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ABSTRACT OF DISSERTATION 

PROGRESS TOWARDS AN UNDERSTANDING OF RADIATION-INDUCED 

MAMMARY CANCER USING A MURINE MODEL 

Theoretically, any exposure to ionizing radiation (IR) results in an increased risk of 

developing breast cancer. We have used a mouse model of radiation-induced breast cancer to 

study the effects of genetic background and molecular mechanisms of carcinogenesis. The 

BALB/c mouse strain is susceptible to radiation-induced mammary cancer while other 

laboratory strains are not. In this dissertation telomere-specific FISH was used to show that 

mammary epithelial cells derived from BALB/cByJ mice develop significantly more 

telomere-DSB fusions after IR exposure compared to those derived from C57BL/6J mice. 

The kinetics of telomere instability follow the same kinetics as the strain-specific genomic 

instability observed in earlier studies. 

An experimental system involving transplantation of cells from the breast of one 

mouse and regenerated in another mouse has been used extensively to demonstrate the 

genetic susceptibility of the BALB/c mouse to radiation-induced mammary cancer. The 

numbers of cells necessary for successful transplantation suggests that the cell capable of 

regenerating a mammary gland is a rare cell, perhaps a pluripotent stem cell. In this 

dissertation detailed protocols were created for isolation and tissue culture of murine 

mammary stem cells as mammospheres grown at high density, clonal density, and grown in 

basement membrane extract. A great deal of size variation was found in each culture of 

mammospheres. To test the hypothesis that only large mammospheres contained true stem 

cells the self-renewal capacity of specific sizes of mammospheres was tested using serial 

passaging. The data suggest that cells derived from larger mammospheres are capable of 
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more passages than small mammospheres. Additionally, mammospheres were dissociated 

and tested for the presence of multiple cell lineages, as expected for pluripotent cells. 

Finally, we developed an assay to assess the radiation response of mammospheres derived 

from five strains of inbred mouse related to the BALB/c model of radiation-induced 

mammary cancer. These data show that mammary stem cells are more resistant to the killing 

effects of IR than fibroblasts derived from the same strains of mice. The data also show 

varying radiation sensitivities between genetically distinct mouse strains. 

Rebekah Henderson Klingler 
Graduate Degree Program in Cell and Molecular Biology 

Colorado State University 
Fort Collins, Colorado 80523 

Summer 2009 
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Chapter 1: 

Introduction 

The earliest documented cases of breast cancer are found in the "Edwin Smith 

Papyrus" an Ancient Egyptian textbook on trauma surgery which dates back to 1600 B.C. 

[1]. Currently, breast cancer is the most commonly diagnosed invasive cancer among women 

in the United States [2]. Though the incidence of female breast cancer is decreasing, 

approximately one in eight women will still develop invasive breast cancer at some point in 

their lifetime [3]. Advances in clinical diagnostic techniques over the last 20 years have 

allowed for earlier detection and enhanced treatment of breast cancer resulting in a steady 

decline in mortality rates. However, even with these advances one out of every 35 women in 

America will die from breast cancer [3]. Advances in diagnostics and treatment modalities 

are vital for helping the people currently combating cancer, but even more important are 

advances in our understanding of how and why cancers develop; only these answers can lead 

to preventative measures. 

Though breast cancer has been recognized as a clinical disease for hundreds of years, 

the underlying reasons why certain individuals develop the disease remains unclear. In the 

search for a cause, many risk factors have been identified; these include attained age, 

geographic location, early age at menarche, low parity (number of live births), late age at first 

birth, late age at menopause, obesity, height, mammographic density, bone density, diet and 
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alcohol consumption [4-11]. Exposures to exogenous estrogens, chemical carcinogens and 

ionizing radiation (IR) can also increase an individual's risk of developing breast cancer [12]. 

The risk conferred by each of these factors is still hotly debated and seems to be highly 

individualized. It has been suggested that this individualized susceptibility stems from the 

unique genetic background that each of us possesses [13]. 

1.1 GENETIC PREDISPOSITION TO BREAST CANCER; 

Most of what we understand about the pathogenesis of breast cancer comes from 

studies of hereditary breast cancers. Hereditary breast cancers often present early in life and 

are frequently multifocal or bilateral, while sporadic cancers are usually unilateral and appear 

at a more advanced age [14]. Pedigree analysis of families with a high incidence of breast 

cancer reveals that women who have one first-degree relative with breast cancer are twice as 

likely to develop breast cancer themselves as the general population [15]. Additionally, 

monozygotic twins of breast cancer patients have a higher rate of breast cancer then dizygotic 

twins or other siblings; this strongly suggests that in some cases, inherited genetic factors are 

more important than lifestyle factors or environmental exposures [15, 16]. 

Genetic analysis of familial breast cancer clusters has lead to discovery of the 

BRCA1 and BRCA2 "breast cancer susceptibility genes." A "breast cancer susceptibility 

gene" is a genetic mutation that increases an individual's susceptibility or predisposition for 

developing breast cancer, the mutation is found throughout the body, not only in the tumor 

[17]. Carriers of mutations in either BRCA1 or BRCA2 have a 45-87% chance of developing 

breast cancer during their life [18]. Mutations in TP53 and PTEN have also been identified 

in familial breast cancers [19, 20]. Mutations of this kind, which impart very high risk of 

developing disease, are considered "high penetrance" gene mutations or alleles (versions of a 
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gene) [18, 21]. High penetrance alleles are rare in the population, but confer very high risk to 

the carriers, regardless of lifestyle factors or environmental exposures [21]. 

Recently many linkage studies have been done in search of other high risk breast 

cancer alleles, but these studies suggest that additional high penetrance alleles are unlikely 

[22]. This implies that much of the familial aggregation of cancer is due to more common 

moderate risk alleles [22]. Moderate risk alleles are said to confer incomplete penetrance, 

meaning that some carriers will develop breast cancer while others will not. A few of these 

moderate risk alleles have been found in genes like ATM, NBS1, CHEK2, BRIP1, LKBI, 

PALB2, CASP8, and TP53 [4, 21-23]. Moderate or incomplete penetrance alleles are more 

common in the population than high penetrance alleles, but the risk associated with these 

alleles is lower and can be modified by lifestyle factors and environmental exposures. 

Although high and moderate penetrance alleles associated with familial breast cancers confer 

a high degree of risk, familial breast cancer only accounts for 5-10% of all breast cancer 

cases [3]. The remaining -90% of breast cancer cases are considered "sporadic". 

Even in carriers of high penetrance alleles we find a large variation in penetrance, 

latency and the clinical course of breast cancer. It has been proposed that these variations are 

caused by the specific genetic background of the carrier [13, 20, 24]. The term genetic 

background refers to the "genetic make-up" or the specific combination of alleles at all loci 

across the genome, with each of us carrying many mutated genes throughout our genomes. It 

is obviously not feasible to research the effects of all possible mutations at all possible loci in 

the genome; however, some of these mutations are relatively common in the general 

population. Single Nucleotide Polymorphisms (SNPs) are, by definition, mutations which 

are seen in at least 1% of the study population [13, 24]. Determining the effect of these SNPs 

is complicated by the fact that more than nine million SNPs have been identified in the 

human genome, and that the majority of SNPs have no effect on protein expression or 
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function [25, 26]. The risk conferred by any given genetic mutation depends on the location 

of the mutation within the gene, the specific type of mutation, the effect of the mutation on 

protein function, and the presence of other mutations or alleles in the genome which can 

modify risk [18]. It has been suggested that each functional polymorphism involved in breast 

cancer risk has a very small impact on its own, or low penetrance, and that it is the combined 

effect of all the low penetrance alleles in an individual's genome that determines their 

susceptibility to breast cancer and their response to therapy [13, 24]. 

Though many genetic association studies have been done over the last decade in 

search of low penetrance alleles that alter susceptibility to breast cancer, they have been 

largely unsuccessful [26, 27]. These studies basically fall into two categories; one is genetic 

screening of breast cancer patients for common genetic variants in potential breast cancer 

susceptibility genes. The second looks at specific variant alleles or SNPs which have known 

functional consequences and screens breast cancer patients for those mutations [15]. These 

studies have had little success most likely due to the diverse nature of breast cancer and the 

genetic variability of the women in the study populations [27]. In addition, all of these 

studies are very limited in the number of genes or mutations they can screen. Breast cancers 

can vary in morphology, clinical behavior, and molecular alterations, etc. but it is treated as a 

single disease. It is possible that subcategories of breast cancer may have common 

underlying genetic susceptibility factors but this has yet to be explored in any detail. 

The search for candidate low penetrance breast cancer susceptibility alleles are also 

limited in scope by what is currently known about carcinogenesis. For instance, we know 

that one of the defining features of cancer is abnormal growth, thus, many studies have 

focused on genes known to be involved in cell cycle control, proliferation and differentiation 

including PTEN, TP53, MTHFR [4], CHEK2 [28], FGFR2 [29], CDKN2A [30], IGFBP3, 

CASP8, TGFpi, and PGR [15]. Proteins involved in metabolic pathways are important to 
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the study of carcinogenesis because of the carcinogenic effects of many compounds that we 

are exposed to on a daily basis. So, some studies have looked for correlations between breast 

cancer risk and the genes known to be involved in metabolism including NQOl [31], SOD2 

[15], CYP1A1, CYP2D6, CYP19, GSTP1, ADH, and LKB1 [4]. Most of these studies have 

not shown significant correlations between the allele analyzed and breast cancer risk. One of 

the major problems with epidemiological studies like these is that when looking for the effect 

of a single low penetrance allele, it is usually associated with a very small amount of 

increased risk on its own, and modified by exposure to environmental toxins, lifestyle, and 

the genetic background of the individual. It is extremely difficult to identify these small 

increases in risk with broad epidemiological studies. 

One area of research that has had a bit more success has looked for low penetrance 

alleles in genes involved in the DNA repair pathways. Our DNA is subject to damage all the 

time from both endogenous sources like products of normal metabolism (ROS, etc) and 

exogenous sources like UV, IR and chemical toxins [32]. If this damage goes unrepaired, 

mutations result. Thus, mammals have developed five different DNA repair pathways to deal 

with the constant insults. Nucleotide excision repair recognizes and repairs bulky DNA 

lesions including pyrimidine dimers [33]. Base excision repair corrects DNA damage that 

does not distort the helical structure of the DNA, like oxidized bases or incorporation of 

uracil [33]. Mismatch repair corrects mismatched base pairs after DNA replication by being 

able to discriminate between new and old strands of DNA [33]. DNA double stranded breaks 

(DSBs) are repaired by either homologous recombination (HR) or non-homologous end-

joining (NHEJ). HR is used in post-replication phases of the cell cycle and uses the DNA 

sequence from the sister chromatid to repair the break, usually without any DNA sequence 

loss. DNA DSBs are also repaired via the error prone NHEJ pathway, which ligates broken 
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DNA ends together after processing the ends with nucleases. This results in alteration of the 

DNA sequence. 

More than 70 human genes have been found to be directly involved in DNA repair 

pathways [14]. Severe mutations in these DNA repair pathways are associated with clinical 

diseases. For example defects in nucleotide excision repair results in Xeroderma pigmentosa 

[26]. Defective mismatch repair can cause hereditary non-polyposis colorectal cancer [26]. 

Defects in the HR proteins NBS1 and ATM cause Nijmegen Breakage Syndrome and Ataxia-

telangiectasia respectively [4]. The mutations that result in these clinical diseases are usually 

large deletions or severe mutations that cause drastic changes in protein function. It has been 

hypothesized that minor genetic variants and SNPs in DNA repair genes result in low 

penetrance alleles, which are not serious enough to cause severe clinical diseases but can 

alter susceptibility to cancer [7, 34]. Many studies have searched for low penetrance breast 

cancer susceptibility alleles within the DNA repair pathways. Studies looking at 

polymorphisms in genes involved in nucleotide excision repair have found a few alleles that 

increase breast cancer susceptibility of carriers up to 2.6 fold, particularly when the 

individuals are exposed to environmental carcinogens like polycyclic aromatic hydrocarbons, 

cigarette smoke, or exogenous estrogen [4, 35-37]. A few polymorphisms in genes 

associated with base excision repair have also been shown to increase risk of breast cancer, 

especially in African-American women or women who have had severe adverse reactions to 

radiation therapy [4, 38, 39]. Mutations in genes involved in HR have obviously been linked 

to breast cancer susceptibility, as the high or moderate penetrance alleles in BRCA1, 

BRCA2, ATM and NBS1 are all associated with familial breast cancers, as of yet data on low 

penetrance alleles of these genes is very thin [4, 40]. Finally, polymorphisms in the NHEJ 

proteins Ku70 and XRCC4 have been associated with increased risk of breast cancer [41]. It 
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is hypothesized that a reduction in the DNA repair capacity can result in increased risk for 

developing cancer, as many mutations are required for carcinogenesis. 

1.2 MECHANISMS OF CARCINOGENESIS: 

Though the specific cellular and molecular mechanisms remain unclear, it is 

commonly accepted that tumorigenesis is a multi-step process that involves accumulation of 

genetic alterations over time leading from a normal cell to malignancy [42]. It has been 

suggested that there are six characteristics that any cell must obtain in order to become 

malignant, these are limitless replicative potential, the ability to evade apoptosis, growth 

signal self-sufficiency, insensitivity to anti-growth signals, sustained angiogenesis, and tissue 

invasion and metastasis [42]. The number of mutations required for transformation seems to 

vary from three to 12 mutations depending on the form of cancer being studied and the type 

of cell being transformed [43]. Though scientists disagree on the mechanisms involved, it is 

commonly held that carcinogenesis is an evolutionary process combining genetic change and 

clonal selection [44]. There are currently two prevailing theories as to origin of tumors, the 

"classical model" of carcinogenesis and the "cancer stem cell hypothesis." In the "classical 

model" of carcinogenesis a stochastic event causes an irreversible genetic mutation in a 

terminally differentiated cell. This mutation is considered an initiating event which puts the 

cell on the path towards cancer. In the "classical model" all cells are equally susceptible to 

transformation [19]. In 1976, Peter Nowell suggested that cancer was a result of the clonal 

evolution of a single cell which acquired genomic instability, and that the instability made it 

possible for the cell lineage to gain more and more mutations, subject to selective pressures, 

and eventually became neoplastic [43, 45]. In the "classical model" of carcinogenesis all of 

the cells within a fully developed tumor are equally malignant [19]. 
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Competing with the "classical model" of carcinogenesis is the "cancer stem cell 

hypothesis." In the "cancer stem cell hypothesis" the cancer-initiating event takes place in a 

tissue stem cell as opposed to a differentiated cell [19]. The accumulation of mutations via 

clonal evolution still occurs, however it is believed that many fewer mutations are necessary 

to transform a stem cell because they already possess many of the features found in tumor 

cells [46]. Not only are the tumor-initiating cells different in these two models, the pathology 

of the fully developed tumor is different as well. In the "cancer stem cell hypothesis" the 

mature tumor is primarily made up of differentiated cells which are not tumorigenic 

themselves. In addition there is a small subset of cells that are fully tumorigenic; these are 

called the "cancer stem cells." The "cancer stem cells" are responsible for the cellular 

heterogeneity of the tumor, because they possess multi-lineage differentiation potential. The 

"cancer stem cells" are also responsible for tumor progression, metastasis, resistance to 

cancer treatments, and subsequently tumor recurrence [47, 48]. 

It is very likely that both the "classical model" of carcinogenesis and the "cancer stem 

cell hypothesis" are viable mechanisms for human carcinogenesis. It is probable that if we 

learn to identify the mechanism involved in the carcinogenesis of individual tumors, we will 

be able to tailor treatment modalities to fit the mechanism, target the tumor-initiating cell, 

and more effectively treat breast cancers [17]. 

1.3 "CANCER STEM CELL HYPOTHESIS" AND BREAST CANCER: 

Tissue stem cells are found in fully developed organisms. They have the ability to 

self-renew and the capacity to differentiate into all of the specific cell types found in that 

particular tissue [49]. In tissues where stem cells have been identified, there is a specific 

stem cell to differentiated cell hierarchy, the stem cell produces undifferentiated progenitor 

cells which create the lineage specific progenitors or "transiently amplifying population" 
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capable of extensive proliferation, in response to specific growth signals. The lineage 

specific progenitor cells produce the terminally differentiated cells of the tissue, which are 

usually incapable of proliferation [49]. The key feature of a stem cell is its ability to self-

renew, or divide and produce another stem cell with the exact same proliferative and 

differentiation potential as the parental stem cell [49]. The number of stem cells in a given 

tissue is usually carefully regulated [50]. Self-renewal via asymmetric division results in one 

daughter cell that remains a stem cell and a second daughter that becomes a committed 

progenitor cell. This type of cell division maintains the stem cell number in the tissue [51]. 

Self-renewal can also occur by symmetrical division, in which both daughter cells are stem 

cells; this increases the total number of stem cells within the tissue [51]. It has been 

hypothesized that in cancers involving the "cancer stem cell hypothesis" mechanism of 

carcinogenesis, the initiating mutation results in disruption of this normally tightly regulated 

stem cell self-renewal pathway [51]. 

The mammary gland is an extremely dynamic tissue. It must undergo changes during 

pregnancy, lactation and involution with each pregnancy [52]. In addition to the vast 

restructuring involved in pregnancy, the non-pregnant mammary gland is not truly "resting" 

either, it undergoes cycles of proliferation and apoptosis with each menstrual cycle [53]. 

Understanding of the dynamic nature of the mammary gland has led to the suggestion that 

mammary stem cells are responsible for directing the changes and proliferation events that 

occur regularly in the mammary gland. The dynamic nature of the mammary gland has also 

led to the hypothesis that in many breast cancers the tumor-initiating cell is a mammary stem 

cell. Breast cancer is an incredibly diverse disease in terms of pathological features, clinical 

course and responsiveness to treatments [54]. It has been suggested that this diversity is 

explained by the "cancer stem cell hypothesis" mechanism of carcinogenesis. 
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The most compelling data supporting the role of the stem cell as the tumor-initiating 

cell in many breast cancers are the effects of pregnancy on breast cancer risk. It has been 

shown that women who complete their first pregnancy before 20 years old have half the risk 

of developing breast cancer, and women completing their first pregnancy after the age of 35 

have increased risk, when compared to women who have never been pregnant [4, 55, 56]. 

The protective effect caused by early pregnancy is seen universally among women with 

different ethnic backgrounds and from different geographical locations, which suggests that 

the effect is not due to environmental or socioeconomic factors but from biological changes 

in the breast tissue caused by pregnancy [56]. One caveat to this protection is that for the 

first 5- 7 years after giving birth women are actually at higher risk of developing breast 

cancer [4]. This has been associated with the extreme exposure to estrogens during 

pregnancy and it has been suggested that if there are cells that are already initiated for 

tumorigenesis, the exposure to estrogens and the huge amount of proliferation required for 

pregnancy can result in progression of the initiated tumor cells, resulting in increased risk 

immediately following pregnancy [4]. It is hypothesized that the protection given by 

pregnancy is due to permanent differentiation of the stem cells within the breast, which 

reduces their susceptibility to the tumor promoting effects of estrogen exposure [7]. 

Estrogen is known to cause proliferation of mammary cells. Proliferation is the key 

factor in tumor promotion as cells that do not divide are not a threat in terms of tumor 

development. In addition to the effects of estrogen exposure to parous women, there are 

many other risk factors that have been associated with breast cancer, that are directly related 

to endogenous or exogenous estrogen exposure. Women born to mothers who had unusually 

low estrogen levels (toxemia) have reduced risk for developing breast cancer [6]. On the 

other hand women whose mothers had elevated levels of estrogen during pregnancy have 
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four-fold increased risk [6]. In addition, lifestyle risk factors like alcohol consumption, 

height and obesity are thought to increase risk by increasing endogenous levels of estrogen. 

Though the involvement of mammary stem cells in breast carcinogenesis has been 

hypothesized for many years it was not possible to directly test for this involvement until 

very recently. Techniques are now becoming available to enrich mammary cell isolations for 

stem cells, and also culture them in vitro as nonadherent mammospheres. Using these newly 

available techniques a few groups have started to look for cancer stem cells in actual human 

mammary tumors. Ginestier et al. used the ALDH1 marker, thought to have a role in the 

early differentiation of stem cells and known to be highly expressed in hematopoietic and 

neural stem cells, to isolate both normal mammary stem cells and cancer stem cells from 

human mammary tissue samples [48]. Li et al. used mammosphere formation efficiency as a 

method to show that mammary stem cells from human tumor samples are more resistant to 

chemotherapy than the differentiated cells of the tumor [57]. The field of mammary stem cell 

research is extremely new; it will be very interesting to see where this research takes the 

study and treatment of breast cancer. 

1.4 THE MECHANISM OF RADIATION CARCINOGENESIS: 

Carcinogenesis, by any mechanism, is a multi-step process of clonal evolution 

involving initiation, promotion and progression [58]. Low linear energy transfer (LET) IR, 

such as X-rays or gamma-rays, is a tumor-initiating agent [59-61]. X- and y-rays deposit 

energy though discrete ionization events which are distributed randomly throughout the 

cellular space they traverse [62]. If these ionization events occur in close proximity to DNA 

the energy deposited can result in single stranded DNA breaks, double stranded DNA breaks 

(DSBs), sugar and base modification, oxidative damage to bases, inter-strand DNA cross-

linking, DNA-protein cross-linking, and locally multiply damaged sites (LMDSs) [32, 62]. It 
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is generally accepted that irradiation with lGy X-ray will cause approximately 20-40 DNA 

DSBs, 1,000 single-strand breaks, 1,000 damaged bases, and 150 DNA-protein cross-links 

per diploid mammalian cell [63]. The ability of IR to cause these structural aberrations puts 

it into a class of exogenous factors which are considered clastogens, virtually all of which are 

mutagenic and carcinogenic [62]. The mutations most commonly induced by IR in 

mammalian cells are large-scale deletions and chromosomal rearrangements; both of which 

are seen at very high frequencies in breast cancer [62]. 

Though IR can cause many kinds of DNA damage; the DNA DSBs are commonly 

believed to be the most detrimental to the cell, as a single unrepaired DNA DSB is sufficient 

to induce cell death [63, 64]. Studies have shown that DNA repair machinery can mend 

radiation-induced DSBs rapidly, with a half-time often minutes or less [65]. In mammalian 

cells DNA DSBs occurring in Gi are repaired via the NHEJ pathway of DNA repair, which is 

an error-prone method of rejoining chromosome ends [66, 67]. DNA DSBs occurring in 

G2/M are repaired by both NHEJ and HR, which uses the sequence from the sister chromatid 

to repair the break without any loss of sequence. In order for repair to occur the sites of DNA 

DSBs must be in close proximity in both space and time [62]. Radiation-induced DSBs have 

three repair options; first, they can reconstitute without any morphological change to the 

chromosomes; this would not be seen using cytogenetic analysis but may still result in 

mutation, especially deletions. Second, the DNA end can rejoin illegitimately with the 

broken end of another chromosome; this can result in mutation and/or cytogenetically visible 

aberrations. Third, the DSB can remain "open" leading to a terminal deletion at mitosis; these 

cells will often die due to DNA loss prior to the second mitosis [68]. The misrepair of 

radiation-induced DNA DSBs which leads to chromosomal aberrations has been associated 

with the NHEJ repair pathway because it is the primary repair pathway and is inherently 

error-prone [69, 70]. Cells containing unbalanced chromosome aberrations, such as dicentric 
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chromosomes and terminal deletions, or possessing substantial DNA loss are not expected to 

survive or contribute to the post-irradiation cell population. However, it has been suggested 

that some dicentrics enter a break-bridge-fusion cycle where the dicentric breaks during 

anaphase and forms another dicentric in the following cell cycle; little DNA is lost in this 

process but it can greatly increase the genomic instability observed. Cells containing 

balanced aberrations such as reciprocal translocation often do survive because little DNA has 

been lost [69]. Depending on the specific aberrations and mutations resulting from misrepair, 

these cells may have the potential to develop into cancer [69]. 

1.5 RADIATION-INDUCED MAMMARY CANCER IN HUMANS: 

It is well accepted that 1R can cause breast cancer [71, 72]. Over the last 70 years or 

so, many epidemiological studies have looked at the relationship between IR and breast 

cancer. These data come from survivors of the atomic bombings, occupational exposures and 

medically exposed individuals [69]. The vast majority of our understanding of radiation-

induced breast cancer comes from studies of the survivors of the atomic bombings [73-75]. 

