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PREFACE 

 

This thesis summarizes my work as of my defense date of April 16, 2009. Dalong 

Qian aided me in performing many of the in vivo transplants covered in chapter 1 for 

investigating the enrichment of mammary stem cells with the Thy-1
+
CD24

med
CD49f

hi
 

phenotype. Maider Zabala and I isolated the cells used for all microarray analysis 

described in chapter 3. In addition, Maider Zabala performed the immunocytochemistry 

for keratin proteins in the mature mammary ducts described in chapter 3. Maximillian 

Diehn and I performed the DFA-DA staining, flow cytometry and in vivo transplants for 

the ROS studies in chapter 3. 

In my introduction, I cover the concepts of stem cell biology and highlight the 

importance of studying these powerful cells. There is also an in-depth review of mouse 

mammary biology since my studies deal exclusively with this organ system. At the end of 

the introduction, I focus on the elucidation of the mammary hierarchy using cell 

separation technologies combined with transplantation. In chapter 1, a marker study of 

Thy-1 shows it is useful in isolating mammary stem cells. By fractionating the existing 

phenotypic stem cell population based on Thy-1 expression, I propose a new mammary 

population of multipotent progenitor cells. In my hands, these cells were different than 

previously described progenitors since they had some ability to make mammary 

epithelium in vivo, but had severely diminished self-renewal ability.  
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In chapter 2, I studied how gene expression changes in the mammary hierarchy. 

Using freely available bioinformatic software, I present a detailed analysis of keratin 

expression in these populations as a method of comparing progenitor populations to 

differentiated cells. This work also led to the discovery of a mouse ESA antibody that 

may be used as a tool to distinguish parenchyma from stroma. I used differentiated 

populations as filters to screen for genes that were only expressed in the mammary stem 

cells. When this list was functionally annotated, it revealed new insights about how stem 

cells interact with their environment.  

My bioinformatic analysis allowed prompted me to pursue investigation of 

signaling pathways known to be expressed in normal cells and often corrupted in cancer. 

To that end, I studied how ROS levels affect stem cell growth. I present evidence that 

suggests stem cells with low intracellular ROS have a growth advantage in vivo.  In 

keeping with the idea that isolated mammary populations have unique transcriptional 

profiles, I decided to assess how TGFβ ligand affects individual mammary populations in 

vitro. Although I didn’t observe any real effects on mammary stem or multipotent 

progenitor cells, I did see that TGFβ induced a motility program in early progenitor cells. 

These results showed that cytokines can have very different effects on cells in the 

mammary system. Future work on the mammary system should take these differential 

effects into account.   
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ABSTRACT 

 

 

The murine mammary system is a complex milieu of epithelial cell types that 

function together to support lactogenesis. The breast tissue is spatially and temporally 

regulated, with most growth occurring postnatally. The mature mammary gland displays 

two characteristic architectural features: ducts and terminal end buds. There are different 

cell types found in these two features that perform independent functions in the mature 

organ. In general, the mature gland is a bilayer system with a single layer of fibroblast-

like myoepithelial cells encompassing an inner luminal epithelial layer. Upon pregnancy, 

the induction of alveolar secretory cells is initiated, which eventually leads to milk 

production. Milk is then channeled through the entire system via contraction of the 

myoepithelium, and eventually dispersed through the nipple. The mouse mammary gland 

is capable of multiple stages of development: growth, lactation and involution. These 

stages are regulated by cytokines and hormones depending on the developmental stage of 

the mouse and the physiological context (i.e. estrus). Numerous studies have shown the 

mammary epithelium is capable of regeneration upon transplantation. Recent reports 

have isolated fractions of cells enriched for duct forming ability and self-renewal. In 

addition, a distinct progenitor population was also identified that lacked the ability to 

form ducts in vivo but retained bipotentiality in vitro. This thesis builds on previous 

marker studies of mammary epithelial cells, using existing phenotypes to further enrich 
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the mammary stem cell population. My data shows Thy-1, or CD90, is differentially 

expressed in mammary cells. In addition, Thy-1
+
CD24

med
CD49f

hi
 cells are enriched for 

in vivo engraftment of ductal epithelium. These cells are approximately 10-fold enriched 

for duct-forming ability.. Importantly, the Thy-1
+
CD24

med
CD49

hi
 phenotype enriched for 

cells that are capable of self-renewal and retain the full differentiation potential of the 

parent stem cells.. This data provided a new phenotype for the stem cells (MaSC). The 

Thy-1
-
CD24

med
CD49

hi
 cells are not only diminished for engraftment but have 

significantly decreased self-renewal, suggesting they are a potential multipotent 

progenitor population. I have named them mammary multipotent progenitors, or MMPPs. 

A novel protein staining methodology revealed the Thy-1
+
CD24

med
CD49

hi
 and Thy-1

-

CD24
med

CD49
hi

 cells have keratin profile similar to myoepithelial cells, whereas the 

further differentiated progenitors initiated a luminal epithelial transcriptional program. In 

addition, my work shows the first description of murine Epithelial Specific Antigen (or 

EpCAM) using anantibody produced by the Developmental Studies Hybridoma Bank 

(NIH, Iowa)  in the mammary gland. This antibody successfully discriminates luminal 

cells from myoepithelial cells, and the staining patterns mirrors ESA in the human 

mammary system. To further investigate the transcriptional regulation of the mammary 

populations, I performed microarray analysis of the Thy-1
+
CD24

med
CD49

hi
 (MaSC), 

Thy-1
-
CD24

med
CD49

hi
(MMPP), MaCFC progenitors, differentiated myoepithelial 

(MYO) and differentiated luminal epithelial (EPI) cells. This work is the first description 

of transcriptome analysis of differentiated luminal epithelial cells directly isolated from 
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fresh mouse tissue. The results show Thy-1
+
CD24

med
CD49

hi
 cells express gene programs 

consistent with their predicted basal location in vivo. In addition, I identified a set of 

genes that may be used to discriminate stem cells from myoepithelial cells. Discovering 

gene sets that were specific to hierarchical mammary populations prompted the 

hypothesis that DNA damage responses and cytokine signaling may also affect those 

populations in different ways. I went on to investigated how ROS and TGFβ affect the 

cellular hierarchy. My studies show that stem cells with low intracellular ROS have a 

growth advantage in vivo. In addition, I found that exogenous TGFβ ligand had little 

effect on MaSC and MMPP colony formation in vitro, but did induce a motility 

phenotype in early progenitor MaCFC cells. In conclusion, my thesis work led to a 

number of interesting and novel insights into mammary biology. By using the tools 

described in this thesis, it is now easier to identify which types of cells within the breast 

are susceptible for transformation. Knowing the cell(s) of origin for breast cancers will be 

the key to future therapeutic strategies. 

  



1 

 

 

 

 

CHAPTER 1 

 

INTRODUCTION 

 

 The discovery that tissues in the human body are not only heterogeneous but 

composed of a cellular hierarchy has elucidated many new insights into both how we 

normally function as well as how diseases occur within our bodies. Therefore, stem cell 

biology has provided a new platform to address many developmental questions. Scientists 

around the world have been using stem cells as model systems to examine how tissues 

respond during normal physiology and what happens when normal functions are 

disturbed. These studies have led to new hypotheses of how cancers are initiated. Taken 

together, stem cell biology is now cemented as an important field of study. 

 The body plan of higher organisms follows ordered developmental stages. Typical 

development follows a pre-determined plan that turns a fertilized egg into a complex, 

multicellular organism. The fertilized egg develops into a totipotent ball of cells that 

proceeds through gastrulation which definesthe three germ layers: endoderm, ectoderm 

and mesoderm[1]. These three primitive cell types develop into all the tissues in the adult 

body. Cells in the body may be broadly categorized as either germ or somatic cells. Germ 

cells have the unique ability to undergo both mitosis and meiosis. Although germ cells 

are long lived, even thought to be immortal with respect to the lifetime of the human 

from which they come, they are quite different than somatic stem cells since their 
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purpose is to transmit genetic information rather than maintain the health of the organism. 

Somatic tissues such as the blood, brain, breast, liver, fat, skin and gut contain a small 

population of tissue specific stem cells responsible for both development and 

maintenance of those tissues for the human lifetime. There exists a cellular hierarchy in 

these tissues, but the regulatory systems that govern proliferation and differentiation are 

poorly understood. Recent advances in cell separation technologies have enabled 

researchers to investigate signaling pathways to understand how tissues develop and are 

maintained, and also how these processes are corrupted during oncogenic transformation.  

 

Properties that define stem cells  

Somatic stem cells are capable of specialized “self-renewing” mitotic divisions in 

which one or both of the daughter cells are faithful reproductions of the parent stem cell. 

To put it another way, an adult stem cell is defined as a somatic cell that can undergo 

extensive cell division and can also give rise to other stem cells or to cells that eventually 

differentiate to form specialized cells. Therefore, a tissue stem cell must possess three 

qualities to perform its natural function: self-renewal (e.g. be able to produce more stem 

cells), differentiation and homeostatic maintenance of the stem cell compartment. The 

special property of self-renewal is perhaps a stem cell’s most important function, and the 

key to its functional exploitation through experimentation. This type of replication serves 

to expand the stem cell self-renewal programs in response to systemic or local signals, 

triggering massive proliferation of downstream, further differentiated progenitor cells. 

The ability to self-renew enables maintenance of a tissue specific undifferentiated pool of 

cells in the organ or tissue that it supports. Here, the difference between stem and 
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progenitor cells can be distinguished. Stem cells produce all the cell types required for a 

particular tissue to carry out its function for the lifetime of the organism. Immediate 

downstream progenitor cells have similar differentiation potential as stem cells, but they 

lack self-renewal and therefore support only transient tissue maintenance or regeneration. 

Progenitor cells are also found in greater numbers than stem cells, indicating they are an 

intermediate population undergoing mitosis, another quality which may be exploited to 

segregate them from their stem cell parents. The ability to prospectively isolate 

hematopoietic stem cells (HSCs) played a central role in the identification of regulators 

of stem cell self-renewal[2-5].  

 The second function of a stem cell is to differentiate into the highly specialized 

cells of an individual tissue. The process of differentiation often inversely correlates with 

a cell’s ability to divide[6]. The idea that stem cells may be responsible for producing 

multiple differentiated cells has been around for many years. Numerous in vitro and in 

vivo assays have been designed to test the developmental potential of putative stem and 

progenitor cells. In blood, the most well defined stem cell system, stem cells produce 

transient amplifying progenitor cells that rapidly proliferate for a short time before 

terminally differentiating into very specialized cells that are quiescent or die during 

normal tissue maintenance or damage[7]. As cells progress towards maturity and 

specialization, their ability to divide is coordinately reduced, resulting in a terminally 

differentiated cell with highly specialized functions. These terminally differentiated cells 

perform their normal function, cycle into quiescence, or initiate an apoptotic 

transcriptional program. Traditionally, stem cells were thought to produce multiple cell 

types, but recent work has shown there is no such requirement. The assumption was that 
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if a primitive cell gave rise to a single type of differentiated cell, then it would be a 

differentiation-restricted progenitor. For example, B and T-cell progenitors are now 

thought to be unipotent stem cell populations. They fit the criteria for somatic stem cells 

in that they are long lived and give rise to differentiated progeny. Studies on lymphoma 

support the notion that progenitor cells can be thought of as stem cell populations[8]. 

 A third, perhaps overlooked, characteristic of stem cells is the homeostatic 

regulation of the stem cell compartment. Given the power of tissue stem cells in the 

context of their tissue environments, stringent regulatory programs govern how many 

stem cells are present and actively producing progeny at any given time. Perturbations in 

stem cell or progenitor compartments may easily progress down an oncogenic path, 

producing tumors that resemble their tissues of origin[9]. This hierarchical concept of 

cancer is known as the cancer stem cell hypothesis. This is in contrast with the stochastic 

model of oncogenesis which states that most cells have an equal ability to be 

transformed, with tumorigenic potential depending on cell cycle context and genomic 

instability.  

 In summary, the human body contains many tissues that contain stem cell 

populations. Somatic stem cells are defined by three major properties. First, stem cells 

can self-renew, giving rise to other stem cells. Second, stem cells differentiate into 

mature cells specialized to carry out the numerous functions a tissue in the body 

performs. Third, the stem cell number in any tissue is stringently regulated so as not to 

adversely affect the tissue it supports. Although significant advances have been made to 

understand what characteristics many somatic stem cells share, the underlying 

mechanisms that govern these processes remain poorly understood.  
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Murine mammary development 

Mammary development in mouse proceeds through an ordered series of growth 

and differentiation[10].  Around embryonic day 11 (E11) development begins with the 

formation of five mammary placodes along each of two milk lines. About one day later, 

these placodes grow into epithelial buds that are distinguishable from the surrounding 

epidermis. At E15.5, each of the buds proliferates to form a sprout and invades into the 

underlying fat pad. Each of these sprouts forms a lumen, whose opening is on the surface 

of the skin where epidermal invagination creates the nipple. By E18.5, the sprouts have 

developed into small mammary glands[11]. This developmental program is abolished at 

parturition, at which point the gland grows isometrically until puberty. At the onset of 

puberty, when mice are between 3-4 weeks of age, the mammary gland goes through a 

period of rapid expansion and remodeling. Development of the mammary gland is driven 

by terminal end buds (TEBs). These highly proliferative structures are made up of a 

single layer of undifferentiated cap cells and multiple inner layers of body cells[12]. The 

body cells that are closest to the cap cell layer are highly proliferative but body cells that 

are further away from the cap cells undergo apoptosis and form the hollow lumen of the 

developing duct[13]. TEBs bifurcate during proliferation, creating the branching pattern 

typical of mammary epithelium, until they reach the boundaries of the fat pad around 6-7 

weeks of age. Lateral branching (a.k.a. side branching or alveolar sprouting), which is 

different than TEB bifurcation, occurs along the subtending ducts and results in 

controlled invasion into the fat pad. Lateral branching is dependent on recurrent estrus 

cycles and pregnancy, which promote differentiation of alveolar progenitors[14].  
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Puberty is evidenced by the rapid growth of the ductal epithelium into the 

surrounding stromal fat pad, and is modulated by many hormones. The proliferating 

mammary cells of the TEBs and ducts do not express steroid hormone receptors but the 

steroid receptor-positive cells are a separate population often found in close proximity. 

Presumably, the effect of hormones on TEB and ductal proliferation is indirect or 

paracrine as locally produced growth factors mediate the effect of the major 

mammogens.Some of these factors are direct target genes of the steroid hormone 

receptors. Importantly, depletion of these local factors results in phenocopies of knockout 

steroid hormone mouse models. The maturation of the hypothalamo-pituitary-gonadal 

axis initiates puberty by increasing the systemic level of gonadotrophins and promoting 

ovarian secretions of estrogen and progesterone. Estrogen is the dominant mammogen 

and the ovarian steroid that causes allometric growth of mammary epithelium[15]. 

Progesterone is required for tertiary lateral branching in the virgin gland[16].  

In addition, there are many hormones that regulate mammary development during 

puberty and cause alveolar differentiation. Growth hormone, through Insulin-like growth 

factor 1 (IGF-1), promotes ductal growth and lateral branching of the mammary tree at 

puberty at the interface between the epithelium and stroma through an estrogen 

dependent mechanism[17,18]. Although growth hormone is a systemic hormone, IGF-1 

is produced locally in the mammary gland. The vitamin D3 receptor antagonizes the 

proliferative signal from steroid hormones in the developing pubertal mammary 

gland[19]. Epidermal growth factor receptor (EGFR) is essential for pubertal ductal 

outgrowth and branching morphogenesis, but not alveolar development, and is expressed 
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by the stroma[20,21]. ErbB2 mediates timing of pubertal ductal elongation and fat pad 

invasion, but also does not affect lobuloalveolar development[22]. The EGFR ligand 

amphiregulin is expressed in the epithelial cells of the ducts and TEBs during pregnancy, 

and promotes ductal outgrowth at puberty. Prolactin is an important hormone that 

promotes lobuloalveolar development[23]. Oxytocin promotes differentiation and 

contractile activity in the mammary gland[24]. Many other hormones and molecules 

regulate mammary development, which have been thoroughly described elsewhere[25].  

The adult glandular system is composed of three cell types (Figure 1.1). 

Myoepithelial cells are smooth muscle like epithelial cells that serve to contract and 

squeeze milk through the lumen of the ductal system until it is secreted from the nipples. 

These cells share characteristics with both classical epithelium and muscle cells, and thus 

are named accordingly. They form a single layer around mature ducts, bordering the 

basement membrane which separates the stroma from the ductal parenchyma. Luminal 

epithelial cells line the inside of the ducts as cuboidal cells. These cells are responsible 

for milk secretion into the ductal lumen; milk-secreting alveolar cells are thought to be 

derived from luminal cells. Luminal epithelium and myoepithelium are terminally 

differentiated cells that are quiescent, only displaying turnover correlating to stochastic 

loss of cells[26]. There are layers of periductal cells that surround the ductal tree, 

although their exact origin is still unknown[27]. 

 

Evidence for stem cells in the murine mammary gland 

 A number of the descriptive studies have suggested the existence of two 

stem cell populations in the ductal system[28-30]. Presumably, one stem cell population 



8 

 

is responsible for ductal elongation and the other for growth of secretory epithelium. In 

the mouse mammary gland, the stroma develops from birth but the epithelium develops 

postnatally, making the system highly amenable to manipulation. The mammary 

rudiment stemming from the fourth nipple (that would normally supply the fourth fat pad 

with ducts) may be efficiently removed, or cleared, in weaning mice. This procedure 

leaves behind a stromal fat pad cleared of endogenous epithelium, which provides a site 

for transplantation of either cells or tissue pieces. The original technique was described 

by DeOme and colleagues, where they transplanted small pieces of mammary epithelium 

into the cleared fat pads of recipient mice and found the donor ducts could engraft[31]. 

The donor ductal outgrowths could be serially transplanted for up seven times before 

senescence. This was the first experimental in vivo evidence providing the existence of 

mammary stem cells. Since the pioneering experiments by DeOme and colleagues, 

transplantation of cells into the cleared fat pads of recipient mice has been used to 

measure engraftment, differentiation, and self-renewal. In addition, mating the recipient 

mice allows investigation of how pregnancy affects mammary remodeling and 

morphogenesis. This technique was used to identify multipotent alveolar progenitor cells 

by transplanting pieces of mammary epithelium from pregnant and non-pregnant 

mice[32]. Later in vivo studies with single cell suspensions performed in limiting 

dilutions gave credence to a model of progenitor cells in both the ductal and alveolar 

compartments[33-35]. Surprisingly, the age of mice has less of an effect on stem cells 

than the number of mitotic divisions the epithelium undergoes, but alveolar cell 

maturation is unaffected by either chronology or division competency[36-38].  
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Many microscopic and ultra-structural studies have been undertaken to identify 

the various cell types that make up the gland[39-42]. The notion that the breast system 

contains a pool of undifferentiated stem cells is not a new one; in fact, scientists have 

known for decades that there are undifferentiated cells in mammary epithelium[43,44]. 

These “immature” cells were recognized by their lack of specialized intracellular 

organelles as well as indistinguishable apical and basal polarity. Common histological 

staining also failed to distinguish these cells among neighboring, more differentiated 

cells. They were named SLCs, or small electron-lucent cells, and were found near the 

basal lamina[45]. These cells are physically smaller than luminal cells, but were thought 

to be epithelial and not invading lymphocytes as they are found to be in mitotic pairing 

with cells that display epithelial characteristics. They were found at a frequency of 1-3% 

of the mammary epithelium, suggesting about 2-7x10
4
 of these cells per gland. 

Morphotypic analysis followed initial ultrastructural analyses. These studies used shape 

and type to describe the non-stained, or pale cells, and segregate them into two 

functionally different categories[29]. Furthermore, these cell types were present in the 

mammary glands from human, mouse and rat tissue.  

Studies have also suggested the existence of a progenitor population that arises 

concomitant with alveolar differentiation. To date, there is no direct evidence that 

strongly supports the hypothesis that stem cells are located in TEBs, although many 

groups have suggested this possibility[43,46-48]. TEBs have no differentiated 

myoepithelial cells; in their place are a monolayer of basal cap cells. Cap cells are 

cuboidal in morphology and thought to be undifferentiated due to their lack of adhesion 

contacts with neighboring cells, diffuse chromatin arrangement, and lack of well defined 
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organelles. They are thought to be the progenitor myoepithelial cells, evidenced by 

marker staining and the acquisition of differentiated myofilamental structures 

Myoepithelial cells arise from the trailing edge of the cap cell layer[43]. In addition, cap 

cells also give rise to the differentiated luminal population, shown by marker staining 

which traced clusters of cap cells breaking away from their basal location and ingratiation 

into the luminal compartment of the TEB. This observation supports a hypothesis that 

stem cells may express a migratory program depending on their location within the 

mammary ductal system. Therefore, the model for ductal morphogenesis that has 

emerged has defined mammary stem cells as morphologically undifferentiated cells 

found at the leading edge of the invading mammary tree as well as along the basal lamina 

of the ducts. A recent study that analyzed the role of Bmi-1 in the maintenance of the 

ductal system[49] provided additional evidence for the presence of parity induced stem 

cells. Bmi-1 is a gene that has been implicated in self-renewal of blood and neural stem 

cells[3,50,51]. The data showed a loss of both engraftment and self-renewal when donor 

Bmi-1
-/-

 mammary epithelium was transplanted into syngeneic hosts that had their 

endogenous mammary epithelium removed. However, this effect was reversed when the 

mice were mated, suggesting activation of a pregnancy-related dormant stem cell 

population capable of multipotent differentiation that was able to bypass the Bmi-1 self-

renewal signal. 

Similar to the blood system, in vitro colony forming assays have proved valuable 

tools to determine the differentiation potential of isolated cell populations. There are two 

colony forming assays typically used in mammary biology[52]. The first is a co-culture 

system in which freshly dissociated cells are seeded onto an irradiated layer of fibroblasts 



11 

 

that serve as a feeder layer to promote epithelial-stromal interactions. At low densities 

and in combination with marker staining, this assay serves as both a clonal estimation of 

colony formation ability and differentiation potential. The second assay routinely used is 

semi-solid culturing where cells are seeded into Matrigel[53], an extracellular matrix 

milieu derived from EHS sarcoma cells in vitro. This material is rich in a wide variety of 

cytokines and growth factors; it has been extensively used to culture cells in vitro and 

promotes the engraftment[54] of tumor cells in vivo. As a colony forming system, the 

three-dimensional nature of the assay hinders accurate quantitation of colony formation, 

and staining the cultures for lineage specific antibodies also proves a technical challenge.  

 

Prospective isolation of murine mammary stem cells 

Given the limitations on purely descriptive analysis of mammary epithelial cells 

ex vivo, scientists turned to cell separation technologies to assess the functional attributes 

of different types of cells within the in vivo system. Using in vivo transplantation, 

numerous groups have attempted to assess the frequency of stem cells in single cell 

suspensions of murine mammary tissue[32,47,55,56]. These data have provided a highly 

variable estimation of stem cell numbers, ranging at the upper limit of less than 1 stem 

cell per 4900 cells to the lower limit of 1 stem cell in 100 cells. The large variability of 

stem cell frequency estimation comes from the variety of dissociation protocols and 

staining systems used. In addition, some groups mate recipient mice, potentially 

increasing the number of stem cells in the virgin mouse given the aforementioned 

observations of parity-induced multipotent stem cells and the powerful mitogenic effects 

of pregnancy related hormones. Even with these pro-growth signals, the experimental 
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manipulation of stem cells during in vivo studies probably underestimates the true stem 

cell frequency in a reported phenotypic population. Despite technical limitations, the 

transplant assay may also be used to estimate self-renewal of mammary stem cells. 

