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ABSTRACT 

Breast cancer is the most commonly diagnosed cancer, and the second leading cause of cancer-

related deaths, among women world-wide. Improved understanding of breast tumourigenesis may 

facilitate the development of more effective therapies. Peroxisome proliferator-activated receptor 

(PPAR)γ is a transcription factor that regulates the genes involved in insulin sensitivity and 

adipogenesis.  In vitro and in vivo studies also suggest that PPARγ suppresses breast tumour 

progression; however, the mechanisms remain to be clarified.  In the current study, I investigated 

the mammary epithelial cell-specific role of PPARγ in 7,12-dimethylbenz[a]anthracene (DMBA)-

mediated breast tumourigenesis. Mammary epithelial cell-specific PPARγ knockout (PPARγ-MG 

KO) mice and their congenic, wild-type controls (PPARγ-WT) were treated with either DMBA 

alone or in combination with a PPARγ ligand (rosiglitazone)-supplemented diet, and followed for 

tumour formation. DMBA-mediated mammary tumour multiplicity decreased 4.5-fold among 

PPARγ-WT, but only 1.2-fold in PPARγ-MG KO mice upon co-treatment with rosiglitazone. 

Similarly, compared to respective DMBA alone groups, mammary tumour volumes were 

decreased, and onset was delayed, more among DMBA + Rosiglitazone treated PPARγ-WT 

versus PPARγ-MG KO mice. To assess whether DMBA could alter cell growth, in vitro studies 

using two human breast cancer cell lines were performed. Human MCF-7 and MDA-MB-231 

cells were treated with DMBA, rosiglitazone or both, and assessed for changes in proliferation, 

apoptosis and target gene expression. DMBA exerted minimal effects on proliferation; whereas, 

treatments induced apoptosis in MCF-7, and necrosis in MDA-MB-231, cells. The expression of 

MCF-7 PPARγ1 protein increased with all treatments, while MDA-MB-231 PPARγ2 protein and 

BRCA1 mRNA expression increased following rosiglitazone or co-treatment. This work 

advances our understanding of the mammary epithelial cell-specific role of PPARγ signaling in 

DMBA-mediated breast tumourigenesis, and supports a role for PPARγ activation in the 



 iii 

suppression of breast tumour progression. These findings may assist with the development of 

more effective anti-breast cancer agents. 
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CHAPTER 1 – INTRODUCTION & LITERATURE REVIEW 
1.1 – Carcinogenesis 

Attempts to understand the complex processes of multi-stage cancer onset and 

progression have been ongoing since the Egyptians first noted the disease between 3000 and 1500 

B.C. (http://medicineworld.org/cancer/history.html).  Initially, the one-hit hypothesis of cancer 

was used to describe the pathogenesis of the disease.  This hypothesis centered on the belief that a 

single exposure to a carcinogen, no matter how small or great the dose may be, was enough to 

initiate the transformation of normal cells into cancerous cells (1).  According to this idea, one 

mutational event was sufficient to cause cancer.  This idea was overturned by Alfred Knudson, 

who in 1971 used data on retinoblastoma to show that in fact two mutational events are required 

to cause this form of  cancer(2).  Knudson suggested that in the case of sporadic cancer, two 

mutations must occur in somatic cells.  In the case of hereditary forms of cancer, one mutation 

was inherited from germinal cells, while the second mutation occurred in somatic cells.  This 

work helped define what are now known as tumour suppressor genes. 

Over the years, studies of many other types of cancers have also supported Knudson’s 

‘two-hit’ hypothesis, including parathyroid carcinomas (3), lung carcinomas (4), clear cell renal 

cell carcinoma and breast carcinoma (5).  However, even Knudson’s hypothesis is not sufficient 

to explain the origins of all tumour types.  Recent evidence suggests there are many ways in 

which gene expression and/or function can be altered in the absence of a ‘two-hit’ mutation, 

ultimately leading to increased tumourigenesis(6).  For example, haploinsufficiency, resulting in 

only one functional gene copy, of a member of the CIP/KIP class of cell cycle regulators, 

CDKN1B (p27, Kip1), is significantly associated with advanced, aggressive disease and decreased 

survival in human breast cancer patients (7).  Several other exceptions to the ‘two-hit’ hypothesis 

include cancer related genes whose expression and/or function are altered via dominant negative 

or gain of function mutations, multi-step (3-7 mutations) tumourigenesis, polymorphic genetic 

modifiers and/or epigenetic events (6, 8).  To make matters even more complicated, certain genes, 
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such as the cytokine tumour growth factor beta 1 (TGFβ1), may play dual roles as both tumour 

suppressors or tumour promoters depending on the cell/tumour type or time during 

tumourigenesis when normal expression/function is altered (9).  Consequently, the definition of a 

tumour suppressor gene, and our understanding of the critical events required for tumourigenesis 

are continually changing. 