The Life Span Study clearly shows a strong linear dose response for the induction of breast 

cancer by IR [73-75]. These data in combination with data on the low sporadic incidence of 

breast cancer in Japan suggest that 1/3 of all breast cancer cases seen in the Life Span Study 

were caused by exposure to radiation [73, 74]. 

The study of breast cancer induction in occupationally exposed individuals is difficult 

because of the low number of females in industries where IR exposure is likely. The one area 

where women dominate the field is radiation technology. Recently, a very large study was 

completed to determine if these women were at increased risk for developing breast cancer 

compared to the general population. This study was the "Survey of US Radiologic 

Technologists" cohort which analyzed data from 56,436 women who administered medical 
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X-rays [76]. These data showed that there was a correlation between increased risk and 

increased attained age and height. There was also a three-fold increase in risk of breast 

cancer for women who had worked prior to 1935, and a two-fold increased risk in women 

who had worked before 1940 [76]. The study also determined that there was no increased 

risk for women who began working later in the 1940s or if they had begun working after 17 

years of age. The decreased risk associated with working later than 1940 may be related to 

increased protective measures taken by hospitals and radiation workers, which decreased the 

annual exposure to workers from about lOOmSv to about 25mSv per year [76]. Since then 

protective measures and exposure limits have become even more stringent [76]. 

Finally, there is a fair amount of evidence from medically irradiated women. These 

data come from patients with scoliosis or tuberculosis who were monitored by frequent chest 

X-rays or fluoroscopy, radiotherapy patients treated for benign disorders as infants or 

children, women of child bearing age who receive X-rays for benign breast disease or post­

partum mastitis, childhood cancer survivors who were treated with radiotherapy, and finally 

survivors of adult cancers that were treated with radiotherapy [77]. Data from all of these 

medically irradiated populations support the linear no-threshold model for risk of breast 

cancer [77]. 

All of these studies have agreed that ionizing radiation can cause breast cancer, 

especially if exposure occurs before the age of 20, and that risk fits a linear no-threshold dose 

response curve [73-75]. This means that any exposure to radiation results in increased risk of 

developing breast cancer. In today's society most people are not exposed to large amounts of 

environmental or occupational sources of radiation, so the effects of IR used for medical 

purposes have become the major focus of radiation carcinogenesis studies. In terms of breast 

cancer, there are three main medical sources of radiation exposure, Computed Tomography 

(CT), chest X-rays and radiation therapy treatment for existing breast cancer or other types of 
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cancer near the breast tissue. CT scans have been used with increasing frequency since 2004 

to test for coronary artery disease and to monitor lung health in individuals with cystic 

fibrosis. It is assumed that there is an increased risk of breast cancer associated with CT 

scans however because this is a relatively new technology no quantitative data are available. 

A few studies have attempted to predict risk associated with this technology, they have 

concluded that there is increasing risk of developing breast cancer associated with increasing 

number of CT scans and with decreasing age of the individual [78-80]. 

The risk of developing breast cancer from the low doses of IR used in X-rays and 

mammograms is controversial [81]. Modern mammograms usually involve two pictures of 

each breast with each picture releasing about 0.1-0.2 rads (1-2 x 10"3 Gy) [3]. The exposure 

to IR from mammograms is well below the yearly exposure dose from naturally occurring 

background sources. Additionally, most women do not begin screening until after the age of 

40, which is when the risks are decreased [3]. It has been suggested that carriers of BRCA 

mutations begin screening regimen at 25 years of age; however this increases their exposure 

to mammographic radiation. Studies of risk associated with mammogram screening of 

BRCA carriers have shown that the radiation exposure from mammograms is unlikely to 

cause significant increase in breast cancer in this population [82]. But carriers of BRCA 

mutations already have an incredibly high risk of developing breast cancer. It is possible that 

some women carry low penetrance alleles for breast cancer for which even the low doses of 

IR from mammograms provide significant increased risk. One study looked at the 

relationship between four polymorphisms found in DNA repair genes (XRCC3 codon 241; 

NBS1 codon 185; XRCC2 codon 188; and BRCA2 codon 372). They reported a positive 

dose-response relationship between number of chest x-rays and mammograms a woman was 

exposed to and breast cancer risk among women who carried two or more of the less 

common alleles for these DNA repair genes [81]. This is a very new area of research, but it 
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suggests that there may be a subset of the population who are genetically predisposed to 

radiation-induced mammary cancer, for which any IR exposure will be harmful. 

Mammographic screening results in earlier detection and more effective treatment of 

the existing breast cancer, both of which lead to increased patient survival. But this increased 

survival has also led to an increased risk of second cancers [83]. Second cancers are distinct 

from cancer recurrence, which is when the original tumor redevelops after the therapy meant 

to cure it. Second cancers come from a different initiating event. Women with breast cancer 

have 3-4 fold increased risk of developing new breast cancer in the contralateral breast. This 

increased risk maybe a result of the same hormonal and genetic factors that resulted in the 

first cancer, but it may also be due to chemotherapy and/or radiation therapy [84]. 

Radiotherapy results in 60-80Gy total dose to the target area [85, 86]. However, 

studies have shown that the contralateral breast also receives a significant dose, varying from 

1-10% of the total dose depending on a variety of factors including direct irradiation, scatter 

off of the collimators and filters, and leakage through the head of the machine [84, 87]. This 

exposure is a major concern, but it has only been recently that studies have attempted to 

determine if a significant proportion of secondary tumors are actually related to the treatment 

of the original tumor. Broeks et al. showed that 24% of women in the study group who 

developed contralateral breast cancer after therapy carried a mutation in BRCA1, BRCA2, 

ATM or CHEK2, suggesting that these women may be predisposed to the damaging effects 

of IR to a degree where radiation therapy may be more harmful then it is helpful [84]. 

A slightly different problem associated with radiation therapy for breast cancer is that 

5-7% of all patients develop severe adverse side effects of radiation therapy in the normal 

tissues surrounding the target area [32]. It has been hypothesized that the occurrence and 

severity of the adverse reactions to radiation therapy are also influenced by genetic 

susceptibility [32]. It has also been suggested that the women who develop secondary tumors 
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after radiation therapy may be restricted to this genetically defined radiosensitive 

subpopulation, unfortunately current data on the subject is extremely scarce [84]. 

1.6 BALB/c MOUSE MODEL OF RADIATION-INDUCED MAMMARY CANCER: 

Although radiation exposure certainly increases a woman's risk for developing breast 

cancer, the pathology of radiation-induced breast cancer appears indistinguishable from that 

of spontaneous breast cancers; making elucidation of the mechanisms involved in radiation-

induced carcinogenesis just as problematic as that of spontaneous breast cancers [71]. In 

human studies, it is impossible to control the circumstances under which breast cancer 

develops. As such many researchers use animal models of disease, where genetics and 

environmental exposures are much easier to control. The mouse is the animal of choice for 

cancer research for several reasons; most importantly that mice and humans have basically 

the same genes and signaling pathways [88]. Studies have clearly shown that the molecular 

events which occur in human breast cancer also occur in mouse mammary carcinogenesis 

[89]. Additionally, cancer has such a long latency; using animals with relatively short 

lifespan is highly beneficial [90]. There are also a large number of inbred mouse strains 

available, which allows the effect of specific mutations on cancer development to be explored 

in a way that will never be possible in human studies. 

It is commonly accepted that inbred mouse strains exhibit differential susceptibility to 

toxins and carcinogens, and that this variation is due to the genetic differences between the 

strains. A differential response of BALB/c and C57BL mice to the effects of IR was first 

shown by Kallman in 1962. He showed that BALB/c mice were more sensitive to the lethal 

effects of IR than C57BL mice exposed to similar doses and dose rates [91]. Although both 

strains of mice show a linear dose response to radiation-induced death, the LD50 (dose 

required to cause death in 50% of treated animals) for C57BL mice was significantly higher 
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than that for the BALB/c mice at all dose rates tested. Whole body irradiation leading to 

lethality is a result of damage to the hematopoietic cells in the bone marrow and/or damage to 

crypt cells of the intestines. The research done by Kallman suggests that these tissues are 

significantly more sensitive, or less capable of repairing the damage caused by radiation, in 

BALB/c mice then they are in C57BL mice [91]. As these are inbred mouse strains, the 

differential response to radiation must be caused by differences in genetic backgrounds. 

Sub-lethal radiation exposure has been shown to result in a wide variety of tumors 

over the life of the exposed individual. For the BALB/c mouse, the mammary gland is one of 

the most sensitive tissues to the damaging effects of IR. Like human IR-induced mammary 

cancer, the incidence of mammary tumors in BALB/c mice exposed to IR fits a linear dose 

response curve with increasing total dose or dose rate resulting in increased tumor formation 

[92]. Mouse mammary tumorigenesis is difficult to study in the exposed individual due to 

extremely long latency. It is commonly accepted that cellular proliferation is necessary for 

carcinogenesis but most studies on the effects of potential carcinogens on mammary tissue 

use adult virgin female mice; in these animals the mammary gland is fully developed and 

minimal growth occurs in absence of pregnancy [93]. To shorten the latency period hormone 

stimulation (pregnancy or pseudo-pregnancy) has been used [93]. 

In an attempt to simplify the study of murine mammary tumorigenesis, DeOme 

developed a system of mammary transplantation [94]. In this system, tissue or cells from an 

adult mouse are injected into the gland-free (cleared) fat pad of a three-week old recipient 

mouse. Upon puberty, the normal physiological development of the recipient mouse causes 

proliferation and differentiation of the transplanted mammary cells. In three-week old mice 

the mammary ductal tree is confined to a very small area near the lymph node that can be 

cleanly excised prior to injection of the donor cells [94]. Upon transplantation, untreated 

donor cells will result in a fully functional mammary gland within 10-16 weeks that is 
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basically indistinguishable from a normal, untouched gland. Using mixed populations of 

green fluorescent and cyan fluorescent protein expressing donor cells, Stingl et al. showed 

that the mammary outgrowths resulting from transplantation are clonal ly derived from single 

donor cells [95]. 

The ability of donor cells to produce fully developed and functional mammary glands 

upon transplantation strongly suggests the presence of a mammary stem cell. Only a stem 

cell would have the ability to produce all three kinds differentiated cells required for 

mammary gland development (luminal epithelial, alveolar epithelial and myoepithelial cells). 

That the mammary stem cell is the basis for the mammary transplantation assay was 

definitively shown a few years ago. Individual putative mammary stem cells were injected 

into the cleared fat pads of recipient mice and were shown to produce mammary outgrowths 

[95, 96]. This transplanted mammary gland could then be dissociated and transplanted again 

suggesting the donor cell had self-renewal capacity [95, 96]. The transplanted mammary 

gland was followed through pregnancy to verify that it could in fact produce all of the cells 

required for a functional mammary gland [96]. 

Using the mammary transplantation system Ethier et al. showed that in BALB/c 

mice, mammary tumors were preceded by ductal dysplasias which are precancerous lesions 

[97, 98]. Ductal dysplasias are areas of abnormal ductal growth including abnormalities in 

branch number, branch pattern and increased cellularity of the ducts and end buds [97]. 

Ullrich et al. showed that after exposure to lGy y-radiation mammary cells derived from 

BALB/c mice frequently produced ductal dysplasias and eventually mammary tumors upon 

transplantation, while cells from C57BL/6 mice rarely produced abnormal outgrowths [99]. 

It was determined that this difference in ductal dysplasia frequency was due to the inherent 

susceptibility of the BALB/c mammary cells to the transforming effects of IR [99]. The fact 

that these studies are based on data obtained using the mammary transplantation assay 
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suggests that the ductal dysplasias and eventual mammary tumors are actually a result of 

radiation-induced damage to the mammary stem cells. It is reasonable to assume that if 

normal mammary gland development results from the proliferation and differentiation of a 

mammary stem cell, then so does abnormal mammary gland development. Unfortunately, at 

the time of these studies, there was no way to isolate or manipulate mammary stem cells 

specifically to test this hypothesis. 

A reduction in the lethal effects of radiation exposure is achieved by reducing the rate 

at which it is delivered. This dose rate effect has generally been attributed to the ability of 

exposed cells to repair the DNA damage caused by radiation [100]. C57BL mice exhibit a 

very pronounced dose rate effect, suggesting that as the dose rate is decreased the exposed 

cells are more able to repair the damage caused by radiation. BALB/c mice show a very 

small dose rate effect [91]. Taken together, these observations suggest that cells derived 

from BALB/c mice have a DNA repair defect when compared to those derived from C57BL 

mice. To test this hypothesis primary kidney fibroblasts were exposed to 50Gy y-radiation 

and the ability of the cells to repair the DNA damage was determined by measuring DNA 

joining over time using the FAR assay [100]. It was determined that cells derived from 

C57BL/6 and other "wild-type" strains were able to repair most of their DNA within four 

hours of irradiation, while cells from SCID mice were severely deficient in their repair 

abilities and BALB/c cells showed intermediate repair kinetics. 

SCID (severe combined immunodeficiency) mice are immunodeficient because of 

defective V(D)J recombination which results in improper differentiation of both T and B 

lymphocytes [101]. They have been shown to carry a truncating mutation in the Prkdc gene 

which encodes the protein DNA-PKcs (DNA-dependent protein kinase catalytic subunit). 

The mutation results in degradation of the protein and seems to be responsible for their 
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deficient DNA repair capacity. Additionally, in vitro radiation studies have isolated 

radiosensitive clones with altered DNA-PKcs function [102]. 

To determine if the radiation sensitivity observed in BALB/c mice was due to altered 

DNA-PKcs, protein expression was analyzed. Western blotting of whole kidney cell extracts 

showed that SCID cells lack DNA-PKcs protein, while C57BL/6, C3H/HeJ, A/J, DBA2/J, 

and SWR/J cells all had very high levels of expression. BALB/c cells had intermediate levels 

of DNA-PKcs expression [100, 103]. This intermediate phenotype is similar to the 

intermediate repair observed earlier. To determine if DNA-PKcs expression levels were 

tissue specific, analysis was performed on tissue from the brain, heart, liver, kidney, 

mammary, and spleen from C57BL/6 and BALB/c mice. Western blot analysis showed that 

out of all tissues tested, the mammary gland had the lowest level of DNA-PKcs expression, 

and that this reduced expression was even more pronounced in mammary tissue derived from 

BALB/c mice [103]. These data suggest that the extremely low levels of DNA-PKcs 

expressed in the mammary tissue may be responsible for the specific susceptibility of 

BALB/c mice to mammary carcinogenesis. 

To further characterize DNA-PKcs in these mouse strains, the kinase activity of the 

protein was assayed. Again, SCID cells had very low levels of DNA-PK kinase activity, 

while C57BL/6 and other "wild-type" cells had very high levels of kinase activity. Again, 

BALB/c cells had intermediate levels of kinase activity [100]. The relationship between 

mammary tumorigenesis, reduced DNA repair, reduced expression of DNA-PKcs and 

reduced kinase activity are still being investigated. However, sequence analysis showed that 

the DNA-PKcs from BALB/c mice contains two single nucleotide polymorphisms (SNPs) 

[103]. These polymorphisms are M3844V in the phosphatidylinositol 3-kinase domain; and 

R2140C in a leucine zipper domain [103]. It was hypothesized that these two SNPs in Prkdc 

are responsible for the reduced DNA-PKcs protein expression, reduced DNA repair capacity 
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and increased susceptibility to radiation-induced mammary cancer observed in the BALB/c 

mice. 

To address the role of DNA-PKcs in the radiation-induced mammary carcinogenesis 

seen in BALB/c mice this lab recently created two congenic strains of mice. Congenic 

strains are developed by breeding mice from the two parental strains, in this case C57BL/6J 

and BALB/cByJ to create F] hybrid pups. In the case of B6.C-PrkdcBALB, pups carrying the 

BALB/c variant allele for Prkdc were then backcrossed to C57BL/6J mice for ten 

generations. This was followed by brother-sister mating for another ten generations to create 

an inbred mouse strain. The results of this breeding scheme are mice that contain 99.9% 

C57BL/6J genome as well as the variant PrkdcBALB allele. C.B6-Prkdc is the complementary 

strain containing the BALB/cByJ background genome and the common Prkdc allele. Use of 

these two strains in conjunction with their parental strains allows us to determine the effect of 

a single locus, in this case Prkdc [104]. 

In addition to creating the mouse strains congenic for Prkdc, Dr. Ramaiah performed 

some preliminary experiments to determine the radiation sensitivity of the congenic strains 

compared to the parental strains. The B6.C-PrkdcBALB mice allow us to determine if 

PrkdcBALB is sufficient to confer susceptibility to radiation damage. The C.B6-Prkdc strain 

which has the susceptible background with the resistant Prkdc allows us to determine if 

PrkdcBALB is required to confer susceptibility to radiation-induced damage and cancer. 

Using primary kidney fibroblasts Dr. Ramaiah found that PrkdcBALB is required and sufficient 

to decrease DNA-PKcs protein expression. C57BL/6J and C.B6- Prkdc express equal 

quantities of DNA-PKcs protein, while BALB/cByJ and the congenic strain B6.C- PrkdcBALB 

express very little protein [104]. Dr. Ramaiah was also able to determine that PrkdcBAlB is 

required and sufficient to decrease clonogenic survival in BALB/c mouse kidney fibroblasts, 

by using a colony formation assay. The results suggest that cells derived from 
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B6.C-Prkdc are susceptible to cell killing by IR to the same degree as the BALB/cByJ 

parental strains, and that cells derived from C.B6-Prkdc are resistant to IR to the same 

magnitude as the C57BL/6J parental strain. Together these data suggest that both DNA-PKcs 

protein expression and survival after radiation exposure seem to follow the Prkdc allele, at 

least in primary kidney fibroblasts [104]. 

1.7 RATIONAL OF DISSERTATION; 

Breast cancer is the most commonly diagnosed invasive cancer among women in the 

United States [2]. Recent advances in clinical diagnostic techniques have allowed for earlier 

detection and enhanced treatment of breast cancer resulting in a steady decline in mortality 

rates [3]. However, the specific cellular and molecular mechanisms involved in mammary 

carcinogenesis remain unclear. It has been suggested that individual susceptibility to breast 

cancer comes from the combined effect of all the low penetrance alleles in an individual's 

genome in addition to the effects of exposure to carcinogens [13]. 

Any exposure to ionizing radiation results in increased risk of developing breast 

cancer. We believe that there is a population of women who are genetically predisposed to 

the damaging effects of IR, for which any exposure to IR, via X-rays, mammograms, or 

radiation therapy, will be dangerous. Currently, it is impossible to identify these women 

prior to radiation exposure. In an attempt to elucidate the mechanisms involved in radiation-

induced mammary cancer and the role of genetic susceptibility our lab has been utilizing the 

BALB/c mouse model. These mice are specifically genetically susceptible to radiation-

induced mammary cancer [92]. We have previously shown that the mammary cells derived 

from BALB/c mice are inherently susceptible to the transforming effects of IR [99]. We 

have shown that this genetic predisposition to breast cancer is related to two SNPs in the 

Prkdc gene of the BALB/c mice compared to the resistant control strain C57BL/6 [103]. 
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Finally, we have created two congenic mouse strains in an attempt to determine if this variant 

Prkdc gene is required and sufficient to cause the BALB/c radiation sensitive phenotype 

[104]. 

The methods used to determine that the BALB/c mice are susceptible to developing 

IR-induced ductal dysplasias and mammary cancers involve the mammary gland 

transplantation assay. This system relies on the hormonal stimuli of a pubescent recipient 

mouse to produce a mammary gland outgrowth from donor cells. It has recently been 

definitively determined that these mammary gland outgrowths result from the growth of a 

mammary stem cell from the donor mouse. It follows that if the transplanted normal 

mammary outgrowth results from the growth of a stem cell, then so does aberrant mammary 

outgrowth that result from transplantation of irradiated BALB/c mammary cells. Until 

recently it was not possible to isolate or target mammary stem cells specifically. In this 

dissertation we have developed laboratory techniques to isolate, culture, and propagate 

mammary stem cells in vitro as non-adherent mammospheres. In order to enhance our ability 

to identify true mammary stem cells in vitro we have attempted to create mammosphere size 

criteria based on the ability of the stem cell to self-renew and differentiate. Finally, we have 

used these new techniques to develop a mammosphere colony formation assay to test the 

theory that the stem cell is the target cell of radiation in BALB/c model of IR-induced 

mammary cancer. 
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Chapter 2: 

Telomere Dysfunction in the BALB/c Mouse Model 

Chapter 2 is part of a recently published article in Cancer Research [11]. 

SUMMARY; 

BALB/c mice have been shown to be genetically susceptible to radiation-induced 

mammary carcinogenesis, presumably due to a variant allele of the Prkdc gene which 

encodes the protein DNA-dependent protein kinase catalytic subunit (DNA-PKcs). DNA-

PKcs has been shown to be involved in DNA double strand break repair as well as telomere 

end-capping. In the BALB/c model of radiation-induced mammary carcinogenesis it has 

been hypothesized that genomic instability is an early step in the transformation process. In 

this chapter the role of telomere dysfunction in the overall genomic instability is explored. It 

was determined that after exposure to IR mammary epithelial cells derived from BALB/cByJ 

mice develop elevated levels of telomere dysfunction compared to cells derived from 

C57BL/6 mice and that this telomere dysfunction followed the same kinetics as the general 

genomic instability observed previously. 

INTRODUCTION: 

BALB/c mice have been shown to be genetically susceptible to radiation-induced 

mammary carcinogenesis, presumably due to a variant allele of the Prkdc gene which 

encodes the protein DNA dependent protein kinase catalytic subunit (DNA-PKcs). 
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DNA-PKcs is a critical component of the mammalian double strand break repair pathway, 

non-homologous end-joining (NHEJ). PrkdcBAhB results in decreased protein expression, 

decreased DNA-PK kinase activity, and reduced DNA repair capacity [1]. In 1976, Peter 

Nowell suggested that cancer was a result of the clonal evolution of a single cell which 

acquired genomic instability, and that the instability made it possible for the cell lineage to 

acquire increased mutations, subject to selective pressures, and eventually became neoplastic 

[2]. The existence of genomic instability in most human cancers suggests that it is a key 

factor in carcinogenesis, however, it is unclear if genomic instability plays a causal role in 

carcinogenesis or if it is the effect of some other causal agent [3]. 

In the BALB/c model of radiation-induced mammary carcinogenesis it has been 

hypothesized that genomic instability is an early step in the transformation process. This is 

supported by a study where mammary epithelial cells from BALB/c and C57BL/6 mice were 

isolated, irradiated in vitro with 3Gy y-irradiation, and then analyzed for cytogenetic 

aberrations every three to four population doublings for 35 days [4]. The data obtained in 

this study showed that both populations start with a high level of both chromosome and 

chromatid aberrations [4]. The frequency of aberrations decreases with each cell cycle and 

by population doubling eight to 12 they reach background levels [4]. From that point on 

C57BL/6 cells maintained aberration frequencies of unirradiated control cells. Interestingly, 

cells from BALB/c mice showed increasing frequency of both chromosome and chromatid 

aberrations beginning at about population doubling number 16 and increasing until 

population doubling number 28, which was the endpoint of this study due to the replicative 

lifespan of these cells in culture [4]. It was further demonstrated that in the BALB/c mouse 

model, this radiation-induced cytogenetic instability can arise in vivo in mammary cells that 

are left in situ for one, four or 16 weeks prior to extraction and culturing. Under these 

conditions the mammary cells exhibited high levels of cytogenetic abnormalities at all time 
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points assayed [5]. These data make a strong argument for the involvement of radiation-

induced genomic instability in the BALB/c model of radiation-induced mammary 

carcinogenesis. 

Telomeres, first described by Muller in 1938, are unique structures at the ends of 

linear chromosomes [6]. We now know that telomeres consist of short tandem repeats which 

end in a 3' single-stranded G-rich overhang, that is roughly 100 bases long [6, 7]. In 

vertebrates the telomeric repeat sequence is (TTAGGG)„ [8]. The number of repeats varies 

by species, and in humans is estimated to be 5-10kb, while in mice they are roughly 50kb in 

length [8]. It is well accepted that if telomeres are sufficiently short or dysfunctional in some 

other way, it can lead to chromosomal instability [8]. In fact, in human breast cancer 

telomere crisis has been shown to occur at the transition between ductal hyperplasia and 

ductal carcinoma in situ and coincide with a large increase in observed genomic instability in 

the tissue [9]. 

