
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accomplished using Kodak 1D Image Analysis Software (Eastman Kodak, Rochester, 

MN). 

 

2.7 Flow Cytometry 

Cells were harvested with cell dissociation buffer (Invitrogen), washed with 

PBS with 1% BSA, and incubated with APC-conjugated CD44 and PE-conjugated 

CD24 antibodies (BD Biosciences, San Jose, CA) for 30 minutes at room temperature. 

At least fifty thousand events were collected using a FACSCaliber flow cytometer 

and analyzed for CD44/CD24 expression with CellQuest software (BD 

Immunocytometry Systems). 

 

2.8 Differential Gene Expression Studies 

mRNA was collected using the Qiagen RNeasy mini kit with the optional 

DNAse step (Quiagen, Valencia, CA) and RNA integrity was confirmed by 

electrophoresis. cRNA synthesis and probe generation for cRNA array hybridization 

were performed according to the standardized protocols provided by AffymetrixTM 

(Affymetrix, Santa Clara, CA). Transcript analysis was performed using Affymetrix 

HG-U133 Plus2.0 GeneChips. Samples were labeled and hybridized following strict 

adherence to Affymetrix’s standardized protocols. GeneChip results were assessed 
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for quality prior to further analysis. Median expression values of technical replicates 

(n=3) for each of three cell lines, HMECs, DKAT, and MDA-MB-231, were compared 

with published breast cancer cell line expression data downloaded from the 

publisher’s web site [Charafe-Jauffret et al 2006]. Probe Set IDs were used to merge 

the two data sets (16,383 features). Duplicate Gene Symbols were summarized by 

mean Probe Set ID values. The data were array- and gene-wise median centered and 

filtered to exclude genes with standard deviations of observed values less than 1.5. 

The remaining 473 features were clustered using centroid linkage and Pearson 

correlation as the similarity metric (Cluster ver. 3.0). Data is currently being 

submitted to the NCBI GEO in accordance with MIAME guidelines. 

 

2.9 Invasion Assays 

1x105 DKAT or MDA-231 cells were plated in the inner chamber of 8 micron 

pore, 24 well-size filters coated with Growth Factor-Reduced Matrigel™ (BD 

Biosciences) or uncoated control inserts. Cells were plated in base MEGM media + 

0.01% FBS. Base MEGM containing 10% FBS was used as the chemoattractant. Plates 

were incubated at 37°C degrees for 20 hours, non-invading cells were removed, and 

membranes stained with DAPI. The number of cells that had migrated through the 
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membrane was determined by fluorescence microscopy. Numbers shown are the 

average of triplicate wells, three fields counted per well. 

 

2.10 Migration Assays 

5x105 DKAT or MDA-MB-231 cells were plated in 6-well plates and cultured 

until confluent. The cell monolayer was then scratched with a pipette tip, rinsed, and 

photographed at regular intervals until the scratch was completely closed. The area 

of the scratch was measured using ImageJ software [Abramoff 2004], and results are 

expressed as a percentage of the original scratch area filled by the cells at the 

indicated timepoint. 

 

2.11 Xenograft Experiments 

DKAT cells grown in MEGM were tested for xenograft growth by limiting 

dilution; 104, 103, 102, or 10 cells were resuspended in 50 µl of either 1) 1:1/v:v 

PBS:Matrigel™ or 2) PBS alone, and injected into the right and left uncleared #4 

mammary fat pad of NOD.CB17-PrkdcSCID/J mice. Four independent experiments 

(eight – ten replicates per experiment) were performed at Duke University and 

University of California at Davis (UCD). DKAT xenografts using matrigel were 

performed with NOD CB17-Prkdc SCID/J mice (Jackson Labs) and were done in 
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accordance with a protocol approved by the Duke University Institutional Animal 

Care and Use Committee (protocol number A328-08-12). Tumor growth was 

assessed weekly by measuring tumor volume by caliper. Mice were sacrificed when 

the tumor reached 1.5 cm in diameter or after 150 days. Tumors were excised, fixed 

in 4% paraformaldehyde at 4°C overnight, sectioned and stained, and underwent 

central pathology review at UCD. DKAT xenografts without matrigel were done in 

nude and NOD CB17-Prkdc SCID/J mice (Jackson Labs) in accordance with a 

protocol approved by the UCD Institutional Animal Care and Use Committee 

(protocol number 13217).  

 

2.12 Tumorsphere Formation 

Tumorsphere culture was as previously described [Dontu et al 2003] with minor 

modifications. Briefly, cells were plated at 1 cell/well in 96-well ultra-low attachment 

plates (Sigma) in basal MEGM medium supplemented with B27, Heparin, EGF, and 

bFGF. Cells were cultured for 10-14 days and the tumorsphere formation efficiency 

was determined by counting the number of tumorspheres and dividing by the 

number of wells seeded. 

For tumorsphere immunofluorescence studies, DKAT cells were plated at 103 

cells per 100mm dish. 14 days later, tumorspheres were pooled and fixed in 100% ice 
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cold methanol, spun onto slides, and IF staining was performed as described above. 

Tumorsphere images were acquired with an SP5 Leica laser scanning confocal 

microscope. 

 

2.13 Conditioned Media Experiments 

DKAT cells grown in MEGM or SCGM for at least 14 days were treated with 

fresh media, and conditioned media was collected 24 hours later, spun down, and 

supernatant collected. Cytokine levels were analyzed using the Bio-Plex Precision 

Pro Human Cytokine 8-Plex Panel magenetic bead assay kit and read with a Bio-Plex 

200 instrument (Bio-Rad, Hercules, CA). IL-6 levels in conditioned media were also 

analyzed by Human IL-6 Quantikine ELISA kit (D6050, R&D Systems, Minneapolis, 

MN). 

 

2.14 Neutralizing Antibody Experiments 

DKAT cells grown in SCGM or MDA-MB-231 cells grown in DMEM 

(Invitrogen) were treated with 1ug/ml of either Mouse IgG control, anti-VEGF, or 

anti-IL-6 antibody (MAB002, MAB293, or MAB2061 respectively, R&D Systems) for 

24 hours. MDA-MB-231 cells were also treated with STAT3 Inhibitor VII (573103, 

Merck KGaA, Darmstadt, Germany) at .5µM for 6 hours. Cells were rinsed with PBS 



 

55 

and lysate was collected as described earlier. Protein band intensity was measured 

using Carestream Molecular Imaging software (Carestream  Health, Rochester, NY). 

 

2.15 RPFNA Cytology 

RPFNA was performed as published previously, in accordance with methods 

established and validated by Fabian and colleagues [Fabian et al 2000]. RPFNA 

samples were immediately placed and fixed in modified CytoLyt (Hologic Inc.) 

containing 1% formalin for 24 hours at room temperature. Samples were washed 

with CytoLyt until the majority of red blood cells were removed, followed by 

storage at 4°C. Cytology specimens were mounted on Superfrost Excell slides 

(Fisher) and preserved in 95% ethanol. These slides were dehydrated in 95% and 

100% ethanol for 30 seconds each and air-dried for 10 minutes. Specimens were fixed 

in ice-cold acetone for 20 minutes and then air-dried. Rehydration was achieved in 

TBS for 5 minutes, followed by immersion in 3% hydrogen peroxide for 5 minutes, 

deionized water, and TBS.  

Immunostaining was carried out on Dako Autostainer (Dako). Specimens were 

placed in Background Buster (Innovex Biosciences) for 30 minutes, followed by 

incubation with mouse monoclonal anti-human vimentin antibody (Dako; M7020) at 

1:300 dilution for 45 minutes and single wash in TBS. Detection and visualization 
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were performed with Envision+ and DAB+ (Dako) as per manufacturer's 

recommendations.  
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3 Characterization of a Novel Model of Triple-Negative 
Breast Cancer 

 

3.1 Introduction 

Breast cancer is a heterogeneous disease that exhibits a wide range of clinical 

behaviors, prognoses, and histologies. Gene expression profiling of patient samples 

initially identified five breast cancer subgroups (luminal A and B, Her2 amplified, 

normal-like, and basal-like), each with a distinct molecular signature [Perou et al 

2000, Sorlie et al 2001, Sorlie et al 2003]. Tumors with a basal-like gene signature are 

primarily triple-negative (ER-/PR-/Her2wt), frequently occur in young African-

American women and BRCA1 mutation carriers, and carry the worst prognosis 

[Nielsen et al 2004, Sorlie et al 2001, Sorlie et al 2003, Sotiriou et al 2003]. While some 

triple-negative breast cancers respond to treatment, a subset are highly invasive and 

metastatic and do not respond to chemotherapy or radiation [Carey et al 2007]. 

Recent studies have shown that triple-negative breast cancers are enriched for 

markers of EMT, a process generally thought to be important in the metastatic 

cascade [Thiery 2002, Thompson et al 2005]. Other recent work has demonstrated a 

link between EMT and the induction of stem cell-like characteristics in mammary 

epithelial cells, and that an EMT and stem cell-like gene expression signature is 

found in residual breast cancer cells following chemotherapy [Creighton et al 2009, 
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Mani et al 2008]. Collectively, these studies suggest that epithelial-mesenchymal 

plasticity may be important for the highly aggressive subset of triple-negative breast 

cancers. 

EMT is a part of normal physiological processes, including embryogenesis 

and wound healing, in which cells of epithelial origin lose epithelial characteristics 

and polarity and acquire a mesenchymal phenotype associated with increased 

migratory behavior [Burdsal et al 1993, Christ and Ordahl 1995, Savagner 2001, 

Thiery 2003]. Activation of an EMT-like program in cancer cells in vitro similarly 

results in increased cell migration and invasion as well as increased resistance to 

apoptosis [Savagner 2001, Thiery 2002]. At the molecular level, EMT is characterized 

by 1) loss of expression of membranous E-cadherin, claudins, and occludins, 2) 

increased expression of mesenchymal markers including vimentin and smooth 

muscle actin, 3) acquisition of a spindle-like morphology, and 4) cytoskeleton 

reorganization [Burdsal et al 1993, Thiery 2003]. The reverse process, MET, is 

characterized by a loss of expression of mesenchymal markers and restoration of 

epithelial markers and morphology [Chaffer et al 2007, Christ and Ordahl 1995]. 

The similarities between the developmental EMT events and the process of 

tumor cell dissemination, in which cells lose contact with the primary tumor and 

invade into the normal host tissue and blood vessels, has lead to the hypothesis that 
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EMT is an important part of the metastatic cascade [Yang and Weinberg 2008]. 

However, much of the evidence for the association of EMT/MET with cancer is 

derived from studies in animal models and breast cancer cell lines that are highly 

adapted to tissue culture conditions [Thiery et al 2009, Thompson et al 2005]. There 

is difficulty in identifying EMT in human breast cancer because the full sequence of 

events that have come to define EMT in vitro are not commonly observed in vivo, and 

metastases commonly have an epithelial phenotype similar to the primary tumor 

[Christiansen and Rajasekaran 2006]. In order to reconcile the observations of breast 

cancer pathologists with in vitro studies of breast cancer cell lines, it has been 

proposed that EMT in the human tumor setting may be transient and reversible, and 

may only occur in isolated foci of the tumors such as the invasive front, where the 

tumor cells interface with the surrounding stroma [Yang and Weinberg 2008]. 

The biological origin of breast cancer cells with the capacity to invade and 

metastasize is the subject of intense debate.  The long-standing predominant view is 

that metastasis results from the selective outgrowth or evolution of specialized sub-

populations of cells within the primary tumor, and that these cells are unique in 

their ability to invade and metastasize [Poste and Fidler 1980].  However, recent 

experimental and clinical data have accumulated to support the hypothesis that 

breast cancer may be driven by a sub-population of progenitor-like cells that have 
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intrinsic phenotypic plasticity and retain stem cell-like properties, and that this 

phenotypic plasticity may be a key determinant of metastatic potential [Chaffer et al 

2007, Thiery 2002, Yang and Weinberg 2008]. 

The study of plasticity in human breast cancer is currently limited by a lack of 

appropriate models.  Here we report the characterization of the DKAT breast cancer 

cell line, a novel model of triple-negative breast cancer that displays phenotypic 

plasticity in vitro and in vivo.  The DKAT line was isolated from a rapidly 

progressing, treatment-resistant, metastatic triple-negative human breast cancer 

which exhibited morphologic and biochemical evidence of plasticity. The DKAT cell 

line provides a new model to investigate the role of plasticity in aggressive triple-

negative breast cancers. 