It is understood that tumourigenesis is a complex process involving initiation, promotion 

and progression.  Any changes, whether inherited genetically or induced via environmental 

exposures, that disrupt the normal balance between bioactivation, detoxification, cytoprotection 

and repair can alter the homeostatic mechanisms that control cell growth, death and 

migration/invasion potential.  This can ultimately lead to tumour formation (10).  Tumour cells 

are typically associated with significantly higher mutation rates than normal cells, also referred to 

as a mutator phenotype, where the presence of one mutation increases the risk of acquiring further 

mutations that contribute to carcinogenesis. It has been reported that this mutator phenotype may 

arise following mutations to critical gene targets that normally protect the genome, such as DNA 

repair genes, DNA polymerases and DNA helicases, rendering repair of the damage caused by the 

mutations virtually impossible (11).  Figure 1 is a simplified summary of the postulated balance 

of pathways involved in the mechanism and determinants of risk for breast tumour progression 

mediated by xenobiotic (drug and environmental chemical) exposure.   

Genetic changes that can initiate tumourigenesis may include mutations and damage to 

DNA caused by exposure to radiation, such as ultraviolet (UV) or ionizing (IR) (12), or 

environmental chemicals, such as polycyclic aromatic hydrocarbons (PAHs), which include 

tobacco smoke and products of incomplete combustion (13).  Types of DNA damage that may 

occur within the cell include a single base pair alteration, the formation of bulky adducts that 

distort the DNA structure, inter- and intra-strand cross-links and either single- or double-strand 

DNA breaks (14).  UV rays target the pyrimidine bases of DNA, resulting in the formation of 

dimers that distort the DNA structure, while IR can lead to base alterations, and single- and  
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Figure 1. A simplified summary of the postulated balance of pathways involved in the 
mechanism and determinants of risk for breast tumour progression mediated by xenobiotic (drug 
and environmental chemical) exposure.  If not eliminated by pathways of conjugation (for 
example via glucuronidation), xenobiotics may be bioactivated by cytochrome P450 (P450), 
cyclooxygenase (COX) or lipoxygenase (LPO) enzymes to highly toxic reactive intermediates 
such as electrophiles and free radicals. If not detoxified by glutathione (GSH), GSH S-transferase 
or epoxide hydrolase (EH), these xenobiotic electrophiles can irreversibly form covalent adducts 
with macromolecular targets such as DNA, proteins and lipids. Similarly, xenobiotic free radicals 
can generate reactive oxygen species (ROS). These ROS can oxidatively damage macromolecular 
targets or alter signal transduction pathways if cytoprotective antioxidant pathways, such as GSH 
reductase, GSH peroxidase, superoxide dismutase (SOD), catalase or glucose-6-phosphate 
dehydrogenase (G6PD), are overwhelmed. If the balance is such that the level of macromolecular 
damage exceeds the capacity of repair pathways including those regulated by p53, BRCA1 and 
ataxia telangiectasia mutated protein (ATM), normal cellular proliferation, apoptosis or metastatic 
potential pathways may be altered. Ultimately, this may lead to the generation of a transformed 
cell. If the expression or activity of tumour suppressor genes such as BRCA1, PTEN and PPARγ 
are insufficient to exert their effects on these transformed cells, breast tumour progression may 
ultimately occur.  Adapted from Critical Reviews in Biochemistry and Molecular Biology, 1996, 
31:1-40.    
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double-strand DNA breaks (14).  Polycyclic aromatic hydrocarbons (PAHs) are also capable of 

generating DNA damage by several different mechanisms, including the formation of irreversible 

covalent DNA adducts, generation of reactive oxygen species (ROS) and oxidative stress.  