Reports have previously shown at least a 1000-fold expansion of stem cells upon serial 

transplantation. Two reports in 2006 identified phenotypic surface antigens that were 

used to enrich for the mammary stem cell population[55,56]. Taking advantage of the 

observation that any portion of the mature mammary gland was able to give rise to ductal 

outgrowths, these groups were able to use most of the fat pads from mature mice (except 

for the 5
th

 as it is technically difficult to resect) as source tissue. Although stem cells may 

be distributed throughout the mature gland, there is an increased number found in the 

lobules as opposed to the ducts, with the lowest amount found in alveolar lobules of 

lactating mice[48]. Both groups used FACS to prospectively isolate the self-renewing 

population from virgin mammary tissue, demonstrating these cells were capable of giving 

rise to mature luminal and myoepithelial cells. One group, led by John Stingl and Connie 

Eaves, proposed the mammary stem cell, or MRU (mammary repopulating unit), has a 

CD24
med

CD49f
hi

Lin
-
 phenotype. The other group, led by Mark Shackleton and Jane 

Visvader, characterized the MaSC as having a CD29
hi

CD24
+
Lin

-
 phenotype. Together 

they showed the stem cell phenotype was CD24
med

CD49
hi

CD29
hi

Sca-1
low

Lineage
-
. Using 

this phenotype, the authors reported the frequency of stem cells as 1 per 60-90 cells. The 

authors described an 85% overlap between the CD24
med

CD49f
hi

 cells and the 

CD29
hi

CD24
+
 cells, showing that these phenotypes are ostensibly interchangeable. 

Unfortunately, there are no other reports that have been able to reproduce this frequency, 

although the phenotype of these cells has been confirmed. Both groups used a cocktail of 
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antibodies to mark “Lineage” made up of blood and endothelial cells. A number of 

markers have been used to delineate the mammary cellular hierarchy: CD24, CD49f, 

CD29, CD61, CD14, and Sca-1. Using combinations of these markers a progenitor 

population was identified as CD24
hi

CD29
low

CD49f
+
Lineage

-
. These cells had a dramatic 

reduction of in vivo engraftment ability compared to the MRU or MaSC, but could 

robustly produce colonies of both myoepithelial and luminal cells when placed into co-

culture with irradiated NIH3T3 fibroblasts. They were named MaCFCs, or mammary 

colony forming cells, for this ability and they expressed luminal epithelial cytokeratin 

proteins suggesting they have a luminal phenotype.  

Recent reports have further elucidated the mammary hierarchy by subdividing the 

MaCFC progenitor population into those cells that are luminal restricted and those that 

generate myoepithelial progeny. The luminal progenitor cells had the 

CD24
hi

CD49f
+
CD29

low
CD14

+
CD61

+
 phenotype, and the myoepithelial progenitor 

population was CD24
med

CD49
med

CD29
hi

. Luminal progenitors may be further 

fractionated into Sca-1
+
ER

+
 cells (ER for estrogen receptor) and Sca-1

-
 cells that express 

milk proteins. Estrogen receptor was not expressed by mammary stem cells, but was 

expressed later in differentiation on luminal epithelial cells. Progenitor MaCFC 

CD29
low

CD61
-
 cells expressed ERα, and thus may represent terminally differentiated 

cells since the CD29
low

CD61
+
 fraction is enriched for multipotent progenitors. The 

mammary hierarchy, as it has been described to date, is described in Figure 1.2. These 

previous studies showed there is a threshold of the absolute numbers of donor cells 

required for ductal outgrowth production. This is probably an indication of the damage 

cells undergo during processing and exogenous manipulation in combination with the 
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homing of duct forming cells in the local environment for their optimal growth, as well as 

a reflection of enrichment for stem cells achieved by antibodies rather than a purified 

population. Regardless of those limitations, the transplant assay isthe standard to measure 

a specific population’s ability to produce ductal epithelium. When used in combination 

with software such as L-Calc, this assay provided a powerful tool to measure the 

frequency of mammary progenitor and stem cells. As evidence of the clonality of this 

approach, mixtures of genetically marked cells are able to produce outgrowths that arise 

from one genotype. However, as mentioned earlier, there is a threshold of absolute 

numbers of cells needed for such engraftment due to the loss of cells caused by the 

experimental manipulation required for in vivo transplantation. Higher numbers of 

transplanted cells resulted in ducts that were polyclonal. A caveat of the transplantation 

assay thus far is the lack of pure populations of donor cells. Therefore, it is possible that 

there is a combination of cells that must be engrafted to achieve optimal engraftment 

efficiency. However, studies at the single cell level have shown outgrowths, lending 

credence to the concept that only a single stem cell is needed to produce the entire 

mammary ductal system. This brings back the concept of a microenvironment, where 

there is still open debate of the identity of niche cell(s) for the mammary stem cell. This 

area is poorly understood and investigated; a stem cell may use stromal cells or 

components such as specific ECM molecules as its niche or may produce daughter cells 

that serve that function. This debate is not limited to the mammary stem cell field. In fact, 

it has been extensively investigated in the blood system[57-65]. 

 

Signaling pathways that regulate stem cells also play a role in cancer 
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 Stem cells are minority population, so the inherent difficulty of studying 

molecular pathways with small amounts of cells has thus far slowed progress 

dramatically. Even with these drawbacks, multiple pathways have been shown to be 

crucial in somatic stem cells (Table 1). These pathways are often corrupted in cancer, 

suggesting a thorough understanding of these molecular mechanisms may help to develop 

future therapeutics.  

Polycomb genes were initially discovered in Drosophila to be repressors of the 

Homeobox genes, and this holds true in mammals as well. Polycomb genes are thought to 

repress their targets through chromatin modifications. Bmi-1, a gene that encodes a 

member of the Polycomb protein family, has been shown to be crucial to self-renewal of 

somatic stem cells[3,51]. Bmi-1 plays a crucial role in the self-renewal of hematopoietic, 

neural and mammary stem cells. Polycomb genes such as Bmi-1 (PCGF4) have shown to 

be necessary for self-renewal in hematopoietic stem cells (HSCs) by suppressing the 

Ink4a/Arf locus and the p53 pathway. The loss of neural and blood stem cells in Bmi-1
-/-

 

mice results from their inability to self-renew. In addition, Bmi-1
-/-

 mammary epithelium 

is stunted in development upon transplantation. Growing evidence in blood and brain 

support the hypothesis that somatic stem cells may be more sensitive to senescence 

pathways than more differentiated progeny[3,51,66]. Some genes whose expression 

appears to be suppressed by Bmi-1 play a role in stem cell biology. Expression of 

p16
Ink4a

, a cell cycle inhibitor, is elevated in Bmi-1 mutant mice. Recent studies showed 

that p16
Ink4a

 plays a role in stem cell senescence in the blood, brain, and pancreatic islet 

cells[67-69]. 
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Other genes linked to stem cell maintenance may act at least in part through Bmi-

1.  For Example, Sonic hedgehog (Shh) was shown to expand human blood progenitors in 

immunocompromised mice[70]. In the brain, Shh appears to activate Bmi-1[71].  The 

Hedgehog signaling pathway is crucial to the embryonic development of skin, hair 

follicles and sebaceous glands[72] and involved in postnatal and adult brain 

development[73].  Interestingly, Shh and Ihh were found disensible for mammary 

morphogenesis, which may indicate funtional redundancy with another Hedgehog ligand. 

Mutation of Shh is known to cause Gorlin’s syndrome, while activation of Shh has been 

implicated in both skin and brain carcinogenesis[74]. 

The Wnt/β-catenin pathway, which is associated with many types of cancer, also  

has been implicated in self-renewal[75]. Secreted Wnt ligands bind to Frizzled receptors 

and activate a cascade important in development. Progesterone is known to exert its 

effects on lateral branching in the mammary gland via Wnt4[76]. Wnt inhibitors have 

been shown to retard hematopoietic reconstitution in vivo. Wnt signaling increases 

HoxB4 and Notch-1 expression, both of which are implicated in the specification and/or 

self-renewal of hematopoietic stem cells [77].  In addition, Wnt/β-catenin pathway is 

involved in the maintenance of normal intestinal epithelial cells and implicated in 

regenerative responses during tissue repair[78,79].   

 The Notch signaling cascade is a transmembrane system widely shared by various 

animal cells for regulating embryonic development and adult maintenance of 

homeostasis.  Well conserved from nematode to humans, the Notch signaling pathway in 

mammalians consists of four Notch receptors (Notch 1 to Notch 4) and four Notch 

ligands that physically bind to the Notch receptors.  The roles of Notch signaling pathway 
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on stem cells and early progenitor cells are demonstrated in a number of studies of gene-

modified animal models to influence HSC and melanocyte generation, CNS and 

vasculature development, organogenesis during embryogenesis; and to influence adult 

hematopoietic and immune systems, intestinal mucosal systems, skeletal muscle, skin and 

hair systems[80].  The Notch signaling regulates neural stem cell expansion in vivo and in 

vitro[81]. Mutations or aberrant activation of Notch signaling pathway is known to cause 

T-ALL, indicating its contribution to both normal development and carcinogenesis. A 

recent study showed knockdown of the Notch effector Cbf-1 increased mammary stem 

cell activity and also drove the formation of aberrant TEBs[82]. Importantly, constitutive 

Notch signaling resulted in expansion of luminal cells, leading to tumor formation. 

 The Hox gene family has been shown to be important in normal and malignant 

hematopoiesis. Several translocations in human leukemia involve Hox genes such as 

HoxA9 in AML [83].  In mouse models, aberrant expression of Hox genes has been 

shown to affect the proliferation and differentiation of HSCs[84]. When overexpressed in 

mouse bone marrow cells, several members of the Hox family[85,86] result in expansion 

of HSCs and myeloid precursor cells. Hoxc-6 transcripts are present in pubertal 

mammary tissue but downregulated during pregnancy, and Hox-1 is upregulated in breast 

cancers[87].  

In mice, loss of expression of Pten, a gene that is implicated in the maintenance of 

hematopoietic stem cells and neural stem cells, and commonly mutated in many types 

human cancer [88], was recently shown to drive aberrant self-renewal of HSCs and 

eventually leads to leukemia in the mice [89]. Pten normally functions by limiting 

activity of inositol triphosphate signaling. Loss of Pten, which results constitutive 



18 

 

activation of the inositol triphosphate signaling pathway, initially promoted adult 

hematopoietic stem cell proliferation, but after a brief period of time there was 

subsequent exhaustion of the HSC pool, suggesting Pten is important in HSC 

maintenance[90]. Expression of Wnt-1 in mammary glands of transgenic mice resulted in 

tumors that had loss of Pten, suggesting it also has a role in control proliferation of 

mammary progenitor cells[91]. 

Most ABCG family of transporters play a significant role in the ATP dependent 

efflux transport of cholesterol. These proteins are mainly responsible for the side 

population phenotype which is defined by the extrusion of the DNA binding dye Hoechst 

33342.  The basis of these proteins as markers for self-renewing stem populations comes 

from the idea that long lived cell populations are constantly bombarded with genotoxic 

chemicals, and thus it is more efficient to efflux these chemicals from the cell rather than 

process them through cytoplasmic degradation machinery. When both blood and solid 

organs are dissociated and subjected to staining with dyes that are known to be effluxed, 

the minor population of cells that upregulate the transporters are revealed. In some but 

not all normal and cancer cells, it is thought that the stem cells contain some self-renewal 

and differentiation potential in vitro[92]. Although useful in other stem cell systems, 

murine mammary populations could not be enriched based on side population status[56]. 

Telomere shortening has been implicated in replicative senescence, chromosome 

instability and arrest of the cell cycle[93]. Since stem cells live for long periods of time in 

part by activating telomerase activity, this enzyme may play an important role in cancer 

stem cell biology as well. Telomerase, an enzyme that adds terminal repeats to the end of 

telomeres as a clock mechanism, was found to be expressed at high levels in normal self-
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renewing populations in the blood[94,95] and tumor populations[96]. The telomerase 

protein has been shown to be crucial to the extension of somatic human cells[97] and is 

transcript expression upregulated in tumor cell mRNA[98,99]. hTERT, the catalytic 

subunit of telomerase, activation was found to be involved in tumorigenic transformation 

of cultured human skeletal muscle myoblasts and mammary cells [100].  
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Table 1.1: Stem cell pathways that are also known to be corrupted in cancer.  

 

Many pathways have been implicated in stem cell self-renewal and differentiation. Not 

surprisingly, a number of these are found dysregulated in cancer. Adapted from Lobo, N. 

A., Y. Shimono, et al. Annu Rev Cell Dev Biol 23:675-99. 
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Figure 1.1: Cartoon depiction of a mature terminal lobule.  

The mature mammary gland is composed of multiple cell type that carries out specific 

functions. Luminal epithelial cells are responsible for structure and secretion. Alveolar 

cells are the milk producing cells. Myoepithelial cells are contractile and force the milk 

through the lumen of the system until it is dispersed through the nipple.
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Figure 1.2: Mammary cellular hierarchy of human and mouse.  

Present in human (H) and mouse (M). Many cell types have been described in the 

mammary system. However, intermediate early progenitors still remain poorly defined. 

Adapted from Stingl, J Pathol 217:229-241. 
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CHAPTER 2 

 

THY-1 DISCRIMINATES BETWEEN MAMMARY  

STEM CELLS AND MULTIPOTENT PROGENITOR CELLS 

 

 

SUMMARY 

 

Thy-1 is a GPI-anchored cell surface protein that has been found on stem cells of 

the blood and liver. Although Thy-1 is a marker of myoepithelial differentiation in the rat 

mammary gland, little is known about expression of Thy-1 in murine breast. We recently 

showed Thy-1 marks tumorigenic cells in the MMTV-Wnt1 cancer model. Previous 

groups have shown the stem cell population in murine breast has the CD24
med

CD49f
hi

 

(MRU) phenotype. Our data shows that Thy-1 is differentially expressed between 

mammary stem cells and progenitor cells. Thy-1
+
CD24

med
CD49f

hi
 cells are significantly 

enriched for ductal outgrowth forming cells in vivo limiting dilution transplantation. 

These cells are also enriched for self-renewing cells, as shown by their ability to produce 

secondary outgrowths. Thy-1
-
CD24

med
CD49f

hi
 cells had reduced engraftment potential 

and severely diminished self-renewal. Our data suggests Thy-1 enriches for stem cells in 

the murine mammary gland. Furthermore, we propose the Thy-1
-
CD24

med
CD49f

hi
 cells 

are mammary multipotent progenitor (MMPP) cells.  
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INTRODUCTION 

 

Recent reports presented evidence that a somatic stem cell population in the 

murine mammary system is responsible for both establishment and maintenance of the 

gland. Mammary stem cells are temporally regulated and respond to both systemic and 

local hormonal signals. The mammary stem cell population has been prospectively 

isolated using cell surface proteins in combination with FACS. Similar strategies have 

been used to identify other normal and cancer stem populations[1]. Increasingly, these 

protein “markers” are found to enrich for stem cells across multiple tissues suggesting all 

somatic stem cell populations share common traits, although the function of these 

markers may differ according to their tissue specific context. 

Mammary glands develop from embryonic epidermis and begin as milk bud 

rudiments. These rudiments begin to proliferate and branch in utero forming milk buds, 

but become quiescent at parturition. Around week three of post-natal mouse development 

at the onset of puberty, secreted hormones stimulate growth of milk buds and promote 

invasion of the nascent branching system into the stromal fat pad, culminating in a 

mature gland made of ducts and terminal end bud (TEB) structures. Pregnancy is often 

characterized by alveolar cell differentiation followed by extensive lateral expansion of 

TEBs and subsequent milk secretion in response to lactogenic hormones. The ductal 

system in nulliparous mice has two main cell types: luminal epithelial cells that line the 

inside of ducts and myoepithelial cells that are muscle-like contractile epithelial cells that 

reside between the luminal cells and the basal lamina. Traditionally, cytokeratin 
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molecules have been used to identify the lineage of terminally differentiated cells, since 

stem cells acquire these markers. Myoepithelial cells expressed keratins (KRT) KRT5 

and KRT14, as well as SMAα (smooth muscle actin alpha subunit). Mature luminal cells 

expressed KRT8 and KRT18. Mammary stem cells have recently been isolated and 

characterized by their surface phenotype CD24
med

CD49
hi

 (MRU) or CD24
+
CD29

hi
 [2,3]. 

Although different combinations of markers were used, other groups have shown that 

both strategies isolate similar populations with dramatic enrichment for mammary stem 

cells. Based on the marker combination presented by Stingl and colleagues, we sought to 

improve upon the current system by analyzing the expression and prospective enrichment 

for MRUs using Thy-1. 

In mouse, Thy-1 is encoded on Chromosome 9 and has two allelic forms[4], Thy-

1.1 and Thy-1.2, only one of which is expressed in a given mouse strain. It is a small 

GPI-anchored cell surface protein that has a single immunoglobulin domain, part of the 

larger Ly-6 protein family. Ly-6 genes have been linked to tumor cell adhesion, 

carcinogenesis, and cellular activation. Thy-1 proteins have been associated with T cell 

activation and proliferation, T-cell progenitor cell survival, cytokine and growth factor 

responses. Thy-1 was originally described as an alloantigen expressed on mouse 

thymocytes[5]. It has long been used as a hematopoietic progenitor marker, where its 

expression is conserved between rat, mouse and human systems[6-12]. Thy-1 has been 

shown to mark hepatic progenitor cells[13,14]}, murine mesenchymal stem cells[15] and 

neural cells[16,17].  

Thy-1 has also been shown to be expressed in the normal mouse mammary gland 

and tumors[18,19]. In previous studies, Thy-1 was widely used a marker of myoepithelial 
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cells in the rat mammary gland[20,21] In vitro, rat mammary epithelial cells that 

expressed Thy-1 formed webbed and stellate colonies similar to myoepithelial 

morphology[22]. Thy-1
+
 cells in the rat liver also have a myofibroblast/stellate 

phenotype[23]. 

Our group has prospectively isolated a cancer stem cell population from a subset 

of MMTV-Wnt1 mammary tumors based on the Thy-1
+
CD24

+
 phenotype (Cho et al 

2008). These cells shared characteristics of myoepithelial cells such as expression of the 

basal KRT5, KRT14 and KRT17. Interestingly, the MRU population described by Stingl 

and colleagues were also characterized by upregulation of these keratins. The non-

tumorigenic cells in MMTV-Wnt1 tumors shared a similar luminal epithelial keratin 

profile with mammary colony forming cells (MaCFC), presumably the progenitor 

population, which included upregulated KRT18 and KRT19. Based on these 

observations, we hypothesized Thy-1 would mark stem cells in the normal mammary 

system and these cells would have an enriched capacity for duct formation and self-

renewal.  

 

MATERIALS AND METHODS 

 

Animals 

All animals used in the study were C57Bl/6 and pCx-GFP mice that were 

maintained at the Stanford Animal Facility in accordance with the guidelines of both 

Institutional Animal Care Use Committees. 
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Mammary gland dissociation 

6-10 weeks old C57Bl/6 mice were euthanized and all fat pads were surgically 

resected. Tissue was placed into L-15 media and minced with a razor blade into 

approximately 1-3mm pieces. Either 8 units of Blendzyme 4 or 1 ml 10X magnification 

Collagenase/Hyaluronidase solution and 100 Kunitz units of DNase was added and tissue 

was digested for 1.5 hrs with mechanical dissociation performed every 30 min. ACK 

lysis was the performed to remove red blood cells. Cells were collected by centrifugation 

at 1400 rpm for 5 min at 4°C, resuspended in 5 mls of pre-warmed Trypsin, and gently 

pipetted for 2 minutes. Cells were then spun again at 1400 rpm for 5 min at 4C, and 

resuspended in pre-warmed 2 ml of Dispase and 100 units of DNase. Cells were gently 

pipetted for 2 minutes to release cells and then 13 mls of HBSS+2% calf serum staining 

media was added. The dissociated cell solution was put through a 40uM mesh filter and 

the resulting cell solution counted by hemacytometer to determine both cell number and 

cell viability. For all experiments, cells were >99% viable. Pelleted cells were 

resuspended at a concentration of 1x10
7
 per ml and subjected to staining for flow 

cytometry. 

 

Staining protocol for FACS 

Cells were resuspended at a concentration of 1 10
6
 cells per 100 l of HBSS with 

2% calf serum. Cells were blocked with rabbit or mouse IgG (10 µg/ml) and antibodies 

were added at appropriate dilutions determined from titration experiments. For the 

normal mammary stem cell experiments, antibodies included CD49f, CD31, CD45, 

http://www.biocompare.com.laneproxy.stanford.edu/natureproducts/go.asp?id=nature07733_p_p20
http://www.biocompare.com.laneproxy.stanford.edu/natureproducts/go.asp?id=nature07733_p_p21
http://www.biocompare.com.laneproxy.stanford.edu/natureproducts/go.asp?id=nature07733_p_p22
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Ter119 (BD Pharmingen), Sca-1, CD24, Thy1.2 and CD140a (eBioscience). Cells were 

stained for 20 min on ice and washed with staining media. When biotinylated primary 

antibodies were used, cells were further stained with streptavidin-conjugated 

fluorophores and washed. Ultimately, cells were resuspended in staining media 

containing 7-aminoactinomycin D (1 µg/ml final concentration) or 4'-6-diamidino-2-

phenylindole (DAPI, 1 µg/ml final concentration) to stain dead cells. 

For all experiments, cells were analyzed and sorted using a FACSAria cell sorter 

(BD Bioscience). Side scatter and forward scatter profiles were used to eliminate debris 

and cell doublets. Dead cells were eliminated by excluding DAPI
+
 cells, whereas 

contaminating mouse CD45
+
CD31

+
Ter119

+
CD140α

+
 cells were eliminated by excluding 

cells labeled with the fluorophore used for the lineage antibody cocktail. In cell-sorting 

experiments, cell populations underwent two consecutive rounds of purification (double 

sorting) when the initial purity was not deemed high enough (>80%) and a sufficient 

number of cells were available. 

 

Whole mount of mammary glands 

Whole mounts stained with Carmine Alum were processed according to previous 

reports[24]. Briefly, inguinal fat pads were excised and spread on glass slides. After air-

drying to secure the glands, the tissue was fixed in Carnoy’s solution for >4hrs, then 

washed with 70% EtOH and distilled water. The tissues were then stained with Carmine 

Alum solution overnight, dehydrated through graded alcohols, cleared in Xylene, and 

mounted in Permount. For fluorescent tissue, inguinal glands were placed onto glass 

http://www.biocompare.com.laneproxy.stanford.edu/natureproducts/go.asp?id=nature07733_p_p23
http://www.biocompare.com.laneproxy.stanford.edu/natureproducts/go.asp?id=nature07733_p_p24
http://www.biocompare.com.laneproxy.stanford.edu/natureproducts/go.asp?id=nature07733_p_p25
http://www.biocompare.com.laneproxy.stanford.edu/natureproducts/go.asp?id=nature07733_p_p26
http://www.biocompare.com.laneproxy.stanford.edu/natureproducts/go.asp?id=nature07733_p_p40
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microscope slides and pictures were taken immediately upon excision. Glands were then 

processed for Carmine Alum staining as described to verify duct formation. 

 

Immunohistochemistry 

For Thy-1 and CD24 staining, paraffin sections were first pre-treated by 

microwave for 10 minutes in citrate buffer, pH 6.0. Sections were the processed through 

the M.O.M kit (Vector Labs) according to manufacturer’s instructions. Thy-1.1 was 

added at a dilution of 1:25. Rat secondary was used at 1:200 dilution. Sections were 

counterstained with Harris Hematoxylin for 4 seconds, then dehydrates and mounted.   