It was originally believed that long telomere sequence was sufficient to protect 

chromosomes from aberrant fusions and loss of genetic material; however, it has become 

clear that this block of telomere sequence combines with telomere associated proteins, to 

achieve its protective functions [6]. As part of this DNA-protein complex in mammals, the 

terminal single stranded overhang is looped back and invades the duplex telomeric DNA, 

creating a "t-loop" [6]. The structure of the "t-loop" is maintained by the proteins TRF1 and 

TRF2 [8]. Interestingly, in addition to these and other telomere associated proteins, proteins 

normally involved in DNA repair pathways have been shown to be involved in the creation 

or maintenance of telomeres [6]. It has previously been shown that the NHEJ proteins Ku70 

and Ku80 are able to bind to telomeric DNA [6]. 

In studies using DNA repair deficient mouse cells, it was determined that cell lines 

expressing normal DNA repair capacity never developed spontaneous telomeric-fusions [6]. 
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However SCID cells showed telomere fusions at a rate significantly higher than background 

levels [6]. As discussed in the previous chapter, SCID cells carry a truncating mutation in the 

coding region ofPrkdc that results in degradation of the DNA-PKcs protein and severely 

deficient DNA repair capacity. These results suggest that DNA-PKcs plays an important role 

at mouse telomeres, in some way protecting the ends from fusion [6]. Importantly, the 

fluorescence in situ hybridization (FISH) signals between these proficient and deficient cell 

lines were equally strong, suggesting that the problem with the telomere was not loss of 

telomeric sequence but improper capping [6]. 

To investigate the end-capping of telomeres, Bailey et al. used dominant-negative 

TRF2 mutant cells [10]. The uncapped telomeres are identified as DSBs and "repaired" via 

NHEJ, resulting in covalent end-to-end ligations that preserve telomeric DNA at the ligation 

site [10]. Importantly, these fusions were chromatid-type fusions, suggesting that they 

occurred only after DNA replication [10]. This suggests that in order to replicate the DNA, 

the structure and protein associations which protect the telomere must be disassembled to 

allow replication and then reassembled properly to protect the chromosome through the rest 

of the cell cycle [10]. The fact that none of the chromatid-chromatid fusions were between 

sister chromatids suggests that the processing of replicated telomeres is different for leading 

and lagging strand telomeres, and that in this particular model one is defective while the other 

method is functional [10]. Using Chromosome Orientation-FISH (CO-FISH), Bailey et al. 

were able to determine that in SCID cells, which have deficient DNA-PKcs, 100% of 

telomeric fusions were leading-to-leading strand fusions [10]. This implies that DNA-PKcs 

is specifically required for postreplicative processing of the leading strand telomeres. 

DNA-PKcs protein is completely degraded in SCID cells, resulting in a null 

phenotype; however, in cells derived from BALB/c mice the protein level is decreased but 

still present. Thus, the Bailey lab set out to determine if the BALB/c variant Prkdc had any 
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effect on telomere function or stability. In these experiments SCID and BALB/c p53 

fibroblasts were analyzed for telomere aberrations after exposure to 1 or 2Gy y-irradiation. 

CO-FISH was again used to show the involvement of leading strand telomeres in the 

resulting aberrations [11]. As shown earlier with SCID cells, the telomeric uncapping 

phenotype seen in BALB/c cells is expressed as telomere-DSB fusions, not as spontaneous 

telomere-telomere fusions [11]. Spectral karyotyping (SKY) was combined with telomere 

CO-FISH (SKY-CO-FISH) in order to paint the chromosomes and illustrate the presence of 

chromosomal translocation breakpoints at the site of the telomere-DSB fusions. In addition, 

SKY analysis determined that the end-capping problem was not chromosome specific [11]. 

Short telomeres have been shown to cause chromosomal instability which can lead to 

breast cancer in humans [12]. The BALB/c mouse model has been shown to develop 

radiation-induced genomic instability as an early step in the development of mammary 

cancer. It was therefore hypothesized that the telomere end-capping problem found in cells 

derived from BALB/c mice, as a result of defective DNA-PKcs, was the mechanism of 

induction of radiation-induced genomic instability. 

It was previously established that mammary epithelial cells isolated from BALB/c 

mice develop radiation-induced genomic instability after about 16 population doublings in 

culture, while those from C57BL/6 mice do not [4]. However, because the earlier telomere 

studies were carried out using fibroblasts, the first analysis of BALB/c cells vs. C57BL/6 

cells was also done using fibroblasts, this time, primary mammary fibroblasts. There was a 

significant increase in the frequency of telomere-DSB fusions in cells derived from BALB/c 

mice as compared to those from C57BL/6 mice [11]. Interestingly, the frequency of 

telomere-DSB fusions observed in BALB/c derived cells exceeded that of dicentric 

chromosomes, which suggests that after insult, telomere-DSB fusions are relatively common 

events in DNA-PKcs deficient cells [11]. BALB/c mice are specifically susceptible to 
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radiation-induced mammary cancer, but it has yet to be determined if the telomere 

dysfunction observed in DNA-PKcs deficient cells is also seen in the mammary epithelial 

cells. 

RESULTS: 

It was hypothesized that telomere dysfunction was the mechanism of genomic 

instability in the mammary epithelial cells derived from BALB/c mice. To test this 

hypothesis primary mammary epithelial cells were isolated from 12-week old virgin female 

BALB/cByJ and C57BL/6 mice. These cells were irradiated in vitro and plated for culture. 

Cells were examined for telomere dysfunction every three population doublings from 0-18. 

Doubling times were previously determined to be roughly 30 hours for BALB/cByJ, and 38 

hours for C57BL/6 cells [4]. Cells were incubated with BrdU for 24 hours and with 

Colcemid for 6 hours prior to harvesting. 

As discussed earlier, BALB/c mammary epithelial cells develop radiation-induced 

genomic instability after about 16 population doublings [4]. However the mechanisms 

responsible for this instability are unknown. Here cells were analyzed every three population 

doublings for telomere-telomere and telomere-DSB fusions. Importantly, telomere-telomere 

fusions remained baseline for cells derived from both C57BL/6 and BALB/cByJ mice, 

suggesting that the uncapping phenotype observed in BALB/cByJ-derived cells is expressed 

only after insult and not as spontaneous telomere-telomere fusions. However, as shown in 

Figure 2.1, the frequency of telomere-DSBs increased around population doubling 12 and 

remained elevated for the remainder of the experiment for BALB/cByJ-derived cells while 

remaining at baseline levels for C57BL/6-derived cells. These data show that after exposure 

to IR mammary epithelial cells derived from BALB/cByJ mice develop elevated levels of 

telomere dysfunction compared to cells derived from C57BL/6 mice. It also shows that the 
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timing of increased telomere-DSB fusions coincides with the increase in overall chromatid 

aberrations as shown by Ponniaya et al. [4]. The presence of telomere-DSB fusions but not 

telomere-telomere fusions suggests that the telomere uncapping phenotype does not cause the 

delayed instability seen in BALB/c mammary epithelial cells but certainly contributes to the 

ongoing genomic instability. 
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Figure 2.1. Ongoing telomere instability is present in BALB/cByJ mammary epithelial cells. 
Elevated levels of telomere-DSB fusion, indicative of ongoing telomere dysfunction, are evident in 
BALB/cByJ but not in C57BL/6. a. this ongoing telomere instability can be seen in unirradiated 
BALB/cByJ cells as a gradual increase in telomere-DSB fusion compared with C57BL/6. b. the 
progeny of irradiated BALB/cByJ cells show a striking increase in telomere-DSB fusion compared 
with C57BL/6 at 12 PDs. Adapted from Williams et al., 2009 [11]. 

DISCUSSION: 

In 1941, McClintock first described the breakage-fusion-bridge cycle, where broken 

chromosomes are fused together to "repair" the damage, but during mitosis the different 

chromosomes are pulled apart, eventually breaking the DNA again [13]. This results in 

daughter cells that contain newly broken chromosomes, which again fuse together, beginning 

the cycle over. In this model the breakage-fusion-bridge cycle occurs with each cell cycle 

and creates long term genomic instability. It has been shown that cells expressing 

dysfunctional DNA-PKcs have problems properly capping the leading strand telomeres after 
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DNA replication, and that these improperly capped telomeres are identified as DSBs by the 

cells' DNA repair machinery. In mammary epithelial cells from BALB/cByJ mice that have 

been exposed to IR, the DSBs caused by the radiation often combine with the uncapped 

telomeres resulting in misrepair and a telomere-DSB fusion. 

The timing of telomere-DSB fusions formed after irradiation seems to coincide well 

with the chromatid instability observed in previous studies. This suggests that the telomere 

uncapping problem does not cause the chromosome aberrations but instead may help drive 

forward the ongoing genomic instability observed in these cells. If the telomere capping 

problem were causative of genomic instability on its own, then the cells from BALB/cByJ 

mice and other cells with defective DNA-PKcs would exhibit inherent instability. This does 

not seem to be the case, possibly because in unperturbed cells the uncapped telomeres are 

simply fused to other uncapped telomeres, and in the breakage-fusion-bridge cycle they just 

are broken apart again, leaving plenty of telomere sequence behind. In addition, after IR 

exposure, it would seem that the telomere aberrations, especially telomere-DSB fusions, 

would simply remain a very frequent event, rather than initially be frequent and then decline 

to background levels after a few cell divisions. At this time it is clear that telomere 

dysfunction plays an important role in the ongoing genomic instability observed in 

BALB/cByJ-derived mammary epithelial cells after exposure to IR but the mechanisms 

responsible for the delayed instability remain to be elucidated. 
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MATERIALS AND METHODS: 

Detailed protocols can be found in Appendix A. 

Animals: 

The animals used in these experiments were 12 week old virgin female BALB/cByJ and 

C57BL/6J mice obtained from The Jackson Laboratory (Bar Harbor, ME) and maintained in 

the Colorado State University Laboratory Animal Resources Painter Center. 

Cell Dissociation: 

Five 12-week-old mice of each strain were euthanized via charged tank CO2 euthanasia and 

mammary glands number four and five were surgically removed as previously described [4]. 

Mammary epithelial cells were isolated as previously described with slight alterations [4]. 

Briefly, glands were minced with scalpels and dissociated in a 50ml conical centrifuge tube 

with M-199 medium supplemented with 200 units/ml Collagenase Type III (Worthington 

#4183) and ~4.7 units/ml Neutral Protease (Dispase Type 1; Worthington). Tissue was 

incubated for two hours in a shaking water bath at 37°C and 125 rpm, until very cloudy and 

homogeneous. Cells were then washed five times in DMEM containing 5% FBS and 

centrifuged at 1500 rpm for 5 minutes. Fibroblasts were then removed by plating cell 

suspension on a tissue culture plate with DMEM containing 5% FBS for 60 minutes and 

allowing fibroblasts to attach. The supernatant containing the epithelial cells was collected 

and pelleted. The cells were resuspended in l-2ml Mouse Primary Cell Media and counted 

with a Coulter Counter (Beckman Coulter Z-2 Series, Fullerton, CA). Each cell suspension 

was then split into three separate tubes, one for the OGy control, one for 0.5Gy and the last 

for 1 .OGy irradiation. After irradiation cells were seeded onto collagen-coated 60mm dishes 

at a density of approximately 1.3xl05 cells/dish for control cells and 2.6xl05 cells/dish for 

irradiated cells. 
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Irradiation: 

y -ray exposures were delivered at a dose rate of 3.9 Gy/min in a calibrated, sealed source 

Mark 1 137Cs y-irradiator (J.L. Sheperd and Associates). 

Cell Culture: 

Cells were maintained under 10% CO2 at 37°C. Cells were plated in Mouse Primary Cell 

Media with 5% FBS and allowed to attached for 12-24 hours. Then media was replaced with 

fresh Mouse Primary Cells Media containing 2% FBS. Media was changed every three days. 

Plating efficiency is 30-50% depending on the isolation. Cells were passaged when epithelial 

colonies were growing but not yet touching. All populations were maintained in culture for 

29 days, which was approximately 21 population doublings for BALB/cByJ cells and 18 

populations for C57BL/6J cells. 

Cytogenetic Analyses: 

Mammary epithelial cells derived from each mouse strain were harvested every three 

population doublings for the duration of the experiment as described previously [11]. 

Briefly, for each time point cell cultures were treated with lOuM BrdU for 24 hours and 

0.04ug/ml Colcemid for six hours. Cells were then harvested using the passaging protocol 

and treated for making metaphase spreads. Slide preparation, telomere CO-FISH, and image 

analysis were performed by Dr. Eli Williams as previously described [11]. 
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Chapter 3: 

Isolation and In Vitro Growth of Murine Mammosphere Cultures 

SUMMARY: 

In this chapter the development and optimization of protocols for the isolation, 

propagation and in vitro growth of murine-derived mammospheres is discussed. Techniques 

were developed for high density suspension cultures, growth in basement membrane extract, 

and clonal density suspension cultures. The growth characteristics of mammospheres grown 

under each of these conditions are also described. 

INTRODUCTION: 

The existence of mammary stem cells in mice has been hypothesized since DeOme 

first developed the mammary gland transplantation system in the 1950s [1]. This system 

takes advantage of the normal physiological development of the recipient mouse at puberty to 

cause growth and differentiation of the transplanted mammary cells. Transplantation studies 

in mice have consistently estimated the stem cell frequency to be between 1:1000 and 1:2000 

mammary cells, this seems to be fairly consistent between mouse strains, although results 

vary between laboratories [2, 3]. 

Stingl et al. (2006) recently showed that the mammary outgrowths derived from these 

transplantation studies are clonal by mixing and transplanting mammary cells expressing 
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either green fluorescent (GFP) or cyan fluorescent protein (CFP). The majority of the 

resulting outgrowths were GFP+ or CFP+, but very few expressed both proteins [3]. Recently 

two groups have shown definitive proof that there are mammary stem cells by transplanting 

one single cell into a cleared fat pad and verifying its ability to produce a mammary 

outgrowth [3, 4]. This transplanted mammary gland could then be dissociated and 

transplanted again into recipient mice. These experiments showed that the stem cell can 

undergo at least 10 symmetrical self-renewal divisions [3, 4]. Finally, Shackleton et al. 

followed the single cell derived mammary gland through pregnancy to verify that it could in 

fact produce all of the cells required for a functional mammary gland [4]. Together, these 

studies have proven that in the mammary gland transplantation assay the donor cell 

population contains stem cells, one of which survives and proliferates to create the resulting 

mammary tree. 

Using the mammary transplantation system Ullrich et al. showed that mammary cells 

derived from BALB/c mice are inherently susceptible to the carcinogenic effects of ionizing 

radiation [5]. Exposure to lGy of y-radiation resulted in mammary tumors in 12% of the 

recipient mice and 40% incidence of ductal dysplasias, which are believed to be precancerous 

lesions [5]. It follows that if stem cells are responsible for the development of normal 

mammary gland outgrowths resulting from these mammary transplantation experiments, then 

stem cells are also responsible for the development of abnormal outgrowths. We therefore 

hypothesize that the mammary stem cells derived from BALB/c mice are more susceptible to 

the damaging effects of ionizing radiation then mouse strains that are less susceptible to 

breast cancer. 

Although the existence of mammary stem cells has been accepted since DeOme first 

developed the mammary cell transplantation system, it has only been in the last few years 
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that researchers have tried to identify and isolate these stem cells and culture them in vitro. 

Utilization of mammary stem cells in research is still in its infancy, far behind the 

identification and use of other stem cells, especially hematopoietic stem cells. At this time, 

there are a number of labs trying to isolate and propagate mammary stem cells in vivo and in 

vitro, but it is still at a stage where the techniques used are highly individualized. The vast 

majority of mammary stem cell research is devoted to trying to identify and isolate the 

specific stem cells, either in situ in a mammary gland, or by using Fluorescence Activated 

Cell Sorting (FACS) to isolate the cells with stem-like properties. 

Different researchers have used different cell surface markers in combination with 

cytometric sorting to separate out populations of cells that contain stem cell-like properties. 

FACS analysis of bone marrow cells treated with Hoechst dye show a small population of 

cells which efflux the dye very efficiently; this distinct population has been termed the "side 

population." It has been shown that the cells from this "side population" are capable of 

repopulating the hematopoietic system and are thus hematopoietic stem cells. This has been 

adapted for use with other tissues, however in mouse mammary cells the dye is toxic and thus 

limits its usefulness as an isolation technique. Some have tried pulse labeling with BrdU 

during periods of growth and then looking for BrdU labeling at a much later time. This is 

based on the hypothesis that stem cells are usually quiescent and will retain the BrdU much 

longer than more differentiated cells [6]. Still other groups have tried to use FACS for 

specific cell surface markers such as Sca-1, CD24\ CD24+, CD44+, CD29hi, prp
medlum, and 

CD49f+ to name a few [2-4, 6-9]. None of the methods developed to date result in a pure 

mammary stem cell population. They all result in a population that has been enriched for 

stem cells, when compared to whole mammary cell isolations, but also containing many 

progenitor and differentiated cells. 
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Dontu et al. developed a technique based on the neural stem cell work by Renyolds 

and Weiss, who were able to grow and propagate neural stem cells as nonadherent 

neurospheres [10, 11]. Dontu et al. expanded this technique to work with human mammary 

stem cells isolated from reduction mammoplasties [10]. The principle behind this technique 

is that differentiated cells require extracellular interactions to survive, while stem cells can 

survive and proliferate under anchorage-independent conditions [10]. They were able to 

show that if single cells from mammary glands were cultured under anchorage-independent 

conditions, the vast majority of the cells died from anoikis, a specific kind of apoptosis 

resulting from lack of cellular interactions [12]. However, small subsets of the mammary 

cells were able to survive and in fact proliferate to produce small spheres of cells, which they 

termed "mammospheres" [10]. 

Although Hoechst dye is relatively toxic to murine mammary cells, Welm et al. used 

Hoechst dye efflux to sort the "side population" from mouse mammary epithelial cells, and 

showed that these cells were capable of repopulating a mammary gland upon transplantation 

into a recipient mouse [6]. Using human mammary cells, Dontu et al. showed that only cells 

from the "side population" were capable of mammosphere formation [10]. Thus, the cells 

capable of mammosphere formation and the cells capable of mammary gland formation are 

found in the same subpopulation of mammary epithelial cells. 

Dontu et al. showed very clearly that a single mammary cell can produce a 

mammosphere [10]. First, they plated a single cell in each well of a 96 well plate and 

determined that one in 250 cells could generate a mammosphere. In addition, they plated 

many different concentrations of cells and were able to show that plating cells at 1,000 

cells/ml also gave a mammosphere formation efficiency of four mammospheres. They 

therefore speculated that if cells were seeded at 1,000 cells/ml, then the resulting 
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mammospheres were indeed clonal in origin because the mammosphere formation efficiency 

was the same as that for plating a single cell per well. To further test that mammospheres 

generated after seeding cells at 1,000 cells/ml were clonally derived, they transfected cells 

with retroviral vectors capable of expressing either red or green fluorescent proteins and then 

mixed equal ratios of red and green cells. The mixed samples were then seeded at 1,000 

cells/ml and allowed to form mammospheres. Upon analysis they determined that under 

these plating conditions, the vast majority of resulting mammospheres expressed only red or 

green fluorescent protein, not both. This suggests that the mammospheres were derived from 

single cells, because mammospheres resulting from aggregation would be primarily mixed 

colonies expressing both red and green proteins [10]. Finally, they took samples from three 

different mammosplasty patients, and mixed the cells at equal ratios. These mixed cells were 

then plated at 1,000 cells/ml and allowed to form mammospheres. Individual mammospheres 

were then collected, and PCR genotyping was performed. These analyses showed that 83% 

of the mammospheres resulting from these experiments were genotypically homogeneous, 

and thus clonal in origin [10]. These data show that if human mammary cells are plated at a 

density of 1,000 cells/ml the resulting mammospheres will be clonally derived. 

Analysis of the mammospheres showed that they were enriched for cells possessing 

the functional characteristics of stem cells [10]. One of the main defining features of the 

adult stem cell is its ability to self-renew. Most cells produce two identical daughter cells 

upon division which go on to terminally differentiate; stem cells can perform asymmetrical 

division, where one daughter cell can go on to differentiate and the other remains a stem cell 

[10]. Using mammospheres derived from human cells, Dontu et al. showed that 

mammospheres could be passaged at least five times, suggesting that they possess self-

renewal capacity and very long if not limitless replicative potential [10]. They reasoned that 
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if mammospheres were produced by progenitor cells then the plating efficiency and size of 

the mammosphere would both decrease with each passage. However, they found very 

consistent size and plating efficiency at each passage. These data suggest that the cells that 

produce the mammospheres are capable of self-renewal. 

The second defining feature of stem cells is the ability to produce all of the cell types 

that make up the specific tissue. For the mammary gland the stem cell must be able to 

produce the luminal epithelial cells and the myoepithelial cells. The luminal epithelium 

consists of ductal epithelial cells, which line the ducts of the mammary gland, and alveolar 

epithelial cells which are capable of milk production. The myoepithelial cells are contractile 

cells that line the outside of the ductal tree; these cells contract to move the milk through the 

gland. Analysis of mammosphere populations has shown that 68% of cells derived from 

primary human mammospheres and 98% of cells derived from secondary mammospheres are 

capable of producing differentiated colonies containing both luminal and myoepithelial cell 

lineages [10]. In comparison, only 8% of human primary mammary epithelial cells were 

capable of producing bi-lineage colonies [10]. Dontu et al. also showed that the majority of 

bipotent cells derived from mammospheres were able to differentiate along the third lineage, 

alveolar epithelial cells. Finally, they used basement membrane extract cultures to induce 

differentiation of the mammary cells to produce mammary gland structures in vitro. They 

determined that one out of 250 cells derived from mammospheres could form combined 

ductal and acinar development, similar to the fully developed mammary gland. These data 

show that the cells derived from mammospheres are enriched for cells capable of 

differentiation along all three mammary cell lineages, suggesting that they are stem cells or 

very high progenitor cells. 
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The main goal of this project was to determine the effects of radiation on mammary 

stem cells derived from the BALB/c mouse. It was hypothesized that the mammary stem 

cells are the tumor-initiating cells in the BALB/c model of radiation-induced mammary 

cancer. Development of the murine mammosphere tissue culture system was predicted to 

allow the characterization and manipulation of the stem cell population. This chapter will 

discuss the development of the murine mammosphere tissue culture system, including 

isolation of mammary cells for high density mammosphere cultures, the in vitro growth 

characteristics of high density mammospheres grown in suspension cultures and in stationary 

cultures, as well as isolation and growth characteristics of clonally derived mammosphere 

suspension cultures. 

RESULTS: 

At the onset of this project, there was very little data published on how to grow 

mammospheres derived from murine mammary tissue. Thus, prior to testing the effects of 

radiation on mammospheres derived from BALB/c mice, the isolation and tissue culture 

procedures needed to be established. The basic mammary stem cell isolation protocol was 

obtained from Stem Cell Technologies and used with adaptations. 

The number of cells plated after isolation is a crucial detail. Most groups count with 

a Hemocytometer using Trypan Blue exclusion as an indicator of viability, but none of the 

literature contained information on the size of the cells being isolated or the purity of the 

resulting population. To determine the size of the mammary cells obtained using the stem 

cell isolation protocol, a Coulter Counter was used. Multiple samples were counted with 

gates set in overlapping intervals covering 2um-20um. The resulting histograms consistently 

showed only two peaks, one at 4um and one at 6um, as seen in Figure 3.1. 
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Figure 3.1. Coulter Counter histogram from mammary cell isolation. 

The peaks at 4um and 6um changed in magnitude relative to each other depending on the 

isolation. It was determined that the peak at 6um contains cells derived from the lymph 

node. If the lymph nodes are removed very cleanly prior to tissue dissociation only the 4um 

peak is visible, an example is shown in Figure 3.2. One advantage for using an automated 

counting system like the Coulter Counter is the ability to differentiate between cells that are 

4um and those that are 6um, which is nearly impossible using a hemocytometer. The 

histogram also provides a good indication of how completely the lymph nodes were removed 

and thus the purity of the isolated cell population. 