 

3.2 Results 

3.2.1 Phenotypic Plasticity in a Human Triple-Negative Breast Cancer 

The DKAT cell line was derived from the malignant pleural effusion of a 35-

year-old Caucasian woman with no family history of breast or ovarian cancer. The 

patient initially presented with a 4 cm ER/PR(-/-), HER2/Neu-wt, CK5(+), EGFR(+), 

lymph node-negative breast cancer (T2N0M0). At the sixth cycle of 

cyclophosphamide, methotrexate, and 5-fluorouracil, seven months from the initial 
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diagnosis, recurrent cancer was detected within the chest wall radiation field. At ten 

months from initial diagnosis, metastases to the lung, pleura, liver, and bone were 

observed. At eleven months, the patient developed pancytopenia; a bone marrow 

biopsy revealed multiple foci of tumor cells within the bone marrow. At this time the 

tumor was not responsive to taxotere and navelbine. Twelve months from initial 

diagnosis the patient died from pancytopenia and rapid disease progression. 

The primary breast cancer surgical specimen demonstrated a range of 

phenotypes. Six widely separated microfocal neoplastic lesions were identified that 

exhibited varying morphological and immunohistochemical features (summarized 

in Table 3.1). Primary tumor foci #1-5 stained strongly for the epithelial marker E-

cadherin and displayed only scattered weak staining for CK8/18, CK5, and the 

mesenchymal marker vimentin (Figure 3.1, left column). In contrast, primary tumor 

focus #6 was strongly positive for vimentin and CK5 as well as CK8/18 and E-

cadherin (Figure 3.1, second column). Similar to primary tumor focus #6, the chest 

wall recurrence contained solid sheets of malignant cells that were positive for 

vimentin, CK5, and CK8/18, but E-cadherin staining was notably less intense (Figure 

3.1, third column). The staining pattern of the malignant cells in the bone marrow, 

however, was similar to the epithelial staining pattern observed in Primary Tumor 

Foci #1-5 with cells staining strongly for CK5, CK8/18 and membranous E-cadherin,  



 

62 

 

Figure 3.1: Human breast cancer specimen displays morphological and 
biochemical evidence of EMT/MET. 

Images of the patient’s primary tumor focus #3 (left column), focus #6 (second 
column), chest wall recurrence (third column), and bone marrow biopsy (right 
column) showing H&E staining and immunohistochemistry for CK5, CK8/18, 
vimentin, and E-cadherin. 
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Table 3.1: Characterization of human primary tumor, chest wall recurrence, and 
bone marrow metastasis. 

Qualitative evaluation of expression based on in situ hybridization for Her2 and 
immunohistochemistry for all other markers. nt= not tested. 

 

Marker Primary 
Foci #1-5 

Primary 
Foci #6 

Chest Wall 
Recurrence 

Bone 
Marrow 

Metastasis 
ER (-) (-) nt nt 
PR (-) (-) nt nt 

HER2/neu Not amplified Not 
amplified 

nt nt 

CK5 (+) (++) (++) (+++) 
CK14 (+) (+) (+) (+) 

CK8/18 (+) (++) (+) (+++) 
E-cadherin 
membrane 

cytoplasmic 

 
(++) 
(++) 

 
(+) 

(++) 

 
(+) 
(+) 

 
(+++) 
(++) 

vimentin (+) (+++) (+++) (+) 
 

but not vimentin (Figure 3.1, right column). These observations show that the 

original primary tumor contained both epithelial and mesenchymal regions, the 

chest wall recurrence expressed a combination of mesenchymal and epithelial 

markers suggesting an intermediate phenotypic state, and the metastatic lesions in 

the bone expressed epithelial markers. A complete list of markers expressed in the 

primary tumor, chest wall recurrence, and bone marrow metastasis is provided in 

Table 3.1.  Taken together, these observations provide morphologic and biochemical 

evidence of EMT/MET in a human triple-negative breast cancer. 
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3.2.2 Establishment of DKAT Cell Line In Vitro 

Cells isolated from the patient’s malignant pleural effusion rapidly adapted 

to tissue culture conditions. Forty-eight hours after isolation (passage 1) DKAT cells 

began proliferating in culture with a doubling time of approximately 24 hours (data 

not shown). The DKAT cell line has been maintained continuously in culture for >70 

passages. Twenty-five metaphase DKAT cells (passage 3) were subjected to spectral 

karyotyping (SKY) analysis and an additional 9 cells were G-banded and karyotyped 

(Figure 3.2). The modal chromosome number was 56. In addition to 29 cells with the 

hyperdiploid chromosome number, 3 cells had hypopentaploid chromosome  

number (104-109 chromosomes) and 2 cells had either 117 or 127 chromosomes. 

Among the predominant hyperdiploid cells, two clones, a stemline and a sideline 1, 

were identified. The only difference between the stemline and sideline 1 is the 

presence of one double minute (dmin) in a sideline. Because of its small size, the 

origin of this double minute could not be identified with confidence. Sideline 2 is 

near-tetraploid and represents a doubling of the stemline, with some random 

chromosome losses and a few non-clonal aberrations in the cells, and sideline 3 is a 

composite karyotype of 2 cells with the highest chromosome numbers. 
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Figure 3.2: DKAT cell line karyotype. 

A representative mitotic DKAT cell from sideline 1 is shown. A. Metaphase cell with 
chromosomes shown in SKY display colors. B. Inverted and contrast-enhanced 
DAPI image of the same metaphase cell. C. The same metaphase cell with 
chromosomes shown in spectra-based classification colors. D. Spectral karyotype of 
the same metaphase cell shown in SKY display colors. 
 



 

66 

3.2.3 DKAT Cell Line Maintains a Basal-like Phenotype In Vitro 

Aggressive triple-negative breast cancers frequently contain mutations in the 

coding sequences of the TP53 and PIK3CA genes [Hennessy et al 2009, Sorlie et al 

2001]. Sequencing of exons 5-9 of the TP53 gene in DKAT cells identified a single 

point mutation in exon 8 at codon 273 (CGT > CAT) resulting in replacement of 

arginine with histidine (R273H) within the DNA binding domain (data not shown) 

[Cho et al 1994]. This missense mutation has been previously reported in a number 

of human cancer cell lines including the MDA-MB-468 breast cancer cell line, and 

reported to be deleterious to p53 function [Dong et al 2007, Nigro et al 1989]. In 

breast tumors, PIK3CA mutations have been found to frequently occur in exons 9 

and 20 [Bachman et al 2004]. Sequencing of PIK3CA mutation hotspots in exons 9 

and 20 from DKAT genomic DNA revealed no mutations within the coding region 

of these two exons. 

A variety of techniques were used to test DKAT cells for baseline expression 

of proteins associated with triple-negative breast cancers and an aggressive 

phenotype including markers of EMT, progenitor-like cell markers, and markers of 

PI3K-Akt pathway activation. Immunohistochemical analysis showed that DKAT 

cells did not stain for ER or PR, but stained positively for EGFR (data not shown). 

Fluorescence in situ hybridization (FISH) demonstrated diploid copy number of  



 

67 

 
Figure 3.3: DKAT cells express markers of basal epithelial cells. 
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Figure 3.3 (continued): A. Immunofluorescence for CK5, CK17, p63 and CK18 in 
DKAT, immortalized HMEC, MCF-7, and MDA-MB-231 cells. B. Western blotting of 
total cell lysate from immortalized non-tumorigenic HMECs, luminal MCF7 cells, 
mesenchymal MDA-MB-231 cells, and DKAT cells. 
 

HER2, consistent with the triple-negative primary human tumor (data not shown). 

Immunofluorescence and western blotting showed that DKAT cells express markers 

consistent with basal mammary epithelial cells, including CK5 and CK17, and p63 

(Figure 3.3A). Interestingly, DKAT cells also express the luminal epithelial cell 

marker CK18. However, all other cell lines tested also expressed CK18, including the 

mesenchymal MDA-MB-231 line (Figure 3.3A). Western blot analyses demonstrated 

that DKAT cells have a high level of Akt phosphorylation at Serine 473, a marker of 

Akt activation, and low expression of PTEN relative to other breast cancer cell lines 

tested (Figure 3.3B). Low expression of PTEN is common in triple-negative breast 

cancers, and represents an alternate method of PI3K-Akt pathway activation in the 

absence of PIK3CA activating mutation, which the DKAT cells do not contain. Taken 

together, these observations demonstrate that under normal tissue culture 

conditions, DKAT cells express markers of basal mammary epithelial cells and 

PI3K/AKT pathway activation. 
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3.2.4 DKAT Cells are Highly Invasive 

Because a subset of basal-type breast cancers is highly invasive and the 

human tumor from which the cell line was derived invaded into the chest wall and 

metastasized to several organs, we tested the DKAT cell line for its invasive 

potential in vitro. Transwell migration and invasion assays were performed 

comparing DKAT cells to MDA-MB-231 cells, which are reported to be highly 

invasive in vitro and in xenograft experiments by many groups.  As shown in Figure 

3.4, the DKAT cells showed 1.7 and 2.6 fold more cells having migrated through the 

transwell and invaded through the matrigel, respectively, compared to MDA-MB-

231 cells after 18 hours.  

 

 
Figure 3.4: DKAT cells are highly invasive and migratory. 

In vitro transwell migration and invasion assays comparing DKAT cells to MDA-
MB-231 cells. Data averaged from 3 independent experiments. Error bars represent 
standard error, (*) p < 0.05. 
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3.2.5 DKAT Cells Cluster with Other Basal-Like Breast Cancer Cell 
Lines 

In order to assess the relationship of DKAT cells to the previously published 

breast cancer subtypes, we performed unsupervised hierarchical clustering of DKAT  

transcript expression under normal culture conditions. Comparing our experimental 

data with a previously published analysis of breast cancer cell lines [Charafe-Jauffret 

et al 2006], we found that the DKAT gene expression profile clustered with a number 

of cell lines previously categorized as basal-like (Figure 3.5). DKAT cells cluster most 

closely with SUM-149 cells, but also with 184B5, and the immortalized non-

tumorigenic MCF-10A and HMEC cells. Parallel analysis of MDA-MB-231 and 

HMEC transcripts prepared as controls showed a high correlation to the previously 

published microarray data (r= 0.70 and r= 0.84, respectively), validating the 

effectiveness of combining these two data sets. 
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Figure 3.5: The DKAT cell line clusters with other basal-like breast cancer cell 

lines. 

Results from DKAT, MDA-MB-231, and HMEC Affymetrix HG-U133 2+ arrays were 
analyzed by unsupervised hierarchical clustering with a published data set 
[Charafe-Jauffret et al 2006]. Cell lines are labeled by breast cancer subtype; luminal-
like (blue); basal-like (red); mesenchymal-like (green); unknown subtype (black). 
Displayed is an expanded view of selected gene cluster that contained basal-specific 
gene expression. 

 

3.2.6 The DKAT Cell Line Contains a Population of Tumor Initiating 
Cells  

The basal-like subtype of breast cancers are reported to often contain a high 

proportion of cells in the CD44+/CD24-/low population identified as being enriched for 

tumor initiating capability in mouse xenografts [Al-Hajj et al 2003, Honeth et al 

2008]. Since the DKAT cell line was isolated from a triple-negative cancer and its  
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Figure 3.6: CD44 and CD24 staining of breast cancer cell lines. 

Flow cytometric analysis of DKAT-MEGM, MCF-7 and MDA-MB-231 cells stained 
for CD44 and CD24. Numbers indicate the percentage of cells with a CD44+/CD24-/low 
profile. 
 

gene expression clustered with other models of basal-like breast cancer, we tested 

the cells for cell surface expression of CD44 and CD24. Flow cytometric analysis 

revealed that 58 percent of DKAT cells are of the CD44+/CD24-/low phenotype that is 

reported to be enriched for tumorigenic and stem cell-like activity, and is associated 

with cells that have undergone EMT [Mani et al 2008] (Figure 3.6). 

 

3.2.7 A Single DKAT Cell is Capable of Generating Tumorspheres 
Containing Both Luminal and Basal Epithelial Cells 

Because the CD44+/CD24-/low population of cells is reported to be enriched for 

stem cell-like activity, we next tested whether a single DKAT cell was capable of 

forming multi-lineage cell clusters in non-adherent mammosphere culture 
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conditions. DKAT cells formed solid mammospheres (tumorspheres) with a 

tumorsphere formation efficiency between 3 and 10 percent (data not shown).  