Alternatively, ROS can react with the pyrimidine and purine bases of DNA, resulting in the  

formation of alternate and often detrimental bases such as 8-hydroxy-2’-deoxyguanosine (8-OH-

2’dG) (14).  8-OH-2’dG is formed when deoxyguanosine residues are hydroxylated by ROS at 

the C-8 position.  Significantly high levels of 8-OH-2’dG have been detected in lung (15), 

colorectal (16) and breast cancers; in fact, breast carcinomas display 8-17 fold higher expression 

of 8-OH-2’dG as compared to non-malignant breast tissue (17).  Evidently, the generation of 

ROS and subsequent oxidative damage play a significant role in carcinogenesis and emphasize 

the importance of having other ways to protect against accumulations of genetic damage, namely 

DNA repair pathways. 

The cell has three major classes of DNA repair enzymes that identify the respective forms 

of DNA damage and either repair it or, if the damage is too severe, direct the cell to apoptosis.  

These include base excision, mismatch and nucleotide excision repair.  All three pathways repair 

altered and mismatched bases, as well as DNA adducts by initially removing the damaged bases 

and subsequently forming of a single-strand break gap at the site where the bases were excised.  

Polymerases and ligases specific to each of the three processes are then recruited to re-create the 

original DNA sequence (14).  The repair of double-stranded DNA breaks is more complicated 

and can involve either homologous recombination or non-homologous end-joining.  Homologous 

recombination involves the exchange of information between homologous sections of sister 

chromatids and employs a complex consisting of an exonuclease (MRE11A), a double-strand 

DNA break repair enzyme (Rad50), an enzyme that catalyzes the conversion of ATP to ADP and 

a phosphate ion (ATPase) and a protein necessary for proper localization of the complex (NBS1).  

This complex then recruits ataxia telangiectasia mutated (ATM) protein, resulting in signals to 
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cell-cycle checkpoint proteins and DNA repair enzymes to cease replication so that the break may 

be repaired (14).  Non-homologous end-joining involves directly ligating the two ends of a 

double-stranded DNA break.  In this case, the DNA breaks are bound by the Ku-70/Ku-80 

heterodimer, which both shields them from further damage and aligns them to facilitate ligation 

(14).  The Ku-70/Ku-80 heterodimer binds in a structure-specific manner to the ends of DNA; the 

association of Ku-70 and Ku-80 creates a highly charged channel through which the DNA can 

pass (18). If complementary ends are not already present, they are generated by degrading the 

nucleotide ends to create single-strand overhangs that have short regions of micro-homology. 

XRCC4-ligaseIV is then recruited to finish ligation and complete the repair process (14).   

Prolonged environmental exposures and/or genetic polymorphisms can create imbalances 

in these pathways, leading to increased DNA, protein or lipid damage that cannot be repaired.  

Ultimately, this can result in transformation of a normal cell into an initial tumour cell (Figure 1).  

More recently, the concept of cancer stem cells have been identified as tumour—initiating cells in 

a number of cancers, including colon and breast cancer (19).  Because these cells have the ability 

to both self-renew and differentiate into many different progenitor cell types, their presence may 

explain recurrence or the inability to cure cancer with current therapies (19). 

Promotion stimulates the growth of existing transformed cells into tumours and can 

involve persistent inflammation and/or disruption of signal transduction pathways resulting in 

increased cell proliferation (20).  For example, activation of cyclooxygenase 2 (COX-2) produces 

prostaglandins (PGs), such asPGE2, that promote cell growth and inhibit apoptosis.  

Overexpression of PGE2 is also associated with increased tumour growth in over 65% of human 

cancers (20).  In addition, 5-lipoxygenase (5-LPO) generates a downstream product called 5-

hydroxyeicosatetraenoic acid (5-HETE) that reportedly stimulates prostate tumour growth(21).  

Furthermore, alterations to the normal functioning of the 5-LPO pathway results in the induction 

of apoptosis of breast and prostate tumour cells both in vitro and in vivo (21). 
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Inflammation plays a key role in tumourigenesis at all stages as it promotes initiation by a 

number of mechanisms.  These include: the production of PGs that promote tumour proliferation 

through the induction of COX-2, generation of reactive oxygen and nitrogen species, and 

increasing the levels of cytokines and growth factors that support tumor growth and progression 

(22).  Progression involves gene expression changes in all cell types.  Examples include the 

chemokine (C-X-C) motif ligands (CXCL) 12 and 14, which are overexpressed in myoepithelial 

cells and myofibroblasts of breast tumours. These chemokines bind to receptors located on the 

epithelial cells and not only enhance cell proliferation, but also increase cell migration and 

invasion (23).  The receptor for CXCL12 is CXCR4, while the signaling receptor for CXCL14 is 

as of yet unknown (23).  Identification of the CXCL14 receptor could be clinically important, 

given that both chemokines and chemokine receptors have important roles in growth, invasion 

and metastasis of tumours (23).  CXCL14 is linked to macrophage development and is highly 

expressed in the inflammatory cells of several cancers, including breast and colon (23).  