The density at which to plate mammary cells for mammosphere formation depends 

on the desired end point. High density mammosphere cultures can provide qualitative 

information on quality of the isolation and they are necessary for "conditioning" media 

required for clonal density cultures, in addition to a variety of other endpoints where clonality 

is not necessary. For high density mammosphere cultures 1-3 x 106 cells are seeded onto 

60mm Ultra-Low Attachment plates. Although plating this many cells results in some 
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Figure 3.2. Coulter Counter histogram of mammary cell 
isolation after complete removal of lymph nodes. 

aggregation, if too few cells are plated the resulting mammospheres will be significantly 

growth retarded. The mammary cells seem to require some secreted factors which have yet 

to be identified. This is highlighted in later discussions of clonally derived mammospheres, 

which require media that has been used for high density mammosphere cultures for two days 

prior to use in clonal cultures. 

Quality of mammosphere growth is a very subjective topic and there are no published 

guidelines. It was therefore important to create guidelines that could be used to assess the 

fitness of mammosphere cultures. For these mammosphere cultures, media should be 

changed every four days. If the isolation and media supplementation protocols are followed 

carefully, the resulting high density mammosphere suspension cultures should develop 

according to the following semi-quantitative guidelines. Upon plating, the cell suspension 

should be filled primarily with single cells. These are high density cultures so a little 

clumping does not matter. On day one, the cells should have settled to the bottom of the 
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plate. Sometime there will be small clumps visible, but usually it is not possible to tell if the 

cells are alive or dead. By day two, clumps should definitely be forming, though there will 

still be a lot of single cells; these are most likely in the process of dying or already dead. Day 

four after isolation there should be a large population of obvious mammospheres. There will 

still be single cells, but many will have broken down into random debris. On day four, 

mammospheres should start looking symmetrical and have deliberate spherical structure, no 

longer just clumps of cells. There should also be many mammospheres approaching or 

surpassing lOOum in diameter. On day five the mammospheres should look very round, and 

hopefully will have had a growth spurt in response to the fresh media. Due to the media 

change, there should be very few single cells in the plate. By day eight there should be a few 

mammospheres that have grown to at least 200-250um. If these large mammospheres are not 

seen then something is wrong with the culture. Figure 3.3 shows a representative sample of a 

high density culture of murine mammospheres that is growing very well on day seven. It is 

important to point out the many different sizes of mammospheres shown in Figure 3.3. This 

r i 

L 
Figure 3.3. Scale bar = lOOum; 4x magnification. 
Representative photograph of high density 
mammosphere suspension cultures. Taken on day 7. 
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size variation was seen in all healthy high density non-adherent mammosphere cultures 

throughout the entire project. Interestingly, there was nothing in the published literature that 

discussed this huge variety of mammosphere sizes. It was hypothesized that the size of the 

mammosphere was determined by the identity of the mammosphere-initiating cell. It was 

further hypothesized that only the large mammospheres were produced by mammary stem 

cells and that the smaller sizes were derived from various progenitor cells and differentiated 

cells. 

Figure 3.4 below shows some representative photos of high density mammospheres 

of known size. Again they illustrate how symmetrical the majority of the mammospheres 

should be and the size variation observed in the high density mammosphere cultures. 

116|im 

155nm 

213|am i 
Figure 3.4. Scale bar = lOOum; 4x magnification. Representative photograph of high 
density mammospheres of known size. 

Figure 3.5 shows a photograph of mammospheres that have been growing continuously for 

15 days. Though there is no definitive proof, it is hypothesized that this photograph depicts 

mammospheres that are in the process of clearing the lumen, as the mammary ductal system 
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does. The mammospheres are capable of clearing the lumen and also filling it with milk when 

stimulated with prolactin. Although this was never attempted during the work discussed 

here, the timing correlates well with the work done by Dr. Joan Brugge (Presented at the 

AACR annual meeting, 2007). 
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Figure 3.5. Scale bar = lOOum; 4x 
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Photograph of high density suspension culture, 
taken on day 15. Arrows show mammospheres in 
the process of clearing the lumen. 

Very little was known about the growth kinetics of murine mammospheres, and it is 

impossible to track the growth of any single mammosphere from day to day when using 

suspension cultures, however this type of growth curve assay becomes possible if 

mammospheres are grown in basement membrane extract (BME). Commercially available 

BME is solubilized basement membrane that has been extracted from the Engelbreth-Holm-

Swarm (EHS) mouse sarcoma. This tumor is rich is extracellular matrix proteins, 

particularly laminin, collagen IV, heparan sulfate proteoglycans, and entactin/nidogen. It is a 

three-dimensional gelatinous substance that surrounds cells in nutrients and allows growth 

and differentiation in a more natural environment than tissue culture plastic or mammosphere 
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suspension cultures. By seeding mammary cells in BME it is possible to grow 

mammospheres in a semisolid setting. This prevents many of the problems associated with 

suspension cultures of mammospheres, particularly aggregation. In this stationary gel, the 

cells are able to form colonies, which are likely to be clonal even when plating at much 

higher density then clonal suspension cultures allow. Figure 3.6 shows some examples of 

primary mammospheres grown in BME for 14 days. 

To determine the growth kinetics of individual mammospheres single mammary cells 

were plated in BME in a 24-well plate immediately after isolation. The cultures were 

watched carefully for mammosphere formation, after seven days it was decided that any 

viable stem cell had had sufficient time to produce a visible mammosphere. For this 

experiment a "mammosphere" was considered any cell aggregate larger than 25um. On day 

seven a map of each well was created and the location of each mammosphere within the well 

was recorded. Each mammosphere was numbered and its diameter was measured. Every 24-

hours the diameter of each of the mammospheres was measured from day seven to day 21. 

The growth of 220 individual mammospheres was recorded in this experiment. Figure 3.7 

shows the entire set of data collected from this experiment. In this graph, each line represents 
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the size of one specific mammosphere on each day. These data show that 73% of 

mammospheres that were small at the first measurement did not grow through the remainder 

of the experiment. Mammospheres are very dynamic structures, Figure 3.7 highlights this 

fact by showing that the size of any particular mammosphere can increase, decrease or 

remain the same from day to day as opposed to increasing constantly. This variation in 

growth comes mainly from reorganization of the cells within the mammosphere, which 

sometimes results in a smaller, probably more tightly packed cellular organization. 

Additionally, some of the variation is due to human error. In this experiment it was possible 

to locate the same mammosphere from one day to the next; however it was not possible to 

measure the diameter of the mammosphere from exactly the same location each day and this 

resulted in slight variation in size because the mammospheres are not prefect geometric 

spheres. 

In traditional colony formation assays, cells that are capable of producing colonies 

consisting of at least 50 cells are scored as viable colonies. When using the mammosphere 

tissue culture system as opposed to colony growth on plastic, it is not possible to determine 

the number of cells in the sphere by looking at it. Therefore it was important to determine 

what size a mammosphere must reach in order to be considered a colony. Attempts to 

determine cell number within each size of mammosphere were made, but were largely 

unsuccessful. As such, mammosphere formation data was collected based on diameter, with 

the plan of later determining which particular sizes of spheres to include in the data analysis. 

A number of groups have stated scoring anything >60um in diameter as a 

mammosphere [13, 14]. If this criterion is followed only 67 of the total 220 spheres were 

able to reach a diameter of 60um by 21 days of growth. If the criterion for a mammosphere 

is that it reaches 60um by day 12 (the day used in later clonal suspension culture 
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experiments) there are only 59 spheres. If a colony must grow to lOOum then only 49 of 220 

spheres can be counted as mammospheres. Similarly, if colony growth requires a 

mammosphere >200um or >250um this limits the number of mammospheres to 36 and 29 

respectively. Figure 3.8 shows the average diameter of all spheres scored as 

"mammospheres" based on these different size requirements. Figure 3.8 depicts that as the 

required size of the mammospheres increases, so does the average size of the mammospheres 

scored. However, when this happens the total number of mammospheres scored as colonies 

decreases, therefore to obtain significant data, it is very important to determine what counts 

as a colony prior to performing a colony formation assay. 

All of the work to this point has shown that there is variation in the sizes of 

mammospheres that can grow. This variation is not discussed in any of the published 

literature, but it is found in every single isolation, in high density and clonal density 

suspension, and in BME cultures. It has been hypothesized that this size variation is 

connected to the identity of the mammosphere-initiating cell. To test this hypothesis the 

frequency of mammospheres belonging to each size group was determined. A plating 

efficiency assay, or mammosphere formation efficiency assay, was performed and the 

number of resulting mammospheres for each size group was counted. Rather than simply 

counting everything above 40 or 60um as suggested in the literature; diameter size was 

divided into five groups; 50-99um, 100-150fim, 151-200um, 201-250um and>251um. In 

this experiment different concentrations of cells were plated, to determine if the size variation 

was simply due to agregation. It was hypothesized that if large mammospheres were a result 

of agregation of many smaller mammospheres then plating higher cell concentrations would 

result in an increased plating efficiency of large mammospheres. Figure 3.9 shows that 

although there is some variation, there is a definite trend showing decreasing plating 

60 



A
v

er
ag

e 
M

a
m

m
o

sp
h

e
re

 
D

ia
m

et
er

 w
h

e
n 

D
if

fe
re

n
t 

S
iz

es
 a

re
 S

co
re

d 
as

 C
o

lo
n

ie
s 

4
5

0 

4
0

0 

3
5

0 

3
0

0 

2
5

0 

2
0

0 

15
0 

1
0

0 5
0 

-A
ve

ra
ge

 S
iz

e 
o

f 
A

ll
 

S
p

h
e 

-A
ve

ra
ge

 S
iz

e 
o

f 
S

p
h

er
es

 th
ai

 g
ro

w
 

>
10

0|
im

 

A
ve

ra
ge

 S
iz

e 
o

f 
S

p
h

er
es

 th
at

 g
ro

w
 

>
60

|u
n 

- A
ve

ra
ge

 S
iz

e 
o

f 
S

p
h

er
es

 th
at

 a
re

 
>

6
0

|u
n

o
n

d
a

y 
1

2 

* 
A

ve
ra

ge
 S

iz
e 

o
f 

Sp
he

re
s t

ha
t 

gr
ow

 
>

20
0|

u
n 

A
ve

ra
ge

 S
iz

e 
o

f 
Sp

he
re

s t
ha

t 
gr

ow
 

>
25

0|
im

 

10
 

11
 

1
2 

13
 

14
 

15
 

16
 

1
7 

18
 

19
 

2
0 

2
1 

D
ay

s o
f g

ro
w

th
 in

 B
M

E
 

Fi
gu

re
 3

.8
. I

nd
iv

id
ua

l m
am

m
os

ph
er

es
 w

er
e 

m
ea

su
re

d 
ea

ch
 d

ay
 fr

o
m

 da
y 

7 
to

 d
ay

 2
1.

 T
he

 d
at

a 
sh

ow
n 

he
re

 re
pr

es
en

ts
 th

e 
av

er
ag

e 
m

am
m

os
ph

er
e 

si
ze

 o
n 

ea
ch

 d
ay

 w
he

n 
di

ffe
re

nt
 g

ui
de

lin
es

 a
re

 s
et

 fo
r 

w
ha

t c
ou

nt
s 

as
 a

 m
am

m
os

ph
er

e.
 I

t i
llu

st
ra

te
s 

th
e 

di
ff

er
en

ce
 i

n 
da

ta
 o

bt
ai

ne
d 

de
pe

nd
in

g 
on

 th
e 

cr
ite

ria
 u

se
d 

fo
r 

th
e 

ex
pe

rim
en

t. 



O
N

 

%
 

P
la

ti
ng

 E
ff

ic
ie

nc
y 

ba
se

d 
on

 M
am

m
o

sp
h

er
e 

S
iz

e 
an

d 
C

el
l 

# 
P

la
te

d 
S

co
re

d 
at

 D
ay

 8
 i

n 
B

M
E

 
1.

20
E

-0
3 

1.
00

E
-0

3 

1 9 
8 

00
E

-0
4 

&
• 

6.
00

E
-0

4 

I « 
4.

00
E

-0
4 

2.
00

E
-0

4 

0.
00

E
+

00
 

• 
20

,0
00

 

• 
50

,0
00

 

60
,0

00
 

• 
S

O
.0

00
 

• 
20

0,
00

0 

50
-9

9 
|i

m
 

10
0-

15
0|

im
 

15
1-

20
0|

im
 

M
am

m
os

oh
er

e 
D

ia
m

et
er

 
2

0
l-

2
S

0
|i

m
 

>
2

S
0

|u
n 

F
ig

ur
e 

3.
9.

 P
la

tin
g 

ef
fi

ci
en

cy
 f

or
 m

am
m

os
ph

er
e 

gr
ow

th
 b

as
ed

 o
n 

di
am

et
er

 a
fte

r 
8 

da
ys

 o
f 

gr
ow

th
 i

n 
B

M
E

. 
B

ar
s 

re
pr

es
en

t n
um

be
r 

of
 s

in
gl

e 
ce

lls
 p

la
te

d 
in

 tr
ip

lic
at

e 
pe

r 
w

el
l 

of
 a

 2
4-

w
el

l 
pl

at
e.

 T
he

se
 d

at
a 

sh
ow

 th
at

 th
e 

pl
at

in
g 

ef
fi

ci
en

cy
 i

s 
co

ns
is

te
nt

 r
eg

ar
dl

es
s 

of
 n

um
be

r 
of

 s
in

gl
e 

ce
lls

 s
ee

de
d.

 T
he

 d
at

a 
al

so
 s

ho
w

 t
ha

t m
am

m
os

ph
er

es
 5

0u
m

-1
50

um
 i

n 
di

am
et

er
 a

re
 v

er
y 

fr
eq

ue
nt

 i
n 

m
am

m
os

ph
er

e 
po

pu
la

tio
ns

 w
hi

le
 l

ar
ge

r 
si

ze
s 

oc
cu

r 
m

uc
h 

le
ss

 f
re

qu
en

tly
. 



efficiency with increasing mammosphere diameter. The plating efficiency for 

mammospheres of each particular size group is consistent regardless of the number of cells 

seeded. It is abundently clear that mammospheres ranging from 50-150um in diameter are 

far more frequent than are the mammospheres of the larger size groups. It would seem that 

the smaller sizes of mammospheres occur too frequently to actually represent the stem cell 

population, which is thought to be very rare. 

After establishing protocols for the isolation and tissue culture of high density murine 

mammospheres, it was necessary to establish cultures of mammospheres grown at clonal 

density. These clonal mammospheres would be used to show that, like the human 

mammospheres used by Dontu et al., the murine mammospheres possess the stem cell-like 

functional characteristic of self-renewal and multi-lineage differentiation capacity. These 

clonal mammospheres would also be used to determine the radiation response of mammary 

stem cells by creating a radiation dose response curve. Data for a dose response curve comes 

from colony formation assays, which assess the ability of single cells to survive radiation 

exposure and proliferate to produce a colony, or in this case a mammosphere. It is commonly 

accepted that at least 100 colonies must grow in the unirradiated control plates in order to 

obtain statistically significant results from irradiated plates. 

At first mammary cells isolated using the high density mammosphere isolation 

protocol were plated at the clonal density of 1,000 cells/ml using lx mammosphere media, as 

suggested by Dontu et al. [10]. The results however were not very promising. At best this 

method resulted in five to ten mammospheres around 60\im in diameter per plate and no 

larger sized mammospheres were observed. Using mammary cells directly from isolation 

was not resulting in a high enough plating efficiency to use for a colony formation assay. 

However, Stem Cell Technologies had just developed the EasySep® Mouse Mammary Stem 
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Cell Enrichment Kit. The EasySep® kit involves negative selection of mouse mammary 

epithelial cells by removing hematopoietic and endothelial cell using biotinylated monoclonal 

antibodies. The biotinylated antibodies are then bound to magnetic nanoparticles and the cell 

suspension is passed through a series of magnets. Through this series of antibody labeling 

and magnetic separation the hematopoietic and endothelial cells are removed from the cell 

suspension leaving only epithelial cells. The epithelial cell population is then labeled with 

antibodies for CD24 and CD49f which mark putative stem cells. The cells expressing both 

proteins are then sorted from the total population using cytometric sorting. However it was 

decided that since the mammospheres would be grown in 60mm tissue culture dishes and not 

from single cells in 96-well plates, enrichment steps with the magnet would be used but the 

cytometric sorting would not because any unwanted differentiated cells would die from 

anoikis during the culturing processes. Again, the resulting cells were seeded at 1,000 

cells/ml in 60mm Ultra-Low Attachment plates. This time mammospheres were grown in 

mixed conditioned media. Mixed conditioned media contains one part mammosphere media 

that has been used for culturing high density mammospheres for two days mixed with one 

part mammosphere media containing double the supplements to make up for any depletion or 

degradation of supplements in the conditioned media. Using the EasySep® enrichment kit in 

combination with mixed conditioned media resulted in improved plating efficiency. In fact, 

under these culturing conditions 1,000 cells/ml resulted in too many mammospheres per plate 

and aggregation became a problem. 

It was determined that the optimal culturing procedure for growing clonal murine 

mammospheres involved seeding cells at 1,500 cells in 10ml of mixed conditioned media per 

60mm dish, and allowing mammospheres to grow completely undisturbed for 12 days. This 

limits the amount movement in the media, which causes the mammospheres to swirl towards 
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the center of the plate and aggregate. Culturing cells for 12 days allows for sufficient 

mammosphere growth, without requiring fresh media. 

Prior to beginning the work with clonal mammosphere cultures, it was hypothesized 

that the size of a mammosphere was directly related to the mammosphere cell of origin. 

However, it was not possible to prove that the large mammosphere sizes were not simply a 

result of the aggregation of many smaller mammospheres, until clonal mammosphere 

cultures were analyzed. Using the adapted EasySep® Mouse Mammary Stem Cell 

Enrichment kit protocol and mixed conditioned media, cultures of clonal mammospheres still 

developed in the range of mammosphere sizes that were previously observed in the high 

density suspension cultures. The clonal mammospheres grow slower than the high density 

cultures, probably due to the involvement of aggregation high density suspension cultures. 

For example, if clonal mammospheres were grown for 12 days the largest mammospheres 

would be around 200-250um in diameter. If instead high density mammospheres were 

grown for that long, it is likely that some mammospheres would be >600um in diameter. 

There is no denying that aggregation participates in the formation of mammospheres cultured 

at high density, just that aggregation is not the only reason for the size variation observed. 

Examples of different sizes of mammospheres found in clonal suspension cultures are shown 

in Figure 3.10. 

78fim 126fim 156 fun 216fun 264iun 

Figure 3.10. 4x magnification. Representative photographs showing the size 
variation seen in 1 ° mammospheres grown at clonal density. Taken on day 12. 
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DISCUSSION: 

In this chapter the optimization of the protocol published by Stem Cell Technologies 

for the isolation of murine mammary stem cells has been discussed. For the isolation to be 

successful all steps must be performed carefully and quickly with cells kept on ice whenever 

possible. It was determined that if the lymph nodes are removed completely prior to 

dissociation of the mammary tissue, the resulting mammary cells will have a diameter of 

4um after the isolation. These mammary cells can then be seeded at l-3xl06 cells/plate to 

produce high density suspension mammosphere cultures. The development of a semi­

quantitative guideline for determining the health status of these high density mammosphere 

cultures was discussed in detail. Though somewhat subjective, these guidelines are very 

important for determining if something went wrong with the cell isolation or if there are 

problems with the media. The high density mammospheres that result from the isolation and 

tissue culture procedures developed in this chapter can be serially passaged using the 

protocol developed by Dontu et al. with great success [10]. However, the mammary cells as 

well as every reagent used in this project are extremely sensitive and must be mixed, stored 

and used exactly as stated in the Materials and Methods or the mammospheres will not grow 

properly. 

Throughout the development of the isolation and tissue culture protocols a wide 

variety of different mammosphere sizes was observed. This was intriguing as no other labs 

using mammospheres had published anything concerning this variety of sizes. It was 

determined that as long as the isolation protocol produced viable cells, and all of the 

supplements required for the mammosphere media were functional; the mammospheres 

resulting after about a week of growth would vary in size from very small clumps around 
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40um in diameter to large symmetrical mammospheres many hundreds of micrometers in 

diameter. 

To determine the growth kinetics of murine mammospheres mammary cells were 

grown in BME and the diameter of individual mammospheres was measured every 24 hours 

for 14 days. The results show that although single mammary cells are capable of the 

proliferation required to form a mammosphere, not all spheres continue to grow. It was 

hypothesized that this size variation was due to the identity of the mammosphere initiating 

cell, and not simply a result of cellular aggregation. This hypothesis was tested by seeding 

different numbers of mammary cells in BME and then determining the mammosphere 

formation efficiency for mammospheres of different sizes. The results show that the plating 

efficiency for each particular size group of mammospheres was consistent regardless of cell 

number plated. These data suggest that the size of the mammosphere is not a result of 

aggregation of many smaller mammospheres, but of some innate ability of the cells within 

the mammosphere to proliferate. It was hypothesized that only the large mammospheres 

were derived from stem cells, and that the smaller sizes observed were derived from more 

differentiated cells. Taken together, the data presented here highlight the importance of 

developing criteria for what size spheres should be counted as mammospheres. 

The last section of this chapter deals with the development of protocols to isolate and 

culture clonally derived murine mammospheres. The isolation procedure was adapted from 

the newly available EasySep® Mouse Mammary Stem Cell Enrichment Kit developed by 

Stem Cell Technologies. This isolation technique in combination with the use of mixed 

conditioned media has been shown to produce clonal mammospheres, in all the varieties of 

sizes seen in high density cultures. These clonal mammospheres can then be used for a 

variety of different endpoint. In the following chapters we attempt to create size criteria 
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which can be used to ascertain which mammospheres came from a true stem cell, as well as 

to analyze the effects of ionizing radiation on the mammary stem cells derived from different 

mouse strains. 

MATERIALS AND METHODS: 

Detailed protocols can be found in Appendix A. 

Animals: 

The majority of the animals used in these experiments were 8-12 weeks old although a few 

ranged in age from 6 weeks to 9 months old. All were virgin female mice bred at CSU. All 

mice were maintained in the Colorado State University Laboratory Animal Resources Painter 

Center. 

Mammary Cell Isolation for High Density Mammosphere Cultures: 

This protocol was adapted from one published in the product literature for Epicult-B media 

by Stem Cell Technologies. Briefly, mice were euthanized via charged tank CO2 euthanasia 

and mammary glands number four and five were surgically removed. Tissue was then 

minced with scalpels and enzymatically dissociated into organoids in a 15ml conical 

centrifuge tube with Epicult-B basal medium supplemented with 300 units/ml Collagenase 

Type III, 100 units/ml Hyaluronidase, Epicult-B Supplement, Antibiotic/Antimycotic, 

GlutaMAX, and 5% FBS. Tissue was incubated at 37°C and 5% C02 until the tissue was 

very cloudy and homogeneous (45 minutes -1.5 hours). Cells were then washed with 10ml 

cold Hanks Balanced Salt Solution with 2% FBS (HBSS with 2% FBS) and pelleted at 1460 

rpm (450 x g) for 5 minutes. The organoids were then dissociated into single cells using 

Trypsin followed by Dispase II and DNase 1 with intermittent washes of HBSS with 2% 
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FBS. Cells were then resuspended in lx mammosphere media and counted using a Coulter 

Counter (Beckman Coulter Z-2 Series, Fullerton, CA). Cells were plated at 1-3 x 106 cells 

onto 60mm Ultra-Low Attachment plates (Corning #3261). 

Tissue Culture of High Density Mammosphere Suspension Cultures: 

Mammospheres were grown in Ultra-Low Attachment plates at 37°C in humidified 5% CO2 

atmosphere. The day of isolation is day zero. These cultures can be monitored for growth 

every day, it will increase the amount of aggregation but for high density cultures it does not 

matter. See the Results section for a detailed description of growth characteristics. 

Mammospheres should be grown in 5ml lx mammosphere media. Add 2-3ml fresh media on 

day three to counteract the effects of all the dead cells. The media should be changed every 

four days. Mammospheres can be passaged after day eight. 