 

In vitro co-culture assay 

 Co-culture with NIH3T3 cells was performed as described[2]. NIH3T3 cells were 

maintained in DMEM supplemented with 10%HICS and PSA. Briefly, sub-confluent 

NIH3T3 fibroblasts were trypsinized and subjected to 10Gy of γ-radiation. Fibroblasts 

were then immediately plated into 24-well tissue culture plates at a concentration of 

20,000 cells/well. Complete Mouse Epicult (Stem Cell Technologies) plus 5% FBS and 

PSA (Gibco) was added and cells were allowed to attach for 2 hours prior to addition of 

double sorted mammary cell populations. Primary cells were sorted directly from the 

flow cytometer into the plates to reduce experiment manipulation. After 24 hours, media 

in all wells was replaced with complete Mouse Epicult media plus PSA without serum to 

promote epithelial cell growth. Colonies were fixed after 7 days with ice cold 

methanol:acetone for 2 min and allowed to dry. Colonies were rehydrated with distilled 
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water, and Wright-Giemsa stain applied for 1 min. Colonies were then washed with 

water, allowed to air dry, and pictures taken. 

 

In vivo transplants 

Sorted cell populations were collected in staining media. Cells were resuspended 

at the correct concentration in staining media and injected into the cleared fat pads of 21-

28 days old syngeneic recipient C57Bl/6 mice. For all injections of 600 cells and below, 

cell counts were verified using either a nuclear staining count or GFP+ cell count. Cells 

were injected in either 10 or 5 ul volumes using a 25 ul Hamilton syringe. All transplants 

were allowed to grow for at least 5 weeks but not more than 10 weeks before analysis. In 

the case of secondary transplants, 1-2 mm pieces of tissue were transplanted into the 

cleared fat pads of syngeneic recipient mice. 

 

RESULTS  

 

Thy-1 is expressed on mammary epithelial cells 

We initially investigated the expression of Thy-1 in freshly dissociated mammary 

cells using flow cytometry. Mammary fat pads from 6-week old female C57Bl/6 mice 

were processed into single cells and stained with antibodies against CD24, CD49f, Thy-

1.2 along with a lineage cocktail consisting of CD45, CD31, Ter119 and CD140α 

(Lineage). All of the mammary epithelial cell analyses were performed using criteria 

consisting of DAPI exclusion to remove dead cells (data not shown). Mammary epithelial 

cells accounted for approximately 44.3% (n=8) of all viable cells (Figure 2.1A). We 

defined our cell populations based on the nomenclature of Stingl et al[2]. In this system 
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the MRUs, or mammary repopulating units, are analogous to the stem cell population 

defined by phenotype as CD24
med

CD49f
hi

. The MaCFCs, or further differentiated 

progenitor cells, were CD24
hi

CD49f
med

. The MYO, or differentiated myoepithelial cells, 

are CD24
lo

CD49f
med

. We defined differentiated luminal epithelial cells (EPI) based on 

the CD24
med

CD49f
-
 phenotype. Figure 2.1B shows the gates that we used for the MRU, 

MaCFC, MYO and EPI populations. These gates represent cell types that correlate with 

mammary stem cells, progenitors, and the two terminally differentiated populations, 

respectively. We analyzed mammary epithelial cells (Figure 2.1C) and found MRUs 

accounted for an average of 1.25% and MaCFC progenitors an average of 2.44% of 

Lineage
-
 cells. The MYO and EPI cells were 4.14% and 5.99% of Lineage

-
 cells, 

respectively. We did not explore the identity of the large amount of cells that fall outside 

of the described gates.  

Cells were then subjected to flow cytometry analysis to determine how Thy-1 was 

expressed on dissociated cells. Figure 2.1D shows the staining profile of mammary 

epithelial cells based on the expression of Thy-1.2 and CD24. We observed large Thy-

1
+
CD24

-
 and Thy-1

-
CD24

+
 populations, with a smaller amount of cells positive for both 

proteins. We next investigated the percentage of MRU and MaCFC that expressed Thy-1 

and found about half of each population stained positive (Figure 2.1E). We also showed 

that about 10% of MYO cells expressed Thy-1 but only a few EPI cells express the 

protein. To indirectly measure the amount of Thy-1 on the surface of MRUs and 

MaCFCs, we measured the mean fluorescence intensity of Thy-1 staining. We observed 

more Thy-1 protein expression on MRUs than MaCFCs, suggesting Thy-1 expression 

decreases as stem cells differentiate into progenitors (Figure 2.1F). As Thy-1 has been 
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described as a myoepithelial marker[25,26], our data is consistent with other reports that 

suggest mammary stem cells may reside near the basement membrane of ducts, where 

myoepithelial cells are found. 

 We analyzed Sca-1 expression in mammary populations (Figure 2.2) as it was 

reported as another stem cell marker[27,28]. In the initial report, Sca-1 GFP reporter mice 

were used for transplantation and the authors found only slowly cycling, Sca-1
+
 cells 

were able to produce mammary outgrowths. These results contrasted the recent report by 

Stingl et al. that showed the MRU fraction enriched for function stem cells expressed the 

basal cell markers keratin 14 and SMAα[2]. This report also demonstrated the stem cells 

were Sca-1
low

.  To distinguish between these opposing results, we stained mammary cells 

with a bright Sca-1 FITC antibody in combination with our other standard markers. 

Consistent with data presented by Stingl and colleagues, we observed approximately 10% 

of MRU and MYO cells expressed Sca-1. In stark contrast, almost all of the MaCFC 

progenitor cells and about 25% of EPI cells expressed Sca-1. MaCFCs have a luminal 

phenotype, so our results are also consistent with the original report that showed Sca-1 

positive cells were only found in the luminal compartment of mature ducts.  

Using flow cytometry, we were able to quantify the amount of Sca-1 protein on 

the surface of the cells by taking a measurement of the mean fluorescence intensity of 

each population. We used this metric although it indirectly correlates protein quantity 

because of difficulties of obtaining enough of any of these populations for western blot 

analysis. Although the percentage of Thy-1
+
MRU and Thy-1

-
MRU cells that expressed 

Sca-1 did not differ, we found the intensity of fluorescent Sca-1 molecules on the surface 

of MRUs was than any other population (Figure 2.2B), suggesting they are Sca-1
hi

, 



40 

 

whereas the MaCFC progenitors were Sca-1
low

. Even though these results were 

interesting, in vivo engraftment of the Sca-1 subpopulations from the Thy-1
+
MRU and 

Thy-1
-
MRU populations is needed to validate of Sca-1 is a stem cell enriching marker. 

 

Thy-1 localizes to basal cells of mature ductal epithelium 

To address the location of Thy-1 expressing cells in mature ducts, we performed 

immunohistochemistry on paraffin sections made from the mammary fat pads of 6-week 

old C57BL/6 female mice. We first stained with hematoxylin and eosin (H&E) to 

visualize the cellularity of ducts (Figure 2.3A). Basal cells appeared pink and luminal 

cells stained purple. Using our H&E staining for reference, we proceeded to stain 

sections for Thy-1 and CD24. We observed specific red Thy-1 staining near the basal 

lamina that separates the myoepithelium and stromal cells, along with diffuse staining in 

the periductal regions (Figure 2.3B). This staining pattern was similar to CD49f, which 

localizes to the basal cell layer of ducts[2,29]. We also looked at CD24 expression 

(Figure 2.3C), and observed diffuse staining throughout the luminal and basal layers. 

Although histology was not sensitive enough to detect qualitative differences in 

expression, the general staining pattern was consistent with our flow cytometry 

expression data that CD24 is expressed by both luminal and myoepithelial cells.  

 

Thy-1
+
CD24

med
CD49f

hi
 mammary cells are not enriched for colony forming ability 

Although the basic phenotypic cellular hierarchy in the mammary gland has been 

established, much work remains to elucidate all of the progenitor cell populations. In 

vitro culture systems have been used extensively in the mammary field to assess both 
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differentiation and transformation potential. The NIH3T3 co-culture assay has been used 

by other groups to assess the ability of mammary cell populations to differentiate into 

myoepithelial and luminal epithelial cells.  

Since this assay is a method to describe both the colony forming and 

differentiation potential of mammary cells, we began by validating the type of colonies 

produced by morphology. We stained the colonies formed in the co-culture assay with 

Wright-Giemsa after they had grown for 7 days in culture. We observed myoepithelial 

colonies contained cells that had more fibroblast-like phenotype with stellate morphology 

touching the bottom layer of irradiated NIH3T3 fibroblasts. Some cells retained their 

thin, spindle like appearance as observed in vivo, but most had a hybrid mesenchymal-

epithelial morphology. Although these cells had mesenchymal characteristics, they were 

easily distinguishable from control NIH3T3 cells (Figure 2.4A, upper middle panel 

(myoepithelial), and upper left panel (3T3 alone)). Mature luminal epithelial colonies had 

compact morphology with defined boundaries (Figure 2.4A, upper right panel, luminal). 

These colonies had typical cultured epithelial growth upon closer examination (Figure 

2.4A, lower right panel, luminal). Both myoepithelial and luminal epithelial colonies 

grew to similar sizes (Figure 2.4A, upper middle panel versus upper right panel). Our 

morphological analysis showed that the co-culture system was able to support growth of 

both luminal and myoepithelial colonies, which were easily distinguishable from each 

other. 

To investigate the role of Thy-1 mammary cells, we tested the ability of Lineage
-
, 

MRU, MaCFC, MYO and EPI cells to form colonies in the co-culture assay (Figure 

2.4B). Lineage
-
 cells formed an average of 90 colonies per 3000 cells plated, giving an 
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average frequency of 1 colony forming cell per 33 cells plated. Consistent with other 

reports[30,31], we found that both MRU and MYO populations were not adept at colony 

formation (Figure 2.2A). In contrast, MaCFCs were excellent at making colonies in this 

assay, yielding about 20 colonies for every 100 cells plated. These cells’ ability to form 

colonies in vitro has been shown from their initial description[2]. EPIs were also adept at 

making colonies, but only half as good at MaCFCs, with an average of 52 colonies per 

500 cells. All colony formation was dose dependent on the number of cells plated. Since 

neither MRU nor MYO cells produce many colonies when isolated and plated and were 

myoepithelial by morphology, we reason a majority of the colony formation in Lineage
-
 

cells comes from MaCFC and EPI cells. 

Since we observed differential Thy-1 expression in MRU cells, we went on to test 

if Thy-1
+
MRU or Thy-1

-
MRU could enrich for colony forming cells as an indication of 

differentiation potential and compared the results to Lineage
-
 and MaCFC colony 

formation. Neither Thy-1
+
MRU nor Thy-1

-
MRU populations had enrichment in colony 

formation (Figure 2.4C) compared to Lineage
-
 or MaCFCs, suggesting Thy-1 does not 

enrich for MaCFC or EPI cells with the same phenotype as MRUs. It is likely that MYO 

cells are also isolated in the MRU gate, since these two populations share many 

characteristics. These results are also consistent with our data that Thy-1 is expressed in 

the myoepithelial compartment and previous reports that describe the mRNA expression 

of MRU to be similar to MYO cells[2,30]. 

 

Thy-1
+
CD24

med
CD49f

hi
 cells produce normal ductal epithelium 
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Our in vitro results demonstrated Thy-1 did not isolate a colony forming sub-

population, which was a characteristic of cells that had a luminal phenotype. Mammary 

stem cells express myoepithelial markers, and myoepithelial cells have poor colony 

forming potential in vitro. Recently, a number of reports have shown that Thy-1 enriches 

for stem cells in a variety of somatic tissues including blood, brain, liver, lung and 

general mesenchyme. We hypothesized Thy-1 could isolate the basal cell population 

enriched for functional mammary stem cells. To test for ductal regeneration potential, we 

performed limiting dilution transplants in vivo. The ability of prospectively isolated cell 

populations to produce ductal outgrowths in the cleared fat pads of recipient mice has 

long been used to successfully discriminate between mammary cell populations.  

Due to the lack of consensus tissue processing method in the mammary field, 

different groups report variable mammary stem cell frequencies based on similar 

phenotype[2,3,30,32]. This has become a major hurdle for the mammary stem cell field. 

To address this issue, we attempted a number of different digestion protocols and 

engraftment strategies (data not shown). We found a hybrid digestion protocol based on 

reports from Sleeman, Shackleton and Stingl worked the best in our hands. To show our 

protocol was consistent with results from other groups, we compared the morphology of 

ducts from 6-week old wild type mice to transplanted 500 CD24
med

CD49f
hi

 (MRU) cells 

analyzed 10-weeks post-transplant (Figure 2.5A and B, respectively). Upon close 

inspection, we observed typical ductal structures and terminal lobules from our 

transplanted cells (Figure 2.5C), suggesting our technique did not adversely affect the 

ability of MRUs to develop in response to endogenous growth signals. 
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When unlabeled donor mammary cells are transplanted into weaning age mice, 

sometimes it may be difficult to distinguish ducts that have grown from incomplete 

clearing of the endogenous epithelium versus transplanted outgrowth epithelium. A key 

difference is endogenous ducts grow directionally first from the forth nipple area and 

then invade into the fat pad. Transplanted epithelium usually grows from a distant site 

deep within the fat pad. Thus, the site of injection may be used to distinguish the donor 

epithelium. Analyzing the site of injection also allowed us to see if donor epithelium was 

spatially and directionally regulated. We found transplanted epithelium typically grew in 

multiple directions from the site of injection (Figure 2.5D), indicating the entire 

mammary fat pad is able to support ductal growth, regardless of the site of 

transplantation. The initial site of transplantation was evident in all transplants analyzed.  

To remove ambiguity from our transplants, all transplants of 800 cells and below 

were performed with pCx-GFP mammary cells, which ubiquitously expressed GFP in all 

ductal cells. We show (Figure 2.5E,F) the ductal outgrowths from a 25K Lineage
-
 and a 

30 cell Thy-1
+
CD24

med
CD49f

hi
GFP

+
 transplant as an example that the donor epithelium 

grew similarly to wild type ducts (Figure 2.5A), and produced normal ductal and TEB 

structures. We predict other cell types present in the Lineage
-
 population may contribute 

to either engraftment or growth of ductal epithelium to fill the entire fat pad. Shackleton 

et al. co-injected supporting cells along with single stem cells but found no synergistic 

effect. This does not rule out that other populations such as preadipocytes or periductal 

cells could not provide this advantage. 

 

Thy-1
+
CD24

med
CD49f

hi
 cells are enriched for mammary stem cells 
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After proving our transplantation system, we performed an extensive limiting 

dilution in vivo transplantation study to determine the frequency of stem cells in the 

unsorted (Bulk), Lineage
-
, Thy-1

+
CD24

med
CD49f

hi
 and Thy-1

-
CD24

med
CD49f

hi
 

populations (Table 1.1). All transplants were performed with cells from donor 6-10 

weeks old female mice (either wild type C57BL/6 or pCx-GFP transgenic reporter mice) 

transplanted into 21-28 day old female C57BL/6 recipient mice. For FACS based 

isolation of cell populations, we used the purity of the sorted cells to determines the 

quality of the results. We double sorted all populations before transplantation, and 

visualized GFP cells after sorting under a microscope to verify the cells were undamaged.  

We found that unsorted mammary cells (Bulk) had a frequency of 1 stem cell in 

46,876 cells (95% C.I. = 1 per 22,125 to 1 per 99,313  cells). Using flow cytometry to 

remove Lineage
+
 expressing cells increased the stem cell frequency to 1 in 18,106 cells 

(95% C.I. = 1 per 11,994 to 1per 27,333 cells). The Lineage
+
 cells constituted an average 

of 55.7% of Bulk cells, and removing these cells enriched 2.6-fold for stem cells over 

Bulk cells. We then isolated and injected CD24
med

CD49f
hi

 cells at limiting dilution to 

determine the frequency of mammary stem cells in our system. We found the frequency 

of stem cells defined by the CD24
med

CD49f
hi

 phenotype was 1 in 1,105 (95% C.I. = 1 per 

534 to 1 per 2,285 cells). Isolating the CD24
med

CD49f
hi

 population gave a 16.4-fold 

increase of stem cells over Lineage
-
 cells. We observed Thy-1 staining separated the Thy-

1
+
CD24

med
CD49f

hi
 population into Thy

hi
 and Thy

low
 fractions (Figure 2.6). Upon in vivo 

transplantation of these two populations, we found both had similar stem cell frequencies 

of 1 in 240 (95% C.I. = 1 per 114 to 1 per 504 cells) for Thy
hi

 cells and 1 in 268 (95% 

C.I. of 1 per 192 to 1 per 374 cells) for Thy
low

 cells. Therefore, we grouped these cells 
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together since there was no statistical difference in the frequency of stem cells between 

the two (Student’s T-test, 2-tailed, p=0.7870). Strikingly, we found the Thy-

1
+
CD24

med
CD49f

hi
 population had a frequency of 1 stem cell per 227 cells (95% C.I. = 1 

per 167 to 1 per 310). This represented a 4.9-fold enrichment over the CD24
med

CD49f
hi

 

(original MRU) population. The stem cell frequency of the Thy-1
+
CD24

med
CD49f

hi
 

population was significantly enriched compared to the CD24
med

CD49f
hi

 (Student’s T-test, 

2-tailed, p<0.0001). In stark contrast, in vivo limiting dilution of the Thy-1
-

CD24
med

CD49f
hi

 population showed these cell were depleted of stem cells, with a 

frequency of 1 in 2,862 cells (95% C.I. = 1 per 1,255 to 1 per 6,526 cells). Although cells 

were not significantly different in stem cell frequency than the CD24
med

CD49f
hi

 

population (Student’s T-Test, 2-tailed, p=0.0896), they did have a 2.59-fold reduction of 

stem cells. Further analysis showed the Thy-1
+
CD24

med
CD49f

hi
 population was 12.6-fold 

enriched for stem cells over Thy-1
-
CD24

med
CD49f

hi
 cells, and this difference was 

significant (Student’s T-Test, 2-tailed, p<0.0001). The frequency of mammary stem cells 

in the transplanted populations may be found in Table 1.2. 

 

Thy-1
+
CD24

med
CD49f

hi
 ductal outgrowths have increased self-renewal 

We next investigated the ability of Thy-1
+
CD24

med
CD49f

hi
 and Thy-1

-
 

CD24
med

CD49f
hi

 cells to self-renew using secondary transplantation of portions of 

primary transplanted epithelium. Serial transplantation of donor epithelium represents the 

“gold standard” for measurement of cells’ ability to self-renew, since only long lived 

populations will have to ability to regenerate the entire breast gland more than once. We 

found that small 1-3 mm chunks of primary ductal trees gave consistent secondary 
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outgrowths. Since we could not estimate the number of MRUs contained within each 

chunk engrafted, we calculated the frequency of secondary ductal growth. Our secondary 

transplants demonstrated Thy-1
+
CD24

med
CD49f

hi
 primary epithelium was enriched for 

self-renewal compared to Thy-1
-
CD24

med
CD49f

hi
 derived epithelium (Table 1.3). 

Lineage- primary ducts were easily able to self-renew, with 10 of 11 transplants 

successfully producing secondary epithelium. The glands that did form were 

morphologically normal, similar to our primary results. We transplanted pieces from both 

Thy-1
med

CD24
med

CD49f
hi

 and Thy-1
hi

CD24
med

CD49f
hi

 primary ducts to determine if 

there was a functional difference in the self-renewal of these two populations. Overall, 

Thy-1
med

CD24
med

CD49f
hi

 primary epithelium had an engraftment efficiency of 68% and 

Thy-1
hi

CD24
med

CD49f
hi

 had an efficiency of 75%. We did not find a significant 

difference in the self-renewal ability of primary epithelium from these two populations, 

confirming our previous conclusion that there is not a functional difference between Thy-

1
hi

 and Thy-1
med

 expression on stem cells. The ability of primary ducts to self-renew was 

independent of the original numbers of cells transplanted, as epithelium from primary 

transplants of 600, 100 or 30 cells could self-renew. To test self-renewal of Thy-1
-

CD24
med

CD49f
hi

 cells, we transplanted pieces from 3K, 1K, and 300 cell primary 

outgrowths. The primary ductal outgrowths of Thy-1
-
CD24

med
CD49f

hi
 cells were often 

smaller and less developed than Thy-1
+
CD24

med
CD49f

hi
 primary trees (data not shown). 

When pieces were engrafted into recipient mice, we found only 1/9 secondary transplants 

were able to form secondary trees, indicating only an 11% engraftment efficiency. These 

data suggest Thy-1
-
 CD24

med
CD49f

hi
 primary trees were five times more deficient in self-

renewal ability as compared with Thy
+
CD24

med
CD49f

hi
 primary ductal epithelium. 
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We dissociated the self-renewal transplants and stained for Thy-1, CD24 and 

CD49f to analyze the expression of these markers. All of our previously defined 

populations from freshly dissociated mammary glands were also present in secondary 

transplants (Figure 2.7A). Flow analysis revealed two major populations from secondary 

transplant, showing the core phenotypic cells that make up the mammary ductal system. 

Comparing Figure 2.7A with Figure 2.1B suggests the phenotype of stromal cells in the 

mammary gland. We also found Thy-1 heterogeneity in the CD24
med

CD49
hi

 cells (Figure 

2.7B), which was an average of 22.4% positive cells. These results also prove Thy-

1
+
CD24

med
CD49

hi
 can reproduce all of the heterogeneity found in the mammary system, 

confirming the presence of stem cells.  

When analyzed for morphology, secondary Thy-1
+
CD24

med
CD49

hi
 ducts (Figure 

2.7B) were normal and resembled Lineage
-
 secondary transplants (Figure 2.7C). It should 

be noted that the only chunk that produced secondary trees were derived from a 1K cell 

Thy-1
-
CD24

med
CD49

hi
 cells primary tree. Since flow cytometry is prone to small amounts 

of contaminating cells even when populations are double sorted, contamination with Thy-

1
+
MRU cells in the primary transplant may have produced a false positive tree. However, 

this growth of this tree was retarded, an unable to grow beyond a few cell divisions 

(Figure 2.7E). All results were all verified by Carmine Alum staining to assess if GFP 

expression was somehow silenced in these transplants (data not shown). 

 

DISCUSSION 

 

The mammary stem cell phenotype based on expression of CD24 and CD49f has 

been described by a number of groups. Although phenotypic isolation of these cells has 
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led to their enrichment, further work remains to purify the population, allowing detailed 

transcriptional and protein analysis to discover stem cell specific regulatory pathways. 

Elucidating these mechanisms may prove valuable insights into oncogenesis[33]. 

Therefore, we undertook a study with the hypothesis that Thy-1, a GPI-anchored 

membrane protein that has been useful in isolating stem cells in other systems, would 

also be a marker of mammary stem cells. Our group has also shown that Thy-1 is a 

marker of cancer stem cells in the MMTV-Wnt1 breast tumor mouse model[34], 

suggesting this protein is expressed preferentially in early progenitor cells. In addition, 

Thy-1 was identified as a marker of human mammary stem cells[35], suggesting Thy-1 

mammary expression may be evolutionarily conserved in mammals.  

Our study is the first detailed report of Thy-1 expression in the murine mammary 

gland. Using flow cytometry, we show that Thy-1 is highly expressed in the MRU 

population and decreases as cells become differentiated into luminal epithelium and 

myoepithelium. It should be noted that successful Thy-1 detection relies on using bright 

fluorophores coupled to the antibodies, such as APC or PE-Cy7, since the Thy-1
low

 

population may easily be misinterpreted as a negative population if flow cytometry 

selection gates are incorrectly calculated. We found only a small subset of Thy-

1
+
CD24

med
CD49f

hi
 cells has a high amount of Sca-1 on their cell surface. However, since 

we did not perform limiting dilution in vivo transplantation based on Sca-1, we cannot 

assess its enrichment potential for mammary stem cells. There have been recent reports 

suggesting CD133[31] and CD61[36,37]} as a luminal-restricted progenitor marker. 