Alterations in inflammatory pathways may be an alternate mechanism by which combinations of 

environmental exposures and genetic polymorphisms could modify tumourigenesis at the 

initiation, promotion or progression stages.     

 

Proto-oncogene and tumour suppressor genes also play important roles in carcinogenesis.  

A proto-oncogene is a normal gene that can transform into an oncogene as the result of a genetic 

alteration. Because oncogenes are typically involved in cell division, differentiation and survival, 

alterations that lead to their overexpression or abnormal activation can contribute to 

tumourigenesis.  One example of a proto-oncogene is Ras, a small GTPase that has three forms 

(K-Ras, H-Ras and N-Ras).  Mutations of any form of Ras results in increased cell proliferation 

and transformation; in fact, oncogenic Ras is detectable in 30% of all human cancers (24).  

Similarly, alterations that inactivate tumour suppressor genes will increase carcinogenic 

susceptibility.  Under normal conditions, tumour suppressor genes provide the body with a 
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defense against tumour formation through the regulation of cell cycle, DNA damage and 

proliferation.  For example, the tumour suppressor breast cancer 1, early onset (BRCA1) is a 

multi-functional gene whose expression is critical to repairing double strand breaks in DNA (25), 

ubiquitination (26)and transcriptional repression(26).  BRCA1 tumour suppressor activity is also 

reportedly linked to its ubiquitin ligase activity (27).  A recent study revealed that BRCA1 

ubiquitinates the transcriptional preinitiation complex (PIC) (26).  However, instead of targeting 

the complex for degradation as ubiquitination usually does, BRCA1 provides physical 

interference so that transcription factors are unable to bind to the PIC; thus, synthesis of mRNA is 

inhibited (26).  In cases of a BRCA1 deletion or a mutation, one copy of the tumour suppressor 

gene is either absent or non-functional.  In some cases, this is sufficient to increase cancer risk.  If 

the second copy of the gene becomes inactivated by a subsequent mutation, the resulting loss of 

both copies of the tumour suppressor gene is known as loss of heterozygosity (LOH).  LOH is the 

most common mechanism of inactivation of BRCA1 in familial cases of breast cancer associated 

with this gene (28).  For example, heterozygous mutations in ATM kinase, a protein kinase 

essential for repair and survival, increases the risk of developing cancer (29),  and may contribute 

to the increased breast cancer risk among susceptible populations.   

Epigenetic mechanisms can also play a role in tumourigenesis.  One such mechanism is 

increased methylation of the promoter region of tumour suppressor genes.  During this process, 

DNA methyltransferases (DNMT) mediate the binding of histone deacetylases (HDAC) as well 

as other methyl-CpG binding proteins to regions of chromatin, resulting in hypermethylation (30).   

Consequently, transcriptional complexes are unable to access hypermethylated promoters, which 

decreases gene expression (30).Alternatively, epigenetic modifications may include changes to 

histones.  Two specific modifications have been identified that contribute to the repression of 

tumour suppressor genes: 1) methylation of histone H3 at lysines 9 and 27 and/or deacetylation at 

lysine 9; 2) methylation of histone H4 at lysine 20 and/or deacetylation at lysine 16 (30).  