Tumorspheres stained strongly for CK5, CK17, and CK18 (Figure 3.7), stained 

weakly for SMA, and were negative for CK14 by immunofluorescence (data not 

shown). Dual staining for CK5 and CK18 demonstrated that individual 

tumorspheres contained both CK18+/CK5low luminal epithelial-like cells and 

CK18low/CK5+ basal epithelial-like cells (Figure 3.7, right panel). This suggests that 

DKAT cells contain a population of progenitor-like cells capable of giving rise to 

both luminal and basal epithelial cells. 

 

Figure 3.7 : DKAT cells form mammospheres containing both luminal and basal 
epithelial cells. 

DKAT cells were dissociated into single-cell suspension with trypsin, and 1x104 cells 
were seeded into ultralow attachment 100mm dishes in supplemented 
mammosphere media. After 14 days, mammospheres were pelleted and stained for 
the indicated cytokeratins. Confocal images were acquired with a 63x objective.  
Scale bar = 40 µm. 
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3.2.8 Both CD44+/CD24-/low and CD44+/CD24hi DKAT Cells Can Give 
Rise to Heterogenous Progeny 

Stem cells represent a small population of cells which possess the unique 

ability to give rise to all other cell types within the body or tissue. Similarly, it is 

hypothesized that tumors may contain a small population of so-called cancer stem 

cells which can give rise to the heterogeneous cells of a tumor. In breast cancer, the 

CD44+/CD24-/low population of cells is reported to be enriched for stem cell-like 

activity. We previously showed that the DKAT cell line contains cells with a wide 

variety of CD24 expression levels (Figure 3.6). We therefore tested the ability of the 

different cell populations to give rise to heterogeneous progeny. 

To test this, we stained for CD44 and CD24 expression and then sorted cells 

based on surface CD24 levels (Figure 3.8A). The CD44+/CD24-/low and CD44+/CD24high 

cells were then cultured separately for 14 days then re-analyzed for CD44 and CD24 

expression. As expected, after 14 days we found that the CD44+/CD24-/low cells had 

given rise to a population of cells with the same spectrum of CD24 expression as the 

original unsorted population (Figure 3.8C). However, we were surprised to find that 

after 14 days, the CD44+/CD24high cells, which were expected to be more 

differentiated and therefore only able to give rise to more CD44+/CD24+ cells, also 

contained cells with a CD44+/CD24-/low profile (Figure 3.8B). While the percentage of 

CD44+/CD24-/low cells was less in this group, our results suggest that either our 
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sorting was not stringent enough and some CD44+/CD24-/low cells contaminated the 

CD44+/CD24high population, or that CD44+/CD24+ DKAT cells have the ability to de-

differentiate into more stem-like cells in culture. 

 

 
Figure 3.8: De-differentiation of CD44+/CD24+ DKAT cells. 

A. DKAT cells were stained with CD44-APC and CD24-PE antibodies, then sorted 
into CD44+/CD24high and CD44+/CD24-/low populations by FACS. These cell 
populations were cultured separately for 16 days then re-analyzed for CD44 and 
CD24 cell surface expression (B,C). Numbers represent the percentage of cells with a 
CD44+/CD24-/low profile. 
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3.2.9 Both CD44+/CD24-/low and CD44+/CD24+ DKAT Cells Form 
Tumors at a Dose of Ten Cells 

 In order to understand the regulation of the breast cancer stem cell 

population and develop therapies which specifically target these cells, additional 

models must be created which recapitulate the behavior of these cells in human 

cancers in vivo. The DKAT cell line represents a novel model of triple-negative breast 

cancer with a population of stem cell-like CD44+/CD24-/low cells. Our in vitro data 

suggests that this population does not display all the characteristics of a true stem 

cell-like population, so we next tested whether this population of cells was enriched 

for tumor initiation in vivo as reported for other breast cancer cell lines. In order to 

test this, we performed limiting-dilution injections of CD44+/CD24-/low or 

CD44+/CD24+ cells into the uncleared mammary fatpads of NOD/SCID mice. We 

observed a 100 percent rate of tumor formation for both CD44+/CD24-/low and 

CD44+/CD24+ cells at doses of 1 x 104, 1 x 103, and 1 x 102 injected cells. Surprisingly, 

injection of only 10 CD44+/CD24-/low or CD44+/CD24+ cells gave rise to a tumor in four 

of the 10 mouse mammary fat pads (Figure 3.9B). While tumors from CD44+/CD24-

/low cells were larger on average than tumors derived from CD44+/CD24+ cells, this 

suggests that the putative stem cell-like CD44+/CD24-/low population of cells in the 

DKAT cell line is not enriched for tumor initiation capability compared to the 
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CD44+/CD24+ population. Importantly, since as few as 10 cells were able to 

repeatedly produce tumors, it is clear that the DKAT cell line is highly tumorigenic. 

 
 

Figure 3.9: As few as ten CD44+/CD24-/low or CD44+/CD24+ DKAT cells form tumors. 

A. Growth curve of average tumor volume over time for four different doses of 
CD44+/CD24+ (red) or CD44+/CD24-/low (blue) DKAT cells injected into uncleared 
mouse mammary fatpads. B. Tumor incidence for each group. C. Average tumor 
volume as measured for each group size at day 69. 
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3.3 Discussion 

Recent advances in gene expression profiling have resulted in a deeper 

understanding of breast cancer as not a single disease, but rather a collection of 

malignancies with differential histopathological features and prognoses. The basal-

like subtype has the worst prognosis of the five originally identified subtypes, and 

because many of these basal-like tumors do not rely on estrogen or Her2 signaling 

for survival and proliferation, we currently have no targeted therapeutics which are 

effective against these tumors. In order to understand the best ways to treat such 

tumors, cell lines which accurately model the biology of triple-negative tumors are 

extremely valuable. Here we report the isolation of the DKAT cell line from a highly 

aggressive triple-negative human breast cancer that displayed morphological and 

biochemical evidence of EMT and MET. 

The human breast cancer from which the DKAT cell line was isolated was 

comprised of six distinct foci. All six of these foci stained strongly for CK5, 

consistent with the characteristics of basal-like and triple-negative breast cancers. 

Five of the six foci displayed an epithelial staining pattern, with strong staining for 

membranous E-cadherin and only weak, scattered staining for vimentin. However, 

one focus of the primary tumor, as well as the area of invasion into the chest wall, 

displayed a more mesenchymal phenotype. These areas stained strongly for 
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vimentin, while E-cadherin appeared more diffuse and mainly cytoplasmic (Figure 

3.1). While EMT is most commonly discussed as involving downregulation of E-

cadherin at the transcriptional level, there are numerous reports showing that 

relocalization of E-cadherin away from the membrane occurs during EMT-like 

changes in mouse xenograft studies of EMT [Barnes et al 2010, Brown et al 2011, 

Chetty et al 2008]. Interestingly, metastatic tumor cells in the bone marrow 

maintained CK5 expression and were found to have a staining pattern consistent 

with a reversion to an epithelial phenotype with both cytoplasmic and membranous 

E-cadherin and very low levels of vimentin (Figure 3.1). 

One of the major arguments made by critics of the theory of EMT in cancer 

metastasis is that EMT is rarely seen in human cases. In support, they point out that 

metastases most often do not express mesenchymal markers, but very closely 

resemble the primary tumor. In response, proponents of the involvement of EMT in 

cancer suggest that the acquisition of mesenchymal traits may be transient or partial 

in nature. Our results are an important contribution to the field as we provide 

evidence in a human cancer of a transient acquisition of mesenchymal markers in an 

area of local invasion while a metastatic lesion shows an epithelial staining pattern 

similar to the original primary tumor cells. 
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Interestingly, we find that the DKAT cell line contains a population of 

CD44+/CD24-/low cells corresponding to the tumor initiating or stem cell-like 

population described in the literature, but these cells are not enriched for tumor 

formation in orthotopic mouse xenografts, nor are they exclusive in their ability to 

give rise to heterogenous progeny. Specifically, we determined that as few as ten 

CD44+/CD24-/low or CD44+/CD24+ cells are able to give rise to tumors when injected 

into the uncleared fat pads of nude mice. Additionally, in vitro we found that 

following FACS sorting and separate culture, both CD44+/CD24-/low and CD44+/CD24+ 

cells were capable of giving rise to the putative breast cancer stem cell-like 

CD44+/CD24-/low cells. While we cannot rule out contamination of the CD24+ 

population of cells with a few CD24low cells, it is also possible that our observation is 

the result of CD44+/CD24+ cells dedifferentiating into CD44+/CD24-/low cells. In 

support of the latter possibility, a study which was published during the course of 

our research has found that in vitro, single CD44+/CD24+ cells had the ability to give 

rise to both CD24low and CD24high cells. This study further reported that in mouse 

xenografts, CD44+/CD24+ cells gave rise to tumors containing both CD44+/CD24+ and 

CD44+/CD24+ cells [Meyer et al 2009]. This suggests that while the CD44+/CD24-/low 

population may be enriched for tumorigenicity and stem cell-like features in some 

models, this population is not exclusive in this capacity, and these markers may not 
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be appropriate for identification of the stem cell-like cell population in basal-like or 

triple-negative breast cancer cells which have been passaged ex-vivo. 

Although many human breast cancer cell lines have been developed from 

pleural fluid samples, the DKAT model is notable for the exceptional ease with 

which these cells adapted to in vitro growth. Given the swift acclimation to tissue 

culture and the presence of few, if any, contaminating non-epithelial cells in the 

initial passage, the DKAT line did not appear to undergo a rigorous selection 

process for survival in vitro. The DKAT cells may therefore retain many features of 

the original tumor cells, including the highly invasive behavior that contributed to 

the rapid demise of the patient from widespread breast cancer metastases. In 

support of that, we show that the DKAT cells are highly migratory and invasive in in 

vitro assays, even when compared to the highly metastatic MDA-MB-231 breast 

cancer cell line. They also maintain expression of markers of the basal mammary 

epithelial cell layer including basal-type cytokeratins CK5 and CK17 as well as the 

transcription factor p63. 

The ability of breast cancer cells to reversibly adapt to diverse 

microenvironments, or plasticity, is hypothesized to underlie the aggressive 

behavior of a subset of triple-negative [ER/PR(-/-), HER2/neu-wt] breast cancers. 

This hypothesis, based on the highly metastatic behavior of many triple-negative 
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breast cancers and their poor prognosis, has been bolstered in recent years by 

observations that gene expression patterns of triple-negative breast cancers share a 

strong degree of similarity with the gene expression of cells which have undergone 

EMT. 

One of the most interesting characteristics of the tumor from which the 

DKAT cell line was derived is the observation of mesenchymal markers in the area 

of invasion into the chest wall, as well as in one focus of the primary tumor. Because 

both the majority of the primary tumor and the metastatic lesions in the bone 

marrow were observed to express epithelial markers, we conclude that this data 

supports the existence of a transient epithelial-mesenchymal transition among 

invading cells. Based on morphology and immunostaining, it was not possible to 

determine whether this range of phenotypes was due to an outgrowth of cell 

populations with a fixed phenotype, or rather due to inherent phenotypic plasticity 

of the tumor cells. Thus it remains to be seen if the epithelial-mesenchymal plasticity 

of the DKAT cell line can be recapitulated in vitro, which will be explored in the 

following chapter. 
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4 Phenotypic Plasticity in Triple-Negative Breast 
Cancer is Regulated by Zeb1 

 

4.1 Introduction 

Epithelial-mesenchymal transition (EMT) and the reverse process, 

mesenchymal-epithelial transition (MET), are normal processes important for 

embryonic development and tissue homeostasis, and are thought to contribute to the 

metastatic dissemination of cancer cells [Burdsal et al 1993, Davies 1996, Hay 1995, 

Thiery 2003, Thompson et al 2005]. During EMT, cells of epithelial origin lose 

epithelial characteristics, such as tight cell-cell junctions and apical-basal polarity, 

and acquire a mesenchymal phenotype associated with increased migratory 

behavior and decreased cell-cell contact [Savagner 2001, Thiery 2002]. At the 

molecular level, EMT is characterized by 1) loss of expression of epithelial cell 

junction proteins including E-cadherin, claudins, and occludins, 2) increased 

expression of mesenchymal markers including vimentin and smooth muscle actin, 3) 

acquisition of a spindle-like morphology, and 4) cytoskeleton reorganization 

[Burdsal et al 1993, Thiery 2003]. The reverse process, MET, is characterized by a loss 

of expression of mesenchymal markers and restoration of epithelial markers and 

morphology [Chaffer et al 2007, Christ and Ordahl 1995]. Given the role of 
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EMT/MET in regulating invasion and motility during embryogenesis, it has been 

hypothesized that reversible or transient EMT/MET, or plasticity, might similarly be 

important during breast cancer invasion and metastasis [Chaffer et al 2007, Thiery 

2002, Yang and Weinberg 2008]. 