Using these additional markers may help to enrich for mammary stem cells, either by 

positively selected for the stem cells or depleting the more differentiated progenitors.  In 
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addition, Shackleton and colleagues have described CD29 as a mammary stem cell 

marker[3]. We found the CD24
med

CD49f
hi

 population was a subset of the CD24
+
CD29

hi
 

population, and the reported frequency of stem cells was higher in the CD24
med

CD49f
hi

 

population. In addition, the two antibodies we used for CD29 (HMG1.1 and Ha2-5) were 

dim, reducing the effective separation of these cells from other channels in FACS. Since 

there is considerable overlap between CD29 and CD49f expression in mammary 

epithelial cells, we did not we lost significant information by excluding this marker. 

We show that EPI cells are excellent at colony formation in co-culture assay, but 

not as efficient as MaCFCs. Although our data show Thy-1 is differentially expressed in 

mammary stem and progenitor cells, Thy-1 did not isolate a fraction of the 

CD24
med

CD49f
hi

 population that was similar to further differentiated progenitor cells 

with robust ability to form colonies in vitro, suggesting these cells were myoepithelial 

cells or shared characteristics of basal cells. Recently, there has been description of a new 

in vitro assay to assess self-renewal of mammary cells. The mammosphere assay is 

essentially an adaptation of the neurosphere assay, which is based on evidence that 

suggests neural stem cells are able to grow in suspension (i.e. purposefully not allowed to 

attach to a culture surface) in a clonal fashion, retaining their self-renewal and 

differentiation potential[38]. This assay has been claimed as an in vitro method to 

estimate the number of self-renewing cells in a population based on the ability to form 

secondary spheres from dissociated primary ones. We chose not to perform 

mammosphere assays on our isolated cells because in vivo transplants provided stronger 

evidence of the enrichment for mammary stem cells in a phenotypic population. In 

addition, the mammosphere assay has not been properly investigated to warrant such bold 
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claims in the mammary system. For example, there is no agreement on how many cells in 

a culture constitute clonal density so that each mammosphere is derived from a single 

cell. Therefore, questions about aggregation and clonality plague this system. In addition, 

a recent study showed that individual mammospheres have a 15% engraftment efficiency 

in vivo, in stark contrast to the primary single cell engraftment efficient from which they 

arise[39]. Culturing the cells may have adverse effects on maintenance of self-renewal. 

This point leads to the lack of validation of how many cells are actually self-renewing in 

each sphere formed. Two studies have shown that the classical neurosphere assay 

overestimates the frequency of stem cell number by 30-50 fold[40,41]. Given the 

ambiguity of the cells that actually form spheres, aggregation issues, and inhibited in vivo 

engraftment after culture, this assay has failed as an accurate assessment of either 

mammary stem cell self-renewal or differentiation. A simple, yet conspicuously 

overlooked experiment to prove the validity of the system is limiting dilution in vivo 

transplantation of dissociated cells from primary mammospheres versus secondary and 

tertiary spheres, showing at least an increase or maintenance or stem cell frequency. 

Without such data, reports of murine mammary gland cell utilizing the mammosphere 

assay must be subject to increased scrutiny. The human mammosphere assay has fared 

better in general scientific acceptance, yet still suffers from the same drawbacks as the 

murine mammosphere system. However, results have shown that individual spheres are 

able to produce human ductal structures in vivo[42,43]. In addition, experiments using 

combinations of marked human mammary cells plated into the mammosphere assay at 

extremely low density produce clonal spheres[44].  
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Our conclusion is that Thy-1 marks a basal cell population and was supported by 

histological analysis of Thy-1 expression, which was localized near the basal lamina in 

mature ducts. Although Thy-1 did not isolate a MaCFC-like progenitor population, we 

went on to investigate if Thy-1 enriched mammary stem cells in limiting dilution 

transplantation. Our in vivo results demonstrated the Thy-1
+
CD24

med
CD49f

hi
 population 

was significantly enriched for mammary stem cells compared to their frequency in 

CD24
med

CD49f
hi

 (MRU) cells. We also found the Thy-1
-
CD24

med
CD49f

hi
 had a severe 

depletion of mammary stem cells. We were unable to produce any in vivo outgrowths 

from the MaCFC population, even when 25K cells were transplanted (data not shown). 

We went on to test if Thy-1
+
CD24

med
CD49f

hi
 derived epithelium could self-renew using 

serial transplantation. Our data shows that Thy-1
+
CD24

med
CD49f

hi
 cells can both self-

renew and reproduce the heterogeneity found in freshly dissociated mammary tissue. 

Ductal morphogenesis of secondary was comparable to wild type mammary glands. Thy-

1
-
CD24

med
CD49f

hi
 primary epithelium had significantly decreased ability to produce 

secondary outgrowths. 

 The initial report by Stingl and colleagues reported a much higher 

frequency of stem cells per gland, and reported the MaCFC population also contained 

MRUs. We were unable to reproduce their stem cell frequencies, even identical reagents 

and rigorous attention to their described protocol. We did find the phenotypic 

CD24
med

CD49f
hi

 population they described was enriched for stem cells versus all other 

populations tested (data not shown). Also, in Stingl et al. the transplant model system 

involved mating the recipient mice two weeks after initial surgery, which we did not 

perform. We chose not to mate our mice post-transplant since the hormonal profile of the 
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mouse changes dramatically, stimulating massive expansion of the mammary system and 

creating a growth advantage for specifically for alveolar progenitor cells, the source of a 

potential parity-induced second stem cell population that may provide false-positive 

results. Since these mechanisms are poorly understood, we could not anticipate how 

pregnancy would affect either niche spaces or stem cell expansion.  

Collectively, our data demonstrates Thy-1 is a mammary stem cell marker. In the 

blood system, the major difference between hematopoietic stem cells (HSCs) and 

multipotent progenitor cells (MPPs) is self-renewal. MPPs have the same differentiation 

potential as HSCs, but they are only able to transiently reconstitute the blood system of 

transplanted mice. Our data shows the Thy-1
-
CD24

med
CD49f

hi
 cells fit the criteria for 

multipotent progenitor parameters. Although they have the ability to engraft in mice 

(although much less than the Thy-1
+
CD24

med
CD49f

hi
 cells) and produce primary ductal 

epithelium, they have little to no self-renewal activity. Therefore, we propose that the 

Thy-1
-
CD24

med
CD49f

hi
 cells are mammary multipotent progenitor cells (MMPP), a 

population analogous to MPP cells in the blood system. We find these cells have a closer 

relationship to the mammary stem cells than the MaCFC population since they share 

basal/myoepithelial characteristics with the stem cells and are able to engraft in vivo.  

Although good markers such as Thy-1, CD24, CD29 and CD49f have been used 

to describe MRUs, further work is warranted to purify the stem cell population. In the rat 

mammary system, peanut agglutinin (PNA) has been successfully used to isolate 

clonogenic cells that have an enriched ability to give rise to alveolar units in 

hyperprolactinemic recipients, suggesting rat multipotent stem cells are PNA+. This 

protein has yet to be explored in the mouse mammary system, although flow cytometry 
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analyses shows this marker may be similar in expression to CD24[22]. In addition, 

peanut lectin has been used as a marker of luminal epithelial mammary cells in vivo[45].  

These are two examples of potential mammary stem cell markers that have yet to be 

investigated. Future work in the field will allow single cell clonal analysis of mammary 

populations, warranting studies on how different mammary populations may be corrupted 

in oncogenesis. 
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TABLES 

 

Table 2.1: Limiting dilution transplants of mammary cells into the clear fat pads of 

syngeneic recipient mice. 

 

 
Bulk Lin

-
 CD24

med
CD249f

hi
 

Thy-1
+ 

CD24
med

CD49f
hi

 

Thy-1
-

CD24
med

CD49
hi

 

250K 1/1 

    133K 2/2 

    100K 3/4 

    50K 

 

3/3 

   25K 4/8 11/18 

   20K 

 

3/4 2/2 

  10K 

 

9/15 2/2 

  5K 

 

1/4 

   3K 

  

1/3 2/2 1/2 

2K 

  

1/2 

  1K 

  

4/4 3/7 1/3 

800 Cells 

  

1/1 

  600 Cells 

   

1/2 0/2 

500 Cells 

  

1/4 

 

0/1 

400 Cells 

   

2/4 0/4 

300 Cells 

  

2/3 1/6 1/3 

250 Cells 

   

2/2 0/3 

220 Cells 

    

0/1 

200 Cells 

   

5/11 0/5 

100 Cells 

   

25/44 2/30 

75 Cells 

    

0/1 

70 Cells 

  

0/1 

  50 Cells 

   

13/31 1/24 

30 Cells 

   

12/15 0/9 

24 Cells 

   

0/1 

 21 Cells 

    

0/1 

17 Cells 

   

0/1 
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Table 2.2: Frequency of mammary stem cells in isolated populations. 

 

  
Population Frequency 

Bulk 0.0000213 

Lineage
- 0.0000552 

CD24
med

CD49f
hi 0.000905 

Thy-1
+
CD24

med
CD49f

hi 0.004405 

Thy-1
-
CD24

med
CD49f

hi 0.000349 
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Table 1.3: Secondary transplants with pieces of primary Thy-1
+
CD24

med
CD49

hi 

ductal outgrowth epithelium. 

 

Original Transplanted Population Engrafted/Transplanted Efficiency 

Lineage
-
 25K 10/11 91% 

Thy-1
med

CD24
med

CD49f
hi

 600 cells 5/6 83% 

Thy-1
med

CD24
med

CD49f
hi

 100 cells 6/10 60% 

Thy-1
med

CD24
med

CD49f
hi

 30 cells 6/9 67% 

Thy-1
hi

CD24
med

CD49f
hi

 100 cells 6/8 75% 

Thy-1
-
CD24

med
CD49f

hi
 cells 1/9 11% 
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FIGURES 

 

  

  

  

Figure 2.1: Expression of Thy-1 on mammary epithelial cells.  

Single cell suspensions of mammary cells were stained with antibodies against Thy-1 and 

CD24. A, Representative histogram plot showing gating for removal of cells positive for 

lineage antibodies. B,D Representative flow cytometry dot plots of mammary cells gating 

out contaminating Lineage
+
 cells. C, Percentages of mammary cell populations as defined 

by A. E, Thy-1 positive percentage of individual populations. F, average mean 

fluorescence intensity of Thy-1
+
 and Thy-1

-
 MRU and MaCFC populations as an indirect 

measurement the amount of protein found on the surface of the cells.  Results from D, E 

and F are derived from 8 independent experiments. 
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Figure 2.2: Sca-1 expression and intensity on mammary epithelial populations.  

A, percentage of Sca-1 positive cells in each population. B, mean fluorescence intensity 

of Sca-1 positivity on individual populations as an indirect measurement of the amount of 

protein found on the surface of cells.  
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Figure 2.3: Histology of mammary ducts in virgin mice.  

A, H&E staining. B, Thy-1 staining. C, CD24 staining. Thy-1 localizes to cells near the 

basal lamina, and CD24 can be found in periductal, myoepithelial and luminal cells. All 

images were taken at 25X magnification magnification. 
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Figure 2.4: Thy-1 does not enrich the stem cell phenotype for colony forming cells.  

A. Double sorted cell populations were plated on top of irradiated NIH3T3 fibroblast 

feeder layer cells. The resulting colonies were stained with Wright-Giemsa and assessed 

for morphology. Myoepithelial and luminal cell colonies are shown. B, Number of 

colonies formed from isolated mammary populations. C, colony formation of cells 

isolated on MRU phenotype (CD24
med

CD49f
hi

) and further separated based on Thy-1 

expression. Results are based on 3 independent experiments. 
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Figure 2.5: Transplanted mammary cells have normal ductal outgrowth 

morphology.  

A, Whole mount of mammary gland from 6-week old C57Bl/6 female mouse. 25X 

magnification. B, Whole mount of 500 CD24
med

CD49f
hi

 transplanted cells after 10 weeks 

in recipient mouse. 25X magnification. C, Carmine stained whole mount from 

transplanted cells. 100X magnification. D, Original site of transplanted cells in recipient 

cleared fat pad. E, Ductal outgrowth from 30 Thy-1
+
CD24

med
CD49f

hi
GFP

+
 transplanted 

cells. F, Ductal outgrowth from 25K Lineage
-
GFP

+
 donor cells.   
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Figure 2.6: Thy-1
hi

 and Thy
low

 cells in the Thy-1
+
CD24

med
CD49f

hi
 population.  

A. Gate for CD24
med

CD49f
hi

 population (MRU) that is enriched for mammary stem cells. 

B. Thy-1 and CD24 expression based on the MRU gate.   

  

B 

Thy-1
hi

 cells 

Thy-1
low

 cells 

MRU 

 

A A 

MRU 
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Figure 2.7: Self-renewal of primary mammary ductal epithelium.  

A,B flow cytometry dot plots showing expression of CD24, CD49f and Thy-1 on 

dissociated cells obtained from Thy-1
+
CD24

med
CD49f

hi
 secondary transplants. C, 

secondary transplant of 25K Lineage
-
 cells. 25X magnification. D, secondary transplant 

of 30 cell Thy-1
+
CD24

med
CD49f

hi
 primary epithelium. 25X magnification. E, only 

secondary transplant from 1K Thy-1
-
CD24

med
CD49f

hi
  primary epithelium. 25X 

magnification. 
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CHAPTER 3 

 

MICROARRAY ANALYSIS OF MURINE MAMMARY POPULATIONS 

 

 

SUMMARY 

 

Our recent description of murine mammary populations that were highly enriched 

for stem cells (MaSC) based on the Thy-1
+
CD24

med
CD49f

hi
 phenotype and for 

multipotent progenitors (MMPP) based on the Thy-1
-
CD24

med
CD49

hi
 phenotype, enabled 

us to profile their global gene expression. Cytokeratin cluster analysis showed that the 

MaSC and MMPP populations expressed a myoepithelial signature. Real-time PCR 

validation of microarray results led to the discovery that p21
cip1/waf1 

was expressed 

specifically in MaSCs and Tbx3 in further differentiated progenitors. Ex vivo protein 

analysis of sorted cells also confirmed our microarray results and suggested the MaSCs 

and MMPPs express proteins of both luminal and myoepithelial lineages. We also 

reported the first description of murine Epithelial Specific Antigen (ESA), a long sought 

after marker that discriminates between epithelium and stroma. Immunofluorescence 

staining of mature ducts showed that Krt19 and Krt6 expression was confined to the 

luminal compartment. Gene Set Enrichment Analysis demonstrated MaSCs have 

different molecular functions activated as opposed to MYO cells. Using genes expressed 
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by MMPP, MaCFC, MYO and EPI cells as filters, we presented a gene signature for 

MaSC cells. Gene ontology analysis of this stem cell signature showed the MaSCs have 

activated ion homeostasis, adhesion, motility and ATP production pathways. These 

results provided the first insights into the behavior of mammary stem cells. 

 

INTRODUCTION 

 

Many groups have recently reported major advances in stem cell biology. In 

particular, the use of prospective isolation strategies to define stem cell populations has 

made detailed analysis possible. Stem cells clonally expand to give rise to further 

differentiated progeny, initiating gene expression programs along the way. The most 

important function of a stem cell self-renewal, is a unique program. These developmental 

characteristics of tissue architecture are an excellent model system for the application of 

gene profiling technology. The major obstacle of this process is obtaining a highly 

enriched stem cell population to extract enough RNA to generate microarray data. 

However, the advantage of expression profiling stem cells is that a prioi assumptions are 

not needed to generate data[1].  

Recently, the surface protein phenotype of the murine mammary stem cell 

population was described[2,3].  One group performed microarray analysis of the MRU, 

or stem cell enriched, fraction of cells and compared the expression profile to further 

differentiated cells including bipotent progenitors. Their analysis revealed only 4 stem 

cell specific genes, two of which were involved in fatty acid metabolism. This result was 

surprising given the amount of unique functions, such as self-renewal, that stem cells 

perform differently than the populations they were compared against.                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                               
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We recently further enriched the murine stem cell population by the addition of Thy-1, or 

CD90, as a marker. In our hands, Thy-1 expression enriched at least 4-fold over the 

previously defined phenotype (approximately 1 in 250 cells versus 1 in 1100 cells). 

Therefore, we now had a population of cells with greater frequency of functional stem 

cells, and we predicted microarray analysis would yield more stem cell specific genes. To 

that end, we isolated highly enriched stem cell (MaSC), multipotent progenitor (MMPP), 

early progenitor (MaCFC), myoepithelial (MYO) and luminal epithelial cells (EPI) 

populations and performed Affymetrix GeneChip 430 2.0 arrays. Our resulting analysis is 

the subject of this report.  

Microarray technology enables researchers to assess global gene expression and 

has been extensively used in gene discovery, biomarker identification and studies of gene 

regulation[4-8]. The generation of large data sets based on gene expression has made 

necessary the need for bioinformatic tools that help identify genes or pathways of 

interest. There are a number of publicly available tools and resources to aid researchers in 

functionally annotating gene lists to aid investigation of which genes in their a priori 

gene set correlate with specific biological functions, molecular functions or cellular 

components[9]. These methods provide an exploratory platform to ask questions about a 

particular cell type, whether in the context of physiological response of an experimental 

manipulation or the endogenous workings of a population of cells. The population basis 

of all gene expression data creates a situation whereby interesting finding must be 

pursued by more traditional biological experimentation to confirm interactions. 

Regardless of the need for physical validation of results, bioinformatic tools have become 

a powerful tool to both create new hypotheses and help understand results from complex 
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biological experiments. Used as a discovery tool, for example the analysis of microarray 

results, bioinformatics can direct research in an empirical data-driven methodology.  

 

 

 

MATERIALS AND METHODS 

 

Animals 

All animals used in the study were C57Bl/6 mice that were maintained at the 

Stanford Animal Facility in accordance with the guidelines of both Institutional Animal 

Care Use Committees. 

 

Microarrays 

Double sorted cells were isolated as described in chapter 1. Freshly sorted cells 

were immediately centrifuged at 5000 rpm in low attachment Eppendorf tubes. For 

replicate, the fat pads from 10 mice were pooled together and processed as a single 

sample. We peformed three replicates for each population. Supernatant was carefully 

removed and the cell pellet was snap frozen in liquid nitrogen. Pellets were stored in -

80C freezer until further processing. RNA was isolated using the mirVana RNA isolation 

kit (Ambion) according to manufacturer’s instructions. RNA was then processed for 

microarray hybridization by the Stanford Protein and Nucleic Acids core facility. RNA 

was applied to Affymetrix GeneChip Mouse Genome 430 2.0 oligonucleotide arrays. The 

resulting CEL images were then processed using the TIGR TM4[10,11] suite of 

bioinformatic software as described below. 
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Gene expression analysis 

Arrays were pre-processed using robust multichip average (RMA) normalization 

across all samples. For hierarchical clustering, MIDAS (TIGR, TM4 suite) processed 

arrays were input into Cluster 3.0. Only probes that expressed at least 6.229 (in Log2 

space) in any 2 of the arrays and differed by greater than 2-fold (absolute value) in any 

two arrays were included in the analysis. Data was then clustered based on Pearson 

uncentered distance similarity using average linkage. Output CDT data was visualized in 

TreeView 1.1.3. For comparison of two populations, all arrays corresponding to each 

population were further processed together, but separately from the entire original set. 

For population comparison testing, arrays were processed in Cluster 3.0 to remove probes 

that expressed 100 expression units of background noise, and probes whose value did not 

differ by at least 4-fold in any two arrays. Probes intensities were then median centered 

across all arrays as a set. A permutation based T-TEST was then performed using the 

Multiple Experiment Viewer (TIGR, TM4 suite) software with the following parameters: 

Welch approximation for unequal variances, all unique permutations of array samples, p-

value cutoff of 0.01, standard Bonferroni correction, and Pearson Correlation metric for 

distance in clustering both significant genes and arrays. The significant genes were then 

processed in Excel 2007 (Microsoft) and average expression of each probe in each 

population was calculated. Probes whose average expression in each population was at 

least 2-fold different were retained. This list was then clustered again in MeV, and gene 

order was saved to a separate file. Genes that had a higher expression in a given 

population was color red and lower expression was colored green. Scale intensities were 
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changed to -2 (green) to +2 (red) in the heat map image. Red genes were then used to 

create the gene list of upregulated genes as noted in the Results section. Principal 

Components Analysis was performed according to MeV manual instructions. 

 

GSEA 

GSEA was performed as previously described. All analyses were performed 

through the GSEA website of the BROAD Institute (www.broad.mit.edu/gsea/), version 

2.04. MIDAS RMA normalized expression data set including all mammary epithelial 

populations were used. Parameters that deviated from default setting were gene set 

permutation, and exclude minimum gene sets contained less than 1 gene. Median of 

probe method was used to collapse multiple probe sets for an individual gene. Chip 

platform file was obtained from Affymetrix for the 430 2.0 array used in all analyses. 

Criteria for significant pathways was FDR<0.05 since only a small number of samples 

was tested for each population.   

 

Real-time PCR for expression of individual genes 

Sorted cell populations were collected in staining media directly and then 

centrifuged at 5000 rpm for 5 min at 4°C. Supernatant was then carefully removed from 

the cell pellet which was immediately frozen in liquid nitrogen and stored at -80°C until 

RNA extraction. RNA was extracted from frozen cell pellets by Trizol. RNA was 

resuspended in MilliQ H20. RNA was then converted to cDNA using the Superscript III 

Reverse Transcriptase system (Invitrogen). QPCR was then performed on fresh cDNA 

using SYBR Green PCR Master Mix (Applied Biosystems) according to the 

http://www.broad.mit.edu/gsea/
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manufacturer’s instructions. All primers used in these studies have been previously 

described[12,13]. GAPDH expression was used as the reference for all experiments. 

 

 

Immunocytochemistry 

Whole mammary glands were fixed in formalin and embedded in paraffin. Three-

micrometer sections were dewaxed, hydrated and microwaved for 10 min in Tris-EDTA 

(0.01-0.001 M; pH 9) for antigen retrieval. Tissue sections were incubated o/n at 4°C 

with primary antibodies in TBS+1%BSA. Antibodies were CK6 (Covance), CK5 

(Covance), Troma-I (DSHB) and Troma-III (DSHB). Sections were then incubated with 

anti-rat –Alexa A488 antibody (Invitrogen) with anti-rabbit A594 antibody (Invitrogen) 

for 30 min at room temperature.  Secondary antibodies were applied at 1:200 dilution. 

Samples were stained with DAPI and mounted in ProLong before pictures were taken. 

All images were produced with a Leica microscope and Image Pro Software. Images 

were opened in Photoshop CS2 (Adobe) to convert the images from 16-bit RGB to 8-bit 

RGB, but no other processing was applied.  

 

Ex vivo protein analysis 

Sorted cell populations were stained using components of the BrdU Flow Staining 

Kit (BD). Cells were resuspended in 150ul of BD Cytofix/cytoperm buffer and fixed for 

20 min at room temperature, then washed with BD Perm/wash buffer and resuspended in 

BD Cytoperm plus buffer and incubated on ice for 10 min. Then the cells were washed 

again and resuspended in BD Cytofix/cytoperm buffer and incubated on ice for 5 min. 
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Cells were then washed and resuspended in BD Perm/wash buffer. Primary antibodies 

used were CK8 (Troma-1, DSHB), CK19 (Troma-III, DSHB), ESA (G8.8, DSHB), or 

CK14 (Covance). After a 20 minute staining incubation on ice, cells were washed with 

BD Perm/wash buffer, and then incubated with either donkey anti-rat IgG Alexa 488 

(Invitrogen) or goat anti-rabbit IgG Alexa 488 (Invitrogen) for 20 minutes. Cells were 

then washed once more and resuspended in 200 ul of BD Perm/wash buffer before 

analysis by flow cytometry. 

 

In vitro colony forming assay 

Co-culture colony forming assays were performed as previously described[3]. 