Examination of various tumour cells suggests that a number of genes contain abnormalities in 
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their methylation patterns; one such alteration occuring early in the progression of neoplasia is 

global hypomethylation.  In this case, there is no methylation of the promoter regions and 

transcription can occur.  In contrast, hypermethylation may occur at CpG islands, regions of the 

genome consisting of a high frequency of CG dinucleotides, resulting in the inability of 

transcription factors to bind to target genes.  As a result of these alterations, tumour suppressor 

genes are transcriptionally repressed and proto-oncogenes can be transcriptionally activated, both 

of which can promote tumourigenesis (30).   Oxidative stress also plays a role in methylation, as 

damage to the DNA caused by ROS interferes with the interaction between DNMTs and DNA, 

resulting in a global state of hypomethylation.  Normally, increased ROS levels are detoxified by 

the cell’s anti-oxidative pathways.  One such pathway is regulated by the enzyme manganese 

superoxide dismutase (MnSOD), which catalyzes the reduction of the superoxide anion into 

hydrogen peroxide and molecular oxygen.  However, levels of MnSOD were 2-3 fold lower in 

malignant breast tumours as compared to normal breast epithelial cells.  This difference was 

attributed to the transcriptional repression of SOD2, the gene that encodes MnSOD, by 

hypermethylation of its promoter region (31).  Hence, alterations in either methylation status or 

pathways that are cytoprotective against ROS and oxidative stress can increase the predisposition 

for tumourigenesis, notably of the breast.  Thus, exposure to environmental carcinogens like 

PAHs can generate ROS and oxidative DNA damage, and may increase breast cancer risk among 

susceptible populations. 

 

1.2 – The Mammary Gland 

The mammary gland is composed of a number of different cell types including stem cells, 

progenitor cells, epithelial cells, myoepithelial cells, fibroblasts and adipocytes (32, 33).  Of all 

the cells present during mammary development, the myoepithelial cells exhibit one of the highest 

rates of active replication, suggesting that these cells are vital to the normal growth of the gland 

(34).  The human and mouse mammary glands follow a similar course of development and for 



 9 

that reason, the mouse is often used as a model in scientific studies (35, 36).  Stem cells are found 

within the terminal end bud and give rise to the luminal epithelial cells; the elongation of the 

ducts into the fat pad of the mouse mammary gland is also mediated by the stem cells (34).  In 

both the human and the mouse mammary glands, the luminal epithelial cells surround the lumen.  

Underneath these cells are the myoepithelial cells which form a layer separating the parenchymal 

and stromal compartments (32, 37).  Nevertheless, there are some slight differences.  For 

example, the functional units of the glands that produce milk during lactation are referred to as 

the terminal ductal lobular unit in the human; whereas, in the mouse, it is called the 

lobuloalveolar unit.  The composition of the stroma also differs between the human and the 

mouse.  The stroma of the human mammary gland consists primarily of fibroblasts, fibrous 

connective tissue, and blood and lymphatic vessels, as well as a smaller population of adipocytes.  

Conversely, the mouse mammary gland is made up primarily of adipocytes with small amounts of 

fibrous connective tissue spread throughout (37) (Figure 2).  This fat pad serves as a platform on 

which a scaffold is formed consisting of epithelial cells, fibroblasts, and blood and lymphatic 

vessels.  Furthermore, the mouse has five pairs of mammary glands with three pairs present in the 

thoracic region, and two pairs found in the inguinal region (32).  Despite these differences, the 

functions of the various cell types in, and associated with, the mammary glands of both species 

appear to be highly conserved. 

 

The development of the mouse mammary gland proceeds in numerous stages and is 

controlled primarily by hormonal signals.  The developmental stages can be broken down into 

embryonic, prepubertal, pubertal, pregnancy, lactation and involution.  In the embryonic phase, 

the mammary fat pad is invaded by an epithelial structure that remains inactive until about 3  
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Figure 2. A comparison of the human and mouse mammary glands.  Panel A shows the human 
terminal ductal lobular unit, while Panel B shows the mouse mammary gland.  The human stroma 
is comprised primarily of fibroblasts (as indicated by the arrow in Panel A), fibrous connective 
tissue, and blood and lymphatic vessels, with a small population of fat tissue as indicated.  
Conversely, the mouse mammary gland is predominantly composed of fat tissue, with a smaller 
population throughout of fibroblasts and fibrous connective tissue.  Modified from Endocrine-
related cancer, 2004, 11:437-458. 
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weeks postnatal.  During the prepubertal phase, hormones such as estrogen, growth hormone and 

progesterone are secreted and the terminal end buds emerge (32).  By 6-8 weeks of age, during 

the pubertal stage, the primary ducts are activated, leading to branching and proliferation of the 

mammary ductal tree.  This process is typically completed by 12 weeks of age in a virgin mouse.  