A wide variety of signaling pathways and proteins have been implicated in 

EMT in cancer progression, including members of the Snail, Twist, and Zeb families 

of transcription factors. Snail, Twist, and Zeb1 are each capable of inducing EMT in 

breast cancer cells in vitro, in part through binding to the promoter of E-cadherin, an 

important component of adherens junctions in epithelial cells, and repressing its 

transcription [Peinado et al 2007]. While Snail and Twist have received the most 

study to date, recent evidence points to the zinc-finger transcription factor Zeb1 as a 

critical regulator of the mesenchymal phenotype, and its expression is regulated by 

several pathways which control epithelial morphology and function in both normal 

development and cancer [Aigner et al 2007, Burk et al 2008, Eger et al 2005]. 

While an extensive amount of research has focused on the molecular 

regulation of epithelial and mesenchymal markers in breast cancer, less is known 

about the microenvironmental cues which are relevant to induction of EMT in 

human disease. Interleukin-6 (IL-6) is a plieotropic cytokine initially identified as a 

mediator of inflammatory and immune responses, but an increasing number of 
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studies have implicated IL-6 in various cancer types including breast cancer 

[Kishimoto 1989, Schafer and Brugge 2007] . Increased IL-6 expression is associated 

with increased breast tumor grade and increased metastatic burden, and higher 

serum IL-6 levels are associated with poor prognosis in breast cancer patients 

[Kozlowski et al 2003, Salgado et al 2003, Zhang and Adachi 1999]. While IL-6 has 

recently been demonstrated to capable of inducing EMT in epithelial breast cancer 

cell lines in vitro [Sullivan et al 2009], the relationship between IL-6 and Zeb1 during 

EMT of breast cancer cells is currently unknown. 

The study of plasticity in human breast cancer is currently limited by a lack of 

appropriate models which can reversibly transition from the epithelial to 

mesenchymal state. In the previous chapter we have detailed the isolation and 

characterization of the DKAT cell line, a novel model of triple-negative breast cancer 

that was isolated from a rapidly progressing, treatment-resistant, metastatic human 

breast cancer. In this chapter, we demonstrate that similar to the human tumor, in 

xenograft experiments DKAT cells form heterogeneous tumors with regions of both 

epithelial and mesenchymal characteristics. Further, DKAT cells are able to undergo 

EMT/MET in response to altered culture conditions in vitro, suggesting inherent 

epithelial-mesenchymal plasticity. Zeb1 is a key regulator of the mesenchymal 

phenotype, and its expression is regulated by IL-6, suggesting that IL-6 or its 
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receptors may represent an attractive therapeutic target. The DKAT cell line 

provides a new model to investigate the molecular mechanisms of phenotypic 

plasticity and its role in aggressive triple-negative breast cancers. 

 

4.2 Results 

4.2.1 DKAT Cells Demonstrate In Vitro Plasticity 

DKAT cells were derived from a breast cancer that exhibited a range of 

epithelial and mesenchymal markers and was highly metastatic, but it is unclear 

whether this phenotypic diversity was the result of 1) outgrowth or evolution of 

specialized subpopulations of cells within the primary tumor or 2) phenotypic 

plasticity inherent within the DKAT cells. We tested whether the DKAT cell line 

retained the phenotypic plasticity observed in the primary tumor by altering culture 

conditions and testing for in vitro EMT/MET.  

To test for the ability of DKAT cells to undergo in vitro EMT, a portion of cells 

were switched from serum-free MEGM, their initial culture media, to Stromal Cell 

Growth Media (SCGM) containing insulin, bFGF, and 5% FBS. Passage matched cells 

were maintained in MEGM as a control. Upon being switched to growth in SCGM, 

DKAT cells rapidly underwent a morphological change to a more spindle-shaped 

and less cobblestone appearance (Figure 4.1A, left column). After 14 days, 
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immunofluorescence studies showed that DKAT cells cultured in MEGM 

maintained positive staining for the epithelial markers CK5, CK18, and E-cadherin, 

which was found both at the membrane and throughout the cytoplasm. Staining for 

the mesenchymal marker vimentin was weak and scattered. Strikingly, after 14 days 

in SCGM, DKAT cells had become predominately vimentin positive and E-cadherin 

negative, though a small percentage of cells retained an epithelial staining pattern 

(Figure 4.1A). 

Additionally, we observed a significant decrease in epithelial markers CK5 

(Figure 4.1A, right column), consistent with a shift from expression of cytokeratin 

intermediate filaments to vimentin during EMT [Micalizzi et al 2010]. While CK5 

was uniformly downregulated, CK18 was still expressed at low levels in some of the 

cells, as seen in other cell lines classified as mesenchymal, such as MDA-MB-231 

cells. Western blotting confirmed these changes, showing dramatically increased 

expression of the mesenchymal markers vimentin and N-cadherin after 14 days in 

SCGM, and decreased levels of E-cadherin and additional epithelial markers CK17 

and claudin-1 (Figure 4.1B). 

We next tested whether DKAT cells induced to undergo in vitro EMT 

demonstrated increased migratory ability. Because DKAT cells undergo EMT in 

response to serum-containing media, the serum-containing chemoattractant used in  
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Figure 4.1: DKAT cells undergo morphologic and phenotypic changes consistent 
with in vitro EMT. 

A. Phase contrast or immunofluorescence images of DKAT cells cultured in either 
MEGM (upper) or SCGM for 14 days (lower). Phase contrast images were acquired 
with a 20x objective, scale bar = 40 µm. IF images were acquired with a 40x objective, 
scale bar = 20 µm. Cells were stained simultaneously for vimentin (green) and E-
cadherin (red), or CK18 (green) and CK5 (red). B. Cell lysates from passage-matched 
cultures of DKAT cells that had been induced to undergo EMT in SCGM for 10 
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Figure 4.1 (continued): passages and then returned to MEGM for 5 passages to 
induce MET were analyzed by western blot for epithelial and mesenchymal markers. 
M=MEGM, S=SCGM. C. Scratch wound healing assay comparing DKAT cells grown 
in MEGM or SCGM (14 days) and MDA-MB-231 cells. Images (upper panel) were 
taken at the time of the scratch (T=0) and 12 hours later with a 5x objective. Scale bar 
= 200 µm.  Results (lower panel) are expressed as the percentage of the scratch area 
closed at 12hrs as measured by ImageJ software, and are an average of 12 scratches 
per sample, (*) p < .05. 
 

a standard transwell assays would also induce EMT, skewing the results of any 

attempt to compare migration of DKAT cells cultured in MEGM and SCGM. 

Therefore, we utilized a scratch wound-healing assay in which MEGM cells would 

not be exposed to serum. Following the creation of a scratch in the confluent 

monolayer, DKAT cells grown in SCGM for 14 days migrated to fill the area of the 

scratch more quickly than DKAT cells in MEGM, with almost 100% closure by 

DKAT-SCGM cells after 12 hours versus 60% closure for DKAT-MEGM cells (Figure 

4.1C).  This increased migratory behavior further supports the mesenchymal 

phenotype of DKAT cells in SCGM.  

To test for the ability of the cells to undergo in vitro MET, DKAT cells 

cultured in SCGM for 10 passages and exhibiting a mesenchymal phenotype were 

returned to MEGM media. Five passages after being returned to MEGM, western 

blotting showed a dramatic decrease in vimentin expression and re-expression of E-

cadherin (Figure 4.1B), demonstrating a reversion to the original epithelial 
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phenotype. Taken together, these observations show that DKAT cells undergo a 

reversible EMT/MET in vitro in response to altered culture conditions, suggesting 

inherent phenotypic plasticity. 

We next examined the gene expression changes of DKAT cells following the 

SCGM-induced EMT. DKAT mRNA expression was compared in cells grown for 14 

days in either MEGM or SCGM. As expected, DKAT cells grown in SCGM media 

demonstrated a significant decrease in epithelial-specific gene expression, including  

genes that regulate adhesion and cell-cell junctions. A significant increase in genes 

associated with a mesenchymal phenotype and cellular transformation was also 

observed. A partial listing of differentially expressed genes is presented in Table 4.1. 

Of note, there was a decrease in expression of KRT6C (CK6; 131.8-fold), KRT5 (CK5; 

37.0-fold), TP63 (p63; 26.2-fold), KRT17 (CK17; 7.8-fold), KRT14 (CK14; 3.0-fold), and 

CLDN1 (claudin-1; 2.9-fold) and an increase in TGFA (TGF-alpha; 2.3-fold), TGFBI 

(TGF-beta-induced; 2.6-fold), LOX (lysyl oxidase; 2.9-fold), ALDH1A3 (ALDH-1a3; 

3.6-fold), CDH2 (N-cadherin; 5.6-fold), and FGF2 (FGF2; 6.0-fold). 

To confirm the results of the gene expression studies, we performed western 

blotting to detect changes in expression of claudin-1, CK17, and N-cadherin from 

protein lyastes of DKAT cells that had undergone EMT/MET as described above.  As 

expected, claudin-1 and CK17 protein levels were strongly decreased in DKAT cells  



 

91 

Table 4.1: Differential gene expression of DKAT cells following SCGM-induced 
EMT. 

List of genes related to the epithelial phenotype, cell-cell junctions, and motility with 
altered expression following 14 days of culture in SCGM to induce EMT. Microarray 
experiments were performed as described in Materials and Methods. 

 

Fold Change 
(MEGM to 
SCGM) Probe Set 

Gene 
Symbol Description 

-131.8 213680_at KRT6C keratin 6C 
-37.0 201820_at KRT5 keratin 5 
-26.2 209863_s_at TP63 tumor protein p63 
-8.8 214580_x_at KRT6A keratin 6A 
-9.1 211194_s_at TP63 tumor protein p63 
-7.8 205157_s_at KRT17 keratin 17 
-6.7 204105_s_at NRCAM neuronal cell adhesion molecule 
-4.4 208083_s_at ITGB6 integrin, beta 6 
-4.0 200953_s_at CCND2  Cyclin D2 
-3.0 209351_at KRT14 keratin 14 
-2.9 222549_at CLDN1 claudin 1 
-3.0 229041_s_at ITGB2 integrin, beta 2 
-3.0 204990_s_at ITGB4 integrin, beta 4 
-3.0 217312_s_at COL7A1 collagen, type VII, alpha 1 
-2.5 209270_at LAMB3 laminin, beta 3 
-3.0 211473_s_at COL4A6 collagen, type IV, alpha 6 
-2.4 215177_s_at ITGA6 integrin, alpha 6 
    
2.3 205016_at TGFA transforming growth factor, alpha 
2.6 201506_at TGFBI transforming growth factor β-induced 
2.7 205422_s_at ITGBL1 integrin, beta-like 1 
2.8 212489_at COL5A1 collagen, type V, alpha 1 
2.9 215446_s_at LOX lysyl oxidase 
3.4 204726_at CDH13 cadherin 13, H-cadherin 
3.5 205885_s_at ITGA4 integrin, alpha 4 
3.6 203180_at ALDH1A3 aldehyde dehydrogenase 1 family, 

memberA3 
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3.9 226622_at MUC20 mucin 20, cell surface associated 
4.2 202016_at MEST mesoderm specific transcript homolog 
5.6 203440_at CDH2 cadherin 2, type 1, N-cadherin 
5.7 224480_s_at MAG1 lung cancer metastasis-associated 

protein 
6.0 204422_s_at FGF2 fibroblast growth factor 2 (basic) 
 

grown in SCGM, while expression of N-cadherin was markedly increased, 

confirming the results of the microarray data (Figure 4.1B). 