Briefly, irradiated NIH3T3 cells are plated into 24 well tissue culture plates (Costar) in 

Epi-Cult media plus 5% FBS (Stem Cell Technologies). Sorted cells were then plated and 

media was changed to serum free media 24 hrs later. After 7 days, colonies were stained 

for immunofluorescence. Colonies were stained with the BD BrdU FITC Flow Staining 

Kit (BD) with Troma-1, Troma-III, ESA and CK14. Cells were also stained with DAPI to 

mark nuclei prior to imaging. All images were produced with a Leica microscope and 

Image Pro Software. Images were opened in Photoshop CS2 (Adobe) to convert the 

images from 16-bit RGB to 8-bit RGB, but no other processing was applied.  

 

RESULTS 

 

Bioinformatic analysis of gene expression data may be used to answer a particular 

hypothesis or to generate new ones. There are vastly different strategies to accomplish 

these goals; therefore a clearly defined endpoint for analyzing microarray data is 
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necessary. We were specifically interested to use microarray technology to investigate 

stem cell specific gene sets. Our previous work showed that MaSC cells from nulliparous 

adult murine mammary glands are enriched for stem cells. In addition, the multipotent 

progenitor cells (defined as MMPP) had diminished self-renewal. This work added to the 

existing cellular hierarchy in the mammary gland. Using these newly defined 

populations, we sought to define genes that were specifically expressed by the MaSC 

population. Gene expression profiling of isolated mammary populations provided an 

excellent method to accomplish this goal, as we could also use the data to define genes 

specific for further differentiated cells. 

We began by double sorting MaSC, MMPP, MaCFC, MYO and EPI populations 

to ensure the best enrichment for each population. Due to the limited number of stem 

cells that are present in fat pads of an adult mouse, the mammary tissue from multiple 

wild type C57BL/6 mice, all 6-8 weeks old, were pooled and processed together for a 

single experiment to minimize variability. Due to the time limitations of processing and 

FACS, multiple sorts were pooled to achieve the numbers of cells necessary for stem cell 

and multipotent progenitor arrays. We justify this strategy since these genetically 

identical mice were housed and raised together, and thus were subjected to similar 

environmental effects (i.e. food, water, etc). The pooled cell numbers from our sorts that 

were used to generate RNA for each array is listed in Table 2.1. For each replicate array 

(A, B and C) of the MaSC and MMPP populations, the fat pads from 10 mice were 

pooled and processed as a single sample for sorting. The cells from multiple sorts=ing 

days were pooled together to obtain approximately 10,000 cells per array. All mice used 

were the inbred C57BL/6 strain that were between 6-8 weeks of age. The amount of cells 
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we used for the MaSC arrays were approximately two to three times greater than 

previously published microarrays[3], providing increased signal intensity that we 

predicted would help to isolate differentially expressed genes. RNA was extracted from 

the cell populations and hybridized to Affymetrix Mouse 430.2 arrays which have probes 

that correlate to most genes in the mouse genome. The resulting CEL files were then 

processed using various programs from the TIGR bioinformatic suite of software[14]. 

Arrays were normalized and background noise removed using MIDAS.  

 

Mammary stem cells have a basal cell phenotype according to their cytokeratin 

signature 

Our array analysis began with unsupervised hierarchical clustering of all arrays based on 

Pearson correlation using the average distance metric (Figure 2.1). The clustering 

analysis indicated which arrays are most similar in their overall gene expression, with the 

resulting familial relationships displayed as dendrogram information[15]. This clustering 

method indicated MaSCs are most similar to the MYOs, corroborating ours and 

others[16] previous histological data that Thy-1 localizes near the basal lamina of mature 

ducts, in the same region as myoepithelial cells. One array, MaSC B, had a closer 

relationship to the MYO B and MMPP A arrays than to the MaSC A and MaSC C arrays. 

Interrogation of probe level data revealed MaSC B had the weakest expression of Thy-1, 

although it was upregulated compared to any of the MMPP arrays. We performed 

Principle Components Analysis (PCA) to assess the similarity of the arrays (data not 

shown). This analysis also showed the MaSC B array segregated closer to MMPP arrays 
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than the other MaSC arrays. We chose to include the MaSC B array in future analyses 

and comparisons because probe level information for certain known stem cell marker 

genes (i.e. Thy-1, CD24, etc.) was most similar to the other stem cell arrays. Therefore, 

we could not determine if MaSC B was an outlier array or a better indicator of real stem 

cell gene expression without performing more replicates. Further inspection of the 

dendrogram also showed the MaCFC arrays were most similar to the EPI arrays. Taken 

together, the clustering results suggested the stem and multipotent progenitor cells have a 

phenotype similar to myoepithelial cells and the further differentiated MaCFC 

progenitors have a luminal signature. These conclusions supported our previous 

immunohistochemistry findings that Thy-1 localizes near the basal lamina and Thy-1 

positive stem cells, like myoepithelial cells, are poor colony forming cells in vitro.  

We next examined differentially expressed cytokeratins (KRT) to make sure our 

arrays were consistent with the literature, has these proteins have long been used to 

distinguish the variety of cell populations in the mammary system[17]. Myoepithelial 

cells express Krt5 and Krt14; both proteins are found on the same intermediate filaments 

within a particular cell. Luminal epithelial cells express Krt7, Krt8, Krt18 and Krt19. As 

opposed to other luminal cytokeratins, KRT19 is thought to be expressed on only a subset 

of luminal cells. In human mammary ducts, KRT19 is expressed on most luminal 

epithelial cells except during pregnancy, where its expression turns heterogeneous and is 

a marker of secretory alveolar cells[18]. We performed an analysis to look at cytokeratin 

expression in the different mammary populations to confirm known results from the 

literature (Figure 2.2). We took the average expression from each probe from all 

replicates of a particular population’s arrays as representative data. 
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Our results showed Krt8, Krt18, Krt19 and Krt7 were upregulated in the MaCFC 

and EPI populations, consistent with previously published results. In addition we detected 

Krt6 specifically in the MaCFC progenitor population. Krt6 was previously found 

dispensable for mammary development, although it is expressed in the lobules of the 

developing mammary gland[19]. This report also showed Krt6 expression is rare in the 

mature mammary gland. Our data suggests Krt6 may be a specific marker of MaCFC 

progenitor cells in mammary epithelium, and we expect these cells to be found in the 

luminal cell layer based on our hierarchical clustering analysis. This hypothesis is also 

supported by a previous study in which mice that had mutant C/EBPβ in mammary 

glands caused Krt6 to be expressed only in luminal cells[20]. Since our results were 

consistent with previously published reports of cytokeratin expression, lending support to 

the validity of the information gained from our array analysis. In addition, there may be 

another Krt6 negative progenitor population that has the same differentiation potential as 

MaCFC cells. 

To confirm the myoepithelial phenotype of the MaSC and MMPP cells we 

analyzed the overall cytokeratin signature in those populations (Figure 3.2). Again, 

consistent with previous reports[21-24], those populations expressed Krt14 and Krt5. Of 

the cytokeratins expressed in the basal populations, there were two groups of proteins: the 

Type I keratins Krt16, Krt23, Krt14, Krt10, Krt15 and the Type II keratins are Krt17 and 

Krt5, Krt80, Krt1 and Krt77[25-27]. Since previous data has shown myoepithelial cells 

express both Krt5 and Krt14, these newly identified keratin molecules may prove useful 

markers of basal/myoepithelial cells. In addition, Krt17 has been proposed as a basal 

marker specific for myoepithelial cells[28-31]. Of particular interest was Krt80, which 
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was expressed by the stem cells and differentiated luminal epithelial cells. There is no 

previous data on Krt80 in the mammary gland. Krt78, a Type II keratin, was upregulated 

in the MaSCs compared to the rest of the populations. Krt23 was also an interesting 

molecule which was expressed by the multipotent progenitors and differentiated 

myoepithelial cells, but not the stem cells. This cytokeratin may be useful in identifying 

the stem cells in histological analysis by screening sections for basal cells that are 

negative. Since the MaSC population expressed  Krt80 but not Krt23, our cytokeratin 

data suggest stem cells retain markers of both luminal and myoepithelial lineages, as has 

been previously suggested[24,32]. 

 

MaSCs activate a luminal epithelial transcriptional program as they differentiate 

into MaCFCs 

Since microarray data relies on hybridization kinetics to indicate gene expression, 

further validation of probe level data is required to confirm results. To that end, we 

performed semi-quantitative relative real-time PCR using SYBR green using Gapdh as 

our reference gene as previously described{Asselin-Labat, 2006 #156}. Differentiated 

luminal and myoepithelial populations are the best described cell types in the mammary 

gland, so we first began by measuring gene expression of common cytokeratins and the 

actin component SMAα in isolated Lineage-, MaCFC, EPI and MYO populations (Figure 

3.3A). Our data (Figure 3.3, red series) showed that Lineage- cells expressed Krt18 and 

to a lesser degree Krt19, as well as low expression of SMAα, reflecting the heterogeneity 

of the mammary epithelial cells. We also looked at cytokeratin expression in both the 

MYO (Figure 3.3, blue series) and EPI (Figure 3.3, purple series) populations. Consistent 
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with previous reports, we found MYO cells had high expression of SMAα but we did not 

observe a similar level Krt14 expression, which is also a myoepithelial marker. However, 

no luminal epithelial specific genes such as Krt18 were expressed by MYO cells, 

suggesting the qPCR results accurately reflected the identity of the sorted population. EPI 

cells showed extremely high expression of Krt18 and Krt19 to a lesser extent. The EPI 

cells did not express any markers of myoepithelial lineage. When we analyzed MaCFC 

(Figure 3.3, green series) progenitor cells, we found a similar profile to EPI cells, 

suggesting these cells had begun differentiating into luminal epithelial cells. This data is 

consistent with our in vitro colony forming data which demonstrated the lack of cell 

colony forming ability correlated to a more basal/myoepithelial phenotype, whereas the 

MaCFC and EPI populations had an increased ability to form colonies in vitro.  

Next, we analyzed the cytokeratin expression of the MaSC, MMPP and MaCFC 

subpopulations. We observed the MaSC population had a myoepithelial mRNA 

expression profile, with significant upregulation of SMAα and Krt14. The MMPP 

population had a similar profile to the MaSC cells, also expressing myoepithelial 

markers. In both MaSC and MMPP cells, we observed a small amount of Krt18 

expression, suggesting these cells may co-express luminal and myoepithelial markers as a 

reflection of their undifferentiated status since expression of both luminal epithelial and 

myoepithelial markers has been suggested to mark progenitor cells. We also observed a 

decrease in the level of Krt14 in MMPPs as opposed to MaSCs, without a noticeable 

reduction in the profile of SMAα. Our initial observations showed the MaCFC cells had 

differential Thy-1 expression. We found both Thy-1
+
MaCFC and Thy-1

-
MaCFC cells 

had a similar expression profile, with high expression of Krt18 a lower amount of Krt19. 
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We also observed the Thy-1
+
MaCFC population expressed SMAα and Krt14, but the 

Thy-1
-
MaCFCs did not. This result suggested the Thy-1

+
MaCFCs may be upstream 

progenitors that have not fully committed to a particular lineage while the Thy-1
-

MaCFCs may be downstream luminal restricted progenitor cells. We found a very low 

amount of Krt14 and SMAα was expressed by these progenitor cells, suggesting these 

cells were differentiating into luminal epithelial cells. The stark contrast of MaSC versus 

MaCFC cells confirmed our hypothesis of a change in the transcriptional programs active 

in these two populations. Interestingly, MaCFCs can make both differentiated 

myoepithelial and luminal epithelial cells, suggesting self-renewal may be confined to 

basal cells that express myoepithelial makers. We also tested the expression of Krt6 in all 

cell populations. We failed to find expression of Krt6 in any isolated population. This 

data contradicted previous literature which suggested Krt6 is a marker of stem and 

progenitor cells, but was not found in terminally differatiated cells[23]. This was the only 

gene whose expression from our microarray data could not be reproduced by real-time 

PCR. This negative result may have been due to poor primer design since we did not 

detect expression in any of the samples tested or our assay may not have been sensitive 

enough to detect expression of this gene.  

To further validate our microarray analysis, we chose to investigate the expression 

of p21
cip1/waf1 

and Tbx3 in progenitor populations. These two genes have been suggested 

to have roles in mammary morphogenesis. p21
cip1/waf1 

has been hypothesized to maintain 

stem cell quiescence in the skin system[33,34], and thus may be considered a putative 

stem cell marker. In integrin β1, or CD29, mutant murine mammary glands luminal cells 

had reduced proliferation[35] which correlated to an increase in the expression of 
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p21
cip1/waf1

. The authors suggested p21
CIP1/WAF1 

participated in the repression of luminal 

cell proliferation in the mammary gland. A previous study showed exogenous expression 

of TBX3 resulted in the reduced expression of the CDK inhibitor p21 
CIP1/WAF1 

[36]. TBX3, 

a gene often mutated in Ulnar-Mammary Syndrome (UMS), is a transcription factor that 

is part of the T-domain containing family. Haploinsufficient UMS patients experience a 

congenital loss or reduction of mammary epithelium[37]. Homozygous Tbx3 null mice 

are in part characterized by a loss of mammary rudiments by E13[38]. TBX3 has been 

shown to repress the transcription of the ARF protein in non-mammary cells[39]. In 

addition, overexpression of Tbx3 in mouse embryonic fibroblasts leads to their 

immortalization[40,41]. These data suggested a role for p21
cip/waf1 

and Tbx3 in stem cells 

or early progenitors. 

We began by looking at all probes for both genes (Figure 3.4, top panel). 

Althoguh we were not able to statistically distingusigh these genes in our global array 

analysis, probe level information showed p21
cip1/waf1

, commonly known as Cdkn1a, had 

high expression in the MaSCs and declined as the cells differentiated into MMPP and 

MaCFC. This expression pattern was opposite of Tbx3. The MaSCs specifically did not 

express Tbx3, but its expression was detected by one probe in MMPP, and many of the 

probes in MaCFCs. This data was interesting as Tbx3 appears to discriminate between 

the stem and multipotent progenitor cells. We validated the expression of p21
cip1/waf1

 in 

the stem and progenitor populations by real-time PCR. We found p21
cip1/waf1 

was 

specifically expressed in the MaSC population and absent in the MMPP population as 

well as both Thy-1 MaCFC subpopulations (Figure 3.4, blue series). There are two splice 

variants known for p21cip1/waf1, and we designed our primers to target the exons that 
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are common between both, thus we cannot discriminate if there is a more prevalent 

isoform.  Tbx3 was not expressed in MaSCs but was expressed by MMPP and Thy-

1
+
MaCFCs. When compared to the expression of these genes in Lineage

-
 cells, we 

observed enrichment in the described populations, showing the specificity of our results. 

We hypothesize p21
cip1/waf1

 may function to maintain stem cell quiescence in murine 

mammary stem cells. These results also suggest Tbx3 affects the progenitor population(s) 

of the murine mammary gland in a p21
cip1/waf1 

dependent manner, but not the stem cell 

population. 

Taken together, our results show stem, multipotent progenitor and myoepithelial 

cells had increased expression of SMAα and Krt14 relative to the other populations.  

MaCFC progenitor and differentiated luminal epithelial cells had high expression of 

Krt18 and to a lesser extent Krt19. Consistently with our cytokeratin cluster microarray 

analysis, MaCFC progenitor cells expressed both cytokeratins 18 and 19, confirming 

their luminal identity. MaSCs and MMPPs had a basal/myoepithelial phenotype. In 

addition, array expression analysis of Tbx3 and p21
cip1/waf1 

was confirmed by real-time 

PCR. Extrapolation of these data may implicate multipotent progenitor defects rather than 

stem cell anomalies as the source of congenital UMS in human patients. 

 

Mammary stem cells express luminal epithelial proteins upon differentiation into 

progenitors 

After we validated the microarray expression data, we investigated how certain 

keratin proteins are expressed in isolated mammary populations. Post-transcriptional 

protein regulation can dramatically alter conclusions based on expression data alone. Ex 
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vivo analysis of isolated cells in combination with immunofluorescence staining had been 

previously shown to describe the keratin profile of MRU and MaCFC cells[3]. We used 

an adaptation of this approach and subjected the cells to gentle fixation and 

permeabilization as previously described[42] to measure the percentage of cells that 

expressed KRT8, KRT19, ESA and KRT14 in sorted mammary populations (Figure 3.5). 

Our data is the first report of murine ESA, or epithelial specific antigen. ESA, also known 

as EpCAM, has proven valuable to isolate epithelial stem and cancer stem cell 

populations[43-51]. However, the lack of a murine ESA antibody has prevented parallel 

enrichment strategies in mouse models. We found a rat anti-mouse monoclonal ESA 

antibody, clone G8.8, from the Developmental Studies Hybridoma Bank (DSHB). This 

antibody was initially described as a marker of thymic epithelium[52]. 

As controls, we analyzed the profile of unsorted and Lineage
-
 (Lin

-
) cells. 

Unsorted cells contained a small amount of cells that expressed the luminal epithelial 

makers KRT8, KRT19 and ESA, but a negligible amount of KRT14 cells. This profile 

was conserved in Lineage
-
 cells, where 20% of cells expressed KRT8 and about 28% that 

expressed KRT19 and ESA. KRT14 was expressed in a smaller percentage of cells, with 

only 6% of all cells staining positively. These results were expected since removal of 

blood cells essentially enriches for epithelial cells. We found KRT14 was expressed in 

about 40% of the MYO population, and the other proteins on only a small fraction of the 

cells. We found 81% of EPI cells expressed ESA, 63% expressed KRT19 and 38% 

marked KRT8.  

There was no difference in the percentage of cells that expressed lineage 

identification proteins between MaSCs and MMPPs. Previous reports indicated KRT14 
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was highly expressed in the CD24
med

CD49f
hi

 population in mRNA[3]. KRT14 was 

highly expressed in the MaSC and MMPP populations, with 41% and 52% of cells 

staining positive, respectively. ESA was found in about 20%, KRT19 in 15%, and KRT8 

approximately 5% of both fractions of the MaSC population. Taken together with 

previous reports and based on the MYO and EPI protein data, we conclude that Thy-1 

does not isolate a luminal epithelial population from the CD24
med

CD49f
hi

 population. 

When we analyzed the Thy-1
+
MaCFC and Thy-1

-
MaCFC populations, their profiles were 

also remarkably similar. We found most of the MaCFC population expressed KRT8, 

KRT19 and ESA proteins. These increases were concomitant with a precipitous decrease 

in KRT14 expression compared to MRUs, suggesting the differentiation process from 

MRU to MaCFC induces a luminal epithelial transcriptional program. When we analyzed 

the difference in the percentage of KRT14 positive cells between the Thy-1
+
MaCFC and 

Thy-1
-
MaCFC populations we found a significantly lower amount of KRT14 positive 

cells in the Thy-1
+
MaCFC population versus the Thy-1

-
MaCFC population (Student’s T-

test, 2-tailed, P=0.029). Since the Thy-1
-
MaCFC cells are more similar in expression 

profile to the EPI cells than the Thy-1
+
MaCFC cells, we suggest these cells may be 

subset of the MaCFC population destined to become differentiated luminal epithelial 

cells. As a caveat, we did not observe a decrease of KRT19 expression, which may 

indicate these cells are not fully differentiated. 

Our protein expression data confirmed our results from real-time PCR and 

microarray gene expression. Although the MaSC and MMPP populations expressed 

markers of both luminal and myoepithelial lineages, we found these populations had a 

high amount of KRT14 protein expression. In contrast to our single gene expression data, 
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we observed KRT19 expression in the MaSC and MMPP populations. We also report the 

ESA is expressed by all of the mammary populations analyzed, and most of the EPI and 

MaCFC cells are ESA
+
. Using ESA in combination with cancer stem cell markers may 

help to define the cell of origin in tumors, or assess the transition of basal cells into 

adenocarcinoma. 

 

Cultured mammary epithelial cells express luminal and myoepithelial proteins 

 

To better define how KRT8, KRT14, KRT19 and ESA are expressed, we stained 

colonies that contained differentiated cells. MaCFC cells were sorted and plated into 3T3 

co-culture assay, followed by indirect immunofluorescence staining to detect specific 

proteins. We show the first in vitro data for ESA using the antibody G8.8. Previously, the 

G8.8 antibody was used to mark subcapsular and medullary thymic epithelial cells[52,53] 

and also labeled gut, epidermal and some kidney epithelium. We stained cultured 

mammary epithelial cells and found ESA expressed diffusely in the cytoplasm of luminal 

epithelial cells, with strong staining at the cell surface and boundaries between these cells 

(Figure 3.6A). This staining is similar to ESA staining of cultured human mammary cells. 

KRT19 was detected using the Troma-III antibody, also obtained from the DSHB. 

Troma-III was also used a marker of differentiating embryonal carcinoma cells[54]. This 

antibody was found to mark EndoC, a trophectodermal protein, which was identical to 

murine KRT19[55]. Although KRT19 is thought to label a subset of luminal epithelium, 

we found only rare cells were labeled with this antibody. These cells were always found 

in luminal epithelial colonies, but the cells had a small amount of cytoplasm, were 

rounded, and typically only a few cells were found at the edge of colonies (Figure 3.6B). 
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Therefore, we conclude that KRT19 expression is down-regulated when MaCFCs 

differentiate into luminal epithelial cells in vitro. KRT14 was detected using a polyclonal 

rabbit antibody previously described to be useful for mammary lineage identification. 

Cultured myoepithelial colonies were positive for KRT14 (Figure 3.6C). Troma-1, an 

antibody shown to mark the endodermal cytoskeletal protein Endo A, was used to mark 

trophoblast cells, Merkel cells, auditory receptor cells, and differentiating embryonic 

stem and carcinoma cells[56-59]. The Troma-1 antibody was also found to react with 

KRT8, a keratin of simple epithelia[60-62]. KRT8 has been used as a marker of normal 

alveolar and ductal epithelia in mouse mammary tissue[63,64]. When we stained cultured 

mammary epithelial cells with KRT8, we found luminal epithelial colonies stained 

positive for KRT8 (Figure 3.6D).  

 

Immunofluorescence of mature mammary ducts 

Ex vivo protein analysis of sorted cell populations and in vitro colony staining 

confirmed our previous keratin expression results. We hypothesized that using keratin 

molecules on fixed sections of adult mammary tissue would help identify the location of 

progenitor cells. Immunofluorescence co-staining of KRT8 and KRT14 clearly 

distinguished the KRT14 positive myoepithelial cells from the KRT8 positive luminal 

cells (Figure 3.7, top left). We did not observe any yellow staining which would indicate 

both cytokeratins are simultaneously expressed, as a marker of MaSCs. These cells are 

rare, and thus screening many more ducts would be required to accurately find them. 

KRT5 also localized only to the myoepithelial cells (Figure 3.7, middle left).  We found 

Krt6 expression in a small number of KRT8 positive cells in the luminal layer of ducts 
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(Figure 3.7, bottom left), consistent with our microarray data that Krt6 was expressed in 

MaCFCs that retained a luminal identity. This result shows MaCFC cells are not a 

luminal expressing sub-population of basal cells. After an exhaustive literature search, we 

could not find any histological data of the expression of KRT19 in murine mammary 

glands. We present the first staining of Krt19 in the murine ductal epithelium (Figure 3.7, 

top right). Consistent with previous data in human breast, Krt19 marked a subset of 

luminal murine cells. An attractive speculation would be the Krt19 marks cells that have 

alveolar secretory differentiation potential, although further staining in pregnant mice or 

lineage tracing experiments are needed to test this hypothesis. Our results confirm our 

microarray results which accurately predict the identity of a given mammary epithelial 

population based on cytokeratin expression. We were able to identify KRT6 and KRT19 

luminal subpopulations. Furthermore, our data suggests newly identified cytokeratin 

molecules such as Krt80 and Krt23 may also be useful histological markers to distinguish 

stem and progenitor cells from further differentiated cells.  