Tissue Culture of Mammospheres Grown in BME (BME "On-Top" Culture Assay): 

This protocol was adapted from "Three-D culture models of normal and malignant breast 

epithelial cells" by Lee et al., 2007 [15]. The volumes we used were directly taken from this 

protocol. Briefly, BME was thawed overnight at 4°C in beaker filled with ice water. Then 

working on ice at all times, 24-well tissue culture plates were coated with 120ul BME per 

well. BME was allowed to dry for 15-30 minutes at 37°C. Then cells were plated by 

carefully pipetting the media down the side of the well. Cells were allowed to settle and 

attach to the matrix for 10-30 minutes then the 300ul top coat of media and BME was added. 

Cultures were incubated at 37°C and 5% CO2 for duration of the experiment. Media was 

replaced every 2 days by removing the old media with a PI000 and replacing it with 500ul of 

fresh media containing 10% BME. 
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Fixing Cultures of Mammospheres Grown in BME: 

This protocol is adapted from "Indirect Immunofluorescent staining of MCF-10A acini 

cultured in Matrigel (detailed)" from Brugge.med.harvard.edu. Briefly, media was removed 

using a PI000 and wells were rinsed twice with 500ul PBS. BME was then fixed using 

500ul 1:1 methanohacetone for 10 minutes at -20°C. Fixative was removed with a PI 000 

and BME was allowed to air dry for 2-3 minutes then rinsed again. Fixed cultures coated 

with a thin layer of PBS, wrapped in parafilm and stored in the refrigerator for up to 2 weeks. 

Mammary Cell Isolation for Clonal Density Mammosphere Cultures: 

This protocol uses the EasySep® Mouse Mammary Stem Cell Enrichment Kit from Stem 

Cell Technologies (Cat #19757). The protocol is basically the same as what comes with the 

kit; however only the negative selection steps were used we did not use the cytometric 

sorting. After negative selection mammary epithelial cells were counted using a 

Hemocytometer and 1,500 cells were plated onto each 60mm Ultra-Low Attachment plate 

with 10ml 1:1 conditioned media: fresh 2x media. Cells were incubated completely 

undisturbed for 12 days prior to scoring for mammosphere formation. 
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Chapter 4: 

Self-Renewal and Differentiation Capacity of Mammosphere-Initiating 
Cells 

SUMMARY: 

Transplantation studies have shown that not every primary mammosphere contains an 

actual stem cell. The studies included in Chapter 3 have shown that murine mammary cells 

consistently produce mammospheres ranging in size from ~40fxm-300um in diameter. This 

size range was consistent in high density suspension cultures, BME cultures, and clonal 

suspension cultures. Here the hypothesis that only large mammospheres are produced by 

stem cells was tested by assessing the self-renewal and differentiation capacity of 

mammosphere initiating cells. The results showed that large mammospheres are capable of 

more passages than small mammospheres, and that only 19% of primary mammospheres 

contained both luminal and myoepithelial cell lineages. 

INTRODUCTION: 

The existence of mammary stem cells has been suspected since the 1950's when 

DeOme first developed the mammary tissue transplantation system [1], More recent work 

using serial dilutions of mammary cells in single cell suspension has suggested that the 

mouse mammary gland contains stem cells at a frequency of 1:1,000 - 1:2,000 mammary 

epithelial cells [2, 3]. This number varies due to inter-lab differences, but seems to be fairly 
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constant between strains of mice [3]. Thus, out of the millions of cells isolated from the 

mouse mammary gland, stem cells capable of regenerating an entire mammary gland make 

up only 0.05-0.1% of the total cells isolated. As discussed in detail in Chapter 3, techniques 

have recently become available to enrich mammary cell isolations for these stem cells, but to 

date, there is still no way to specifically obtain only the stem cells. The resulting population 

of cells has a higher percentage of stem cells than the original isolation, but also consists of 

progenitor cells and differentiated cells. For example following extensive cell sorting for a 

putative stem cell population, Shackleton et al., transplanted single mammary cells into 

recipient mice, and found 5.9% of transplanted cells were capable of mammary gland 

regeneration [4]. 

Dontu et al. created a technique to enrich isolated populations for human mammary 

stem cells by growing them as nonadherent mammospheres [5]. They have extensively 

characterized these mammospheres and successfully shown that the cells which create the 

mammospheres have stem-like properties. They have also shown that the cell population 

capable of producing mammospheres is the same cell population capable of producing a 

mammary gland upon transplantation [6]. However, depending on the isolation, anywhere 

from 0.1-5% of the primary mammary cells can form primary mammospheres. Thus, a 

significant proportion of the resulting primary mammospheres are not derived from stem 

cells, but rather more differentiated cells. In fact, Moraes et al. transplanted single mouse-

derived primary mammospheres into the cleared fat pad of 3 week old recipient mice and 

found that only 15-33% of these individual mammospheres were capable of regenerating a 

mammary tree depending on the experiment [7]. They suggested that the remaining 

mammospheres were derived from downstream progenitor cells as opposed to true stem cells 

[7]. 

74 



There are two characteristics that define an adult stem cell; the ability to self-renew, 

and the ability to produce all of the cell types that make up the particular tissue. Self-renewal 

is a property that only stem cells posses. It is the ability to undergo a cell division in which 

one or both of the daughter cells retains the same capacity to differentiate and proliferate as 

the parental stem cell. Self-renewal can occur through symmetrical cell division, in which 

both daughter cells are stem cells, this type of division results in an increase in the total 

number of stem cells in the tissue [8]. Self-renewal can also occur through asymmetrical cell 

division, in which one daughter cell remains a stem cell and the other becomes a committed 

progenitor cell. Asymmetrical cell division is a way to maintain the total number of stem 

cells in the tissue. The ability of mammary stem cells to self-renew has been clearly 

demonstrated through serial transplantation studies in mice [8]. Transplantation of cells into 

a recipient mouse and the development of a fully functional mammary gland is the only 

definitive way to show that a certain cell was a true mammary stem cell. However, serial 

passaging of mammospheres has been shown to be the second best method of identifying 

mammary stem cells when combined with analysis of differentiation potential. 

Dontu et al. created the mammosphere tissue culture system and showed that human 

mammary stem cells could be maintained and expanded in culture by serial passaging of 

mammospheres [5]. They showed that passaging mammospheres at 10-14 day intervals 

resulted in a consistent plating efficiency of one mammospheres per 250 cells at each 

passage, for at least five passages. They reasoned that if mammospheres were produced by 

progenitor cells, which have limited proliferative capacity, then the mammosphere plating 

efficiency and mammosphere size would decrease with each passage as the progenitors 

became more and more differentiated. Instead, they observed very consistent mammosphere 

size and plating efficiency from passage to passage. In addition, they showed that some of 
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the stem cells underwent symmetrical cell division, by determining that upon passaging one 

to four new mammospheres were produced for each original mammosphere [5]. 

The ability of mammosphere-derived cells to form another mammosphere after 

passaging suggests that the mammosphere cell of origin is capable of self-renewal and thus a 

stem cell. However in addition to possessing the capacity to self-renew the mammary stem 

cell must be able to produce luminal epithelial cells and myoepithelial cells. The luminal 

epithelium consists of ductal epithelial cells, which line the ducts of the mammary gland, and 

alveolar epithelial cells which are capable of milk production. The ductal and alveolar cells 

differentiate from a common luminal progenitor cell. The myoepitheial cells are contractile 

cells that line the outside of the ductal tree; these cells contract to move the milk through the 

gland (Figure 4.1). 

The culturing of mammary cells as mammospheres greatly enriches the cell 

population for stem cells or high progenitor cells capable of producing all of the cell types 

necessary for the development of the mammary gland; however only a relatively small 

fraction of primary mammospheres are derived from stem cells [7]. Although most groups 
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who have tested the differentiation capacity of mammospheres have assayed the ability of 

single mammosphere-derived cells to produce multi-lineage colonies when grown on 

collagen substrate, review of the available literature suggests that in primary mammospheres 

at least, the majority of the cells are differentiated, and therefore do not require growth on 

collagen to induce differentiation [5, 9]. 

It is evident from transplantation studies that not every primary mammosphere 

contains an actual stem cell. Murine mammary cells consistently produce mammospheres 

ranging in size from ~40|im-300um in diameter after about 10 days of culturing. This size 

range was consistent in high density suspension cultures of mammospheres including 

passaged cultures. This size variation was also observed in BME cultures, and finally in 

clonal suspension cultures. It was hypothesized that this size variation was indicative of the 

identity of the mammosphere-initiating cell. To test this hypothesis, size groups based on 

mammosphere diameter were created. These size groups were 60-99nm, 100-150nm, 151-

200|im, 201-250nm and >251u.m. The self-renewal capacity of mammospheres from each 

size group was tested via serial passaging. Additionally, mammospheres from each size 

group were stained with luminal and myoepithelial specific markers to test the differentiation 

potential of the mammosphere-initiating cell. The goal of this work was to determine which 

size categories of mammospheres contained stem cells, as opposed to progenitor cells or 

more differentiated cells. These data would then be used to develop criteria by which 

primary mammospheres derived from stem cells can be identified and sorted from those 

mammospheres derived from more differentiated progenitor cells, without any further 

culturing or manipulation. These criteria would result in greater mammary gland 

transplantation efficiencies, which would in turn increase the amount of useful results for any 

given experiment while decreasing the number of mice necessary. 
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RESULTS: 

High Density 1° Mammospheres - To test the hypothesis that the size of the 

mammosphere was determined by the cell of origin, specific sizes of mammospheres were 

serially passaged in order to assess the self-renewal capacity of the mammosphere-initiating 

cell. It was assumed that the mammospheres within a certain size group would have similar 

characteristics and be derived from cells at the same stage of differentiation. In these serial 

passaging experiments, groups of around 20 individual primary (1°) mammospheres for each 

size group were removed from suspension cultures and dispersed into single cells. Cells 

were plated into a single well of a 24-well Ultra-Low Attachment plate and allowed to grow. 

Under these conditions, secondary (2°) mammospheres grew extremely quickly and needed 

to be passaged every two to three days. Like passaging entire plates of mammospheres, 

passaging groups of high density 1° mammospheres resulted in 2° mammospheres that varied 

greatly in size. Table 4.1 shows examples of the sizes of mammospheres generally observed 

at each passage. 

Table 4.1. The sphere sizes observed at each passage (pl-p4) 
in relation to the original mammosphere size (um) 

Size at passage 
• 

Size of 1° 

I 
< 9 9 

100-150 

151-200 

201-250 

>251 

<99 

pi p2 p3 

P3 

p3 

p3 

p3 

100-150 

P2 

pi p2 p4 

p3 P4 

p4 

p3 

151-200 

p3 

pi p4 

p3 

p4 

201-250 

p3 

P l P3 P4 

p3 

>251 

p2 P4 

pl p2 p4 
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Serial passaging of groups of high density 1° mammospheres was repeated multiple 

times and consistently showed that all groups measuring >100nm in diameter were capable of 

at least five passages. Groups of 1° mammospheres measuring 60-99[im were capable of 

three passages. However, plating large cell numbers into a single well of a 24-well plate 

resulted in a considerable amount of aggregation, making it very difficult to definitively 

determine if the small 2° spheres were actually growing or simply aggregating. In addition, 

the aforementioned results suggest that all mammospheres are capable of multiple passages, 

but this seemed unlikely, thus the experimental design was altered to use clonal primary 

mammospheres. 

The differentiation capacity of mammospheres, grown at high density, from each size 

group was also tested. In the first set of experiments, 20 primary mammospheres from each 

size group were picked out of suspension cultures. These mammospheres were then 

dispersed and attached to collagen-coated coverslips. Cells were stained for cytokeratin-18 

(K18), a luminal epithelial specific cytoplasmic protein, and alpha-smooth muscle actin (a-

SMA), a myoepithelial specific cytoplasmic protein. According to the hypothesis that only 

large mammospheres were derived from stem cells, cells derived from the smaller sized 

mammospheres would only express one protein or the other, but not both. Additionally, 

larger mammospheres, formed by stem cells, would contain some cells expressing either K18 

or a-SMA, indicative of differentiation. We found however, that all sizes of mammospheres 

contained both differentiated luminal and myoepithelial cells. Examples are shown in Figure 

4.2. As shown in Figure 4.2 mammospheres from all size groups contain both luminal 

epithelial and myoepithelial cell types. This would suggest that the diameter of a 

mammosphere is not specifically related to the cell of origin. There are three possibilities 

why all size groups contained both cell types. First, it is possible that within a particular size 
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a. 60-99um b. 100-150um 

c 151-200(im d. 201-250 um 

Figure 4.2. lOx magnification. Representative images of differentiated cells derived 
from 20 high density mammospheres from each size group. 
Red = K18 = luminal epithelial; Green = a-SMA = myoepithelial 

group some spheres are all luminal (red) while others are all myoepithelial (green) and by 

staining 20 dispersed mammospheres at one time, both lineages are observed. Second, the 

mammospheres used here were from high density cultures, so it is possible that progenitor 

cells from different lineages aggregated to create mammospheres containing both cell types. 

Finally, it is possible that size has no relation to the mammosphere cell of origin and that 

some of the mammospheres from each size group do contain a stem cell. To definitively 

determine if mammospheres of a particular size were created by a stem cell, it was necessary 

to use cells derived from individual clonal mammospheres. 

Clonal 1° Mammospheres - Serial passaging of high density 1° mammospheres 

passaged as groups did not provide clear results as to the size of mammosphere that 
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originated from a stem cell. Based on the results of Dontu et al. serial passaging of 

individual 1° clonal mammospheres should result in growth of one to four new 

mammospheres at each passage [5]. This decreased cell number and decreased 2° 

mammosphere number was expected to limit the problems associated with aggregation 

observed in the high density passaging experiments. In these experiments individual 1° 

mammospheres grown at clonal density were removed from suspension cultures, dispersed 

into single cells, and plated for regrowth. It was determined that although the clonal 

mammospheres grew to all the size groups observed in the high density mammosphere 

cultures (examples shown in Figure 4.3); they behaved very differently when passaged. The 

biggest problem was that the clonal mammospheres have less densely packed cells making 

up the sphere. As a result, the exposure time for Trypsin was extremely different than those 

previously determined for high density cultures. Even when exposed to Trypsin for less than 

one minute the majority of the cells died. 

We were able to determine trypsinisation times closely enough to work well for the 

differentiation experiments which follow however; they were not perfected for serial 

passaging. To complicate matters further, when 1° mammospheres were plated into 24-well 

plates, the resulting 2° mammospheres seemed to have a different cellular density and require 

different trypsinisation conditions for each passage. 
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When clonal 1° mammospheres were passaged, again many different sizes of 2° 

mammospheres were seen in each well. Of note is the fact that the larger the 1° 

mammosphere, the more 2° mammospheres that were produced. We hypothesize that the 

variety observed is a result of individual cells from each mammosphere having reached 

different degrees of differentiation, and thus having different capacities for proliferation. For 

instance, the most differentiated cells in the mammosphere probably only produce extremely 

small 2° mammospheres, ones that would not be able to regenerate into a 3° mammosphere. 

In an attempt to further limit the bias created by aggregation, individual 2° mammospheres 

were picked out of the wells and dispersed and plated into their own wells at each passage. 

At the end of the experiment the data was compiled to determine which 1° mammosphere the 

surviving mammospheres had originated from. In this manner it was determined that 1° 

clonal mammospheres ranging in size from 150|um-420|-im were capable of at least three 

passages. It was found that mammospheres smaller than 150|-im could only be passaged one 

to two times before being incapable of producing a mammosphere larger than 60|im. 

Although the experiments used to determine the self-renewal capacity of different 

sizes of mammospheres need to be repeated; the differentiation potential of the 

mammosphere-initiating cells of mammospheres derived from clonal culture conditions was 

tested. Again, mammospheres of a particular size were picked out of suspension cultures, 

dispersed into single cells and grown on collagen-coated coverslips for two days prior to 

staining for cell lineage. Surprisingly, under these conditions cells derived from primary 

clonal mammospheres did not stain positive for either K18 or a-SMA, these data suggest that 

the primary clonal mammospheres do not contain fully differentiated luminal epithelial or 

myoepithelial cells as suggested [5, 9]. Comparison between earlier experiments and the 

current ones showed two major differences; in earlier experiments high density 
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mammospheres were used but for the later experiments clonal mammospheres were used. 

The second difference was that in the earlier experiments mammospheres were collected on 

day eight, and the clonal mammospheres were collected on day 12. It was hypothesized that 

this extended time in tissue culture, and not the cell density, was resulting in mammospheres 

containing cells that did not express luminal or myoepithelial cell markers. To test this 

hypothesis cells derived from day eight high density and clonal mammospheres were 

dispersed and grown on collagen for two days before staining, Figure 4.4 shows 

representative images of both. These data show that if clonal mammospheres are grown for 

eight days in suspension and then two days on collagen, both luminal and myoepithelial cells 

express lineage specific proteins. These data suggest that the density at which 

mammospheres are grown has little effect on their ability to produce differentiated cells of 

either mammary cell lineage. Figure 4.4 shows that both mammospheres grown at high 

density and those grown at clonal density for eight days contain differentiated luminal and 

myoepithelial cells. If however, they are grown for 12 days in suspension, followed by two 
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days on collagen, the cells do not express of Kl 8 or a-SMA. Together these data suggest that 

extending the mammosphere culture for four days drastically changes the extent of 

differentiation of the component cells. 

We hypothesized that cells derived from day 12 clonal mammospheres were in a less 

differentiated state then those derived from day eight clonal mammospheres, and thus would 

require additional time in differentiating tissue culture conditions. To test this hypothesis a 

time course experiment was performed to determine how long cells derived from day 12 

clonal mammospheres would need to be grown on collagen before expressing lineage 

specific proteins. Clonal day 12 mammospheres from many plates were collected, dispersed 

into single cells, and then plated onto collagen coated coverslips. Every 24 hours after 

plating samples were fixed and stained for differentiation. At every time point the coverslips 

contained sufficient cell numbers for analysis. At 24 hours after plating a few of the cells 

stained positive for K18, but no a-SMA+ cells could be found. Results were similar for the 

48 hour time point. At the 72 hour time point, again there were distinct K18+ cells, and it 

seemed as though some cells were starting to express a-SMA, but it was extremely hard to 

tell if this was simply background staining or true protein expression, an example can be seen 

in Figure 4.5a. 
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At the 96 hour time point, the K18 expression was still strong but again the a-SMA 

expression was questionable. It definitely seemed like a few of the cells were staining 

positive but the majority of the cells were still not expressing either protein (Figure 4.5b). 

After 120 hours on collagen some very clear a-SMA expressing cells were seen, as shown in 

Figure 4.5c. It is interesting to note that though some cells were definitely expressing a-

SMA, there was a huge amount of cell to cell variation in the amount of expression. Figure 

4.6 shows the same image of the 120 hour time point after being enhanced for printing, to 

illustrate the variation in a-SMA expression between cells. 

Figure 4.6. lOx magnification. 
Representative images of differentiated 
cells derived from day 12 clonal density 
mammospheres. Grown on collagen to 
induce myoepithelial differentiation for 
120 hours. This is the same image as 
Figure 4.5c but has been enhanced to 
show the variation in a-SMA expression 
between cells. Red = K18 = luminal 
epithelial; Green = a-SMA = 
myoepithelial 

At this point it was clear that primary clonal mammospheres contained cells that 

required at least five days of growth under differentiation promoting conditions in order to 

express the lineage specific cellular proteins K18 and a-SMA. It was now possible to test the 

hypothesis that the size of a particular clonal mammosphere was directly related to the 

mammosphere cell of origin. A total of 81 individual mammospheres were collected, 

dispersed into single cells, attached to collagen, and stained for differentiation potential. In 

order to reduce the amount of a-SMA protein expression variation observed after five days, 

cells were grown on collagen for eight days prior to staining. Figure 4.7 shows some 

representative pictures of mixed lineage colonies produced by individual clonal 

mammospheres. There are no pictures of the smallest size group because the cells tended to 
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a. 310jim b. 280um c. 280|im 

d. 270iini e. 190(im f. 140|im 

Figure 4.7. lOx magnification. Representative images of differentiated cells derived from individual 
clonal mammospheres. Red = Kl 8 = luminal epithelial; Green = a-SMA = myoepithelial 

be spread much farther apart and it was difficult to find a good field of view which showed 

expression of both proteins. Of the 81 mammospheres analyzed only 15 expressed both 

K18 and a-SMA. Interestingly, this is 19% of the tested mammospheres, which coincides 

perfectly with the work mentioned earlier in this chapter by Moraes et al. who found that 15-

33% of mammospheres were capable of developing into a mammary gland upon 

transplantation [7]. Unfortunately, there does not seem to be any correlation between 

mammosphere size and its ability to produce luminal and myoepithelial cell lineages, results 

are shown in Table 4.2 below. 

Table 4.2. The number of mammospheres tested for differentiation per size group, and the 
number of colonies from each size group that expressed both K18 and a-SMA 

Total spheres 
scored 

Colonies expressing 
K18 + a-SMA 

60-99nm 

18 

5 

100-150nm 

27 

3 

151-200um 

21 

2 

201-250iim 

6 

0 

> 251nm 

9 

5 
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DISCUSSION: 

In this chapter, mammospheres of different sizes were tested for self-renewal and 

differentiation capacity in an attempt to determine which sizes of mammospheres were 

derived from stem cells as opposed to more differentiated cells. It was determined that only 

19% of the clonal mammospheres tested contained cells capable of differentiating into both 

cellular lineages required for mammary gland development. This correlates extremely well 

with the work of Moraes et al., who show that only 15-33% of mammospheres are actually 

capable of producing a mammary gland upon transplantation into a recipient mouse [7]. We 

had anticipated finding that the smaller sized mammospheres contained only one cell type. 

One very interesting observation was that all single lineage colonies contained only 

myoepithelial cells. We did not find a single luminal-only colony out of 81 tested 

mammospheres, and cannot think of any explanation for this result, except that maybe the 

culturing conditions caused selection for myoepithelial cells at the expense of luminal cells. 

The results showed that some mammospheres from each size group contained cells 

that could differentiate into both luminal epithelial and myoepithelial cells when attached to 

collagen. It is possible that the smaller mammospheres which were capable of multi-lineage 

differentiation were produced by common progenitor cells, as opposed to stem cells. It is 

possible to distinguish between stem cells and common progenitor cells by assessing the self-

renewal capacity of the mammospheres. The results of the serial passaging experiments 

suggest that the small mammospheres (60-150nm) are capable of only one to two passages 

which suggest that they may have been produced by progenitor cells. Unfortunately the 

protocol for serial passaging clonally derived mammospheres needs to be optimized and 

more data need to be obtained before finalizing the mammosphere size criteria. 
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Trypsin timing is crucial to the success or failure of the serial passaging experiments 

and at this time there is still a lot of work to be done to determine the optimal passaging 

conditions for clonally derived mammospheres. In addition, aggregation of single cells as 

well as mammospheres was a problem. Unfortunately, plating a single cell per well is not 

realistic given the fact that each mammosphere has hundreds of cells, and that significant 

data can only be obtained by passaging many mammospheres of each size. The amount of 

aggregation was limited in the experiments using clonal 1° mammospheres by plating cells 

derived from larger mammospheres in multiple wells of a 24-well plate. This certainly 

helped, but also severely limited the number of 1° mammospheres that could be followed for 

multiple passages. 

Finally, when plating at very low cell densities like that for passaging clonal 

mammospheres, the debris in the 24-well plates was overwhelming. Figure 4.8 shows some 

examples of the type of debris observed. It was determined that the clear looking debris 

comes from the pipette tips, presumably residual plastic from manufacturing. Though it is 

very distracting, the cells do not appear to attach to it. The filaments seen, particularly in 

Figure 4.8b, are extremely problematic. They appear in almost every well, and their origin 

could not be determined. Sometimes they are in the plate before it is even used. Using only 

plugged pipette tips and media and PBS/FBS that had been spun at 3,000 rpm for 10 minutes 

and transferred to new tubes before use, helped to limit the amount of filaments and random 

debris in the wells, but it did not resolve the problem. We even tried manually picking out 

each piece of debris after plating the cells, but found that forceps could not be used, because 

they caused scratching of the plate surface. Picking out the debris with a pipette in the same 

way that each mammosphere was picked did actually work, however it was extremely time 
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consuming, to the point where it was not a viable option. At this time I do not know how 

other labs were able to successfully perform similar experiments. 