 

4.2.2 A Single DKAT Cell is Capable of Generating Tumorspheres 
Containing both Epithelial and Mesenchymal Cells 

Our earlier experiments show that DKAT cells exhibit in vitro plasticity and 

that individual DKAT cells are capable of giving rise to both luminal and basal 

epithelial cells in non-adherent tumorsphere culture. To determine whether 

individual cells can also give rise to both epithelial and mesenchymal cells under 

these conditions, we stained these tumorspheres for the epithelial markers E-

cadherin and β-catenin, as well as the mesenchymal marker vimentin. DKAT 

tumorspheres contained populations of cells that were either E-

cadherin(+)/vimentin(-) or E-cadherin(-)/vimentin(+) (Figure 4.2). The ability of 

DKAT cells to form tumorspheres with dual epithelial and mesenchymal markers, as 

well as luminal and basal markers, demonstrates that a population of DKAT cells is  
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Figure 4.2: A single DKAT cell can generate tumorspheres with both 
epithelial and mesenchymal cells. 

DKAT cells were dissociated into single-cell suspension with trypsin, and 1x104 cells 
were seeded into ultralow attachment 100mm dishes in supplemented 
mammosphere media. After 14 days, mammospheres were pelleted and stained for 
E-cadherin and β-catenin, or dual stained for E-cadherin (red) and vimentin (green).  
Confocal images were acquired with a 63x objective.  Scale bar = 40 µm. 
 

able to differentiate into cells of multiple lineages and has inherent phenotypic 

plasticity. 

 

4.2.3 SCGM-Induced EMT is Due to Plasticity, Not Selection 

While our data suggests DKAT cells undergo both EMT and MET in response 

to altered culture conditions, an alternative interpretation of our data is that 

culturing in SCGM results in the outgrowth of a pre-existing sub-population of 

DKAT cells with a mesenchymal phenotype. In order to rule out the latter 

possibility, we looked at expression of vimentin and E-cadherin at very early 
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timepoints following the switch to SCGM. DKAT cells cultured in SCGM 

demonstrated a 100-fold increase in vimentin expression as early as 1h which 

corresponded with the observed morphological changes (Figure 4.3A). Interestingly, 

we did not observe decreased expression of E-cadherin until day 14. Because we did 

not observe a rapid downregulation of E-cadherin protein following SCGM 

treatment, we examined E-cadherin localization by immunofluorescence. Within 2 

hours of SCGM treatment, E-cadherin is predominately localized away from the 

membrane to the cytoplasm (Figure 4.3C). Together, these observations demonstrate 

that culturing DKAT cells in SCGM results in a rapid switch from an epithelial to a 

mesenchymal phenotype more rapidly than could be explained by selection or 

outgrowth of a pre-existing subpopulation of mesenchymal cells. 

To further rule out the possibility that long-term culture in SCGM results in 

the selection of cells already in the mesenchymal state, we sub-cultured clonal 

populations derived from single DKAT cells in MEGM.  As shown in Figure 4.3B, a 

clonal population of DKAT cells that expressed low vimentin and high E-cadherin 

levels when grown in MEGM underwent the same vimentin upregulation and E-

cadherin downregulation when cultured in SCGM as did the bulk population of 

DKAT cells. The ability of a clonal population of cells to undergo EMT further 

supports the inherent phenotypic plasticity of the DKAT cell line. 
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Figure 4.3: Plasticity in culture is unique to DKAT cells. 

A-B.Total cell lysate from the bulk (A) or a clonal (B) population of DKATs cultured 
in MEGM or SCGM for the indicated time points was analyzed by western blot for 
vimentin, E-cadherin and actin. C. Brightfield and E-cadherin IF images from DKAT 
cells cultured in MEGM or SCGM for 2hrs.  D. Total cell lysate from cells grown in 
the indicated media were analyzed by western blot for expression of E-cadherin, 
vimentin, and actin to test for evidence of EMT or MET in culture. 
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4.2.4 DKAT Cell Line Plasticity is Unique Among Breast Cancer Cell 
Lines 

In order to determine if the properties of the DKAT cell line were unique or 

whether growing any breast cancer line in MEGM or SCGM would result in similar 

phenotypic shifts, we cultured a variety of breast cell lines in MEGM or SCGM. 

MDA-MB-231 breast cancer cells, which have been categorized as Basal B or 

mesenchymal according to gene expression profiling, are frequently used to study 

breast cancer metastasis [Charafe-Jauffret et al 2006, Kao et al 2009]. These cells 

express high levels of vimentin and undetectable levels of E-cadherin and are 

typically cultured in medium containing 5-10% FBS. Therefore we cultured this cell 

line in MEGM and looked for evidence of MET. After 14 days in MEGM, western 

blotting showed no change in the level of E-cadherin or vimentin protein expression, 

indicating MET had not occurred (Figure 4.3D). 

Conversely, MCF-7 and SUM-190 breast cancer cells are normally grown in 

media containing 5-10% FBS and express epithelial markers. After culturing these 

two cell lines in SCGM for 14 days, we saw no evidence of EMT (Figure 4.3D). 

Furthermore, culturing these two cell lines in MEGM did not have an effect on the 

expression of E-cadherin or vimentin. Finally, we also tested the effect of growing 

hTERT-immortalized human mammary epithelial cells (HMECs) in SCGM for 14 
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days. While culturing these cells in SCGM did result in a loss of E-cadherin and 

increased vimentin expression (Figure 4.3D), the cells did not proliferate in the 

presence of serum and arrested during the 14 day time course (data not shown). This 

is consistent with prior studies which found that serum-containing medium is not 

suitable for long-term culture of HMECs as it can induce senescence in these cells 

[Brenner et al 1998, Hammond et al 1984]. 

 

4.2.5 EMT Decreases DKAT CD44+/CD24-/low Population 

Numerous reports in the past several years have demonstrated that the 

process of EMT endows cells with properties of cancer stem cells, such as increased 

capacity for self renewal, mammosphere formation, and tumor initiation [Mani et al 

2008]. We had previously shown that the DKAT cell line contained a large 

population of CD44+/CD24-/low cells, but surprisingly we found that this population 

of cells was not enriched for tumor initiating capability. We therefore set out to test if 

the process of EMT would alter the percentage of cells in the CD44+/CD24-/low 

population. Unexpectedly, we found that after 14 days, DKAT cells grown in SCGM 

and DKAT cells treated with the EMT-inducing growth factor TGF-β actually 

contained a smaller percentage of cells of the CD44+/CD24-/low phenotype than DKAT 

cells maintained in MEGM (Figure 4.4). When taken together with our data from 
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Chapter 3 that showed both CD44+/CD24-/low and CD44+/CD24-/low cells can give rise 

to CD24low cells (Figure 3.8), our results suggests that CD24 expression in all DKAT 

cells is dynamic and therefore CD44+/CD24-/low cells may not represent the stem cell 

population in this model. 

 
 

Figure 4.4: EMT decreases the population of CD44+/CD24-/low cells. 

A. DKAT cells cultured in MEGM were stained with IgG-PE and IgG-APC 
antibodies as a negative control. B-D. DKAT cells cultured in MEGM (B), SCGM (C), 
or MEGM + 2.5ng/ml TGF-β (D) were stained with CD24-PE and CD44-APC 
antibodies and cell surface CD44/CD24 expression was analyzed by flow cytometry. 
Numbers indicate percentage of cells in the CD44+/CD24-/low quadrant. 
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4.2.6 DKAT Cells are Highly Tumorigenic and Exhibit In Vivo Plasticity 

Having established the in vitro plasticity of the DKAT model is unique among 

breast cancer cell lines tested, we next tested whether DKAT xenograft tumors also 

exhibited evidence of epithelial-mesenchymal plasticity. 104 cells grown in MEGM 

were injected into the mammary fat pad of immunocompromised mice. Palpable 

tumors were present within 2-4 weeks and most animals were sacrificed by 13 weeks 

post-injection with tumors of 15 mm diameter. DKAT xenograft tumors exhibited a 

range of morphological patterns and immunohistochemical staining. Three recurring 

morphological patterns were observed in DKAT xenografts transplanted without 

Matrigel. Pattern I: Infiltrating growth without dense fibrous matrix (Figure 4.5Ai). 

DKAT cells formed cords and columns of neoplastic cells that infiltrated the 

surrounding fat and stained positive for CK5. Pattern II: Infiltrating growth with 

dense fibrous matrix (Figure 4.5Aii). DKAT cells formed nests and cords of cells 

surrounded by a dense connective tissue. Notably, DKAT cells were observed inside 

the ducts of the host mammary gland demonstrating the ability of DKAT cells to 

invade through the basement membrane. Pattern III: Intraductal and Pagetoid 

spread (Figure 4.5Aiii). One xenograft was not palpable but was visible when the 

host fat pad was exposed. This transplant lay flat in the fat pad spreading along the 

ductal tree, but not forming a three-dimensional mass. The whole mount revealed an 
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abnormal irregular branching pattern that is frequently found in outgrowths of 

mouse mammary intraepithelial neoplasia. In some areas, the tumor cells infiltrated 

as small nests between the myoepithelium and the luminal cells of the mouse 

(Pagetoid spread). In other areas, the human cancer cells were clearly invading the 

stroma without any recognizable association with mouse mammary cells. A dense  

inflammatory infiltrate surrounded all areas of the outgrowth. DKAT cells stained 

positively for CK5, but did not stain for vimentin. 

The addition of Matrigel significantly affected the morphological and staining 

patterns of DKAT xenograft tumors (Figure 4.5B).  DKAT xenografts transplanted 

with Matrigel formed nests and cords of cells that stained for both CK5 and SMA, 

suggesting the formation of myoepithelial cells. The peripheral cells infiltrated  

surrounding tissue and enclosed nests of epithelial cells that stained positive for 

CK8/18 and negative for SMA.  The DKAT cells in the center of the tumor (Figure 

4.5B, left column) exhibited larger nuclei with open chromatin and more abundant 

cytoplasm.  IHC for SMA and CK5 showed clusters of unstained cells surrounded by 

dual staining cells.  In contrast, the invasive cells at the edge of the tumor (Figure 

4.5B, right column) from cords of cells that were intensely positive for CK5 and some 

SMA.  Taken together, these results show that similar to the human tumor, DKAT 

xenografts are invasive and exhibit phenotypic plasticity. 
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Figure 4.5: Comparison of H&E and IHC patterns from DKAT xenografts. 



 

102 

Figure 4.5 (continued): A. IHC showing H&E (i and ii) or CK5 staining (iii) 
illustrating the three recurring morphological patterns observed in DKAT xenografts 
transplanted without Matrigel. B. IHC showing H&E, CK8/18, CK5, and SMA 
staining of DKAT xenografts transplanted with Matrigel. The left column shows the 
center of a transplant and the right column shows the leading edge of the tumor. 
 

4.2.7 Zeb1 Regulates DKAT Cell Plasticity 

A large number of transcription factors are implicated in the process of EMT 

in both development and tumorigenesis, including members of the Snail, bHLH, and 

Zeb families. Proteins from each of these families have been reported to be capable 

of repressing E-cadherin and inducing EMT in various cell types [Peinado et al 

2007]. In order to further investigate the mechanisms underlying epithelial plasticity 

in the DKAT cell line, we looked at the expression of three of these transcription 

factors in the DKAT model of EMT/MET. Interestingly, western blotting showed no 

noticeable difference in expression of Snail1 and Twist protein between DKAT cells 

in the epithelial and mesenchymal states (Figure 4.6A). However, Zeb1 was 

noticeably increased in DKAT-SCGM cells compared to DKAT-MEGM cells (Figure 

4.6A). Zeb1 is a zinc-finger transcription factor which is known to bind directly to 

the E-cadherin promoter and repress its transcription [Eger et al 2005]. To determine 

if over-expression of Zeb1 is sufficient to induce EMT in the DKAT model, we 

constitutively expressed Zeb1 in epithelial DKAT-MEGM cells. The constitutive  
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Figure 4.6: Zeb1 regulates DKAT EMT/MET. 