 

MaSC cells have activated molecular functions not found in MYO cells 

Based on our clustering results that the MaSCs share the closest relationship to 

the MYO cells, we went on to further investigate how our microarray data could identify 

differences at the cellular level. This approach was advantageous as MYO cells were 

essentially indistinguishable in histological analysis from MaSC cells. We used Gene Set 

Enrichment Analysis (GSEA) in which a previously defined set of genes or various sets 

of genes may be used to identify specific genes or pathways that are preferentially 
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enriched in a certain population of microarrays[65]. We show the molecular functions 

that were enriched in the stem cell population using a FDR q-value<0.05 as our cutoff 

(usually this value is kept at 0.25, but the small number of arrays used in the analysis 

necessitated a more stringent metric to eliminate spurious results). Our data indicates 

MaSCs have genes involved in neurotransmitter signaling to be highly enriched (Figure 

3.8). Not surprisingly, ion channel pathway members were also enriched, which are 

known to mediate many neurological functions[66]. In addition, metabolic pathways such 

as acetylcholine binding, peptide receptor activity and inositol phosphodiesterase activity 

were also enriched. This analysis suggested stem cells may have different metabolic 

processes than myoepithelial cells. Also, this analysis provides a hypothesis generating 

platform in that genes that are “core enriched” may be exploited to specifically module 

stem cell activity. 

 

Genes upregulated in MaSCs versus MYO cells 

Since our GSEA results suggested intracellular differences between MaSCs and 

MYO cells, we performed a bioinformatic screen for genes that were upregulated in 

MaSCs. Our results were based on a permuted T-Test followed by removal of probes 

whose average expression was not greater than 2-fold different in the stem and 

myoepithelial arrays. This analysis resulted in a curated list of 71 unique genes, the first 

report of a stringent differential gene analysis that reveals such a large set of stem cell 

specific genes (Figure 3.9). Functional annotation was necessary to investigate which 

pathways were identified by upregulation of these genes. We chose to process this list 
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through the DAVID online gene ontology database[67], asking which biological 

processes these genes enriched for. Intriguingly, five of these genes were involved in cell 

motility. One of these genes, Zeb2, has been implicated in epithelial to mesenchymal 

transition[68-70]. Another of these genes, Nr2f2, is an orphan nuclear receptor that has 

recently been shown to affect embryo attachment and uterine decidualization through a 

BMP2 specific signaling mechanism[71]. The authors also suggest this effect was 

progesterone mediated.  

The MaSC specific genes also enriched for cellular calcium and other ion 

homeostasis, correlating with our GSEA results that calcium and potassium voltage 

regulate channels were also differentially expressed by the stem cells. Another interesting 

gene was Wnt8b, whose ortholog been shown to be expressed by some human breast 

cancer cell lines[72], but has been better studied in the hypothalamus where it is required 

for neurogenesis through a Lef1 dependent mechanism{Lee, 2006 #7550}. Intriguingly, 

in hepatic progenitors derived from human ES cells the expression of WNT8B was due to 

POU51(OCT3/OCT4) and GATA3[73]. These results are important in light of a recent 

study in with a Gata3 null mutation under Krt14 promoter expression was found to 

completely abolish mammary rudiment development, therefore preventing any ductal 

growth post-natally[74]. This may implicate Wnt8b as a downstream effector of Gata3 

directed transcriptional activation in a mammary specific context, and also sets up a role 

for Oct3/oct4 in mammary morphogenesis. Interestingly, WNT8B although upregulated 

in gastric cancer, pancreatic cancer, colorectal cancer, breast cancer and embryonal 

tumors it is not found in the normal tissue counterparts of these tumors by Northern blot 

analysis[72,75]. If indeed Wnt8b is a stem cell specific canonical Wnt, Northern blot 
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analysis would not have been sensitive enough to detect its presence. Continuing our 

analysis, there were also four genes that were associated with central nervous system 

development: Nr2f2, Zeb2, Agtpbp1 and Ngfr. Although it is tempting to speculate the 

role of these genes, further work is needed to functionally validate how these genes affect 

mammary morphogenesis. 

 

Genes upregulated in MaSCs versus MMPPs 

We next performed a similar analysis for genes specifically upregulated in stem 

cells versus multipotent progenitor cells (Figure 3.10), as we are the first group to 

describe the population. In a similar screen for genes that were both differentially 

expressed and upregulated in the stem cells, we obtained 88 unique genes. We obtained 

more genes in this analysis than in previous ones due to the increased dissimilarity 

between the stem and multipotent progenitor cells, consistent with our clustering 

analysis. We did not find any overlap with the previously published 4 stem cell specific 

genes. Again, we processed our gene list through the DAVID functional ontology 

database to assess which biological processes were specific to the stem cell population. 

Interestingly, cell motility, cell migration, cell-cell adhesion and nervous system 

development were among the most significant results. These results suggested the stem 

cell population may be motile in the mammary system, perhaps responsible for the 

invasion process that characterizes mammary development. Indeed, many groups have 

shown circumstantial evidence of an undifferentiated population cells at the leading edge 

of lobules where there is direct stromal contact[76-78]. The presumed motility of the 
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stem cells may provide them with the unique ability to traverse the mammary system to 

repopulate areas during hormonal stimulation. Again, neuronal development pathways 

also were enriched for by the stem cell specific genes, which may be a reflection of 

innervation of the breast. In addition, metal ion metabolism also was significant, a 

property that defined the MaSCs versus both MYO and MMPP cells. Not surprising 

given that MaSCs are very similar myoepithelial, the two genes Gucy1a3 and Atp1a2 are 

involved in the regulation of smooth muscle contraction. These results were corroborated 

by submitting the gene list to the term enrichment algorithm of the AmiGO online gene 

ontology program[79]. These results suggested a key difference between the stem and 

multipotent progenitor cells was locomotion..  

 

Gene signature of MaSCs 

Given the novel pathways and genes identified by our previous comparisons of 

genes specifically upregulated in the MaSCs versus MMPP and MYO cells, we sought to 

expand our analysis to identify genes that were only upregulated in the MaSCs and no 

other populations. To that end, we identified genes using the permuted T-Test with 

stringent criteria to identify genes and selected those genes that were upregulated in the 

MaSC population compared to each individual population. We then pooled those gene 

list together and selected only those genes that were only expressed in the MaSC arrays. 

Our analysis revealed 17 unique genes and one predicted gene. The genes we found are 

as follows: Abca8a, Aspa, Atp1a2, Atp1b2, Cadm2, Ccl11, Edg3, Inpp4b, Kcna1, Nr2f1, 

Ngfr, Pdzd2, Rarres2, Slc35f1, Tmod2, Ttyh1 and Zeb2. The sole predicted gene was 



95 

 

ENSMUSG00000074335, which shares similarities with the voltage regulated channel 

family of genes. Complete gene ontological analysis of this gene set is presented in 

Figure 3.11. We performed the most extensive ontological analysis on this gene list, as it 

represented the most interesting genes. We looked at all known biological processes and 

molecular functions from both the gene ontology of the GO[80] and the PANTHER[81] 

databases. When investigating which biological processes were activated specifically by 

the MaSC population, pathways for ion homeostasis, adhesion, motility, migration and 

cytokine signaling are enriched. In addition, cell surface receptor mediated signal 

transduction is also active. In particular, the most enriched pathways were cytosolic 

calcium ion homeostasis and potassium ion transport. A more in-depth perspective of the 

function of stem cells was obtained by analyzing our gene list for molecular functions. 

The largest enrichment was found in sodium:potassium exchanging ATPase activity. A 

number of ion signaling pathways coupled to ATPase production are also enriched as 

well as transmembrane transporter activity. These enrichment results by themselves 

cannot be used to provide functional evidence of stem cell behavior. However, reviewing 

which general mechanisms are stem cell specific paints a broad picture of stem cell 

behavior. 

 

DISCUSSION 

 

Microarray expression data of isolated cell populations provides a powerful 

method to generate hypotheses about the function of cells type. In addition, gene 



96 

 

profiling is useful to indentify new pathways that may be exploited to control or direct 

cells’ behavior. In our study, we sought to identify genes that were specifically expressed 

by murine mammary stem cells. Using our recent phenotypic description Thy-1
-

CD24
med

CD49f
hi

 to define a population enriched for functional stem cells, we generated 

expression data that was used to interrogate the lineage identity of these cells as well as 

the specific molecular functions that makes them different from other mammary cells. 

We compared the MaSCs to MYO and MMPP cells as these were the populations that 

shared the most similarity. Therefore, we reasoned only significant characteristics of 

MaSCs would be observed. 

This study yielded a number of interesting results, many of which had not been 

shown until this report. MaSC cells had a basal phenotype according to the gene 

expression profiling of keratin molecules. Although MMPP cells shared this phenotype, 

we discovered the expression of two keratins, Krt23 and Krt80, may help to distinguish 

the MaSC cells. We validated the microarray expression data with real-time PCR, 

confirming the MaSC cells induced a luminal transcriptional program as they 

differentiate into MaCFC progenitor cells. We also showed p21
cip1/waf1 

was expressed 

only in the MaSC cells, but Tbx3 was expressed in the immediate downstream progenitor 

MMPP cells. This data also demonstrated that MaSC cells have specific genes that 

distinguish them from all other known mammary populations. To further confirm our 

microarray results, we used a novel ex vivo protein analysis that demonstrated the basal 

identity of the stem cells, but also that they express proteins associated with both luminal 

and myoepithelial lineages. One of these proteins, ESA, had not been described before 

this report. To better characterize ESA in the mammary system, we stained cultured cells 
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and showed the staining profile was extremely similar to human ESA[82]. In addition, we 

found the putative alveolar progenitor marker Krt19 was significantly downregulated 

when mammary cells are grown in culture. We speculate that lactogenic conditions may 

stimulate production of KRT19. Since many of the keratin molecules have been used to 

mark specific mammary compartments, we also performed immunocytochemistry on 

paraffin sections of adult virgin mammary glands. We showed KRT6 is a subset on 

luminal cells, perhaps the MaCFC population. Also, we demonstrate KRT19 marks a 

subset of luminal cells, similar to human breast epithelium. 

We reported the first detailed gene expression analysis of highly enriched 

mammary stem and multipotent progenitor populations. Also, we are the first group to 

show functional annotation of murine mammary stem cell specific genes, providing a 

new profile of adult stem cells. In general, we found stem cells preferentially upregulate 

pathways responsible for ion homeostasis. Furthermore, the stem cells have initiated 

transcriptional programs for general development and organogenesis, as well as motility 

and migration. Although the data are a complex network of individual observations, we 

propose a model in which all of the information may be integrated. Stem cells are 

incredibly powerful components of the mammary gland, with the ability to regenerate the 

entire organ or repopulate certain areas. Many groups have hypothesized that stem cells 

are under hormonal regulation, directed to differentiate or self-renew based on systemic 

and/or local steroid signaling. Steroid signaling processes did not appear as activated in 

the stem cells, nor were hormonal receptor signaling pathways involved. Nevertheless, 

given their importance in the mammary tissue, stem cells must respond to environmental 

cues. The data suggests stem cells are particularly sensitive to calcium, potassium and 
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sodium ion signaling. These metal ions are common signaling components, found in 

many cell types. We hypothesize the stem cells have these signaling components present 

on their cell surface, such that they are primed for a metal ion signal at any time. This 

interpretation may be extrapolated to suggest the stem cells respond to ion gradients 

found in the local microenvironment. An attractive speculation is in response to ion 

signaling, the stem cells activate energy producing pathways first to gear up for purpose-

driven transcriptional activation. An example of this may be the upregulation of ion 

receptor-mediated phosphorylation. Phosphorylation of target proteins is a well studied 

mechanism of transcription activation that usually activates a specific set of proteins. 

This creates a temporal picture of stem cell activation, where these cells are constantly 

listening for ion based signals. Upon receiving an appropriate signal, the stem cells then 

first make ATP energy and then activate particular signal transduction mechanisms. 

Another interesting attribute of the stem cells is the upregulation of genes involved in 

motility and migration. The mature mammary gland is thought to be relatively static, and 

thus our results show the first evidence that the stem cells may actively move during 

morphogenesis. These results may help to explain how ducts invade into the stroma, as it 

has been observed that there are undifferentiated cells in the caps of the invading lobules 

and in the epithelial cell layers of the body cells. This provides further evidence for the 

localization of the stem cells within the ductal epithelium. Alternatively, the stem cells 

may move in response to local signaling in the ductal tree to repopulate a particular area 

or expand at a branching point. Adhesion pathways are also enriched by the stem cells 

genes, and given their basal phenotype this suggests that local niche interactions and ion 

signaling may be the two most influential systems that initially distinguish stem cell from 
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more differentiated progeny. Taken together, our analysis provided new insights into both 

the systems that govern stem cells as well as a temporal model for their intracellular 

signaling activation. 

Since both GSEA and ontological analyses reveal such a high association of the 

stem cells with neural pathways, there are two major possibilities that may explain this 

data. The first is the phenotypic Thy-1
+
CD24

med
CD49f

hi
 population, although 

functionally enriched for mammary stem cells, may also contain neural progenitor or 

differentiated cells. Alternatively, our stem cells may be secreting factors and directing 

nerve cell growth in support of mammary morphogenesis. Further experiments using 

neural specific markers such as glial fibrillary acidic protein may be useful to distinguish 

between these possibilities. There have been numerous studies that have shown Thy-1 

expression on astrocytes[83-87] and a recent study in bone marrow cultures suggested 

Thy-1 accelerated neurite outgrowths[88].  
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TABLES 

 

Table 3.1: Cell numbers of double sorted mammary populations used for 

microarrays.   

 
 
 Cell population 

Samples MaSC MMPP MaCFC MYO EPI 

A series 9073 69657 90306 240103 395660 

B Series 32912 46809 119422 207562 213152 

C Series 10000 49013 198796 96462 112297 
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FIGURES 

 

 

 

Figure 3.1: Unsupervised hierarchical clustering of microarrays from mammary 

epithelial populations.  

RMA normalized microarray data from freshly isolated C57BL/6 mammary cells. The 

expression data was processed to remove noise and only probe sets that varied by two 

fold or more were retained. Pearson correlation (uncentered) similarity based on average 

linkage was used as the clustering distance metric. Luminal, CD24
med

CD49f
-
 cells, 

MaCFC, CD24
hi

CD49f
med

 cells, Stem Cell, Thy-1
+
CD24

med
CD49f

hi
 cells, Myoepithelial, 

CD24
med

CD49f
low

 cells, Multipotent Progenitor, Thy-1
-
CD24

med
CD49f

hi
 cells. Each array 

represents an independent replicate. Data suggests mammary stem cells and multipotent 

progenitors are most similar to differentiated myoepithelial cells, whereas MaCFC 

progenitors are most similar to differentiated luminal epithelial cells.   
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Figure 3.2: Clustering analysis on average gene expression of cytokeratin molecules 

from mammary epithelial microarray analysis.  

The most differentially expressed cytokeratins across all populations analyzed are shown. 

Data demonstrated MaSCs, MMPP and MYO share similar keratin signatures, suggesting 

a basal phenotype. MaCFC and EPI arrays had luminal epithelial keratin expression 

signatures.  
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Figure 3.3: Real-time PCR validation of microarray gene expression analysis.  

Isolated mammary populations were analyzed for the expression of single genes using 

SYBR green real-time PCR. Top panel, differentiated populations. Lower panel, 

progenitor populations. All relative expression data was normalized to the expression of 

Gapdh as the control gene. Data represents average of 3 independent experiments, ±S.D 

of the mean.  
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Figure 3.4: Relative quantitation of Tbx3 and p21
cip1/waf1

 in stem and progenitor 

populations.  

Top panel, microarray expression cluster of all probes specific for Cdkn1a (p21
cip1/waf1

) 

and Tbx3. Array and gene clustering based on Pearson centered correlation with average 

distance metric. Bottom panel, real-time PCR for the same genes in progenitor 

populations normalized to Gapdh as the control gene. Blue series are p21
cip1/waf1 

and red 

series are Tbx3 data. Data represents the average expression from 3 independent 

experiments, ±S.D. of the mean.  
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Figure 3.5: Ex vivo protein analysis of sorted mammary cell populations.  

Double sorted cells from each respective population were stained for listed proteins. Data 

shows MaSC and MMPP cells have similar profiles. Thy-1 does not isolate a 

subpopulation from MaCFC cells that have a basal phenotype. Results are the average of 

4 independent experiments, ±S.D. of the mean.  
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Figure 3.6: In vitro colony immunofluorescence staining of ESA, KRT19, KRT14 

and KRT8.   

A, ESA staining of luminal epithelial colony. B, KRT19 staining localizes to luminal 

epithelial colonies. C, KRT14 staining of a myoepithelial colony. D, KRT8 stains luminal 

epithelial colonies. In all images, DAPI blue staining demarcates nuclei. Internal negative 

controls may be observed by DAPI nuclei on periphery of colonies that did not stain 

positive for the indicated protein. All images takes at 100X magnification.   
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Figure 3.7: Immunocytochemistry of virgin mammary tissue based on lineage 

specific keratin proteins.  

Paraffin sections of mammary fat pads were stained with primary antibodies against the 

indicated protein. Secondary antibodies were anti-rat Alexa 488 or anti-rabbit Alexa 594. 

DAPI blue staining was employed to distinguish nuclei. All images are 25X 

magnification.  
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NAME SIZE ES NES NOM p-val FDR q-val FWER 
p-val 

NEUROTRANSMITTER_
BINDING 

49 0.53042716 2.126814 0 0.002048 0.007 

NEUROTRANSMITTER_
RECEPTOR_ACTIVITY 

47 0.54636055 2.191138 0 0.002345 0.004 

ACETYLCHOLINE_BIND
ING 

15 0.6970162 1.976513 0 0.009354 0.073 

AMINE_BINDING 21 0.6083901 1.989878 0 0.00959 0.06 

RHODOPSIN_LIKE_REC
EPTOR_ACTIVITY 

105 0.43217456 1.999007 0 0.010969 0.052 

PEPTIDE_RECEPTOR_A
CTIVITY 

49 0.4706282 1.892287 0 0.0177 0.212 

POTASSIUM_CHANNEL
_ACTIVITY 

43 0.489236 1.899892 0.001548 0.018035 0.19 

G_PROTEIN_COUPLED
_RECEPTOR_ACTIVITY 

149 0.38556328 1.900722 0 0.020945 0.19 

VOLTAGE_GATED_POT
ASSIUM_CHANNEL_AC
TIVITY 

33 0.50742 1.842829 0.001704 0.027815 0.342 

ION_CHANNEL_ACTIVI
TY 

126 0.3817514 1.818775 0 0.031949 0.42 

GATED_CHANNEL_ACT
IVITY 

105 0.37588215 1.774567 0 0.042155 0.583 

INOSITOL_OR_PHOSP
HATIDYLINOSITOL_PH
OSPHODIESTERASE_A
CTIVITY 

12 0.6356808 1.781916 0.006369 0.042454 0.555 

SUBSTRATE_SPECIFIC_
CHANNEL_ACTIVITY 

133 0.36812127 1.763776 0 0.044959 0.635 

 

Figure 3.8: GSEA analysis of molecular functions that differ between MASC and 

MYO cells.  

Analysis was performed using C57BL/6 microarrays on mammary epithelial populations. 

All arrays were RMA normalized and the data log2 transformed. The GSEA used the 

MSigDatabase file of all molecular functions as the a priori gene sets to determine which 

curated functional gene lists were different between the two populations. The samples 

included in the class list were 3 stem cell and 3 myoepithelial cell arrays. Of the resulting 

gene sets, only those that met the criteria of FDR<0.05 was used due to the small 

numbers of samples in each group of arrays. NAME, name of molecular pathway, SIZE, 

number of genes in list, ES, enrichment score, NES, normalized enrichment score, FDR 

q-value, the FDR statistic error rate, FWER, family-wise error rate statistic. FDR, which 

is less conservative than FWER, was used as the cutoff criteria since the GSEA algorithm 

focuses on hypotheses testing through permutation.   
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Abca8a Ezh1 Rarres2 2610012C04Rik 
Agtpbp1 Gas7 Rhpn2 4930515G01Rik 
Agtr1a Gas8 Rpp14 4930515I15 
Ahnak Gpm6b S100a4 4930535C22Rik 
Apool Hod Slc35f1 6530401C20Rik 
Aspa Hspa12a Sypl2 9130014G24Rik 
Atp1a2 Inpp4b Tcrg A530047J11Rik 
Atp1b2 Irf8 Tmem106a A530088E08Rik 
Atp2b4 Kcna1 Tmod2 A830082K12Rik 
BC030499 Klf12 Tnfaip2 A930001M12Rik 
Cadm2 Lrrc27 Trub1 B230380D07Rik 
Cadm4 Mast1 Ttyh1 Cpe///LOC100046434 
Ccdc3 Megf9 Uhmk1 ENSMUSG00000074335 
Ccl11 Nat8l Wnt8b Gas2l3///LOC100047967 
Cog7 Ngfr Zdhhc2 LOC100044153///OTTMUSG00000005491 
Cugbp2 Nr2f2 Zeb2 LOC100046044///Nr2f1 
Dnpep Pdzd2 0610042E11Rik LOC666466///Obox2 
Edg3 Prkcq 0710005I19Rik  

 

 

Figure 3.9: Genes that are upregulated in MaSC versus MYO cells.  

Gene list was curated to remove probes that mapped to theoretical genes (i.e. NA) and 

multiple probes for the same gene were removed. This list represents a t-test using all 

unique permutations, standard Bonferroni correction. In addition, genes whose average 

expression did not differ by 2-fold or more between the two populations were removed 

post t-test. This process resulted in 71 unique genes.  
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Abca8a Cyp4b1 Lin7a Tmem55a D14Ertd668e 
Ablim3 Edg2 Mal Tmod2 ENSMUSG00000074335 
Agps Edg3 Megf9 Trub1 Gp49a///Lilrb4 
Agtrl1 Ednrb Ngfr Ttyh1 LOC100041546///LOC100045833

///Ly6c1///Ly6c2 
Ankrd49 Exoc3l2 Nr2f2 Wdr89 LOC100046044///Nr2f1 

Art3 Flt1 Pafah1b
1 

Zeb2 LOC620695 

Asah3l Gatm Pdzd2 0610037M15Rik
///H2-Q6 

LOC627912///Mllt4///Zfp160 

Aspa Gimap8 Plp1 1110032E23Rik LOC666466///Obox2 

Aspn Gnb4 Plxna2 2210419I08Rik  
Atp1a2 Gpr63 Pop1 2310043N10Rik  

Atp1b2 Gucy1a3 Prkcq 2810022L02Rik  

C77583 Hspa12a Prrx1 2810436B12Rik  

Cadm2 Idi2 Rarres2 2810474O19Rik  

Ccl11 Ifi47 Rgs5 3110037L02Rik  

Chl1 Ifnab Sema7a 4930549O18Rik  

Cldn5 Inpp4b Slc35f1 4933404K13Rik  

Clic5 Irf8 Snx10 4933406K04Rik  

Col27a1 Kcna1 Sparcl1 9130014G24Rik  

Cugbp2 Klf12 Thy1 C130015C19  

Cwf19l2 Lama4 Timp4 C230081A13Rik  

 

 

Figure 3.10: Genes that are upregulated in MaSC versus MMPP cells.  