Hormonal changes induced by pregnancy cause proliferation, resulting in the formation of 

lobuloalveoli (38).  These lobuloalveoli consist of the secretory epithelial structures necessary for 

milk production.  The secretory epithelial structures will expand during lactation and disappear 

upon involution, returning the gland to a near pre-pregnant state (32).  Interestingly, adipocytes 

are capable of reversibly transdifferentiating into secretory epithelial cells as required for milk 

production during lactation, and reverting back once offspring are weaned or lactation is 

disrupted (39).  Although this process has not yet been identified in humans, it is unusual and 

offers a potential area of interest in tumourigenesis given the possibility that if abnormalities were 

to occur in the transdifferentiation process, normal cells could conceivable transform into 

tumourigenic cells. 

Human mammary gland development begins at gestational day 35.  At this time, epithelial 

cells from the epidermis of the thoracic region begin to proliferate and form two distinct 

mammary ridges (37).  Towards the end of the 6th week, the mammary ridges begin to move back 

into the thoracic region, signaling the growth of mammary buds into the mesenchyme.  As the 

mammary buds move into the mesenchyme, fibroblast-like cells accompanied by a dense 

collagenous stroma begin to surround the buds.  This process occurs through week 9 of 

development (37).  Weeks 10-12 consist of the mammary buds developing into more lobular 

structures, formation of the nipples and differentiation of mesenchymal cells into adipocytes, 

smooth muscle cells, fibroblasts and endothelial cells.  Branching occurs at week 15, followed by 

the formation of the mammary pit and the formation of secretory cells in the luminal layer and 

myoepithelial cells in the basal layer (37).  The tubular structures of the gland are in place by 6  
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months gestation, when regions of fat separate the ducts of the gland within the fibrous 

connective tissue stroma.  At the end of gestation (9 months), lactogenic hormones are released, 

triggering the undeveloped epithelial cells to become functional (37).  After birth, the mammary 

gland stays in a dormant state, resuming development once a female enters puberty.  At this time, 

the ducts elongate and terminal end buds form, resulting in development of the alveolar buds.  

The connective tissue begins to proliferate, resulting in a gland that is largely made up of stroma, 

while primary ducts extend from the nipple eventually giving rise to the terminal ductal lobular 

unit (37).  There are four different classes of these lobules (known as type 1,  2, 3 and 4) and their 

presence is dependent on whether a woman is in a virgin state (lobule type 1), a pregnant state 

(lobule type 4) or has already given birth (lobules type 2 and 3) (Figure 3) (37).  In light of the 

dynamic nature of the mammary gland, disruptions to the normal processes that govern the 

balance between cell growth, apoptosis and differentiation at any of these stages could lead to 

breast tumourigenesis.  

 

1.3 – Breast Cancer 

While cancer remains the second leading cause of death, after cardiovascular disease, 

mortality rates have generally fallen since 1994 

(http://www.cancer.ca/ccs/internet/standard/0,3182,3172_14279__langId-en,00.html).  Canadian 

Cancer Society statistics estimate that in 2008 alone, approximately 166,000 cases of cancer will 

be newly diagnosed and nearly 74,000 of these cases will prove fatal 

(http://www.cancer.ca/ccs/internet/standard/0,3182,3172_14279__langId-en,00.html).  Breast 

cancer is the most commonly diagnosed form of cancer among women in Canada and around the 

world, and is the second leading cause of cancer-related deaths, after lung cancer.  It is estimated 

that 1 in 9 women will be diagnosed with breast cancer in their lifetime and 1 in 28 will die as a 

result of metastatic complications.  In 2008, this translates into ~ 22,000 Canadian women  
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Figure 3.  The different classes of human mammary gland lobules.  Panel A shows the breast of a 
human 15-year old with early terminal branching structures and the absence of developed lobules 
or acini.  Panel B shows the lobules of a 22-year old nulliparous woman.  In this case, the lobules 
are more developed and acini are present.  Panel C shows the breast of a pregnant 30-year old 
woman – the lobules are much more abundant and well-developed.  Panel D shows the breast of a 
55-year old postmenopausal woman who has born children.  In this case, the lobules have reached 
the stage of atrophy.  Modified from Endocrine-related cancer, 2004, 11:437-458. 
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diagnosed with breast cancer and around 5,300 dying from metastatic complications 

(http://www.cancer.ca/vgn/images/portal/cit_86751114/10/34/614137951cw_library_WYNTK_B

ladder_Punjabi2005.pdf).  In addition, men can also be diagnosed with breast cancer, although 

the incidence is significantly lower (<0.1%) compared to women.  However, the prognosis is 

equally poor among susceptible males 

(http://www.cancer.ca/ccs/internet/standard/0,3182,3172_14279__langId-en,00.html). 