A. Total cell lysates from DKAT-MEGM or DKAT-SCGM cells was subjected to 
western blot analysis for markers of EMT. B. Total cell lysate from DKAT-MEGM 
cells stably transfected with a control vector (pLXSN) or vector containing Zeb1 
transcript (Zeb1) was subjected to western blot analysis for markers of EMT. C. 
Scratch wound healing assay comparing DKAT cells grown in MEGM or SCGM as 
indicated, stably expressing either a non-targeting shRNA sequence or one of two 
Zeb1-targeting sequences. Results are expressed as the percentage of the scratch area 
closed at 16hrs as measured by ImageJ software, and are an average of 12 scratches 
per sample. Lower panel shows rtPCR for Zeb1 confirming no expression in DKAT-
SCGM lines expression Zeb1-targeting shRNA. 
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over-expression of Zeb1 resulted in a shift to a mesenchymal phenotype, as 

evidenced by decreased expression of E-Cadherin and Claudin-1, and increased 

expression of vimentin (Figure 4.6B). Conversely, stable knockdown of Zeb1 using 

two different lentiviral shRNA sequences prevented the increase in migration when 

DKAT cells were switched from MEGM to SCGM (Figure 4.6C). Together, these data 

indicate that Zeb1 is sufficient to induce EMT in the DKAT model and critical for the 

increased migratory ability of the mesenchymal DKAT cells. 

 

4.2.8 Autocrine IL-6 Signaling Maintains Zeb1 Expression 

Having established that the transcription factor Zeb1 is important in both the 

induction and maintenance of the mesenchymal phenotype in the DKAT model, we 

next sought to find the pathways which regulate Zeb1 expression in the 

mesenchymal state. As a number of cytokines have recently been reported to be 

capable of inducting EMT in breast cancer cells, we tested a panel of cytokines to 

determine if any were differentially produced by DKAT-MEGM and –SCGM cells. 

Of the eight cytokines in the panel, only IL-6 and IL-8 were significantly upregulated 

in conditioned media of mesenchymal DKAT-SCGM cells compared to epithelial 

DKAT-MEGM cells (Figure 4.7A). IL-6 overexpression has recently been reported to 

be sufficient to induce EMT in MCF-7 mammary epithelial cells in 3D culture  
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Figure 4.7: IL-6 is highly secreted by DKAT-SCGM cells. 

A. Conditioned media from DKAT cells grown in MEGM or SCGM for 14 days was 
collected and cytokine levels were determined by multiplex assay. B. Conditioned 
media was collected from DKAT cells that were grown in MEGM for 28 days, SCGM 
for 28 days, or SCGM for 20 days and returned to MEGM for 8 days. The amount of 
IL-6 was determined by ELISA. (*) p < .05. 
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[Sullivan et al 2009]. While this paper demonstrated increases of Snail-1 and Twist in 

IL-6-overexpressing cells, no mention was made of an effect on Zeb1 levels. 

Therefore we chose to focus our efforts on IL-6 signaling. 

We first tested whether the upregulation of IL-6 levels seen in DKAT-SCGM 

cells was permanent following induction of EMT or if it was reduced following 

MET. Analysis of conditioned media from DKAT cells grown in MEGM or SCGM 

for 28 days, or in SCGM for 20 days followed by reversion to MEGM revealed that 

IL-6 levels were strongly upregulated in DKAT-SCGM cells, but returned to their 

original levels upon reversion to MEGM (Figure 4.7B). This suggests that IL-6 

signaling is specifically important to mesenchymal DKAT cells. Because we had 

previously found Zeb1 upregulated in mesenchymal DKAT cells, we next tested the 

importance of IL-6 signaling on Zeb1. DKAT-SCGM cells were treated with either an 

IgG control or a neutralizing antibody against IL-6. At a concentration of 1ug/ml, 

treatment with the IL-6 neutralizing antibody resulted in a dramatic reduction of 

Zeb1 mRNA levels at 24hr (Figure 4.8A). No noticeable difference was observed in 

the levels of Snail-1 or VEGF mRNA in response to the anti-IL-6 neutralizing 

antibody, suggesting this effect may be specific to Zeb1. To test if this effect was 

specific to the DKAT cell line, I performed the same experiments using the 

mesenchymal MDA-MB-231 cell line. The neutralizing antibodies had a similar effect  
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Figure 4.8: Zeb1 expression is regulated by IL-6 signaling. 

A. DKAT-SCGM cells were treated with the specified antibody for 24 hrs and mRNA 
expression was analyzed by rtPCR. B. MDA-MB-231 cells were treated with the 
specified antibody at 1ug/ml for 24 hrs, or STAT3 Inhibitor VII at .5µM for 6 hrs. 
Zeb1 and Actin were then analyzed by immunoblot. Graph shows Zeb1 protein 
band intensity relative to Actin, and normalized to IgG control. 
 

on Zeb1 mRNA levels and also decreased Zeb1 protein levels by approximately 40 

percent at 24hr (Figure 4.8B). 

The best-characterized signaling pathway downstream of IL-6 is the 

JAK/STAT pathway. To determine if STAT signaling was important for Zeb1  

expression, MDA-MB-231 cells were also treated with a STAT3 inhibitor. After six 

hours, STAT3 inhibitor-treated cells displayed approximately a 40 percent decrease 
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in Zeb1 protein levels compared to control cells, a similar decrease as seen following 

24 hour treatment with the IL-6 neutralizing antibody (Figure 4.8B). Together, these 

results suggest that IL-6 signaling through STAT3 promotes Zeb1 expression in 

mesenchymal breast cancer cells. 

 

4.2.9 Atypia From Asymptomatic High Risk Women Contains 
Vimentin+ Epithelial Cells 

While the prevailing theory of metastasis suggests that it is a late event in 

cancer, recent studies have found that pre-invasive breast cancer samples can be 

categorized by gene expression into the same subtypes as invasive ductal 

carcinomas, including the basal-like subtype [Hannemann et al 2006, Livasy et al 

2007]. Because the basal-like subtype of breast cancers are enriched for markers of 

EMT, we tested if we could observe markers of EMT as an early event in cancer. In a 

cohort of women at high-risk for breast cancer due to family history, BRCA1 

mutation, or past disease, we tested for expression of vimentin in mammary 

epithelial cells obtained by random periareolar fine needle aspiration (RPFNA). 

Using IHC, we found that vimentin-positive epithelial clusters could be identified in 

asymptomatic pre-cancerous women (Figure 4.9). These preliminary studies further 

support the involvement of epithelial-mesenchymal plasticity in human breast 
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cancer, and suggest that such plasticity may occur even before the development of a 

detectable lesion. 

 
 

Figure 4.9: Atypia from high-risk women contains vimentin+ cells. 

Epithelial cell clusters were obtained by RPFNA from asymptomatic women at high 
risk for breast cancer, isolated by LCM, and stained by IHC for vimentin.
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4.3 Discussion 

The DKAT cell line was isolated from a multi-focal basal-like breast cancer 

which displayed morphological and immunohistochemical evidence of epithelial-

mesenchymal plasticity. While five of the six foci displayed an epithelial staining 

pattern, one focus of the primary tumor, as well as the area of invasion into the chest 

wall, displayed a more mesenchymal phenotype, exemplified by strong staining for 

vimentin and diffuse, cytoplasmic staining for E-cadherin. Metastatic tumor cells in 

the bone marrow were found to have a staining pattern consistent with a reversion 

to an epithelial phenotype. However, based on morphology and immunostaining it 

was not possible to determine whether this range of phenotypes was due to an 

outgrowth or selection of a cell population with a mesenchymal phenotype, or rather 

due to inherent phenotypic plasticity of the tumor cells adapting to different 

microenvironments. 

To address these possibilities, we tested DKAT cells for phenotypic plasticity 

in vitro using 2D monolayer and tumorsphere culture, and in vivo in mouse 

xenografts. DKAT cells in culture exhibited phenotypic plasticity as evidenced by 

reversible induction of EMT in response to serum-containing media. Of the three 

most commonly-studied EMT-inducing transcription factors Snail1, Zeb1, and Twist, 

we found that only Zeb1 protein levels were increased during DKAT EMT, and this 
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induction was necessary for the increased migratory ability of DKAT cells grown in 

SCGM. In order to assess whether the observed changes in marker expression and 

migratory ability were a result of selection of different subpopulations of cells in the 

different media, we generated clonal cell lines from epithelial DKAT cells in MEGM. 

We found that these clonal lines generated from a single cell were able to undergo in 

vitro EMT, confirming the inherent plasticity of DKAT cells. 

The observation that expression of Zeb1, but not Snail or Twist, was 

upregulated in the mesenchymal state is intriguing. During the course of our 

research, other studies have demonstrated that Zeb1 appears to be required for 

maintenance of the epithelial phenotype, possibly through its repression of 

epithelial-specific miRNAs such as miR-200c [Burk et al 2008]. Because expression of 

Snail and Twist is relatively high in the DKAT cell line even in the MEGM state, it is 

possible that this may somehow “prime” the DKAT cell line for EMT, which 

requires expression of Zeb1 for full induction and maintenance of the mesenchymal 

phenotype.  

A number of recent studies have demonstrated a link between EMT and the 

induction of stem cell-like characteristics in mammary epithelial cells [Mani et al 

2008, Morel et al 2008]. Contrasting with these studies, we unexpectedly found that 

induction of EMT in the DKAT cell line, either by culture in SCGM or treatment with 
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TGFβ, resulted in a decrease in the CD44+/CD24-/low population.  It is important to 

note, however, that induction of a mesenchymal phenotype in the other models was 

an irreversible event; following withdrawal of the EMT-inducing stimuli, the cells 

remained in the mesenchymal state. Additionally, these studies also used 

immortalized normal HMECs. The DKAT cell line, which was isolated from a triple-

negative cancer, contains a high percentage of CD44+/CD24-/low breast cancer stem 

cells even in the epithelial state, and can undergo both EMT and MET in culture in 

response to altered media conditions. Tumorsphere culture of single DKAT cells 

resulted in the growth of multi-lineage cell clusters with distinct populations of 

epithelial (both luminal and basal) and mesenchymal cells, further suggesting the 

inherent phenotypic plasticity of DKAT cells and supporting the idea that a stem-cell 

phenotype may be important in the epithelial plasticity of the cell line. However, the 

CD44/CD24 markers may not accurately reflect the stem cell properties of individual 

DKAT cells. 

In our in vivo studies, similar to the multi-focal primary tumor we found that 

DKAT xenograft tumors exhibit a variety of phenotypes that appear to be dependent 

on the microenvironment and illustrate the plasticity of the DKAT cells. When 

placed into a standard subcutaneous environment, they invade into the surrounding 

tissue as cords of cells. When injected into an intact mammary fat pad, they are able 
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to invade and colonize the host ducts. In Matrigel plugs, DKAT cells form nodules 

and nests with markers of both luminal and myoepithelial differentiation. 

Though traditional models of EMT involvement in tumor metastasis suggest 

that EMT would occur at the tumor periphery, we observe SMA-positive DKAT cells 

in the center of the tumor. We propose that this is likely due to the presence of 

growth factors in the Matrigel used in the initial tumor cell injections. The in vivo 

plasticity of the DKAT cells suggests that the EMT/MET observed in vitro is not 

merely an artifact of the cell line adapting to culture conditions. Taken together, our 

data demonstrate that DKAT cells exhibit epithelial-mesenchymal plasticity, and 

that a single DKAT cell is capable of giving rise to cells with characteristics of 

multiple lineages. 

Currently we are unable to reliably identify the subset of triple-negative 

breast cancers that are clinically aggressive and have the worst prognosis. Several 

new subtypes have been proposed within the triple-negative group based on gene 

expression patterns, including the Basal B, metaplastic, and claudin-low subtypes 

[Hennessy et al 2009, Herschkowitz et al 2007, Neve et al 2006]. These marker 

classification systems are an important step forward in understanding the biology of 

aggressive breast tumors; however, the phenotypic plasticity of DKAT cells makes it 

difficult to precisely classify these cells by fixed marker expression studies and gene 
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expression profiles.  For example, DKAT cells induced to undergo in vitro EMT show 

reduced expression of tight junction proteins associated with the claudin-low 

phenotype; such classification may therefore be significantly influenced by culture 

conditions in vitro and the microenvironment in vivo. 