Figure 4.8. Size bar = lOOum; 4x magnification. Representative 
photographs of debris and filaments found in the 24-well plates. 

We would still like to determine if there is a correlation between 1° mammosphere 

size and the presence of a true stem cell. However, for future work we recommend a 

different approach. We believe that useful results may be easier to obtain if clonal 

mammospheres were picked and put into groups (maybe 10 mammospheres for each size 

group) and trypsinized as a group to reduce the amount of cell death. Dispersed cells could 

then be plated at clonal densities in 60mm Ultra-Low Attachment plates. Mammospheres 

would need to grow for 12 days in 10ml of mixed conditioned media, exactly the same 

procedure as for growing 1° clonal mammospheres. Then after 12 days of growth, the plates 

could be scored for mammosphere formation efficiency, taking note of the resulting sizes. 

This procedure could be repeated until passaging was not possible or sufficient results were 

obtained. This approach would require determining the cell number in each size of 

mammosphere, in order to know how many plates to use for 2° growth. 
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MATERIALS AND METHODS; 

Detailed protocols can be found in Appendix A. 

Animals: 

The animals used in these experiments were 8-12 week old virgin female mice bred at CSU. 

All mice were maintained in the Colorado State University Laboratory Animal Resources 

Painter Center. 

Mammosphere cultures: 

High density mammosphere cultures and clonal mammosphere cultures were performed as 

described in Chapter 3. Cultures were maintained for 8-12 days depending on experiment. 

Picking Mammospheres Out of Suspension Cultures: 

As the size of individual mammospheres was vital to our goal, we developed methodology 

for manually removing specific mammospheres from suspension cultures while still 

maintaining aseptic conditions. Briefly, a dissecting microscope fitted with an ocular reticle 

was placed in the tissue culture hood and exposed to UV for at least 30minutes. After which 

a plate of mammospheres was placed in the hood. I followed and wearing a plastic shower 

cap, shoulder-length latex gloves and a surgical mask. Cap and gloves were extensively 

exposed to UV and sprayed with ethanol before each use. Using a PI0 or P20 Pipetteman, 

individual mammospheres were manually removed from suspension. Mammospheres were 

kept in small volumes of mammosphere media, on ice in 1.7ml microcentrifuge tubes until 

use. 
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Serial Passaging of Mammospheres: 

Only round and symmetrical mammospheres were chosen for any experiment. All passaged 

cells were plated into 24-well Ultra-Low Attachment plates (Corning, #3473). 

High Density - Groups or single mammospheres were picked from culture as 

described above. Mammospheres were passaged in 250p.l room temperature 0.05% Trypsin-

EDTA and agitated using a fire polished Pasteur pipette, times varied according to size and 

number of spheres (for roughly 20 mammospheres of each size the times were as follows: 60-

99nm = 4mins; 100-150um = 12mins; 151-200um = 18mins; 201-250um = 20mins; >250um 

= 30mins). After the required time, 1ml cold rinse media was added and cells were pelleted 

at 800 rpm, for 5 minutes at 4°C. Mammospheres were plated in 500|il lx mammosphere 

media. Mammospheres were grown for variable lengths of time (2-7 days usually) to allow 

sufficient growth for the next passage (usually waited until most spheres were >150p.m). For 

the next passage, all mammospheres from each well were picked out and passaged as a 

group. 

Clonal Density - Single mammospheres were picked from clonal cultures as 

described above. Mammospheres were passaged using 250ul cold 0.05% Trypsin-EDTA, 

and agitated by flicking the tube or pipetting with a fire polished Pasteur pipette specific 

conditions are provided in Appendix A Table A.l. After dispersion, 1ml cold PBS with 10% 

FBS was added and cells were pelleted at 800 rpm, for 5 minutes at 4°C. Cells were plated in 

500)0.1 mixed conditioned media (see Chapter 3). PBS and media were centrifuged at 3,000 

rpm for 10 minutes prior to use in order to remove any debris. To limit sphere formation due 

to aggregation the following numbers of wells were used (60-120um = 1 well; 130-150|om = 

2 wells; 170-200nm = 3 wells; 201-250nm = 4 wells; 251-300|om = 5 wells; >300p.m = 6 

wells). Mammospheres were grown for 12 days, with 250-500(0.1 fresh mixed conditioned 
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media added per well every 4 days. For the next passage, individual mammospheres >60|im 

in size were picked out of the well and passaged (all the 2° mammospheres resulting from 

dispersion of a single 1° mammosphere were passaged individually). 

Dissociating Groups of Mammospheres for Differentiation on Collagen: 

Mammospheres were picked out of suspension cultures as described above. Small numbers 

of mammospheres were dissociated following the serial passaging procedures described 

above, while whole plates of mammospheres were passaged using the protocol described in 

Chapter 3. After dissociating the mammospheres cells were plated on collagen-coated 

coverslips with Mouse Primary Cell Media with 5% FBS and allowed to attach. 

Dissociating Individual Clonal Mammospheres for Differentiation on Collagen: 

Individual mammospheres were picked out of clonal suspension cultures as described above. 

Mammospheres were passaged using 250ul cold 0.05% Trypsin-EDTA (kept on ice), and 

agitated by flicking the tube gently to avoid creating bubbles, or by pipetting with a fire 

polished pipette. After the prescribed time 1ml cold PBS with 10% FBS was added and cells 

were pelleted at 800 rpm for 5 minutes at 4°C. 

Cells were resuspended in 200-250ul Mouse Primary Cell Media with 5% FBS. 

Cells were then very carefully plated directly onto pre-rinsed collagen-coated coverslips. 

Cells were allowed to attach for about 3 hours and then 1ml of media was added. The next 

day, media was removed with a PI000 and cells were rinsed with PBS to remove dead cells. 

Media was replaced with 2ml Mouse Primary Cell Media with 2% FBS. The media was 

changed every 3-4 days. 
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Collagen Coated Cover Slips: 

Collagen solution was prepared as described in Chapter 2. Using forceps single autoclaved 

glass coverslips were aseptically transferred into 35mm tissue culture dish. Plates with 

coverslips were coated with use 680ul of solution per plate. Before plating cells, plates were 

rinsed with Hank's Balanced Salt Solution w/out Mg^or Ca"1-1-. For plating individual 

mammospheres, collagen coverslips were rinsed and then transfered into a clean, dry 35mm 

tissue culture plate. This helped to make sure the cells attach to the coverslip and not the 

tissue culture plate. 

Fixation of Mammary Cells for Immunofluorescence: 

Cells were rinsed twice with PBS and then fixed with add 100% cold methanol (for 35mm 

dish use 1ml). Cells were incubated at -20°C for 10 minutes then methanol was removed and 

cells were allowed to air dry for 10 minutes. All fixed cells were stored at -20°C. 

Immunofluorescence (IF): 

There is general agreement in the field of mammary cell culture that cytokeratin 18 (K18) is a 

specific marker of luminal epithelial cells and that alpha-smooth muscle actin (a-SMA) is a 

specific marker for myoepithelial cells. The antibodies used here were as follows - K.18 -

(mouse monoclonal [C-04] to cytokeratin 18 (Biotin conjugated) - Abeam, Cambridge MA; 

#ab27553); secondary - (Streptavidin - Alexafluor 594, Invitrogen #532356); a-SMA -

(Rabbit polyclonal to alpha smooth muscle actin - Abeam, Cambridge Ma; #ab5694); 

secondary - (Goat anti-rabbit Alexafluor 488, molecular probes #A11034). DAPI = 

VectaShield Mounting Medium with 4', 6-Diamidino-2-phenylindole (Vector Lab, 

Burllingame, CA). Cells were stained with 1:100 Kl 8 primary antibody for 30 minutes, then 
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1:100 Streptavidin secondary antibody for 30 minutes. Cells were then blocked with 5% 

milk for one hour. This was followed by 1:50 a-SMA primary antibody for one hour and 

1:100 FITC secondary antibody for one hour. Coverslips were then rinsed and mounted onto 

slides with VectaShield mounting medium. 

Analysis and Imaging: 

Image analysis was performed using Photometric Coolsnap ES2 on a Zeiss Axioskop 2 Plus 

Microscope and Metavue 7.1 Software at lOx or 20x magnification. 
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Chapter 5: 

Effects of Ionizing Radiation on Mammospheres Derived from Mice of 

Different Genetic Backgrounds 

SUMMARY: 

The work presented in this chapter draws upon the protocols developed in previous 

chapters to determine the radiation dose response of mammospheres derived from different 

strains of mice. The dose response of mammospheres was determined using a mammosphere 

formation assay. The results suggest that mammosphere-initiating cells are much more 

resistant to radiation than kidney fibroblasts derived from the same mouse strains. 

Mammosphere formation results in the same dose response relationship between strains that 

has been previously observed using other cell types. 

INTRODUCTION: 

The process of carcinogenesis is believed to occur in a lineage of cells through the 

acquisition of a series of mutations over time [1]. There is evidence that at least in some 

breast cancers, there is a specific "tumor-initiating cell" or "cancer stem cell" [2-6]. This cell 

is capable of self-renewal and of regenerating the phenotype of the original tumor upon 

transplantation. There is also evidence that the tumor-initiating cell shares many of the 

cellular properties of normal tissue stem cells, such as the capacity to self-renew, ability to 
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produce a variety of differentiated cells, and anchorage independence, to name a few [7]. 

This has led many to hypothesize that tissue stem cells are in fact the tumor-initiating cells, 

or "cancer stem cells". This hypothesis is very attractive when applied to the BALB/c model 

of radiation-induced mammary carcinogenesis [8]. 

It has previously been shown that the mammary epithelial cells from BALB/c mice 

are inherently more susceptible to the damaging effects of IR than are those from C57BL/6 

mice. These data were obtained experimentally by using the mammary transplantation 

system first developed by DeOme in the late 1950's, and then looking for the development of 

precancerous ductal dysplasias and eventually mammary tumors [9, 10]. Transplantation of 

untreated donor cells results in a fully developed and functional mammary gland [9]. 

Recently, Stingl et al. showed that these mammary outgrowths are clonally derived from 

donor cells by injecting mixed populations of green fluorescent and cyan fluorescent protein 

expressing cells and showing that the resulting outgrowths expressed only one color. They 

also injected individual putative stem cells into recipient fat pads and showed that a single 

stem cell was capable of regenerating the entire mammary gland structure and function [11, 

12]. 

Using this transplantation system it was previously shown that only irradiated 

BALB/c cells will develop ductal dysplasias and tumors, irradiated C57BL/6 cells will not, 

nor will unirradiated BALB/c cells [8]. Additionally, these studies showed that about 2,500 

cells needed to be injected into each recipient to cause growth in 50% of the recipient mice. 

These data suggest that 1:2,500 cells are capable of regenerating a mammary gland, which 

correlates well with the predicted frequency of mammary stem cells [8, 11, 13]. If normal 

mammary gland development after transplantation requires the presence of a viable 

mammary stem cell, it follows that any abnormal growth is also a result of that stem cell. In 

97 



the BALB/c model of radiation-induced mammary carcinogenesis, development of ductal 

dysplasias only occurs if the donor cells are irradiated BALB/c cells. The resulting 

mammary outgrowths posses all the cell lineages required for the mammary gland, and are 

functional, however some show abnormal growth and eventually develop tumors. It is 

hypothesized that this abnormal growth is directly related to radiation-induced damage to the 

mammary stem cells. The technology is now available to test the effects of IR on mammary 

stem cells in vitro. 

In this chapter the use of the nonadherent mammosphere tissue culture system to 

determine the effects of IR on mammary stem cells and their immediate progeny will be 

discussed. This system has been used to assess the radiation sensitivity of mammary stem 

cells derived from different strains of mice (BALB/cByJ, C57BL/6J, SCID, B6.C-PrkdcBALB 

and C.B6-Prkdc). It is hypothesized that the stem cells derived from SCID mice will be the 

most sensitive to cell killing (shown by inability to form mammospheres in culture). It is 

also anticipated that stem cells derived from C57BL/6J mice will be the least sensitive to IR, 

and that BALB/cByJ will fall in between these two. These results are predicted based on the 

DNA repair capacity of other cell types derived from these mice. B6.C- PrkdcBALB and 

C.B6-Prkdc are mouse strains congenic for Prkdc; their sensitivity to radiation is unknown. 

RESULTS; 

The goal of the entire spectrum of work included in this dissertation was to determine 

the effects of IR on mammary stem cells derived from different strains of mice, in an attempt 

to determine if the stem cell is the target of radiation in the BALB/c model of IR-induced 

mammary cancer. In all of the following experiments, mammary stem cells were isolated 

directly from mammary tissue, dissociated into single cells, enriched for the stem cell 

98 



population, then exposed to y-radiation and plated. After 12 days of undisturbed growth each 

plate was scored for mammosphere growth and the size of each mammosphere. In all cases, 

cells were exposed to 0, 2, 4, or 8Gy y-radiation and plated in at least three replicate plates, 

two to three individual experiments were performed for each mouse strain represented. 

Figure 5.1 shows the resulting dose response curves for mammospheres derived from 

all five strains of mice, BALB/cByJ, C57BL/6J, SCID, B6.C-PrkdcBALB and CB6-Prkdc. 

Dose Response Curves for Mammospheres Scored on Day 12 (All sizes) 
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Figure 5.1. 

Mammospheres included in these data are any colonies that reached 60nm in diameter or 

larger. As expected, mammospheres derived from SCID mice are the most sensitive to cell 

killing, especially at the lower doses. This is shown more clearly in Figure 5.2, which shows 

only the data from "control mouse strains", that being SCID, BALB/cByJ and C57BL/6J. 

Figure 5.2 clearly shows the separation in the dose response curves of SCID, BALB/cByJ 
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Dose Response Curves for Mammospheres Scored on Day 12 
(Derived from Control Mouse Strains) 

error ban=SEM 
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Figure 5.2. 

and C57BL/6J-derived mammospheres. Note the different shapes of the survival curves 

between the strains, and also that although the error bars are fairly large, in most cases they 

do not overlap. We found these data particularly noteworthy because they prove that our 

mammosphere colony formation assay works as designed. In addition, these data suggest 

that the mammary stem cells derived from different strains of mice maintain the same 

radiation response relationship as do other cells derived from those strains, SCID cells are 

most sensitive, C57BL/6J cells are the most resistant, and BALB/cByJ cells show 

intermediate sensitivity. It is particularly interesting to note that although the dose response 

relationships between strains remains the same, the IR doses required to see this effect are 

significantly higher than those used in similar experiments with fibroblasts derived from the 

same strains. In those studies exposure to 4-5Gy y-IR resulted in roughly 10% survival [14]. 

Here cells have been exposed to 8Gy, and have still not reached 90% cell killing. This 
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highlights the fact that the sensitivity of the target cells is extremely different depending on 

the tissue and cell type being studied. In this case, it supports the hypothesis that stem cells 

are particularly resistant to radiation-induced cell killing as compared to other cell types; 

however strain differences still definitely exist. Figure 5.3 shows the dose response curves 

for mammospheres derived from the congenic mouse strains B6.C- PrkdcBALB and C.B6-

Prkdc. 

Dose Response Curves for Mammospheres Scored on Day 12 
(Derived from Congenic Mouse Strains) 

error bars = SEM 
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Figure 5.3. 

As a reminder, C.B6- Prkdc has the background genome from BALB/cByJ and the Prkdc 

gene from C57BL/6J mice. B6.C- PrkdcBALB is the exact opposite; it carries the resistant 

C57BL/6J background genome with the variant PrkdcBALB allele. These are newly created 

inbred mouse strains which have not yet been fully characterized for DNA repair capacity or 

sensitivity to IR. The data in Figure 5.3 suggest that in terms of mammosphere formation 

efficiency, mammary stem cells derived from these two strains of mice react very similarly. 
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Figure 5.3 shows the surviving fraction data when all colonies capable of reaching 60u,m in 

diameter are counted. If you look back to Figure 5.1, which shows the same data, but 

includes all 5 mouse strains, you see that the B6.C- PrkdcBALB and C.B6- Prkdc lines fall in 

basically the same place as dose response curve for mammospheres derived from C57BL/6J 

mice. Thus, if all mammospheres are included in the analysis, it suggests that PrkdcBALB 

allele is neither required nor sufficient to cause radiation-induced cell killing in mammary 

stem cells grown as mammospheres. In other words, based on these data, it would be 

predicted that both strains of congenic mice would be resistant to the other effects of 

radiation as well (IR-induced genomic instability, ductal dysplasias, mammary cancers, etc.). 

Next the effect of IR on mammosphere colony size and morphology was examined. 

Other researchers have reported counting mammospheres as anything that grew larger than 

40 or 60|im in diameter, since these were on the very small side of our size categories all 

colonies that grew larger than 60ujn were counted [2, 15]. One possible effect of IR was 

abnormal mammosphere growth so the size group 60-99um was divided into "symmetrical" 

and "asymmetrical" categories. The Materials and Methods section provides some 

photographic examples of some of the abnormal colonies that were counted as part of the 

"60-99u.m asymmetrical" size group. In addition, it was hypothesized that only 

mammospheres that grew larger than lOO^m would actually contain stem cells. Figure 5.4 

shows an example of the data collected for SCID-derived mammospheres, when it was 

broken down into surviving fractions based on which mammospheres were counted as 

colonies. For mammospheres derived from SCID mice, if sensitivity is determined by only 

including colonies larger than lOOum, the mammary stem cells would be considered very 

sensitive to killing or at least severely growth retarded, to the point where additional 
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Dose Response Curve for SCID Mammospheres Scored on Day 12 
Comparison of Different Scoring Criteria 
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Figure 5.4. 

experiments using much smaller dose than 2Gy would be required. If, however all colonies 

are included in the analysis, cells could easily be exposed to doses larger than 8Gy to 

increase the cell killing. 

Figure 5.5 shows the dose response data for all five mouse strains if the 

"asymmetrical" 60-99p.m size group is excluded from analysis. That is to say that only well 

formed, round, symmetrical mammospheres were counted as colonies. In these data, a very 

clear separation of the dose response curves is observed for each strain of mice except for the 

two congenic strains. Again, there is a very sensitive response from SCID-derived 

mammospheres, a very resistant response from C57BL/6J-derived mammospheres, and an 

intermediate response from the BALB/cByJ-derived mammospheres. Of extreme interest 

here is that although the two congenic strains show basically the same dose response relative 

to each other, the response compared to the parental mouse strains is intermediate. 
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Figure 5.5. 

If only mammospheres reaching lOOpim in diameter are included, as shown in Figure 5.6, 

there is again a clear separation of mammospheres derived from "control" mouse strains, but 

this time both congenic strains follow a dose response most like BALB/cByJ cells. 

DISCUSSION: 

The data presented here represent two to three independent mammosphere formation 

experiments for each strain, and the error bars shown in each graph represent the standard 

error. The error bars are particularly large because of the variation in plating efficiency from 

one experiment to the next, which ranged from 0.96% - 4.9% depending on experiment. The 

variation in plating efficiency is due to variations in the mammary cell isolations. Each 

mammary gland has slightly different characteristics and the dissociation proceedure is very 
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Dose Response Curves for Manunospheres Scored on Day 12 
(>100pM) 

error ban=SEM 
10 

subjective, this results in variation in the number of viable cells from one isolation to the 

next. Techniques that assess viability of cells during counting, such as Trypan Blue 

exclusion, do not reduce this variability because they only show dead cells, not ones that will 

die later in response to the stress of the isolation procedure. With regard to the inherent 

variability of this mammosphere culturing system, it is suggested that experiments using 

mammosphere formation efficiency be repeated as many times as possible. 

The results shown in this chapter provide evidence that mammary stem cells, grown 

as nonadherent mammospheres, are relatively resistant to radiation-induced cell killing as 

compared to other cell types. Although the majority of cells are in single cell suspension 

following the isolation protocol it is possible that some of the mammosphere-initiating cells 

were irradiated as small clumps of cells as opposed to single cells. If this occured, the cells 

would seem more resistant to IR because a larger dose is required to kill all the cells within a 
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clump then it does to kill one single cell. However, it is extremely unlikely that the degree of 

cell clumping would be different between cells derived from different strains of mice. 

Therefore, the dose response relationships between mammospheres derived from different 

strains of mice is probably accurate. The results show that although stem cells as a group are 

resistant to cell killing (noted by the use of relatively high doses of IR), they still maintain the 

dose response relationships between strains that are observed when using other cell types. 

Regardless of how the data are analyzed, mammospheres from SCID mice are most sensitive 

to IR, C57BL/6J are most resistant and BALB/cByJ are intermediate in their response. 

The mammospheres derived from the congenic mouse strains C.B6- Prkdc and B6.C-

PrkdcBAhB did not respond as expected. The data shows very different trends in sensitivity to 

IR depending on what is counted as a mammosphere colony. We had predicted that the 

radiation sensitivity of the congenics would follow the Prkdc allele, or in other words that 

B6.C-PrkdcBAhB would be sensitive to radiation to the same magnitude that the parental 

BALB/cByJ strain, and that C.B6-Prkdc would be resistant to radiation to the same extent as 

the C57BL/6J parental strain. However, at this time the dose response relationship between 

the congenic strains and the parental strains remains elusive. 

MATERIALS AND METHODS: 

Detailed protocols can be found in Appendix A. 

Animals: 

The animals used in these experiments were 24-27 week old BALB/cByJ and C57BL/6J 

virgin female mice purchased from Jackson Laboratory (Bar Harbor, ME). 20-23 week old 

C.B-17 SCID virgin female mice purchased from Taconic. 8-12 week old C.B6N12F10 and 
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B6.CN 1 OF 10 virgin female mice bred at CSU. All mice were maintained in the Colorado 

State University Laboratory Animal Resources Painter Center. 

Mammary Stem Cell Isolation: 

Isolation of mammary stem cells for clonal mammosphere cultures was performed as 

described in Chapter 3. Briefly, mammary cells were dissociated into single cell suspension 

and then enriched for stem cells using the EasySep® Mouse Mammary Stem Cell 

Enrichment Kit from Stem Cell Technologies. After counting, cells were aliquoted into the 

bottom of 15ml conical tubes as follows: OGy + 2Gy = 1,500 cells; 4Gy = 2,500 cells; and 

8Gy = 5,000 cells. Cells were then irradiated and plated. 

Irradiation: 

y -ray exposures were delivered at a dose rate of 3.9 Gy/min in a calibrated, sealed source 

Mark 1/69A 137Cs y-irradiator (J.L. Sheperd and Associates). 

Mammosphere Tissue Culture: 

After irradiation, 10ml of mixed 1:1 conditioned: 2x mammosphere media was added to each 

tube of cells and mixed vigorously to provide maximum cell dispersion. Cells were then 

carefully plated onto 60mm Ultra-Low Attachment plates (Corning, NY), and placed in the 

incubator at 37°C and 5% CO2. Mammospheres were allowed to grow undisturbed for 12 

days and then scored for mammosphere growth. 
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Scoring Mammosphere Growth: 

Mammospheres grown in suspension cultures at clonal densities were scored for growth by 

measuring the diameter of each mammosphere and manually counting the number of 

mammospheres per plate. However, due to the nature of mammosphere growth, scoring had 

to occur while mammospheres were still in suspension. This causes a problem with 

condensation on the cover of the plate, and since mammospheres were to be used for future 

experiments it was important to maintain sterility while scoring for growth. As such scoring 

was performed using the aseptic techniques described in Chapter 4 for picking 

mammospheres out of suspension cultures. 

For colony formation assays like this it is vital to score all colonies and to count each 

colony only once, this is difficult in suspension, so a colored grid printed on overhead plastic 

was developed which could be placed under the tissue culture dish during counting. The grid 

plastic served two purposes, one, it helped to keep track of exactly where in the plate we 

were counting. It also helped by making it easier to slide the plate slowly without causing the 

media inside to move. 