Gene list was curated to remove probes that mapped to theoretical genes (i.e. NA) and 

multiple probes for the same gene were removed. This list represents a permuted t-test 

with standard Bonferroni correction. In addition, genes whose average expression did not 

differ by 2-fold or more between the two populations were removed post t-test. This 

process resulted in 88 unique genes.  
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Category Term P-Value Fold Enrichment 
GOTERM_CC_ALL GO:0005886~plasma membrane 0.030854 2.970009 
GOTERM_BP_ALL GO:0007417~central nervous 

system development 
0.030044 10.28405 

GOTERM_BP_ALL GO:0051480~cytosolic calcium 
ion homeostasis 

0.025346 73.41667 

GOTERM_BP_ALL GO:0051179~localization 0.007359 2.624628 
GOTERM_BP_ALL GO:0051674~localization of cell 0.006301 9.681319 
GOTERM_BP_ALL GO:0006813~potassium ion 

transport 
0.014001 15.45614 

GOTERM_BP_ALL GO:0022610~biological 
adhesion 

0.03342 5.189985 

GOTERM_BP_ALL GO:0016337~cell-cell adhesion 0.031349 10.04943 
GOTERM_BP_ALL GO:0007155~cell adhesion 0.03342 5.189985 
GOTERM_BP_ALL GO:0006928~cell motility 0.006301 9.681319 
GOTERM_BP_ALL GO:0007610~behavior 0.049476 7.819527 
GOTERM_BP_ALL GO:0016477~cell migration 0.040371 8.751656 
PANTHER_BP_ALL BP00107:Cytokine and 

chemokine mediated signaling 
pathway 

0.005387 10.25481 

PANTHER_BP_ALL BP00044:mRNA transcription 
regulation 

0.018111 1.776328 

PANTHER_BP_ALL BP00103:Cell surface receptor 
mediated signal transduction 

0.045114 3.366854 

PANTHER_BP_ALL BP00204:Cytokinesis 0.045501 8.196078 
GOTERM_MF_ALL GO:0016787~hydrolase activity 0.026954 3.033152 
GOTERM_MF_ALL GO:0022804~active 

transmembrane transporter 
activity 

0.002764 12.64633 

GOTERM_MF_ALL GO:0030955~potassium ion 
binding 

0.003264 32.19594 

GOTERM_MF_ALL GO:0031420~alkali metal ion 
binding 

0.008933 19.17681 

GOTERM_MF_ALL GO:0017111~nucleoside-
triphosphatase activity 

0.008252 8.554192 

GOTERM_MF_ALL GO:0016887~ATPase activity 0.002137 13.84362 
GOTERM_MF_ALL GO:0043492~ATPase activity, 

coupled to movement of 
substances 

1.86E-04 32.04892 

GOTERM_MF_ALL GO:0016820~hydrolase activity, 
acting on acid anhydrides, 
catalyzing transmembrane 
movement of substances 

2.13E-04 30.58263 

GOTERM_MF_ALL GO:0016818~hydrolase activity, 
acting on acid anhydrides, in 
phosphorus-containing 
anhydrides 

0.00951 8.123512 
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GOTERM_MF_ALL GO:0015075~ion 
transmembrane transporter 
activity 

0.016008 6.703643 

GOTERM_MF_ALL GO:0016817~hydrolase activity, 
acting on acid anhydrides 

0.00983 8.025974 

GOTERM_MF_ALL GO:0015405~P-P-bond-
hydrolysis-driven 
transmembrane transporter 
activity 

2.44E-04 29.24464 

GOTERM_MF_ALL GO:0015662~ATPase activity, 
coupled to transmembrane 
movement of ions, 
phosphorylative mechanism 

0.001441 48.74107 

GOTERM_MF_ALL GO:0015399~primary active 
transmembrane transporter 
activity 

2.44E-04 29.24464 

GOTERM_MF_ALL GO:0016462~pyrophosphatase 
activity 

0.009285 8.194646 

GOTERM_MF_ALL GO:0042626~ATPase activity, 
coupled to transmembrane 
movement of substances 

1.86E-04 32.04892 

GOTERM_MF_ALL GO:0005215~transporter 
activity 

0.018969 4.263067 

GOTERM_MF_ALL GO:0042625~ATPase activity, 
coupled to transmembrane 
movement of ions 

0.00309 33.10714 

GOTERM_MF_ALL GO:0022892~substrate-specific 
transporter activity 

0.043077 4.587395 

GOTERM_MF_ALL GO:0022891~substrate-specific 
transmembrane transporter 
activity 

0.023534 5.798194 

GOTERM_MF_ALL GO:0042623~ATPase activity, 
coupled 

0.001311 16.41805 

GOTERM_MF_ALL GO:0022857~transmembrane 
transporter activity 

0.004964 6.262236 

GOTERM_MF_ALL GO:0005391~sodium:potassium-
exchanging ATPase activity 

0.009487 194.9643 

PANTHER_MF_ALL MF00230:Actin binding motor 
protein 

0.027807 5.576713 

PANTHER_MF_ALL MF00031:Voltage-gated ion 
channel 

0.048012 7.955017 

PANTHER_MF_ALL MF00042:Nucleic acid binding 0.039681 1.831216 
PANTHER_MF_ALL MF00024:Ion channel 0.013779 15.60407 
 

Figure 3.11: Gene ontology of biological processes from DAVID database of MaSC 

specific genes. 
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CHAPTER 4 

 

EFFECTS OF ROS AND TGFB ON MAMMARY PROGENITORS 

 

 

SUMMARY 

 

The murine mammary system is a complex system comprised of multiple cell 

types. There exists a cellular hierarchy in the system, similar to many other somatic 

tissues. We have recently described the murine mammary stem cells by the surface 

protein phenotype. In the studies presented here, we explore mechanisms of stem cell 

protection and differentiation. Our data shows that a stem cell enriched population of 

mammary cells has lower ROS levels than further differentiated progeny. In addition, 

stem cells with the lowest amount of ROS have a significant growth advantage for in vivo 

duct regeneration. We also performed studies on TGFβ signaling in isolated mammary 

populations. There has been significant evidence implicating TGFβ signaling as a major 

regulator of mammary development. In addition, corrupted TGFβ signaling is often found 

in human breast cancers. To assess the role of TGFβ signaling in mammary stem cells, 

we cultured various mammary populations in the presence of human TGFβ1 ligand. Our 

results show TGFβ1 ligand stimulates a motility program in early MaCFC progenitor 

cells. Intriguingly, TGFβ1 seemed to have no effect on MaSC and MMPP cells in vitro. 
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INTRODUCTION 

 

In this chapter, we explore some mechanisms of mammary stem cell protection 

and differentiation. Our previous work defined a new phenotype for murine mammary 

stem cells. The isolation of a mammary stem cell population allowed us to compare their 

functionality with further differentiated progeny. This reasoning was applied to two 

distinct hypotheses. The first was stem cells are long lived so they must protect 

themselves from potential sources of genotoxins such as reactive oxygen species. The 

second was TGFβ signaling affects mammary stem cells differently than other 

populations. 

 

ROS in mammary stem cells 

Reactive Oxygen Species (ROS) is a general term that applies to free radicals 

(molecules with an unpaired electron) and a variety of other molecules that are all derived 

from molecular oxygen[1]. Oxygen in its ground state is in the triplet state, meaning it is 

a bi-radical that contains two unpaired electrons in the outer orbital shell. Since both of 

the unpaired electrons have the same spin, oxygen can only react with one electron at a 

time and thus is not very reactive. However, if one of the unpaired electrons becomes 

excited and reverses or changes its spin, the resulting oxygen molecule becomes an 

oxidant since the two electrons can now react with other pairs of electrons. 
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Understanding the reduction process of oxygen is paramount to understanding oxidative 

stress. When oxygen is reduced by one electron, a superoxide anion intermediate is 

formed, the major precursor of most ROS. This intermediate also plays a regulatory role 

in oxidative chain reactions. Further dismutation of the superoxide anion either 

spontaneously or via superoxide dismutase produces hydrogen peroxide which, in turn, 

can be completely reduced to water. Hydrogen peroxide can also be partially reduced to 

hydroxyl radical, which is known to be one of the most powerful naturally occurring 

oxidants. Superoxide anions can also react with other radicals including, but not limited 

to, nitric oxide producing peroxynitrite, another strong oxidant. These types of molecular 

have been named reactive nitrogen species (RNS).  

Oxidative stress is a term that describes a situation where there is an excess of 

ROS and/or RNS and a limitation of antioxidant defenses[2]. Interestingly, small changes 

in ROS may facilitate intracellular signaling. Large increases in intracellular ROS lead to 

modification of proteins, polysaccharides and DNA. Superoxide anions are found in 

many cell types and may be produced both enzymatically and non-enzymatically[3]. One 

of the largest sources of ROS in tissues comes from the mitochondrial electron transport 

chain in which numerous redox centers may leak electrons to oxygen. Superoxide 

formation localizes to the outer mitochondrial membrane, in the matrix and on both sides 

of the inner mitochondrial membrane. ROS and RNS may be detected by a number of 

techniques including fluorometry, chemiluminescence and electron paramagnetic 

resonance[4]. Unfortunately, these methods are susceptible to artifacts since the detection 

is not specific for a particular species of ROS or RNS, and the probe may itself have 

reactive intermediates.  
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Mitochondria have various defense mechanisms against ROS[5,6]. For example, 

superoxide anions can be converted to hydrogen peroxide by the metalloenzyme family 

of the superoxide dismutases (SOD). Both SOD and cytochrome c participate is reducing 

intra-mitochondrial ROS levels[7]. In addition, enzymes involved with glutathione 

peroxidase activity reduce ROS levels, specifically in liver cells. Catalase, an enzyme 

that reduces hydrogen peroxide in peroxisomes, is also a major ROS regulator in heart 

cells and skeletal muscle[8-10]. Oxidative stress can result not only from transient excess 

of ROS but also deficiencies in antioxidant defense mechanism via genetic predisposition 

or aging. 

Since 1956, when Harman proposed the “free radical theory of aging” essentially 

saying that ROS determines the lifetime of an organism, scientists have been 

investigating how ROS affects cells[11]. Given that stem cells are long lived components 

of many somatic tissues and are responsible for their long-term maintenance, their 

effective processing of ROS may determine how successful they perform their normal 

physiologic functions[12,13]. Steady-state increases of ROS in cells over long periods of 

time have been shown to have deleterious effects[14-16]. In the blood system, the best 

studied of all somatic tissues, the HSCs protection from ROS is crucial for their self-

renewal capacity[17,18]. These effects could be reversed using antioxidant therapy, 

showing the specificity of ROS damage in the HSC compartment. As HSCs differentiate, 

the protective mechanisms that are so critical for HSC maintenance are lost, presumably 

to begin generation of higher endogenous ROS as a bactericidal mechanism[19].     

 

TGF Beta Signaling 
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 The transforming growth factor B (TGFβ) superfamily is an evolutionarily 

conserved set of secreted peptides that participate in the regulation of almost all aspects 

of cellular behavior[20,21]. There are numerous members of the family including three 

isoforms of TGFβ (TGFβ1. TGFβ2, TGFβ3), bone morphogenic factors (BMPs), growth 

and differentiation factors (GDFs), activins, inhibins, and nodal. The TGFβ signaling 

pathway is shown in Figure 4.1. The secreted ligand TGFβ is produced as a prodomain 

containing protein. It is secreted as an inactive 25kDa mature peptide in a non-covalent 

association with the N-terminal prodomain of the precursor protein. The TGFβ ligand 

signals through a receptor complex composed of type I (TGFβRI) and type II (TGFβRII) 

serine threonine kinases. Typically, TGFβ binds to a TGFβ type II receptor dimer, which 

in turn catalyzes the phosphorylation of the Type I receptor in a hetero-tetrameric 

complex. In mammals, there are seven type II receptors and five type I receptors, adding 

complexity to the system. The BMPs bind to the cognate receptor BMP receptor 2 

(BMPR2)[22]. The downstream effectors of the TGFβ ligands are the SMAD family of 

transcription factors.  

The TGFβ superfamily is critical to mammary gland development[23-26]. 

Multiple members have been found in both ducts and lobules of the mammary 

epithelium. Interestingly, the levels of TGFβ decrease significantly during lactation as 

opposed to earlier times in pregnancy. In fact, the ligands are differentially expressed 

immediately after lactation through progression to involution. Type I and II receptors 

were localized to both epithelium and stroma during mammary development. TGFβ1 or 

TGFβ3 has growth suppressive effects on lobules found at the leading edge of the 

growing ductal system. Further confirmation of this observation was found in MMTV-
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TGFβ1 transgenic mice where the mammary gland was hypoplastic, there was delayed 

invasion of the ductal epithelium into the stromal fat pad, and there was an absence of 

side branching[27]. In addition, the growth rates of the mammary tree were 2-4 fold 

reduced compared to controls depending on the age of the mice examined. This result 

paralleled results of Smad3
-/-

 mammary development[28]. The converse experiment 

confirmed the role of TGFβ in ductal morphogenesis. In TGFβ1
+/-

 heterozygous mice, 

increased proliferation of both lobules and ducts was observed, as well as alveolar 

development[29]. A dominant negative active TGFβRII mouse also demonstrated 

increased ductal proliferation, suggesting the effects of TGFΒ1 ligand functions through 

TGFβRII signaling and downstream Smad3 activation. WAP-Tgfb1 mice, in which 

TGFβ1 should be turned on during pregnancy, had defective secretory alveolar 

differentiation resulting in early apoptosis[30-32]. MMTV-TGFβRI mice also had 

increased apoptosis in alveolar cell containing lobules[27,30,33,34]. Interestingly, 

activating TGFβRII signaling under the control of the MMTV promoter initiated early 

secretory alveolar development in virgin mice. It was suggested that this effect may have 

been due to the accumulation of alveolar cells since the phenotype was only observed 

after weeks of age.  

Using a transgenic mouse model driving TGFβ3 under control of the B-

lactoglobulin promoter was found to increase apoptosis in alveolar cells through a Smad4 

signaling pathway and concomitant phosphorylation of Stat3[35]. TGFβ3
-/-

 mammary 

tissue had a decrease in alveolar apoptosis. Dominant negative TGFβRII in mammary 

epithelium (MMTV-DNIIR) resulted in delayed involution by a failure to phosphorylate 

Akt and Forkhead transcription factor 1 (FKHR)[36,37]. Interestingly, TGFβ3 production 
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was localized to myoepithelial cells during involution, corresponding to sites of increased 

laminin, a molecule found at the basal lamina dividing the myoepithelial cells from the 

stroma. WAP-Tgfβ1 mice had a failure of epithelial cells to grow a mammary ductal 

system. TGFβ1 inhibited the self-renewal of PI-MEC. Smad4 levels increase during 

proliferation and alveolar differentiation. Work performed in tumor models suggested 

that TGFβ is involved in the differentiation and transformation of myoepithelial cells.  

 

MATERIALS AND METHODS 

 

Animals 

All animals used in the study were C57Bl/6 or 129S1/SvImJ mice that were 

maintained at the Stanford Animal Facility in accordance with the guidelines of both 

Institutional Animal Care Use Committees. 

 

Murine mammary stem cell isolation 

Mammary glands from 6–12-week-old female C57BL/6J or 129S1/SvImJ mice 

were dissociated as described
10

 with minor modifications. Specifically, mammary fat 

pads were collected and placed directly into Medium 199 (Gibco BRL) supplemented 

with 20 mM HEPES and penicillin, streptomycin and actinomycin. Tissue was minced 

using sterile razor blades and 4 Wünsch units of Liberase Blendzyme 4 (Roche) and 

100 Kunitz units of DNase I (Sigma) were added. Tissue was incubated for 60–90 min in 

a 37 °C and 5% CO2 incubator, during which the cells were mechanically aspirated every 

30 min. Cells were pelleted by centrifugation for 5 min at 4 °C and 350g. After lysis of 

http://www.nature.com.laneproxy.stanford.edu/nature/journal/vaop/ncurrent/full/nature07733.html#B10
http://www.biocompare.com.laneproxy.stanford.edu/natureproducts/go.asp?id=nature07733_p_p8
http://www.biocompare.com.laneproxy.stanford.edu/natureproducts/go.asp?id=nature07733_p_p9
http://www.biocompare.com.laneproxy.stanford.edu/natureproducts/go.asp?id=nature07733_p_p10
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the red blood cells with ACK lysis buffer (Gibco BRL), a single-cell suspension was 

obtained by further enzymatic digestion for 2 min in 0.25% trypsin, followed by another 

2 min in 5 mg/ml dispase II (StemCell Technologies) plus 200 Kunitz units DNase I 

(Sigma). Cells were then filtered through 40-um nylon mesh, pelleted and resuspended in 

staining media (HBSS and 2% heat-inactivated calf serum (HICS)). Cells were counted 

using trypan blue dye exclusion. 

 

Cell staining and flow cytometry 

Cells were stained at a concentration of 1 10
6
 cells per 100 ul of HBSS with 2% 

HICS (staining media). Cells were blocked with rabbit or mouse IgG (1 mg/ml) at 1:100 

dilution and antibodies were added at appropriate dilutions determined from titration 

experiments. For the normal mammary stem cell experiments, antibodies included 

CD49f, CD31, CD45, Ter119 (BD Pharmingen), CD24, Thy1.2 and CD140α 

(eBioscience). Cells were stained for 20 min on ice and washed with staining media. 

Cells were further stained with streptavidin-conjugated fluorophores and washed. 

Ultimately, cells were resuspended in staining media containing 7-aminoactinomycin D 

(1 µg/ml final concentration) or 4'-6-diamidino-2-phenylindole (DAPI, 1 µg/ml final 

concentration) to stain dead cells. 

For all experiments, cells were analyzed and sorted using a FACSAriaII cell 

sorter (BD Bioscience). Side scatter and forward scatter profiles were used to eliminate 

debris and cell doublets. Dead cells were eliminated by excluding DAPI
 
positive cells, 

http://www.biocompare.com.laneproxy.stanford.edu/natureproducts/go.asp?id=nature07733_p_p11
http://www.biocompare.com.laneproxy.stanford.edu/natureproducts/go.asp?id=nature07733_p_p12
http://www.biocompare.com.laneproxy.stanford.edu/natureproducts/go.asp?id=nature07733_p_p13
http://www.biocompare.com.laneproxy.stanford.edu/natureproducts/go.asp?id=nature07733_p_p20
http://www.biocompare.com.laneproxy.stanford.edu/natureproducts/go.asp?id=nature07733_p_p21
http://www.biocompare.com.laneproxy.stanford.edu/natureproducts/go.asp?id=nature07733_p_p22
http://www.biocompare.com.laneproxy.stanford.edu/natureproducts/go.asp?id=nature07733_p_p23
http://www.biocompare.com.laneproxy.stanford.edu/natureproducts/go.asp?id=nature07733_p_p24
http://www.biocompare.com.laneproxy.stanford.edu/natureproducts/go.asp?id=nature07733_p_p25
http://www.biocompare.com.laneproxy.stanford.edu/natureproducts/go.asp?id=nature07733_p_p40
http://www.biocompare.com.laneproxy.stanford.edu/natureproducts/go.asp?id=nature07733_p_p40
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whereas contaminating human or mouse Lineage
+
 cells were eliminated by excluding 

cells labeled with the fluorophore used for the lineage antibody cocktail. In cell-sorting 

experiments, cell populations underwent two consecutive rounds of purification (double 

sorting) when the initial purity was not deemed high enough and a sufficient number of 

cells were available. Final purities ranged from 60% to >95%. 

 

Normal mammary stem cell DCF-DA transplant experiments 

CD24
med

 CD49f
high

 Lin
-
 mammary cells (enriched for mammary repopulating 

units) were isolated from mammary fat pads from C57BL/6J female mice as described 

above. Cells were loaded with 10 uM DCF-DA (Invitrogen), incubated at 37 °C for 

30 min, and sorted into 'ROS low' and 'ROS mid' sub-populations on the basis of their 

DCF-DA staining profile (in comparison to that of CD24
high

 CD49f
low

 Lin
-
 progenitor 

cells, which showed an 'ROS high' profile). Mammary glands of 21-day-old female 

C57BL/6J mice were cleared of endogenous epithelium as previously described
10

, and 

sorted cells were injected into each cleared fat pad using a Hamilton syringe. Injected 

glands were removed for wholemount analysis after 5–6 weeks. Transplants were scored 

as positive if epithelial structures consisting of ducts with lobules and/or terminal end 

buds and that arose from a central point were present. 

 

In vitro 3-D cultures 

http://www.biocompare.com.laneproxy.stanford.edu/natureproducts/go.asp?id=nature07733_p_p45
http://www.nature.com.laneproxy.stanford.edu/nature/journal/vaop/ncurrent/full/nature07733.html#B10
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Cell populations were isolated as previously described. Freshly sorted cells were 

resuspended with Matrigel (BD) and allowed to gellate at 37 °C for 30 min. Epicult 

(Stem Cell Technologies) supplemented with 5%FBS and PSA was added. Human 

recombinant TGFβ1 ligand (R&D Systems) was added at a concentration of 8 ng/ml to 

cultures. Media was changed every two days. Experiment was allowed to proceed for 10 

days and then colonies were counted and imaged. For GFP pictures, donor cells were 

obtained from pCx-GFP mice bred in-house. 

 

RESULTS 

 

Mammary stem cells with low ROS have a growth advantage in vivo 

We began by asking whether low ROS concentrations that appear to be critical to 

self renewal of hematopoietic stem cells (HSCs)[19,38] are also a property of mammary 

epithelial stem cells[39,40]. Investigation of our microarray data revealed MaSCs, 

MMPPs and MaCFCs differentially expressed a number of genes involved in ROS 

(Figure 4.2). The MaSC and MaCFC arrays were the most dissimilar, and therefore we 

predicted they may have differences in their intracellular ROS levels. We chose not to 

use Thy-1 as a marker of stem cells for these studies as we only wanted to assess 

progenitors that engrafted in vivo versus those that could not. Since intracellular ROS 

may be detected using dyes that react when they come in contact with free radicals, we 

isolated CD24
med

CD49f
high

Lin
-
 (MRU) mammary cells and CD24

high
CD49f

low
Lin

-
 

(MaCFC) early progenitor cells by flow cytometry. We measured intracellular 

concentrations of pro-oxidants using 2’-7’-dichlorofluorescein diacetate (DCF-DA) 

staining[38]. Sorted cells were immediately incubated with the DCF-DA stain for 30 
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minutes and then re-analyzed by flow cytometry. We went on to test ROS levels of 

MRU-enriched cells in two strains of mice. C57Bl/6 mice had lower ROS levels in the 

MRU-enriched population as compared to further differentiated MaCFC progenitor cells 

(Figure 4.3A). This result was similar to our findings in sorted populations from 

129SS1/SvImJ mice (Figure 4.3B). The analysis of all experiments  showed that 

CD24medCD49fhi cells did have lower average ROS expression (Figure 4.2C). These 

results were similar to those in HSCs, where lower ROS levels are thought to be 

protective[19,41,42].  

Specifically, the MRU-enriched populations displayed low to intermediate ROS 

levels, while the progenitor-enriched populations contained more uniformly high levels 

of ROS. Similarly, analysis of the two populations with MitoSOX Red, a highly selective 

detection method for mitochondrial superoxide, revealed lower superoxide levels in the 

MRU-enriched population[12] (data not shown). Although MRUs had lower ROS than 

the MaCFCs, we noticed there were ROS
hi

 and ROS
low

 populations within the MRU 

fraction. The data suggested ROS
low

 MRUs have greater protective mechanisms activated 

to reduce intracellular ROS. We hypothesized that MRUs with lower intracellular ROS 

may also have a growth advantage in vivo compared to MRUs with higher ROS. We did 

not transplant the MaCFC population since it is relatively devoid of engraftment 

potential[40].  

We transplanted CD24
med

CD49f
high

Lin
-
 cells based on their levels of DCF-DA 

staining. Cells were first sorted based on surface phenotype as described and then stained 

with DCF-DA. Cells were then re-sorted only based on their ROS profile since surface 

protein expression was dramatically altered during the DCF-DA staining procedure. 



131 

 

Interestingly, we found mammary stem cells with both low and intermediate ROS levels 

gave rise to epithelial outgrowths when transplanted into cleared fat pads (Figure 4.4). 