 While there has been intense interest in the study of EMT as it relates to 

breast cancer, there is still controversy over its contribution to cancer progression in 

patients. Here we show evidence of EMT and MET over the course of metastatic 

progression in a human breast cancer and demonstrate that a cell line derived from 

this cancer maintains epithelial plasticity in culture. The relevance of our studies to 

human cancer is underscored by recent data showing circulating tumor cells (CTCs) 

that stain positively for cytokeratin, vimentin, and N-cadherin were found in the 

majority of men with castration-resistant metastatic prostate cancer and women with 

metastatic breast cancer [Armstrong et al 2011]. This intermediate epithelial-

mesenchymal staining pattern observed in CTCs suggests that epithelial plasticity, 

even within a small percentage of the tumor cell population, may be a driving factor 

in metastasis. Finally, we present evidence of vimentin staining among mammary 

epithelial cells from asymptomatic high-risk women, suggesting that EMT plasticity 

may be a feature of a subset of breast cancers from their earliest stages. 
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Traditional models of invasion and metastasis hypothesize that metastatic 

breast cancer results from the outgrowth of a subpopulation of cells with defined 

morphology and gene expression patterns, and that these cells are unique in their 

ability to migrate away from the primary tumor and establish a distant metastasis 

[Poste and Fidler 1980]. It has also been suggested that the aggressive metastatic 

behavior of certain subtypes of breast cancer (i.e. triple-negative) may reflect 

properties of the cell of origin from which the cancer arose [Dontu et al 2004], and 

more recently that the process of EMT itself may endow cancer cells with stem cell-

like properties, enhancing their metastatic potential [Brabletz et al 2005, Mani et al 

2008, Morel et al 2008]. The ability of the DKAT cells to undergo a reversible EMT 

and the presence of vimentin-positive epithelial cell clusters in asymptomatic 

women at high risk for breast cancer provides evidence that the aggressive behavior 

of a subset of triple-negative breast cancers may be driven by the inherent 

phenotypic plasticity of the primary tumor. As EMT has been shown to increase 

stem cell-like features and increase resistance to apoptosis, this plasticity represents 

a therapeutic challenge. Future development of strategies to target these plastic 

stem-like cells will likely lead to better outcomes for patients with aggressive 

metastatic breast cancer. 
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5 Conclusions and Perspectives 
 

5.1 Inherent Plasticity of Triple-Negative Breast Cancer Cells 

Breast cancer is not a single disease, but rather a collection of distinct diseases 

with different histopathological characteristics and clinical outcomes. Five different 

subtypes of breast cancer have previously been identified by differential gene 

expression profiling studies. These include the Luminal A and Luminal B subtypes 

characterized by expression of the Estrogen and Progesterone Receptors, the Her2-

overexpressing subtype, the Normal Breast-like subtype, and the Basal-like or triple-

negative subtype [Sorlie et al 2001]. Breast cancer mortality rates have decreased 

slightly over the past two decades, thanks in part to drugs that target estrogen and 

Her2 signaling, however there are currently no effective treatments against highly 

aggressive triple-negative breast cancers which do not rely on these pathways for 

their growth and survival [American Cancer Society]. 

Data from gene expression profiling of human breast tumors and mouse 

models of breast cancer suggests that epithelial-mesenchymal plasticity, or the 

ability of cells to reversibly undergo a switch from an epithelial phenotype to a 

mesenchymal phenotype (associated with increased migratory and invasive ability), 

may underlie the aggressive behavior of a subset of triple-negative breast cancers 
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[Sarrio et al 2008]. Importantly, recent studies in breast cancer patients suggest a 

common gene signature between cells which have undergone EMT and cells which 

resist chemotherapy, emphasizing the importance of understanding the regulation 

of EMT during cancer progression [Creighton et al 2009]. 

Despite the abundance of in vitro data demonstrating that activation of EMT 

programs endows cancer cells with man many pro-metastatic properties such as 

increased motility and resistance to anoikus, one of the biggest obstacles toward a 

consensus on EMT in cancer has been the lack of direct evidence of EMT in human 

disease. Here we show immunohistochemical evidence of a multifocal primary 

tumor expressing epithelial markers, an area of local invasion that demonstrated 

increased expression of mesenchymal proteins, and a distant metastasis expressing 

epithelial markers. While this snapshot view by itself cannot prove the progression 

of tumor cells through epithelial and mesenchymal phenotypic states, we further 

demonstrate that a cell line derived from the pleural fluid of this cancer retains the 

basal epithelial phenotype of the primary tumor and demonstrates epithelial-

mesenchymal plasticity in vitro and in vivo. 

Despite the highly-invasive and migratory phenotype of the DKAT cells in 

vitro, we did not observe spontaneous metastases in our mouse xenograft models. 

One possible explanation is that the time before sacrificing the mice due to the large 
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size of the primary tumor was not long enough to observe metastases. Additionally, 

a number of studies have reported that in some cases, the primary tumor can act to 

inhibit the formation of macrometastases [Demicheli et al 2007, Retsky et al 2008]. In 

the future, luciferase- or RFP-labeled DKAT cells could be injected into the 

mammary fat pad, and when the tumor reached a predetermined size it could be 

resected, and the mice monitored over time for the appearance of spontaneous 

metastases. Experiments to compare the metastatic capability of DKAT-MEGM and 

DKAT-SCGM cells could include additional orthotopic mammary fat pad injections 

with labeled cells, or tail vein injections assays to determine their relative abilities to 

extravasate from the blood stream and form macrometastases. 

In human breast cancer, it is presumed that EMT is induced, at least in part, 

in response to cues from the microenvironment such as factors induced by hypoxia 

or cytokines and growth factors produced by surrounding cancer associated 

fibroblasts or infiltrating macrophages [Polyak and Weinberg 2009]. The ability of 

DKAT cells to reversibly transition between the epithelial and mesenchymal state 

based on altered culture conditions, rather than in response to specific genetic 

alterations, makes them an excellent tool for experiments aimed at studying the 

pathways that regulate induction and maintenance of EMT. In our model, the 

transcription factor Zeb1 appears to be the critical regulator of the mesenchymal 
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phenotype. This finding is consistent with a previous study that showed in the 

mesenchymal MDA-MB-231 cells, knockdown of Zeb1 is sufficient to induce MET 

and partial re-expression of E-cadherin, while knockdown of Snail is less effective 

[Aigner et al 2007]. 

Finally, while the traditional view of cancer progression is that EMT and 

metastasis are late events, we present novel findings that vimentin-positive 

epithelial cells occur in pre-cancerous breast tissue from asymptomatic high-risk 

women, suggesting that EMT may occur before the development of invasive disease. 

This has important implications for our understanding of cancer progression and 

disease management, which will be discussed in a later section. 

 

5.2 EMT Regulation of Breast Cancer Stem Cells 

Several studies in recent years have shown that the process of EMT in 

mammary epithelial cells or breast cancer stem cells results in increased stem cell-

like activity, resulting in a convergence of EMT and breast cancer stem cell research 

[Mani et al 2008]. The most clinically-relevant implication of these findings is that 

the very process which endows cells with the properties necessary to invade and 

migrate away from the primary tumor also induces properties beneficial to the 

establishment of a distant metastatic lesion including self renewal and resistance to 



 

120 

apoptosis. Thus there is increased emphasis on finding mechanisms of targeting the 

pathways which regulate EMT or those which are relied upon specifically by the 

stem cell population. Targeting such pathways would have the dual effect of 

inhibiting EMT/metastasis and decreasing stem cell-like properties of breast cancer 

cells that are believed to be responsible for relapse following surgery or cytotoxic 

treatment such as chemotherapy or radiation. 

In chapter 4, we report that contrary to other published models, EMT 

induced in the DKAT cell line by either media change or TGF-β treatment results in 

a decrease in the CD44+/CD24-/low breast cancer stem cell-like fraction. While the 

functional implications of this post-EMT decrease on mammosphere formation and 

tumor initiation require further testing, we have previously found that the 

CD44hi/CD24-/low fraction of DKAT cells cultured in MEGM is not enriched for tumor 

initiation, and that the CD44+/CD24+ fraction is capable of generating CD44hi/CD24-

/low cells. It would therefore be interesting to test whether other putative breast cancer 

stem cell markers, such as ALDH activity, are more suited to identifying stem cell-

like activity in the DKAT model. The observation that nearly 100 percent of the 

MDA-MB-231 cells are of the CD44+/CD24-/low phenotype further suggests that CD24 

expression may not be suitable for detection of stem cell-like activity in triple-

negative or mesenchymal breast cancer cell lines in vitro. 
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In a preliminary study, we found that approximately eight percent of DKAT 

cells were in the ALDH1+ fraction as assessed by FACS staining, compared to the 

approximately 60 percent of DKAT cells in the CD44+/CD24-/low fraction. The 

ALDH1+ fraction is far more consistent with our observation of 3-10 percent 

mammosphere formation efficiency of the DKAT cell population. The ability of 

ALDH activity to accurately discriminate between the cancer stem and non-stem 

cells could be tested by sorting cells based on ALDH1 activity using the 

commercially available ALDEFLUOR assay, and testing the ALDEFLUOR+ and 

ALDEFLUOR- populations for their relative ability to grow as tumorspheres for 

multiple passages in nonadherent culture, and testing their tumor formation ability 

with mouse mammary fat pad injections. It would also be informative to test 

whether the induction of EMT in the DKAT model affects the proportion of 

ALDEFLUOR+ cells, and if so, whether it increases or decreases this proportion of 

cells. In order to gain useful biological information from studies such as differential 

gene expression analysis of stem versus non-stem-like cells, further understanding 

and confirmation of the functional properties of the cell populations identified by 

the various putative stem cell markers is critical. 
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5.3 Zeb1 in Breast Cancer 

The zinc finger transcription factor Zeb1 is one of several transcription factors 

capable of inducing EMT during embryonic development and in cancer cells in part 

by directly binding to the promoters of epithelial-specific genes such as E-cadherin 

and repressing their transcription [Aigner et al 2007]. Zeb1 has recently been 

described as a key component of a feedback loop involving microRNAs which 

regulates the epithelial phenotype in a number of cell types including breast cancer 

cells [Burk et al 2008, Park et al 2008]. In epithelial cells, miR-200c binds Zeb1 and 

decreases its expression. Decreasing miR-200c is sufficient to increase Zeb1 protein. 

Interestingly, once induced, Zeb1 can inhibit expression of miR-200c through 

binding to an upstream regulatory sequence [Burk et al 2008]. Knockdown of Zeb1 is 

sufficient to increase miR-200c expression in a number of cell types. Importantly, 

blocking the upregulation of miR-200c inhibits MET induced by Zeb1 knockdown 

[Park et al 2008]. This negative feedback loop suggests that Zeb1 repression of miR-

200c is a critical interaction for maintaining the epithelial phenotype in cells. 

We show that in the DKAT model of triple-negative breast cancer, Zeb1, but 

not Snail or Twist, is induced during EMT. Additionally, the work of a collaborator 

has shown that miR-200c is downregulated approximately two-fold in mesenchymal 

DKAT-SCGM cells compared to epithelial DKAT-MEGM cells (Clifford Tepper, 
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personal communication). With such a double-negative feedback loop in place in 

epithelial cells, it remains to be elucidated how miR-200c repression of Zeb1 is first 

relieved upon initiation of EMT. Intriguingly, Snail has also been shown to bind to 

two of the four E-boxes located in the miR-200c promoter and inhibit miR-200c 

expression [Burk et al 2008]. One hypothesis is that induction of Snail may provide 

an initial downregulation of miR-200c, relieving repression of Zeb1. Once expressed 

to a threshold level, Zeb1 could then be capable of repressing miR-200c and 

maintaining the mesenchymal phenotype. This hypothesis could be tested with a 

detailed timecourse experiment to track Snail, Zeb, and miR-200c expression 

following induction of EMT such as SCGM or TGF-β. If induction of EMT and the 

decrease of miR-200c can be blocked by a Snail shRNA or Snail knockout, this would 

indicate a role for a Snail–miR-200c interaction during EMT induction. 

Additionally, while we found that Zeb1 knockdown had a dramatic effect on 

the migratory ability of DKAT-SCGM cells in vitro, we have not yet tested the effect 

of Zeb1 knockdown in vivo. Mouse mammary fat pad injections of DKAT-SCGM 

cells with either a control or Zeb1-targeting shRNA sequence would allow us to 

determine whether decreasing Zeb1 expression has an effect on the growth of the 

primary tumor or the ability of these cells to metastasize. 
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5.4 IL-6 Regulation of EMT in Breast Cancer Cells 

While IL-6 has previously been implicated in EMT, to our knowledge, our 

finding that IL-6 signaling regulates expression of Zeb1 is a novel finding. In the 

MCF-7 model of ER+ breast cancer, exogenous expression of Twist has been shown 

to increase IL-6 expression and secretion, and conversely, IL-6 overexpression in the 

MCF-7 cell line has been shown to induce expression of Twist and Snail and 

decrease expression of E-cadherin [Sullivan et al 2009]. However, our work as well 

as a previous study using the MDA-MB-231 cell line found that Zeb1 is critical for 

maintenance of the epithelial phenotype [Aigner et al 2007]. This raises the 

intriguing possibility that treatments which block IL-6 signaling may be able to 

reduce expression of Zeb1 and induce MET (Figure 5.1), potentially leading to 

decreased cancer cell growth and increased sensitivity to cytotoxic stimuli such as 

chemotherapy or radiation. 