Colony formation is usually considered the ability of a cell to form a colony of >50 

cells. However, for mammospheres it is impossible to tell how many cells are in the 3-

dimensional sphere when looking at it, therefore diameter was used as a measure of colony 

size. The size of each mammosphere was recorded by including it in a size group. The size 

groups were 60-99um "symmetrical", 60-99um "asymmetrical", 100-150um, 151-200|im, 

201-250um, and >251 um. By recording that detailed information it was possible to analyze 

the data in different ways as new information became available. Figures 5.7 - 5.9 show 

examples of how the mammospheres were scored for colony growth. 
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Figure 5.7. -Examples of symmetrical 
mammosphere growth. Size is determined by 
measuring the diameter of the mammosphere 

Figure 5.8. - Examples of 
"asymmetrical" mammospheres. 

a. 

c. 

Figure 5.9. -Examples of mammosphere aggregation, a. 2 
mammospheres, measure the diameter of each as separate colonies, b. 
Large mammosphere with two small ones attached, again measure the 

diameter of each. c. Two mammospheres that have grown almost 
completely together, do not measure length of oval, but measure width 

of opposite ends to estimate size of the individual spheres within. 
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Chapter 6: 

Discussion 

It has been hypothesized that an individual's susceptibility to breast cancer results 

from a combination of carcinogen exposure and genetic predisposition [1]. For many years, 

our lab has been using the BALB/c mouse model of radiation-induced mammary 

carcinogenesis. These mice are genetically predisposed to develop mammary cancer 

following exposure to 1R at higher frequencies than resistant strains [2]. We have previously 

shown that the mammary epithelial cells from BALB/c mice are inherently susceptible to 

radiation-induced genomic instability. We hypothesized that this genomic instability is an 

early event in the carcinogenic process [3]. In this dissertation we first used telomere-

specific FISH to analyze the role of telomere dysfunction in the radiation-induced genomic 

instability seen in BALB/c mammary epithelial cells compared to those derived from 

C57BL/6 mice. It was found that although there are a significant number of telomere-DSB 

fusions after IR exposure, the kinetics of this particular type of instability follow the same 

kinetics as the overall genomic instability observed previously [3]. We therefore conclude 

that telomere dysfunction is involved in genomic instability but is not responsible for causing 

it. Following the conclusion of these experiments we became aware of successful attempts 

to isolate mammary stem cells and culture them in vitro. 

The mammary gland transplantation system, which was used previously to show that 

the mammary cells derived from BALB/c mice are more susceptible to the transforming 
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effects of IR then those derived from C57BL/6 mice, suggests that it is in fact the mammary 

stem cells specifically that are susceptible to transformation by IR exposure [4]. In order to 

investigate that possibility techniques were developed and optimized for culturing high 

density and clonal density nonadherent mammospheres. Techniques were also optimized for 

growing mammospheres in basement membrane extract, a nutrient rich semi-solid gel, which 

allowed growth curve analyses on individual mammospheres. 

A great deal of size variation was observed in each culture of mammospheres. This 

size variation could potentially be due to the presence or lack of a true mammary stem cell. 

To test the hypothesis that only mammospheres capable of reaching a certain size contained 

true stem cells we attempted to characterize the self-renewal capacity of specific sizes of 

mammospheres. These data are important for future studies because stem cells are the only 

cells capable of self-renewal. Though the stem cell hierarchy for the murine mammary gland 

is not well defined, it is believed that the stem cells go through asymmetrical self-renewal to 

produce high progenitor cells. These high progenitors are then able to produce both the 

luminal progenitor cells and the myoepithelial progenitor cells. However, the high 

progenitors should not have self-renewal capacity [5]. Growth of a mammary gland or serial 

passaging are the only ways to differentiate between the stem cell and these high progenitor 

cells. 

Characterization of multi-lineage differentiation potential was used to test specific 

sizes of mammospheres for the presence or absence of stem cells. In the end, a protocol was 

created for this assay; however the results argue that the hypothesis that only larger 

mammospheres possess true stem cells capable of multi-lineage differentiation appears to be 

incorrect. The data show that though only 19% of the mammospheres are capable of 

producing both myoepithelial and luminal epithelial cell lineages, there is no correlation with 

mammosphere size. 
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Finally, we developed a mammosphere formation efficiency assay to assess the 

radiation response of mammospheres derived from five strains of inbred mouse related to the 

BALB/c model of radiation-induced mammary cancer (BALB/cByJ, C57BL/6J, SCID, C.B6-

Prkdc and B6.C-PrkdcBALB). These data show that mammary stem cells are more resistant to 

the killing effects of IR than are differentiated cells derived from the same mice. The data 

also show that although the stem cells are more resistant to cell killing than kidney 

fibroblasts, they maintain the radiation sensitivity relationships between mouse strains 

observed previously [6]. Mammary stem cells derived from SCID mice are more sensitive to 

radiation-induced cell killing than those derived from C57BL/6J mice. Mammary stem cells 

derived from BALB/cByJ mice show sensitivity to radiation that is intermediate compared to 

SCID and C57BL/6J mice. These data were consistent regardless of how the mammosphere 

colonies were scored. 

The dose response of mammospheres derived from the congenic mouse strains C.B6-

Prkdc and B6.C-PrkdcBALB was also determined. These data are different depending on what 

is scored as a true colony. Based on the lineage differentiation potential experiments, that the 

most accurate way to analyze these data are to include all symmetrical mammospheres 

>60nm but exclude the asymmetrical looking 60-99um colonies. When this method is used, 

the dose response curves for both of the congenic strains fall intermediate between the 

parental BALB/cByJ and C57BL/6J strains. 

The dose response of the congenic mice remains questionable, but the data obtained 

on the sensitivity of mammospheres derived from the control mouse strains is sufficient to 

warrant further analysis. This mammosphere formation assay can be greatly expanded to 

assess the development of genomic instability, differential gene expression in stem cells 

between strains of mice, the capacity of stem cells and their immediate progeny to repair 
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DNA, etc. We believe that the results shown here are promising enough to attempt 

differentiation experiments using BME. Mammary cells can be grown in three-dimensional 

BME cultures and induced to differentiate and produce mammary ductal-acinar structures in 

vitro [7]. Using this system it may be possible to culture irradiated mammary cells derived 

from BALB/c mice and produce ductal dysplasias in vitro. If this is the case it would open 

up a whole new field of experimentation with this model of radiation-induced mammary 

carcinogenesis. 
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Appendix A: 

Detailed Materials and Methods 



Mammary Epithelial Cell Isolation: 

1. Prepare dissociation solution immediately prior to use in M-l 99 basal medium (15ml for 
1 mouse, 20ml for 2 mice). 

200 units/ml Collagenase Type III (Worthington #4183) 

~4.7 units/ml Dispase I (Neutral Protease; Worthington) 

Filter sterilize with 0.45um filter. 

Transfer to 50ml conical centrifuge tube and store at 4°C until use. 

2. Charge CO2 chamber for 5 minutes and then let CO2 settle for 2 minutes. 

3. Put 200u,l cold M-l99 (no collagenase or dispase) on glass Petri dish and keep covered. 

4. Euthanize mouse with CO2. Pin out on corkboard. Swab with Betadine solution, and 
spray with 70% ethanol. Place in animal hood on sterile blue autoclave paper. Swab 
again with 70% ethanol. Open abdomen with a "Y" incision to access the mammary 
glands. Remove lymph nodes and discard then remove mammary glands #4 and #5 and 
place on Petri dish. 

Switch dishes and tools between strains 

5. Cover dish and transfer to tissue culture hood. Mince tissue with sharp razor blades in a 
scissor motion until pieces are tiny ~ 1 mm3 (no longer than 2 minutes). 

6. Transfer mammary tissue to the dissociation solution. 

7. Incubate tubes in shaking water bath at 125 rpm and 37°C for 1-3 hrs. Every 30 minutes 
remove tubes and shake 8-10 times. 

Digest until most clumps are broken up and solution is homogenized and cloudy. 

8. Centrifuge cells at 1500 rpm and 4°C for 5 minutes. 

9. Aspirate supernatant and break up pellet by flicking tube. 

10. Resuspend cells in 1 Omls cold rinse media and transfer to a 15ml tube. 

11. Repeat steps 8-10 for a total of 5 rinses. 
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12. After the last rinse aspirate supernatant and resuspend cells in ~5ml rinse media. Plate 

cells onto a 100mm normal tissue culture dish and incubate at 37° and 5% CO2 to allow 

fibroblasts to attach to the plate. 

13. Incubate for 45 minutes and then monitor fibroblast attachment every 10-15 minutes. 

Usually 60-75 minutes is sufficient. 

14. Carefully collect the suspension of unattached epithelial cells. Place the suspension into 

a 15ml tube. 

15. Centrifuge cells at 1500 rpm and 4°C for 5 minutes. 

16. Aspirate supernatant. Resuspend mammary epithelial cells in l-2ml of Mouse Primary 

Cell Media with 5% FBS. 

17. Count cells using the Coulter Counter: 

- 20^1 + 180p.l media + 9.8ml Isoton solution = 1:500 dilution 

Set gates at 4.5-8um, average 3 counts 

18. Plate cells at 1.2xl06 cells per 60mm RINSED collagen-coated dish in 5ml Mouse 

Primary Cell Media with 5% FBS. 

Plates must be coated ahead of time and stored in the freezer. Before use warm 

plates to room temperature. 

Immediately before plating rinse the plates with 5ml Hank's Balanced Salt 

Solution (no Mg++ or Ca++). 

19. Incubate mammary epithelial cells under 10% C0 2 at 37°C. 

Mouse Mammary Epithelial Cell Culture: 

After plating mammary epithelial cells, allow >6 hours for cells to attach, usually overnight. 

Then using a pipette, very carefully remove media and rinse cells twice with Hank's 

Balanced Salt Solution (with Mg++ and Ca^ ; Hyclone #SH30030). Replace media with 

Mouse Primary Cell Media containing 2% FBS. Change media every 3 days. 

Passage cultures while they are growing but before the colonies touch. 
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Passaging Mammary Epithelial Cells: 

When colonies are growing but not yet touching 

1. Rinse cells with warm Hank's Balanced Salt Solution (HBSS) (Hyclone #SH30030). 

2. Add 0.5ml COLD TrypLE (Gibco) to rinsed 60mm dish. 

3. Incubate at Room Temperature for 5-10 minutes. Observe cell detachment. 

Want most cells to balling up, even those in the large monolayers and clumps. 

Often monolayer cells will show edges curling up and this may be the maximum 
detachment you see for the layers. 

4. Immediately add 5ml warm HBSS with 5% FBS and triturate vigorously to loosen cells. 
Place cell suspension in 15ml tube. 

5. Use cell scraper to remove remaining cells. 

6. Add 5ml more HBSS with 5% FBS to plate and rinse vigorously to remove remaining 
cells from the dish and transfer to 15ml tube. 

7. Spin down cells 1500 rpm, 5 min, 4°C. 

8. Resuspend cells in Mouse Primary Cell Media with 2% FBS. 

Typically split 1:3 

9. Plate cells onto room temperature, rinsed collagen-coated plates with 5ml Mouse 
Primary Cell Media with 2% FBS. 

Collagen-Coated Plates: 

For 5 - 60mm plates: 

9.4ml 3xdH20 

0.125ml IN sterile HC1 (Sigma #H9892, store at room temperature) 

0.5ml collagen solution (PureCol - INAMED 2586-C02-0206, store 4°C) 

Total volume = 10ml 

1. Use 2ml of diluted collagen solution to each 60mm dish. 

Adjust volume for other sized plates according to surface area. 

2. Swirl plate to ensure even coating and completely covered bottom. 
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3. Arrange plates under tissue culture hood with lids off, hood vent on, lights off- NO UV. 

4. Dry overnight. 

takes -6-8 hours 

- flasks can be coated but take far longer to dry 

5. Once dry, return plates to sterile plastic wrap, seal, and store at -20°C. 

Before use: 

1. Thaw to room temperature. 

2. Immediately prior to use (don't let them dry out before plating cells) - rinse plates 

with HBSS modified (without Mg^ or Ca^; Hyclone #SH30031). 

Rinse Media: 
Any unsupplemented media containing 5% FBS (We usually use expired DMEM). 

Mouse Primary Cell Media: 
Ham's F12 basal media (JRH #51651 or Hyclone # SH30010.03 pH6.9) 

Supplement with: 
Ingredient 
Insulin 

Hydrocortisone 

CholeraToxin 

Apotransferrin 

Antibiotic/antimycotic 

EGF 

FBS 

FBS 

FILTER-

Stock cone. 
2 mg/ml 

0.5 mg/ml 

125 ng/ml 

2.0 mg/ml 

lx 

Working cone. 
5 u.g/ml 

1 u.g/ml 

0.1 ug.ml 

5 u,g/ml 

lOOx 

- 0.22um filter then add EGF and FBS 

10 u.g/ml 

lx 

lx 

lOng/ml 

5% 

2% 

for 250ml 
0.625 ml 

0.5 ml 

0.2 ml 

0.625 ml 

2.5ml 

0.250 ml 

12.5 ml 

5 ml 

Final product has a 10 day to 14 day shelf life maximum. 

Avoid heating and reheating media. 

May choose to equilibrate media in the incubator prior to use because it has very little 

buffering capacity (loosen bottle top and put in incubator for 1-2 hours). 
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Mouse Primary Cell Media Supplement Stock Preparation: 

1. Insulin 2mg/ml stock-Sigma, #1-5500 
• Add 50ml of 0.005N HC1 to 1 OOmg powder (mix 250^1 of IN HCL to 50ml 

ddH20) 
• Stir well to dissolve 
• Filter thru 0.45 urn low protein binding filter (i.e. PES) or wait to filter once in 

media 
• Aliquot into 0.625ml aliquots 
• Store @ -20°C—DO NOT FREEZE THAW 

2. Hydrocortisone 0.5mg/ml stock- Sigma #H0135 
• To a lmg bottle, Add 1ml 100% Ethanol & add 1ml sterile H20 (bring up under 

sterile conditions). 
• Aliquot in 0.5ml aliquots and store @ -20°C. (does not mention anything about 

filtering so wait until have it mixed with media to filter) 
• AVOID FREEZE THAWS ALTHOUGH DOES NOT REALLY FREEZE 

3. Cholera Toxin 125ug/ml stock - Sigma # C-8052 
• For a 0.5mg bottle, add 4ml of sterile HBSS (can use sterile water also) 
• Aliquot using sterile conditions into 0.2ml aliquots 
• REFRIGERATE - DO NOT FREEZE 
• Stores up to 1 year once hydrated, 3 years lyophilized; can filter using 0.2um 

filter or filter when filtering media. 

4. Apotransferrin 2mg/ml stock - Sigma #T5391 
• Add 5ml sterile media to lOmg bottle. 
• Aliquot in 0.625ml aliquots and store @ -20°C. 
• Can filter sterilize for stability or just filter when filtering media. 
• AVOID FREEZE THAW. 
• Stable at 4°C for 5-10 days. AVOID REPEATED HEATINGS TO 37°C. 

5. Antibiotic-antimycotic 1 OOx stock - Gibco # 15240 
• 100ml bottle, aliquot into 2.5ml aliquots and store @ -20°C. 
• Can filter sterilize or just filter when filtering media 
• AVOID FREEZE THAW. Stable at 37°C for 3 days 

6. EGF lOug/ml stock-Sigma #E4127 
• Add 10ml sterile media with 10% FBS to 0.1 mg bottle. 
• Aliquot in 125uJ aliquots and store @ -20°C 
• DO NOT FREEZE THAW 
• DO NOT STERILE FILTER-prepare under sterile conditions and add to media 

after it has been sterile filtered, even with low protein binding filter get too much 
loss of EGF. 
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Harvest Technique for CO-FISH: 

1. Add BrdU to media in plates - 24 hours before harvest 

should be one cell cycle if known 

final concentration lOuM (stock = 10"2 molar, so use lu.1 per ml media) 

2. Add Colcemid to media in plates - 6 hours before harvest 

- 20ul per ml media (0.04ug/ml) (KaryoMax - Gibco #15212-012) 

3. Collect cells: 

Use epithelial cell passaging protocol 

Collect cells into 15ml Polystyrene tube (cannot be PE). 

4. Centrifuge @ 1000 rpm for 5 mins. 

5. Aspirate media 

6. Resuspend pellet in 75mM KC1 using plastic pipette (add drop-wise to 2ml, then 

resuspend pellet and add 3ml more directly to tube). 

- 75mM KC1 = 5.59g KC1 + 1L dH20 (does not need to be sterile) 

Do not keep for longer than 2 months. 

7. Mix well by flicking and let sit for 15 minutes (fibroblasts can be vortexed, but delicate 

cells just need to be flicked). 

8. Mix cells again 

9. Prefix - add ~1 ml fixative using Pasteur pipette 

Fix = 3:1 methanol: acetic acid 

Always mix fresh 

10. Mix well 

11. Centrifuge @ 1000 rpm for 5 mins 

12. Aspirate supernatant 

13. Resuspend in fix using Pasteur pipette (add drop-wise to 2ml, then resuspend, then top 

off to 5ml) 

14. Incubate at room temperature for 10 minutes 

15. Cells can be frozen at this time -20°C 

Prior to making slides repeat fix steps 2 more times. 

For storage >1 year go through all 3 fixes and store in 100% methanol. 
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Mammary Cell Isolation for High Density Mammosphere Cultures: 

This protocol was adapted from one published in the product literature for Epicult-B media 

by Stem Cell Technologies. 

Dissociation of Mouse Mammary Tissue: 

1. Charge C02 chamber for 5 minutes and then let CO2 settle for 2 minutes. 

2. Put 200uJ of DMEM/F12 media on glass Petri dish and keep covered. 

3. Euthanize mouse with CO2. Pin out on corkboard. Swab with Betadine solution, and 

spray with 70% ethanol. Place in animal hood on sterile blue autoclave paper. Swab 

again with 70% ethanol. Open abdomen with a "Y" incision to access the mammary 

glands. Remove lymph nodes and discard then remove mammary glands #4 and #5 and 

place on Petri dish. 

4. Cover dish and transfer to tissue culture hood. Mince tissue with sharp razor blades in a 

scissor motion until there are no larger big chunks (no longer than 2 minutes). 

5. Transfer mammary tissue to the Dissociation solution. 

6. Incubate the 15ml tubes at 37°C and 5% C02, until the tissue is broken down. 

In our hands this takes 45 minutes -1.5 hours but the protocol recommends 6 hours. 

The cap MUST be loosened completely to allow gas exchange or all the cells will die. 

Stable 5% CO2 is required for the digestion to work properly, maybe by altering the 

pH of the dissociation. 

Every 15 minutes - close cap and flick tube -10 times (hard) then loosen cap again. 

Monitor the extent of tissue dissociation. 

In general, the dissociation should go until there is no change in the way the liquid or 

tissue pieces look between flicks. The media should be very and cloudy, and the 

tissue pieces should look broken down and fibrous. 
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- Fatty glands - Will develop a thick layer of fat that settles on the top of the media, distinct 

tissue chunks will be visible at early time points, but at later times the pieces will 

break down completely and form a homogeneous layer. If this occurs, the digestion 

is very close to completion, it should be checked every 2-3 minutes. If the layer is 

completely homogeneous then the digestion should be stopped immediately, it may 

even be over-digested. When fatty glands are digested the media will look cloudy 

faster, and will reach a point where it is completely opaque. If you cannot see 

through the media at all, stop the reaction regardless of time, some stem cells may be 

lost in the tissue pieces, but this will prevent the single cells from being killed 

Lean glands - The media should still turn from transparent to cloudy, though it may 

never reach the point where it is completely opaque. These digestions will not really 

develop a fatty layer, though it doesn 't hurt to look for one. For very lean tissue the 

most important aspect is the characteristics of the tissue pieces. When the digestion 

is near completion the pieces will look stringy and fibrous not solid like at the 

beginning of the digestion. 

7. After incubation period, add 10ml of cold Hanks Balanced Salt Solution with 2% FBS 

(HBSS with 2% FBS) Centrifuge at 1460 rpm (450 x g) for 5 minutes @ 4°C. Discard 

supernatant. 

The pellet should contain clumps of epithelial cells, stromal cells and 

lymphocytes (epithelial organoids). 

8. Warm up 0.25% Trypsin and Dispase (37°C waterbath) 

Generation of Single Cell Suspension from Mouse Mammary Tissue: 

9. Add 3ml of pre-warmed 0.25% trypsin-EDTA to the organoids. 

10. Pipette with a PI000 for 1-2 minutes. The sample should become very stringy due to 

lysis of dead cells and the release of DNA. 

Use plugged pipette tips, there are often still chunks of tissue that get stuck and 

splash media up into the pipette. 
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11. Add 10ml of HBSS with 2% FBS and spin at 1460 rpm (450 x g) for 5 minutes @ 4°C. 

12. Remove as much supernatant as possible. The cells may be a big stringy mass floating in 

the HBSS with 2% FBS. 

13. Add 2ml of pre-warmed Dispase II and 400 units DNase 1. 

The DNase 1 can be omitted for high density mammospheres, the cells just stick 

together more. If DNase is not used, increase the dilution used for counting to 

1:500 to avoid clogging the Coulter Counter. 

14. Pipette the sample for 1 minute using a PI000. The sample should now be cloudy, and 

stringy. 

15. Add 10ml of HBSS with 2% FBS. 

16. Filter the cell suspension through a 40um cell strainer into a 50ml centrifuge tube. 

17. Centrifuge at 1460 rpm (450 x g) for 5 minutes @ 4°C. 

18. Resuspend sample in 10ml mammosphere media. 

Counting: 

Coulter Counter: 200ul cells + 9.8ml Isoton = 1:50 dilution 

Gate Coulter Counter to 3.5um-7um 

For examples of histograms see Figures 3.1 + 3.2 

Plating: 

Plate 1-3 x 106 cells on 60mm Ultra-Low Attachment plates (Corning #3261) 

Plating too many cells results in decreased growth after 2-3 days, adding 2-3ml fresh 

mammosphere media helps to reduce this problem. 

Plating too few cells results in growth retardation. 

Do not use 100mm dishes, they are too cumbersome and get contaminated easily. 

FBS exposure for longer than -48 hours destroys the coating on these plates. 
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Preparation of Reagents for Mammary Cell Isolation for Mammosphere Cultures: 

1. Dissociation Media: 

Mix Epicult-B Basal Medium with 300 units/ml Collagenase Type III (Wothington 

#4183) and 100 units/ml Hyaluronidase (Sigma #H-3506). Filter-sterilized with 0.45u.m 

PES filter. To the tube add Epicult-B Supplement, Antibiotic/Antimycotic, GlutaMAX, 

and 5% FBS. Store on ice until use. 

Units of enzyme activity are VITAL pay attention! 

Original protocol calls for hydrocortisone, but seems to work fine without 

Supplements should be used at a final concentration of lx 

For single mouse use 3ml for two mice use 5 ml, DO NOT TRY MORE THAN 

2 mice per 15ml tube, DO NOT increase size of tube. 

If glands from more than 2 mice are needed use more tubes, keep close track 

of digestion start times for each! 

2. Hank's Balanced Salt Solution w/ Hepes (HBSS) and 2% FBS (need ~40ml per TUBE) 

3. Dispase Solution (need 3ml per TUBE of tissue) 

Mix 5mg/ml Dispase II (Roche #165859) with Hank's Balanced Salt Solution w/Hepes 

(no FBS). Filter-sterilized with 0.45um PES filter. Store on ice until use. 

4. DNase 1 (need 400 units DNase 1 per TUBE of tissue) 

5. 0.25%-Trypsin-EDTA (need 3ml per TUBE of tissue) 

Reagent Stock Preparation for Mammary Cell Isolation: 

1. EpiCult-B - (Stem Cell Technology #05601): 

• 100ml Epicult media + 1ml Epicult supplement 

• Media should be stored at 4°C - has a shelf life of 1 year 

• Supplement - before use thaw on ice and aliquot then stored at -20°C. 

• Do Not freeze thaw. Stable at 4°C for 2 weeks 
We have never kept it at 4°C. 

2. FBS-

• Choose a brand and lot # and stick with it 

• it is only used for isolation and rinse media so it is not likely to make any difference 
what brand or lot is used. 
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3. Hank's Balanced Salt Solution w/Mg++ and Ca++ (Hyclone # SH30015) 
• Comes as a powder (can buy premade liquid but must still add Hepes and filter) 
• add 0.35g/L Sodium Bicarbonate 
• add lOmM Hepes = 2.383g/L Hepes 
• Filter sterilize with 0.22um filter. 
• Store at 4°C 

4. DNAse 1 - (Sigma Aldrich #D4513) 
• Need 400 units per tube of tissue 
• Want stock solution >20,000 units/ml reconstituted with sterile PBS 
• Aliquot and freeze, do not freeze-thaw 
• Seems to lose activity fairly fast so don't make too much at a time 
• It is not necessary for the isolation but makes counting more difficult due to increased 

sticky DNA. 