Similar heterogeneity of ROS concentrations was recently demonstrated in HSC-enriched 

populations[19,43], where it may have functional significance in modulating the HSC-

niche interaction[44]. Taken together, our results demonstrate the first report of a 

protective mechanism of mammary stem cells based on the surface marker phenotype 

isolation. In addition, reduced ROS levels may be a shared defense mechanism in somatic 

stem cells. 

 

Ectopic TGFβ1 ligand has an effect on a specific subset of mammary epithelial cells 

Recently, a number of studies have shown TGFβ regulates the extracellular matrix 

by generation of ROS and calcium influx[45,46]. We probed our microarray data for 

TGFβ ligands and receptors (Figure 4.5) to investigate how signaling may be regulated 

differently in mammary populations. This analysis suggested the MaSC population 

downregulated some members, such as TgfBR1, but upregulated the downstream effector 

protein Tgfbi. These results suggested TGFβ signaling may have different effects on 

individual mammary populations. 

To assess the role of TGFβ signaling in mammary epithelial populations, we 

added recombinant human TGFβ1 ligand to 3-D matrigel cultures of unsorted mammary 

epithelial cells. We used a high concentration of ligand as we hoped to elicit the most 

dramatic effect in culture, and to overcome the diffusion gradient inherent in adding 

soluble protein to the culture media and not embedded in the matrix. To visualize our 

results and to accurately count the resulting colonies, we used pCx-GFP donor cells. 
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These mice express GFP ubiquitously in mammary epithelium[47], enabling easy colony 

counting and morphological analysis. Due to the three dimensional nature of matrigel 

cultures, accurate colony formation assessment is challenging[48]. To investigate any 

potential effect of TGFβ1, we cultured 150K bulk unsorted epithelial cells with and 

without ligand. In wild-type cultures, we observed excellent colony formation, which 

consisted of either hollow or solid colonies (Figure 4.6, Top). When TGFβ was added to 

the culture media, we observed a dramatic decrease in colony formation (Figure 4.6, 

Bottom), and the induction of spindle-like myoepithelial differentiation. Some colonies 

were completely unaffected by ligand addition however, but others displayed more 

mesenchymal transition. We did observe mesenchymal looking cells in both hollow and 

solid colonies. These results suggested that TGFβ1 ligand had an effect on particular cell 

types within the culture, and thus fractionating the cells based on surface phenotype may 

prove useful to determine which cell type were responsive. 

We next isolated MaSC (Thy-1
+
CD24

med
CD49f

hi
) cells and plated with and 

without TGFβ1 to investigate how colony formation would be affected. We did not 

observe any significant difference of stem cell colonies when ligand was added compared 

to wild-type cultures (Figure 4.7), suggesting the stem cells are either irresponsive to this 

ligand or they have an autocrine TGFβ signaling mechanism that cannot be exogenously 

over-activated. The same was true for mammary multipotent progenitors in cell culture 

(Figure 4.7). These results suggest TGFβ1 ligand signaling does not directly affect 

differentiation of stem and MMPP cells.  

We also isolated 5K or 10K MaCFC cells, plated them into Matrigel culture and 

added TGFβ1 ligand to investigate the effects on further differentiated bipotent 
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progenitors. In wild type cultures, we observed robust colony formation consistent with 

previously published reports[39]. Colonies were generally large and hollow, much bigger 

than colonies derived from either stem or MMPPs (Figure 4.8, Top). The addition of 

TGFβ1 ligand caused a significant reduction in the number of colonies produced by 

similar amounts of cells, and this effect was independent of the number of cells plated 

(Figure 4.8, Bottom). Colonies that did grow were much smaller than wild-type colonies, 

approximate in size to standard stem cell colonies. Upon closer inspection of these 

colonies, we routinely observed motile cells from the point of initial colony formation. 

These cells did not appear to be separate cells that had grown close to the initial colony, 

and the effect was noted for all colonies in the culture. Also, the motile cells did not 

display a mesenchymal phenotype, as would be expected. We also did not observe 

myoepithelial differentiation in our cultures, only migration. This ligand may not directly 

affect MaCFCs, since this assay does not show that every cell within the affected 

colonies retained their bipotentiality or surface marker phenotype. It is possible that 

MaCFCs differentiate in these culture conditions, and the migratory cells are a 

differentiated population. Taken together, these data demonstrated TGFβ1 ligand induced 

a motility program in some MaCFC-derived cells. 

Since TGFβ1 had an effect on MaCFC colonies, we went on to test the 

responsiveness of differentiated luminal epithelial cells (EPI) to make colonies when 

ligand was added. In wild type cultures, we observed excellent colony formation when 

5K and 10K cell were plated. This is the first report of plating isolated differentiated 

luminal cells in the Matrigel culture system. Resulting colonies looked similar to MaCFC 

colonies both in shape and size, but over time the colonies began to bulge (Figure 4.9, 
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Top). Colonies typically grew to a certain size as a spheroid and then began to expand in 

a different way. When TGFβ1 ligand was added, we observed a decrease of colony 

formation at 5K cells level and a significant decrease at 10K cells (Figure 4.9, Bottom). 

The effect of TGFβ1 addition on EPI cells was different than in MaCFC cultures. 

Colonies grew as wild type, except the second cell proliferation stage was completely 

abolished, retaining the boundaries of the initial spheroid formed (Figure 4.9, Top).  

 

DISCUSSION 

 

Based on our recent definition of the murine mammary stem cell, or MaSC, we 

embarked on two studies to investigate functions of primitive cells. In our first study, we 

showed for the first time that mammary stem cells have a much lower amount of 

intracellular ROS than more differentiated cells. Also, stem cells with the lowest ROS 

had the best in vivo engraftment. Although we cannot rule out that chemical intermediates 

of the DCF-DA stain could have altered the results of our analysis, our results are similar 

to those found in HSCs in the blood[44,49], suggesting ROS tolerance may be a shared 

mechanism for stem cell protection. Further investigation remains to elucidate the genes 

responsible for the mammary stem cells’ resistance to ROS. This population could 

upregulate enzymes that process the ROS faster or efflux pumps that get rid of the ROS 

molecules before they can do the cells damage. Our microarray data showed Abca8a, a 

new member of the ATP binding cassette transporter family, was upregulated only in the 

mammary stem cells enriched population. This gene was mainly expressed in the liver 

and the heart, two organs with well studied ROS models. In fact, Abc8a was one of the 
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only transporters that were not susceptible to damage by acute digoxin[50], suggesting it 

has a functional role in digoxin (and subsequently ROS) metabolism. We speculate 

reduction of Abca8a in the stem cell compartment may sensitize the stem cells to ROS 

damage. 

In the second study we tried to determine if TGFβ signaling has different effects 

on the various mammary cell types using in vitro 3-D culturing. Our data revealed 

TGFβ1 did not affect the stem or multipotent cells in culture, but had dramatic effects on 

the MaCFC and EPI cells. From our results, it is unclear if this effect was limited to 

MaCFCs and EPI because of their luminal identity, as our previous gene expression 

results demonstrated. TGFβ signaling is commonly over-activated in luminal A human 

breast tumors[51]. Induction of the motility program in the MaCFCs suggests these cells 

may have initiated a mesenchymal transcriptional program. In a recent report from our 

group, we described a cancer stem cell population within MMTV-Wnt1 mammary 

tumors[52]. This report described the cancer stem cell population as having a basal 

phenotype, and the non-cancerous cells within the same tumor had a more luminal 

phenotype. Therefore, the there may be a requirement that tumor initiating cells in the 

breast tumors initiate a mesenchymal phenotype during initial transformation. 

Alternatively, tumor initiating cells may begin with a luminal phenotype and then 

undergo a transition to a mesenchymal phenotype to maintain and expand tumorigenicity. 

In MMTV-c-rel transgenic mice, spontaneous breast tumors arise after a long latency 

period. A cell line created from these tumors displayed characteristics of extremely 

aggressive tumors, EMT and increased motility when subjected to the carcinogen 

DMBA, suggesting tumor phenotype directly correlates with presence of mesenchymal 
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cells[53].  However, more work remains to better characterize our MaCFC results, 

including in vivo transplantation of these cells. An interesting approach may be to infect 

these cells with an oncogene (such as Ras) to determine if TGFβ1 induces a true 

epithelial-to-mesenchymal transition. Also, measuring the intracellular ROS levels of 

mammary stem cells that have been subjected to ectopic TGFβ ligand may provide a 

molecular mechanism of genotoxic protection in these cells. 
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FIGURES 

 

 

Figure 4.1: The TGFβ Signaling Pathway according the KEGG Ontology. 
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Figure 4.2: Heat map showing microarray expression data for ROS genes.  

MaSC, MMPP and MaCFC populations were investigated for all known genes that are 

involved in reducing ROS levels in mouse cells. Clustering analysis of the samples based 

on centered Pearson correlation with average distance metric. Data for each population is 

the average expression from 3 replicate arrays.  
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Figure 4.3: Analysis of ROS levels in normal mammary stem cells and their 

progeny.  

 

A, CD24
med 

CD49f
hi

Lin
-
 mammary cells (mammary stem-cell-containing population; red) 

and CD24
hi

CD49f
low

Lin
-
 mammary cells (progenitor cell-containing population; green) 

were isolated from C57BL/6J female mice using flow cytometry, and intracellular ROS 

concentrations were measured by DC-FDA staining. B, As in A, except using 

29S1/SvImJ mice. C, The mean and S.E.M. for replicates of A and B are shown (n=6, 

*p=0.001). a.u., arbitrary units. These results were representative of the 3 independent 

experiments performed. 
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Figure 4.4: Transplantation of MRU-enriched cells based on intracellular levels of 

ROS.  

CD24
med

CD49f
hi

Lin
-
 mammary cells (enriched for mammary repopulating units) were 

isolated from mammary fat pads from C57Bl/6J female mice and were immediately 

loaded with 10 μM DCF-DA. Labeled cells were then re-sorted into “ROS-low” and 

“ROS-mid” sub-populations based on their DCF-DA staining profile (in comparison to 

that of CD24
hi

CD49f
low

Lin- progenitor cells, which displayed a “ROS-high” profile). 

Sorted cells (500-5000 depending on experiment) were injected into cleared mammary 

fat pads of 21-day-old female C57Bl/6J mice and were scored by wholemount analysis 

5–6 weeks later. 
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Figure 4.5: Heat map showing expression of TGFβ ligand and receptors in 

microarrays.  

Each sample represents the average of 3 replicate arrays. Clustering of samples and genes 

based on centered Pearson correlation with average distance metric.   
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Figure 4.6: TGFβ1 ligand addition to unsorted mammary cells.  

 

Top, fluorescence pictures of morphological colony changes observed in unsorted cells 

when TGFβ1 ligand is added to culture. Bottom, colony forming quantitation of to assess 

effect of TGFβ1. Data represents three independent experiments, ±S.D. of the mean. 
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Figure 4.7: TGFβ1 has no significant effect on colony formation of MaSC or MMPP 

cells.  

 

Sorted cells were plated into culture with and without ligand. Colony formation was used 

as a metric for TGFβ1 effects. Data represents three independent experiments, ±S.D. of 

the mean. 
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Figure 4.8: TGFβ1 induces a motility program in MaCFCs.  

 

Progenitor MaCFC cells’ colony formation was assessed when TGFβ1 was added to 

cultures. Colonies became noticeably smaller due to a lack of proliferation, and a 

migratory program was initiated in some cells. There was also significant reduction in the 

number of colonies formed. Data represents three independent experiments, ±S.D. of the 

mean. 
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Figure 4.9: TGFβ1 has a cytostatic effect on EPI cells.  

 

TGFβ1 addition to cultures of EPI cells resulted in an constrained colony morphology. 

Also, TGFβ1 significantly reduced colony formation. Data represents three independent 

experiments, ±S.D. of the mean. 
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CHAPTER 5 

 

CONCLUSIONS AND FUTURE DIRECTIONS 

 

 

In my thesis work, I began with a classic stem cell marker study on the murine 

mammary system. During my initial studies, the enrichment of the mammary stem cell 

based on the surface marker phenotype CD24
med

CD49f
hi

CD29
hi

Sca-1
lo

 was 

published[1,2]. This work definitively proved the existence of the mammary stem cell 

using FACS in combination with the power of in vivo transplantation into mammary fat 

pads cleared of endogenous ductal epithelium. These results were encouraging for my 

work, as it provided me a platform to further advance current isolation strategies. During 

this same period, our lab successfully isolated a tumor initiating population for the 

MMTV-Wnt1 mouse model of breast cancer based on the Thy-1
+
CD24

+
 phenotype[3]. 

Viewing tumors as aberrant version of normal tissue, we reasoned that Thy-1 and CD24 

expression may prove useful in isolating progenitor cells for normal breast. As CD24 was 

previously shown to enrich for mammary stem cells[4], I began a rigorous study of Thy-1 

expression in the normal mouse mammary gland. Previous work on Thy-1 revealed the 

protein was expressed on thymic epithelium[5], but more importantly was found on 

mouse hematopoietic stem cells[6] and basal/myoepithelial cells in the rat mammary 

gland[7]. Interestingly, Thy-1 knockout mice were fertile and seemingly normal[8]. 
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Monitored behavior observation indicated these mice failed to learn social cues from their 

littermates due to defects in GABA receptor signaling. Also, monoclonal Thy-1.1 

blocking antibody causes mesangioproliferative glomerulonephritis in rats[9], showing 

activation of Thy-1 mediated signaling has additional brain effects. These and other 

subsequent studies collectively showed Thy-1 had a role in T-cell activation, apoptosis, 

tumor suppression, fibrosis and apoptosis[10,11]. Even though Thy-1 was well studied in 

a number of organ systems, little was known about its role, if any, in the mouse 

mammary epithelium. 

As described in chapter 1, my initial work assessed how Thy-1 was expressed in 

the mammary gland. Assessing protein or mRNA levels by classical methods such as 

western and northern blot would not provide specific information about individual cell 

types, so I used flow cytometry instead. As mentioned earlier, many groups had shown 

flow cytometry could relate information of protein presence on specific cell type when 

used in combinations with other known markers. I found Thy-1 was differentially 

expressed on dissociated mammary cells; importantly, Thy-1 was expressed on a fraction 

of the CD24
med

CD49f
hi

 population that had been shown to be enriched for mammary 

stem cells. Also, I found Sca-1 was expressed on a small percentage of CD24
med

CD49f
hi

 

cells at a high level, confirming previous observations. Neither Thy-1
+
CD24

med
CD49f

hi
 

cells nor Thy-1
-
CD24

med
CD49f

hi
 cells were adept at making colonies when plated on 

NIH3T3 feeder cells, a classical mammary differentiation assay. However, myoepithelial 

cells were known to be poor colony forming cells, thus I reasoned the mammary stem cell 

had a myoepithelial phenotype. Immunohistochemistry showed Thy-1 localized to the 

basal cells in ducts, in the same region as myoepithelial cells. I then proceeded to test the 
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potential of Thy-1
+
CD24

med
CD49f

hi
 and Thy-1

-
CD24

med
CD49f

hi
 cells to make ductal 

epithelium in vivo. I found duct forming ability was significantly enriched in the Thy-

1
+
CD24

med
CD49f

hi
 population, suggesting Thy-1 was present on mammary stem cells. I 

did observe some duct forming ability in the Thy-1
-
CD24

med
CD49f

hi
 cells. A defining 

trait of all stem cells is self-renewal, or the process of one stem cell making another one. 

To measure the ability of Thy-1
+
CD24

med
CD49f

hi
 epithelium to self-renew, I removed 

pieces of primary transplants and performed secondary transplants. Thy-

1
+
CD24

med
CD49f

hi
 primary epithelium had an increased ability to self-renew compared 

to Thy-1
-
CD24

med
CD49f

hi
 epithelium, confirming Thy-1 did enrich for stem cells. In 

addition, Thy-1
+
CD24

med
CD49f

hi
 cells were able to reproduce all of the heterogeneity of 

mammary ducts, including Thy-1
-
CD24

med
CD49f

hi
 cells. When comparing my results to 

the prototypical stem cell system in the blood, I found the Thy-1
-
CD24

med
CD49f

hi
 cells 

were analogous to the multipotent progenitor cells that have no self-renewal ability but 

can transiently reconstitute the blood system. Therefore, I proposed the Thy-

1
+
CD24

med
CD49f

hi
 cells were the mammary stem cells (MaSC) and the Thy-1

-

CD24
med

CD49f
hi

 cells were the mammary multipotent progenitor cells (MMPP). 

The recent elucidation of the cellular hierarchy in the mammary system has value 

and application to a wide variety of important topics. Of particular interest to me is the 

question of which cells are the most likely to turn into cancer[12]. When viewing cancers 

in a developmental perspective, it has been proposed that stem and progenitors cells may 

be the most common targets of transformation since they are the most long lived 

populations in any somatic tissue and go through the most cell division. These two 

characteristics make them more likely to acquire mutations compared to more 
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differentiated , shorter lived cells. Also, many tumors have considerable heterogeneity 

and stages of differentiation represented in the whole population of cancerous cells, and 

more aggressive breast tumors usually are poorly differentiated and have a basal 

phenotype. Therefore, I believe the MaSC and the MMPP cells would produce tumors at 

greater frequency and that are more aggressive based on the introduction of oncogene(s). 

This hypothesis may also explain why tumorigenic cells from MMTV-Wnt1 tumors have 

a more basal phenotype compared to non-tumorigenic tumor cells[3]. 

In chapter 2, I analyzed the global gene expression of isolated mammary cell 

populations by microarrays. The populations I interrogated were the MaSC, MMPP, 

MaCFC, MYO and EPI cells from virgin C57BL/6 mice. These arrays profiled the most 

highest numbers of progenitor cells recorded[13], giving us better signal and resolution. 

My goals were to understand how these progenitor populations were related and to 

identify genes that were only expressed by the MaSCs. Unsupervised hierarchical 

clustering showed the MaCFC population had similar phenotype to differentiated luminal 

cells and the MaSC and MMPP populations were more similar to the myoepithelial 

phenotype. When unsupervised clustering was applied to analyze all cytokeratins’ 

expression, the results were the same as general clustering, except this method gave 

information about two relatively unstudied keratins, Krt23 and Krt80. Keratin 23 was 

expressed in the MMPP and MYO arrays and Krt80 was expressed by the MaSC and EPI 

arrays. The keratin analysis also confirmed previous descriptive studies that showed 

MaSCs and MMPPs expressed the myoepithelial keratins 5 and 14 while the MaCFCs 

expressed keratin 8 and 18. Interestingly, the MaCFCs also expressed keratin 6, a 

molecule that had been proposed as a progenitor marker[14-16]. In addition, MaCFCs 
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and EPI arrays had expression of keratin 19, a poorly understood keratin that was thought 

to mark a subset of luminal cells[17,18]. Real-time PCR validation confirmed my array 

results, although I wasn’t able to detect keratin 6 expression in any isolated population. 

Regardless, the real-time data also showed MaSCs expressed myoepithelial keratins as 

well as a low amount of keratin 18, suggesting the stem cells retain some markers of both 

differentiated lineages. I also found some expression differences between Thy-

1
+
MaCFCs and Thy-1

-
MaCFCs, suggesting there Thy-1 may also prove useful in 

segregating these early progenitor cells into multiple intermediate progenitors. 

Encouraged by these results, I measured p21
cip1/waf1 

and Tbx3 expression by real-time 

PCR and found p21
cip1/waf1 

was preferentially expressed in the MaSCs whereas Tbx3 was 

not. These data further confirmed my microarray data as well as providing new insight 

into the defects involved in Ulnar Mammary Syndrome. I used a novel ex vivo analysis 

system to check protein levels of some of the better defined keratins in the different 

mammary populations. These results were similar to my real-time PCR expression data, 

suggesting post-transcriptional modification was not an important regulatory system that 

changed how I interpreted the keratin data from the microarrays. 

 Through my microarray analysis, I took the opportunity to explore keratin 

expression in histology and cultured cells. After staining sections to localize where 

KRT8, KRT14, KRT19 and KRT6 express in the mature ductal epithelium. I found, as 

previous groups had described[19,20], KRT8 is expressed by luminal cells and KRT14 

was expressed by myoepithelial cells. I also showed KRT19 and KRT6 was expressed by 

a subset of luminal cells. These data may shed light in the location of the MaCFC 

progenitors, as they were the only population that expressed Krt6 in microarray analysis. 
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Furthermore, my histology was the first evidence of localized Krt19 expression in the 

mouse mammary gland, although it had been previously postulated. An interesting future 

direction would be to look at how pregnancy affects the Krt19 populations, assuming that 

is does mark an alveolar progenitor population. Specifically, linking Whey Acidic Proein 

(Wap) expression with keratin 19 at the single cell level could provide proof that Krt19 is 

a marker that could be used to distinguish mammary stem cells from alveolar progenitors. 

Also, monitoring Krt6 expression in combination with Krt23 and Krt80 may help to 

localize the stem cells. 

Continuing my microarray analysis, I was able to distinguish a set of genes that 

were specifically expressed in the MaSC. This was the first report of such a gene 

signature. I did not explore in detail which genes were specifically downregulated in the 

MaSCs, as this work is ongoing. I have found that the expression of genes is easier to 

investigate (via loss-of-function studies) rather than the absence of expression. The genes 

that were specific to the MaSCs provided intriguing suggestions about how mammary 

stem cells behave in their natural state as well as their predisposition for activating 

transcriptional programs based on ion channel signaling information. Further work would 

involve identifying the specific ion channels that are important for this physiologic 

activity, and then manipulating this signaling to elicit specific stem cell responses. Such 

studies could provide important information about how the mammary tissue is 

maintained throughout development into adulthood, and has implications for oncogenesis 

(i.e. if ion channels can be controlled to prevent aberrant proliferation of stem cells).  

In chapter 3, I investigated two distinct mechanisms that had been speculated 

were involved in stem cell fate decisions. The first study was based on the observation 
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that hematopoietic stem cells have lower reactive oxygen species (ROS) that further 

differentiated progeny[21]. This observation was also true of the mammary stem cell 

population. I also showed the populations enriched for mammary stem cells could be 

divided into ROS high and low containing cells. The cells that had the lowest amount of 

intracellular ROS had an increased capacity to produce ductal epithelium in 

transplantation, suggesting stem cells may share the ability to reduce their ROS levels as 

a method of protecting themselves from genotoxic substrates. My studies provide a good 

platform to evaluate which specific genes are involved in this mechanism, since cells can 

use enzymatic (i.e. Catalase) or non-enzymatic (efflux pumps) methods of reducing their 

ROS content. In addition, since cancer stem cells also share this property this may be 

evidence of their origin in normal tissue. 

Finally, I took advantage of the power of the population isolation strategies from 

my previous work to demonstrate how TGFβ signaling affects mammary cells. I found 

different mammary populations had specific reactions to exogenous ligand, with early 

progenitors inducing a migratory program. Surprisingly, there was little effect on MaSCs 

and MMPPs, which had been previously speculated[22]. My work does not rule out these 

possibilities, since MaSCs and MMPPs may have autocrine TGFβ signaling loops. 

Therefore, loss-of-function studies with TGFβ receptors could prove useful in 

determining the specificity of the system. In addition, there are many members of the 

TGF superfamily, and it is reasonable to expect a combination of ligand-mediated signals 

would be needed to affect the stem cells. However, the complexity of these studies may 

hinder the accurate interpretations of any positive results. Nevertheless, given the 
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importance of TGFβ signaling in a wide range of cellular behaviors, further work using 

these isolation strategies may be key to deciphering TGFβ effects. 

In conclusion, my work has provided many interesting and novel insights into the 

murine mammary epithelial cellular hierarchy. This thesis comprises both functional and 

descriptive work that profiled the mammary system in ways not achieved previously. I 

believe the rich information gleaned from my microarray data may be used to generate 

hypotheses about how mammary stem cells behave, and perhaps more importantly, which 

systems may be corrupted during oncogenesis.  
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