In this work we have shown that in the mesenchymal DKAT-SCGM and 

MDA-MB-231 cells, blocking IL-6 signaling reduces Zeb1 mRNA and protein levels. 

We have preliminary data showing that recombinant IL-6 treatment can induce 

expression of Zeb1, and are currently working to determine the signaling pathways 

involved downstream of IL-6. To test if the classical JAK/STAT pathways are  
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Figure 5.1: IL-6 regulation of Zeb1 and EMT. 

IL-6 stimulation of the STAT3 pathway may induce expression of Zeb1, which in 
turn can inhibit a number of epithelial-specific genes. Zeb1 can also repress 
microRNAs including miR-203 and members of the miR-200 family, critical 
regulators of the epithelial phenotype that can also repress genes such as Bmi1 and 
Sox2, which are important for stem cell-like characteristics. 
 

necessary for induction of Zeb1 expression, we will simultaneously treat with 

recombinant IL-6 and a JAK or STAT3 inhibitor and test for induction of EMT either 

by scratch assay or western blotting for epithelial and mesenchymal markers. 
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One recent study has shown that IL-6 expression and JAK2/STAT3 activity 

were found to be high specifically in basal-like breast cancer cell lines, and inhibitors 

of this pathway were found to effectively decrease the viability of many of these 

basal-like breast cancer cell lines in vitro [Marotta et al 2011]. Furthermore, this study 

found that STAT3 signaling was specifically high in CD44+/CD24- cells from human 

breast tumors [Marotta et al 2011]. Similarly, in glioblastoma, Glioma Stem Cells 

(GSCs) have been found to express high levels of the IL-6 receptors IL-6Rα and 

GP130 compared to non-stem cells [Wang et al 2009]. Inhibition of IL-6 signaling in 

the GSCs resulted in decreased GSC growth and survival, decreased neurosphere 

formation, and decreased GBM tumor growth. Non-stem GBM cells, however, 

expressed and secreted higher levels of the IL-6 ligand, suggesting that in addition to 

autocrine signaling, paracrine IL-6 signaling between stem and non-stem cells may 

play a role within the tumor [Wang et al 2009]. IL-6 paracrine signaling has also been 

observed to regulate the CD44+/CD24- breast cancer stem cell population of Src-

transformed MCF10a cells [Iliopoulos et al 2011]. Additionally, IL-6 secreted by 

breast cancer cells in a mouse xenograft model was shown to recruit Mesenchymal 

Stem Cells (MSCs) to the tumor site, where a feedback loop involving multiple 

cytokines results in increased IL-6 production by the tumor cells and an increased 

proportion of ALDH1+ cells with stem cell-like activity [Liu et al 2011]. An 
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important future experiment will be important to test the effect of inhibiting IL-6 

signaling on DKAT tumor growth in mice. This could be accomplished with an IL-6 

targeting shRNA that would inhibit autocrine signaling from the tumor cells, or with 

neutralizing antibodies against IL-6 or the IL-6 receptor. In addition to changes in 

tumor growth, it would also be useful to determine if there are changes in the 

CD44+/CD24-/low or ALDH1+ cell populations within the treated tumors compared to 

untreated. Additionally, an anti-IL-6 treatment could be combined with a standard 

chemotherapeutic such as cisplatin to test for the possibility of synergistic effects 

against the tumor cells. 

While IL-6 has clearly been implicated in the regulation of the cancer stem 

cell phenotype, the downstream targets important for this activity are not well 

characterized. Interestingly, Zeb1 has been shown to be capable of regulating cancer  

stem cells by repressing expression of several micro-RNAs, which themselves act to 

repress expression of numerous stem cell promoting factors [Wellner et al 2009]. 

Therefore, it is possible that IL-6 signaling may regulate stem cell-like characteristics 

in breast cancer cells in part by inducing and maintaining Zeb1 expression. To test 

the importance of Zeb1 in the stem cell-like phenotype of breast cancer cells 

downstream of IL-6, Zeb1-low epithelial cells such as SUM-159 or DKAT-MEGM 

cells could be transfected with a Zeb1-targeting shRNA prior to IL-6 treatment to 
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prevent Zeb1 induction. Alternatively, an inducible shRNA construct could be used 

to decrease Zeb1 expression at various times following IL-6 treatment to determine 

the effect on the breast cancer stem cell phenotype utilizing mammosphere 

formation assays and staining for CD44/CD24 or ALDH1 activity. Conversely, if 

Zeb1 is an important downstream target of Il-6 signaling, exogenous overexpression 

of Zeb1 should prevent an IL-6 or IL-6Rα neutralizing antibody from decreasing the 

stem cell-like population of cells. 

Currently there are several drugs that target IL-6 signaling in various stages 

of development for the treatment of inflammatory-related diseases such as 

rheumatoid arthritis, and several clinical trials are currently ongoing testing the 

effect of IL-6 antibodies in the treatment of cancer. As a secreted molecule that acts at 

the intersection of epithelial-mesenchymal plasticity and breast cancer stem cells, IL-

6 is an attractive target for continued therapeutic development. 

 

5.5 EMT as an Early Event in Breast Cancer Development 

While the prevailing view of metastasis is that it represents the final step of 

tumor progression, mounting data suggests that dissemination of cancer cells 

throughout the body may be an early event in carcinogenesis. Rather than the 

clonogenic emergence of metastasis-competent cell, it may be that signals controlling 
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the activation of dormant or senescent metastatic cells at distant sites are the most 

important determinant of the timing of macrometastasis formation [Klein 2008, 

Podsypanina et al 2008]. Indeed, mouse models of several cancer types including 

breast have shown that disseminated tumor cells can be identified even before 

development of clinically detectable primary tumors [Eyles et al 2010, Husemann et 

al 2008]. 

Our finding that vimentin-positive atypical epithelial cell clusters can be 

found in asymptomatic women at high risk for breast cancer even before the 

development of DCIS suggests that epithelial-mesenchymal plasticity may be a 

feature of some breast cancers from their earliest stages. It is intriguing to speculate 

that expression of such factors in these early stage lesions may have prognostic 

value, and may possibly be predictive of progression to invasive disease or 

metastasis, or of progression to a specific subtype of breast cancer, such as triple-

negative. Our results also suggest that individual cells or small groups of cells may 

acquire mesenchymal traits very early in the disease process that allow them to leave 

the primary tumor site to establish micrometastases. This would mean that even 

early surgical intervention following tumor detection may not be able to prevent the 

dispersal of cancer cells throughout the body. Indeed, other studies have 

demonstrated that tumor cell dissemination is an early event in transgenic mouse 
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models of breast cancer and melanoma [Eyles et al 2010, Husemann et al 2008]. 

Specifically, in models of BALB-NeuT mice and MMTV-polyomavirus-middle T 

transgenic mice, CK+ tumor cells were detectable in the bone marrow of mice as 

early as 4-9 weeks of age. Simultaneous analysis of the mammary glands of the 

corresponding mice revealed only atypical ductal hyperplasia (ADH) or DCIS 

[Husemann et al 2008]. 

Interestingly, other work in our lab has demonstrated that higher expression 

of vimentin in epithelial cell clusters from RPFNA samples is associated with obesity 

[Pilie et al 2011]. Furthermore, vimentin and phospho-STAT3Y705 levels correlated 

strongly with IL-6 concentration in the RPFNA wash fluid (Stephanie Ellison-Zelski, 

personal communication), and high IL-6 serum levels have previously been found to 

be associated with obesity [Morisset et al 2008, Roytblat et al 2000]. Taken together, 

these results suggest that IL-6 signaling may be one pathway involved in the early 

induction of mesenchymal features in mammary epithelial cells. It will be 

informative to utilize future RPFNA samples as part of a larger study to determine if 

IL-6 or vimentin levels are associated with disease progression, incidence of 

metastasis, or disease outcome. We are also currently working to stain RPFNA for 

Zeb1 to determine if its expression can also be found in pre-cancerous lesions. 
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A number of reports have also shown that DCIS can be classified by gene 

expression into the five subtypes originally defined for invasive ductal carcinomas 

[Bryan et al 2006, Clark et al 2011, Hannemann et al 2006, Livasy et al 2007].  In these 

studies, a basal-like expression pattern was associated with poor prognostic markers 

such as high-grade nuclei, p53 overexpression, and elevated Ki-67 index [Livasy et al 

2007]. A separate study utilized a collection of triple-negative histological samples 

that contained areas of invasive carcinoma as well as adjacent DCIS, and in 94 

percent of the samples, both the invasive carcinoma and DCIS cells stained 

positively for vimentin [Dabbs et al 2006]. With recent evidence demonstrating that 

circulating tumor cells commonly express an intermediate EMT phenotype [Aktas et 

al 2009, Armstrong et al 2011], it will be of great interest to follow studies which 

examine the association between basal-like DCIS and the presence of CTCs, as well 

as the prognostic value of early detection of EMT markers such as vimentin before 

development of invasive disease. The ability to detect tumors with an inherent 

plasticity or tendency to undergo EMT will be an important tool in the diagnosis and 

treatment of highly aggressive and metastatic breast cancers. 
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5.6 Summary and Concluding Remarks 

In this work, we present data which contributes to the study of epithelial-

mesenchymal transition in breast cancer. Importantly, we characterize a novel model 

of triple-negative breast cancer which was derived from a patient with metastatic 

therapy-resistant triple-negative breast cancer. We show that this cancer displayed 

evidence of EMT in the area of invasion into the chest wall, and evidence of MET in 

a metastatic lesion in the bone. While this is not direct proof of EMT-MET during the 

course of human breast cancer, we demonstrate that the cell line derived from this 

cancer can undergo reversible EMT-MET in culture in response to altered culture 

conditions, and contains cells capable of giving rise to both epithelial and 

mesenchymal cells in nonadherent tumorsphere culture. As few as 10 cells are able 

to consistently form tumors in mouse xenograft experiments, and these tumors also 

display evidence of epithelial-mesenchymal plasticity. As a model of triple-negative 

breast cancer, a cell line with epithelial properties in normal culture conditions that 

can be induced to undergo EMT in response to serum-containing media will be 

valuable to the field as investigators  search for pathways which can be targeted and 

modulated pharmacologically to block or reverse EMT in vivo. 

We have utilized this model to demonstrate that IL-6 regulation of Zeb1 may 

represent an important pathway controlling epithelial-mesenchymal plasticity in 
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breast cancer cells. High levels of IL-6 have previously been shown to predict poor 

prognosis among breast cancer patients, but its specific effects on EMT are just 

recently being realized. IL-6 can be secreted both by stromal cells in the tumor 

microenvironment and by tumor cells themselves, and both autocrine and paracrine 

IL-6 signaling are likely to be important for regulation of EMT and the breast cancer 

stem cell phenotype. This dual role in breast cancer cells makes the IL-6 pathway an 

attractive target for the development of therapeutics, and our work further supports 

the rationale for the development of anti-IL-6 drugs for the treatment of breast 

cancer. 

Finally, we show evidence of epithelial-mesenchymal transition in mammary 

tissue from asymptomatic women at high risk for breast cancer. This novel finding 

suggests that epithelial-mesenchymal plasticity may be inherent to some cancers 

from their earliest stages, rather than a feature acquired late in disease progression. 

Future studies are needed to determine if detection of EMT markers at such an early 

stage is indicative of increased risk of progression or poor prognosis. 

In total, this work presents findings both from human patients and in vitro 

studies which implicate inherent epithelial-mesenchymal plasticity in the aggressive 

behavior of a subset of triple-negative breast cancers. Further study of the pathways 
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regulating this plasticity will lead to improved diagnosis and therapeutic options to 

effectively treat these deadly breast cancers.
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