Mouse Mammosphere Media: 

For 30ml 1:1 DMEM/F12 basal media 

Final product has a 10 day to 14 day shelf life maximum 

A vo id repeated heating 

Supplement [Stock] [lx Working] lx Volume [2x Working] 2x Volume 

EGF 

B27 

bFGF 

Heparin 

Antibiotic 

GlutaMAX 

lOug/ml 

50x 

25ug/ml 

50mg/ml 

lOOx 

lOOx 

DO NOT FILTER 

20ng/ml 

lx 

20ng/ml 

4ug/ml 

lx 

lx 

60ul 

600ul 

24ul 

2.4ul 

300ul 

300ul 

40ng/ml 

2x 

40ng/ml 

8(ig/ml 

2x 

2x 

120ul 

1200ul 

48ul 

4.8ul 

600^1 

600^1 

Mouse Mammosphere Media Supplement Stock Preparation: 

1. DMEM/F12 1 x liquid media - Hyclone #SH30023 
• Store at 4°C protected from light 

2. EGF (Epidermal Growth Factor) 10(ig/ml stock - Sigma # E4127 or E1257 
• Store lyophilized at 4°C 
• Add 10ml sterile media with 10% FBS to 0.1 mg bottle 
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• Make aliquots (60|xl for 30ml of media) and store at -20°C 
• Do Not freeze thaw 
• Solution stable for 14 days after thawing 

3. B-27 Supplement 50x stock - Gibco # 17504 
• 10ml bottle; aliquot into 600ul aliquots 
• Store @-20°C protected from light 
• Stable for 1 year at -20°C 
• Do Not freeze thaw. 
• Assume stability at 4°C is 14 days like other supplements 

4. Heparin Sodium Salt 50mg/ml stock - Sigma # HI027 
• Store lyophilized chemical at room temperature in desiccator 
• 1 OOmg Heparin + 2ml dH20 = 50mg/ml 

Our current Heparin is 164units/mg - seems to work well 
• Filter through a 0.2(im filter to sterilize and increase stability 
• Aliquot (we use 50ul aliquots though smaller is probably better) 
• Store at 4°C for 2 years 

5. bFGF (Fibroblast Growth Factor-Basic) 25|̂ g/ml stock - Sigma #F0291 
NOTE: BD brand is not as good, it has a much shorter shelf life. If you 
use it - it has very different reconstitution guidelines! 

• 25ug lyophilized powder 
• To the 25 ug bottle of bFGF add 1ml of the 20mM Tris (pH 7.0) 
• Make 25u1 and 12\i\ aliquots (for 30ml + 90ml media) 
• Store at -20°C for 6 months 
• Store at 4°C for 14 days 
• Do Not freeze thaw 

6. Antibiotic-Antimycotic 1 OOx stock - Gibco # 15240-062 
• 100ml bottle 
• Filter sterilize using 0.45um filter, and aliquot (300ul, 600ul, 900ul) 
• Store at -20°C for 1 year 
• Do Not freeze thaw. 
• Assume stability at 4°C is 14 days, stable at 37°C for 3 days 

7. GlutaMAX 1 OOx stock - Gibco #35050-061 
• 100ml bottle- Substitute for L-Glutamine, makes up for the spontaneous 

breakdown during incubation or media storage. 
• Aliquot (300ul, 600ul, 900uJ) 
• Store @ -20°C shelf life 24 months 
• Freeze thaws OK 

129 



Tissue Culture of High Density Mammosphere Suspension Cultures: 

Mammospheres should be grown in Ultra-Low Attachment plates only. Grow at 37°C in 

humidified 5% C02 atmosphere. The day of isolation is day 0. These cultures can be 

monitored for growth every day, it will increase the amount of aggregation but for high 

density cultures it does not matter. See Chapter 3 for a detailed description of growth 

characteristics. Mammospheres should be grown in 5ml lx mammosphere media. Add 2-

3ml fresh media on day 3 to counteract the effects of all the dead cells. The media should be 

changed every 4 days. 

Media Changing Protocol for High Density Mammosphere Suspension Culture: 

Media should be changed every 4 days 

Mammospheres need to be handled more gently the larger they grow or the 

spheres will break apart. 

Ultra-Low Attachment plates CAN be reused but they must be treated very 

carefully. If anything (pipette etc.) touches the surface it will scratch the coating 

and cells will stick. 

For cultures containing very small mammospheres (in culture 1-7 days): 

1. GENTLY collect media from plate and put it in a centrifuge tube 

2. Rinse plate with fresh mammospheres media OR rinse media, and add it to 

the centrifuge tube. 

3. Centrifuge for 5 minutes at 500 rpm and 4°C. 

4. Carefully aspirate media. 

5. Resuspend pellet by flicking tube (GENTLY) 

6. Gently add the appropriate volume of fresh mammospheres media to the tube. 

7. Mix gently but thoroughly 

8. If the Ultra-Low Attachment plate is to be reused, rinse it vigorously with 

sterile PBS at least 2x. 

9. Gently pipette cells from tube onto the plate. 
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For cultures containing decent sized mammospheres (in culture for 7+ days): 

1. GENTLY collect media from plate and put it in a centrifuge tube 

2. Rinse plate with fresh mammospheres media OR rinse media, and add it to 

the centrifuge tube. 

3. Centrifuge for 2 minutes at 500 rpm and 4°C. 

4. Carefully aspirate media. 

5. Resuspend pellet by flicking tube (GENTLY) 

6. Gently add the appropriate volume of fresh mammospheres media to the tube. 

7. Mix gently but thoroughly 

8. If the Ultra-Low Attachment plate is to be reused, rinse it vigorously with 

sterile PBS at least 2x. 

9. Gently pipette cells from tube onto the plate. 

To Harvest Conditioned Media for Clonal Mammospheres: 

No sooner than day 7, spheres should have reached -250jum before being 

used for conditioned media 

High density cultures can be used for 16 days, and then we discard them. 

It is best NOT to passage these cultures 

If mammospheres are growing well and there are a lot in the plate, we 

add 8-10ml of media for making conditioned media, it limits the number 

of plates necessary. 

1. GENTLY collect media from plate and put it in a centrifuge tube 

- DO NOT USE RINSE MEDIA 

2. Centrifuge for 2 minutes @ 500 rpm and 4°C. 

3. Carefully remove the media and transfer it to a new 15ml centrifuge tube. 

4. Replace media on mammospheres and put them back into culture 

5. Centrifuge the conditioned media again, for 5 minutes @ 1460 rpm and 4°C. 

6. Very carefully transfer the media to a sterile bottle for storage. Keep track of 

the amount of media collected. 

7. The shelf life of the conditioned media is unknown 

- We have tried to use it within 4 days. 
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Passaging Mammospheres from 60mm Plates of High Density Suspension Cultures: 

Adapted from Dontu et ai, 2003 

Use 0.05% Trypsin-EDTA (Hyclone - SH30236.01), TrypLE takes much longer, 

did not bother working out timing. 

Within 1-3 days should see very good 2° sphere formation 

MUST USE fire polished pipette - PI 000 is too harsh, mammospheres just get 

shredded. 

1. Collect mammospheres and transfer to a 15ml centrifuge tube 

2. Rinse plate with 5ml of mammospheres media OR rinse media to remove any 

sticking cells. Add to centrifuge tube. 

3. Centrifuge at 4°C and 800 rpm for 5 minutes. 

4. Aspirate media and flick tube to resuspend pellet. 

5. Add 2ml 0.05% Trypsin (ROOM TEMPERATURE). 

6. Pipette gently with a 9" fire polished Pasteur pipette for 10 minutes. 

7. Add 10ml cold rinse media and mix well. 

8. Put cells through a 40um cell strainer (collect in a 50ml centrifuge tube) 

9. Centrifuge at 4°C and 800 rpm for 5 minutes. 

10. Aspirate media and flick tube to resuspend pellet 

11. If Ultra-Low Attachment plate is to be reused - rinse with sterile PBS at least 2x. 

12. Resuspend cells in appropriate volume of fresh mammospheres media and plate. 

Making Fire Polished Pasteur Pipettes: 

Perfectly polished glass Pasteur pipettes are absolutely vital for successful passaging 

We did try PI 000 and different gauge needles - these all resulted in shredding of the 

mammospheres and cells and very poor recovery. 

Use cotton plugged pipettes whenever possible to limit contamination of samples. 

1. First examine pipette for any blemishes, cracks etc, if they are extensive the pipette 

should not be used at all. 
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2. Pass pipette through an open flame 2-5 times, rotating while it passes, in order to melt the 

sharp edges created during manufacturing. All sharp edges, points and cracks must be 

rounded out while still maintaining a large opening 

We use aPIO tip as a guide as the majority of mammospheres can fit through this tip. 

3. Once cooled, the pipettes should be analyzed again for imperfections 

4. Autoclave for sterility. 

5. Immediately prior to use a sterile fire polished pipette must be carefully analyzed again 

for any sharp spots or cracks resulting from sterilization or storage. 

6. It should then be passed quickly through a flame, to remove any cotton fibers picked up 

from the padding in the storage box. 

Basement Membrane Extract: 

BME is now commercially available from three companies, Matrigel™ is most well known 

and is available from BD Biosciences (#356231), Cultrex is available from Travigen 

(#3433), and Geltrex is available from Invitrogen (#12760). All are isolated from the EHS 

mouse sarcoma, and Geltrex and Cultrex are actually from the same laboratory and just sold 

by two different trade names. All brand seem to work equal however, there is significant lot­

to-lot variation, so each new lot must be extensively tested prior to experimental use. To 

limit the amount of variation always use "growth factor reduced" BME. Protein 

concentrations tend to vary from 12-18mg/ml, the lower concentrations result in softer gel, 

this seems to increase differentiation of mammary cells compared to higher protein 

concentrations which result in more symmetrical mammospheres. BME should be stored at -

80°C for long term storage, once thawed try NOT to refreeze, if necessary aliquot into useful 

sizes for media changes only and store at -20°C. 
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BME "On-Top" Culture Assay: 

This protocol was adapted from "Three-D culture models of normal and malignant breast 

epithelial cells" by Lee et al., 2007. The volumes we used were directly taken from this 

protocol. The published protocol recommends changing media every 2 days, and only 

culturing the cells for a total of 4 days, we have maintained cultures for as long as 21 days 

using the same protocol. Store all plates, tips and tubes in the freezer, and work on ice at all 

times. The BME itself must be kept on ice at all times, even holding the tube will cause the 

BME to start solidifying after a few minutes. Once it has solidified it cannot be reverted back 

to liquid form. 

1. Thaw appropriate amount of BME over night at 4°C in beaker filled with ice water 

- DO NOT LET THE ICE MELT 

2. ON ICE - Coat wells of the pre-chilled plate with BME 

120ul per well 

Spread evenly with pipette tip 

Be very careful not to make bubbles or touch the bottom, this makes little 

scratches in the BME gel which allows cells to grow down to the plastic and 

differentiate. 

Works well to put individual drops in different places around the well and then 

spread between them. 

3. Incubate for 15-30 minutes at 37°C to allow BME to gel. DO NOT OVERDRY. 

4. While the BME is incubating prepare the cells - the appropriate cell number for each 

well in 250|il mammosphere media. 

5. Plate the cells by carefully pipetting the media down the side of the well. 

6. Incubate at 37°C to allow cells to settle and attach to the matrix for 10-30 minutes. 

7. While cells are attaching chill mammosphere media. When COLD add appropriate 

volume of BME (10% of total media volume). Mix well but GENTLY (no bubbles!). 

8. Gently add 300ul of the mixture onto each well (pipette the mixture down the side of 

the well to avoid disturbance of cells or gel). 

9. Incubate cultures at 37°C and 5% C02 for duration of the experiment. 

10. Replace media every 2 days. 
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BME "On Top" Media Changing Protocol: 

Media should be changed every 2 days for the duration of the experiment. For a 24-well 

plate use 500ul of mammosphere media and 50(4.1 BME for each well. It works best to have 

individual aliquots for each well. When a large volume of BME is thawed, aliquot the 

leftovers into 50|il aliquots in 1.7ml centrifuge tubes. Store these at -20°C to use for media 

changes. We did attempt Vi volume media changes but this is really not an option for 

experiments running more than a few days because the media tends to evaporate. 

1. Thaw the appropriate number of BME aliquots in ICE WATER. 

- DO NOT LET THE ICE MELT!!!! 

The BME will change from cloudy white to clear when it thaws. DO NOT 

attempt to flick the tube to see if it is thawed- you will create bubbles. 

2. Using frozen pipette tips add 500uJ COLD mammosphere media to the tube of BME and 

pipette up and down. Mix thoroughly but avoid creating bubbles. 

3. KEEP ON ICE 

4. Take plate out of the incubator and remove old media. 

Can aspirate CAREFULLY by tipping the plate and not putting the tip anywhere 

near the BME. It is very easy to suck off the BME by accident and lose the cells. 

Can also use a PI 000 and suck off the old media using the same technique. This 

is more easily controlled and risk of sucking off BME is reduced. This is 

particularly recommended for wells that have been in culture for long periods of 

time (the layers build up and come off more easily). 

5. Carefully mix the BME-cold media mixture again. 

6. Pipette the mixture down the side of the well gently. 

7. Put plate back in the incubator. 
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Fixing BME (24-welI plate): 

This protocol is adapted from "Indirect Immunofluorescent Staining of MCF-10A Acini 

Cultured in Matrigel (detailed)" from Brugge.med.harvard.edu 

Need to be extremely careful with rinses so don't mess up gel 

DO NOT STAIN with crystal violet - too much background 

Should be stable in refrigerator for 2 weeks - size does not change 

Wrap plates in Parafilm to prevent drying out 

1. Remove media with P1000 

2. Rinse carefully with 500ul cold PBS 2x (put it down the side of the well very carefully so 

as not to disrupt the BME) 

3. Remove with P1000 again 

4. Add 500ul methanol:Acetone (1:1) MAKE FRESH!! 

5. Put in freezer -20°C for 10 minutes 

6. Remove alcohol with PI 000 

7. Let air dry for 2-3 minutes 

8. Put on layer of PBS 500^1 to rinse off alcohol 

9. Remove PBS with PI 000 

10. Add final layer of PBS for storage 200-500ul per well 

Mammary Cell Isolation for CLONAL Density Mammosphere Cultures: 

This protocol uses the EasySep® Mouse Mammary Stem Cell Enrichment Kit from 
Stem Cell Technologies (#19757). The protocol is basically the same as what comes 
with the kit; however we only use the magnet enrichment part and stop prior to the 
cytometric sorting. 

The set up is exactly the same as for high density mammospheres 

We prefer to use only one single mouse for these isolations, the cells are less clumpy 

We have been using conditioned media produced from mammospheres derived from 

syngeneic mouse strains as those to be grown in clonal cultures. 

The quality of the conditioned media is VITAL, if the high density cultures are not 
growing wonderfully, don't use them and wait for good media before doing the clonal 
isolation. 
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Follow the High Density Isolation protocol until step #17 - (the last spin). 

Resuspend cells in 10ml HBSS with 2% FBS. 

Count cells using Coulter Counter. 

Plate 1-3 xlO6 cells onto 1 Ultra-Low Attachment plate (as isolation control). 

If there are enough cells from the isolation a control high density plate is very 

helpful. It is the only way to know if the isolation went well and the 

mammospheres are growing. 

Mix 3ml of HBSS w/ 2% FBS and 200-300 units/ml DNase 1. 

DNase is very important for this procedure! 

Centrifuge cells again. Aspirate media. Resuspend at lxl08cells/ml (=100,000cells/u1) 

(or lowest volume of 200ul total). In Hank's 2% FBS with O.lmg/ml DNase in a 5ml 

Polystyrene round-bottom tube. 

Spin down tube of EasySep® Negative Selection Enrichment Cocktail before use. Add 

50ul/ml of cells. (0.05ul/ul) (for 200nl = lOjil) 

Mix well. Incubate ON ICE for 15 minutes. 

Add EasySep® Biotin Selection Cocktail at lOOul/ml of cells. (0.1 ul/ul) (for 200ul = 

20ul) 

Mix well. Incubate ON ICE for 15 minutes. 

Mix EasySep® Magnetic Nanoparticles (pipette 5x to get uniform suspension). Add 

50ul/ml of cells. (0.05ul/ul) (for 200ul = lOul) 

Mix well. Incubate ON ICE for 15 minutes. 

Bring cell suspension to a total volume of 2.5ml by adding HBSS with 2% FBS. 

(for 200u1 = 2,260ul) 

Mix well by gently pipetting 2-3 times. 

Place tube (without cap) into the magnet. Let set for 5 minutes. 

Pick up magnet and in one continuous motion invert the magnet and tube - pouring off 

supernatant into a NEW tube. Leave inverted for 2-3 seconds, then return to upright 

position. DO NOT SHAKE OR BLOT ANY DROPS FROM TUBE. 
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(The magnetically labeled unwanted cells will remain bound inside the original tube 

held by the magnet.) 

17. Remove original tube from magnet and add another 2ml of HBSS with 2% FBS. 

18. Mix well by gently pipetting 2-3 times. 

19. Place tube (without cap) into the magnet. Let set for 5 minutes. 

20. Pick up magnet and in one continuous motion invert the magnet and tube - pouring off 

supernatant into the tube containing the 1st set of cells. Leave inverted for 2-3 seconds, 

then return to upright position. DO NOT SHAKE OR BLOT ANY DROPS FROM 

TUBE. Volume should be about 4.5ml total. 

21. Centrifuge tube of desired cells at 350 x g for 5 minutes. 

22. Discard supernatant and resuspend cells to a total volume of 2.5ml in HBSS with 2% 

FBS. 

23. Place tube (without cap) into the magnet. Let set for 5 minutes. 

24. Pick up magnet and in one continuous motion invert the magnet and tube - pouring off 

supernatant into a NEW tube. Leave inverted for 2-3 seconds, then return to upright 

position. DO NOT SHAKE OR BLOT ANY DROPS FROM TUBE. 

(The magnetically labeled unwanted cells will remain bound inside the original tube 

held by the magnet.) 

25. Centrifuge tube of desired cells at 350 x g for 5 minutes. 

26. Discard supernatant and resuspend cells in 2ml of Hank's 2%FBS with O.lmg/ml 

DNase 1. 

27. Count cells again using Hemocytometer. 

Coulter Counter does NOT work for this step, it seems to shred the cells 

28. For OGy plate - 1,500 cells onto each 60mm Ultra-Low Attachment plate 

29. Use 10ml 1:1 conditioned media: fresh media with 2x Supplements to improve 

growth. DO NOT TOUCH for 12 days. On day 12 score for mammosphere formation. 
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Picking Mammospheres Out of Suspension Cultures: 

As the size of individual mammospheres was vital to our goal, whole plates of 

mammospheres could not be used. As such, we developed methodology for manually 

removing specific mammospheres from suspension cultures while still maintaining aseptic 

conditions. Briefly, a dissecting microscope fitted with an ocular reticle was placed in the 

tissue culture hood and exposed to UV for at least 30 minutes. After which a plate of 

mammospheres was placed in the hood. I followed and wearing a plastic shower cap, 

shoulder-length latex gloves and a surgical mask (Figure A.l.). Cap and gloves were 

extensively exposed to UV and sprayed with ethanol before each use. This technique has 

about 98% success rate for being aseptic. Using a PI 0 or P20 Pipetman, I manually chose 

and removed the individual mammospheres used in the passaging experiments. 

Mammospheres were kept in small volumes of mammosphere media, on ice in 1.7ml 

microcentrifuge tubes until use. 

Figure A.l. Photograph of hood set up for "aseptic gear" for picking mammospheres from suspension 
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Experimental Design for Clonal Immunofluorescence Experiments: 
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Figure A.2. Flow chart of the experimental design of clonal IF experiments. 
Mammary cells are isolated from mouse mammary tissue and dissociated into 
single cells. Cells are grown as non-adherent mammospheres. Mammospheres are 
collected and dissociated into single cells. Cells are plated onto Collagen-coated 
coverslips and allowed to grow and differentiate. Coverslips are fixed and then 
stained for K18 (red) and a-SMA (green). It is hypothesized that three types of 
colonies will be observed, all red, all green and mixed red and green. 
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Dissociating Individual Clonal Mammospheres for Differentiation on Collagen: 

Table A.l. Size of 1° clonal mammosphere and corresponding time required for dissociation. 
Size 

60 um 

70um 

80um 

90um 

lOOum 

llOum 

Trypsin 

Flick 20 sec 

Flick 20 Sec 

Flick 25 Sec 

Flick 25 Sec 

Flick 30 sec 

Flick 30 sec 

Size 

120um 

130um 

140um 

150um 

160 urn 

170um 

Trypsin 

Flick 30 sec 

Flick 35 sec 

Flick 40 sec 

30 sec 

35 sec 

40 sec 

Size 

180um 

190um 

210um 

230um 

270um 

280um 

Trypsin 

45 sec 

50 sec 

50 sec 

55 sec 

1 min 

1 min 

Size 

300um 

310um 

330um 

360um 

420um 

Trypsin 

1:10 

1:10 

1:15 

1:20 

1:40 

Fixation of Mammary Cells for Immunofluorescence: 

Coverslips should be fixed with 100% methanol. However it is essential that the methanol be 

tested before beginning a project because it seems to degrade while on the shelf. Once a 

bottle that works for immunofluorescence is found it should be put in usable sized containers 

(we did 500ml bottles wrapped in foil) and stored at -20°C. 

To fix mammary cells remove tissue culture media. Rinse 2x with PBS (the same 

PBS as used for the IF steps - it is absolutely vital to test all new batches/lots of PBS, it has a 

huge impact on if the IF works or not). Remove PBS and add 100% cold methanol (for 

35mm dish use 1ml). Incubate at -20°C for 10 minutes. Aspirate methanol and air dry for 10 

minutes. Store frozen. 

Immunofluorescence (IF): 

The antibodies used here were as follows - K18 - (mouse monoclonal [C-04] to cytokeratin 

18 (Biotin conjugated) - Abeam, Cambridge MA; #ab27553); secondary - (Streptavidin -

Alexafluor 594, Invitrogen #532356); a-SMA - (Rabbit polyclonal to alpha smooth muscle 

actin - Abeam, Cambridge Ma; #ab5694); secondary - (Goat anti-rabbit Alexafluor 488, 

molecular probes #A11034). DAPI = VectaShield Mounting Medium with 4',6-Diamidino-

2-phenylindole (Vector Lab, Burlingame, CA). 

Once the antibodies arrive at 4°C, they need to be aliquoted and frozen for long 

term storage. 
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Diluting the antibodies prior to storage results in poor activity - A VOID if 

possible 

Quality of PBS is VITAL!!! Test each new batch before using it. Poor quality 

PBS can result in poor staining and drastically increased background staining. 

Perform incubations in a humidified chamber so that slides do not dry out. 

1. Thaw coverslips for 10 minutes 

2. Rehydrate in PBS for 10 minutes 

3. Rinse 2x with PBS 

4. Primary Antibody (lOOul) - 1:100 K18 for 30 minutes 

5. Wash with PBS 3x 

- After this step all incubations should be done in the dark to prevent bleaching of 

the secondary antibodies. 

6. Secondary Antibody (1 OOul) - 1:100 Streptavidin for 30 minutes 

7. Wash with PBS 3x 

8. Block with 750uJ of 5% milk (spun 800 rpm; 5 minutes) for 1 hour 

9. Rinse quickly with PBS 3x 

10. Primary Antibody (lOOul) - 1:50 a-SMA for 1 hour 

11. Wash with PBS 3x 

12. Secondary Antibody (lOOul) - 1:100 FITC For 1 hour 

13. Rinse with PBS quickly 

14. Rinse with PBS for 10 minutes 

15. Rinse with PBS quickly 

16. Rinse well with H2O, and carefully dry back of coverslip with a Kimwipe 

17. Mount with 5 ul DAPI 
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