Encouragingly, thanks to increases in both early detection and targeted therapies, breast 

cancer death rates have been declining in all age groups since the mid-1990s and in women 20-39 

years old since 1969 (http://www.cancer.ca/ccs/internet/standard/0,2939,3172_14435__langId-

en,00.html).  However, long-term survival is still not the same for all patients; although 5-year 

survival rates for individuals aged 40-79 are 88%, the rates drop for those diagnosed between 20 

and 39 years of age (81%) and those greater than 80 years of age (80%) 

(http://www.cancer.ca/vgn/images/portal/cit_86751114/10/34/614137951cw_library_WYNTK_B

ladder_Punjabi2005.pdf).  Given the trends, more work is needed to identify novel risk factors 

which may lead to improved therapy. 

Many risk factors have been identified as contributors to breast cancer susceptibility.   

These can be sub classified into those within our control to change (i.e. lifestyle factors, 

environmental exposure) and those that are beyond our control (i.e. hereditary factors).  The most 

influential lifestyle factors that predispose to breast cancer risk include lack of physical activity, 

obesity and alcohol intake (40-42). Interestingly, the mechanisms by which increased physical 

activity reduces breast cancer risk may vary depending on a number of other factors, such as 

menopausal status. For example, in pre-menopausal women, high-intensity exercise results in 

delayed onset of menstruation and an irregular cycle, both of which are associated with a decrease 

in breast cancer risk (43). However, in post-menopausal women, exercise increases the 

circulating levels of the sex hormone-binding globulin, a glycoprotein that competitively binds 
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androgens and estrogens, thereby decreasing circulating levels of two factors associated with 

increased breast cancer risk (43). In addition, the death rate due to breast cancer doubles in 

women in the highest quintile of body mass index as compared to those who are in the lowest 

quintile (41).  Furthermore, a study of women afflicted with breast cancer concluded that obese 

patients had a 13% greater risk of developing larger tumours and a 14% greater risk of death 

when compared to non-obese patients (44).  With regards to alcohol, it appears that one of the key 

players may be acetaldehyde, a component of alcohol metabolism that can modify select amino 

acids, in particular lysine, to form stable DNA adducts (45).  Consequently, by disrupting normal 

cellular functions such as DNA repair, it may facilitate cancer initiation.   

Other factors associated with breast cancer risk include age, age of menarche and 

menopause, hormone replacement therapy, and number of pregnancies. The risk of developing 

breast cancer is low for women under 30; however, this risk increases with age, particularly in 

women 65 and older. Furthermore, young age at the onset of menarche and late onset of 

menopause are both risk factors for increased breast cancer development (46). Hormone 

replacement therapy has in the past been used extensively in post-menopausal women; however, 

this therapy increases breast cancer risk due to the tumourigenic properties of some hormones 

such as estrogen (47).  Pregnancies, particularly at a younger age (<25 yrs), also appear to 

provide some protection against breast cancer, as nulliparous women or women who have their 

first full-term pregnancy at a later age are at an increased risk of developing breast cancer (48).  

Lastly, human epidermal growth factor/neu (Her-2/neu) status is also a key risk factor in breast 

cancer. Her-2/neu is overexpressed in approximately 30% of breast cancer patients and is 

associated with an increased risk of recurrence and mortality (49).  Herceptin is an antibody that 

has proven effective in treating both metastatic breast cancer and breast cancer detected at an 

early stage (50). Nevertheless, these factors listed above are not enough to predict with certainty 

the onset of breast cancer, suggesting other factors may also contribute to susceptibility to this 

disease. 
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Similarly, limiting environmental exposures to harmful chemicals may seem obvious, but 

can be difficult to control.  PAHs are one of the most common sources of environmental 

carcinogens as a result of incomplete combustion.  One member of this family, 7,12-

dimethylbenz[a]anthracene (DMBA), is well-characterized as both an initiator and promoter of 

cancer (51).  DMBA is commonly found in cigarette smoke, chimney soot, charbroiled foods, and 

car and industrial emissions (52).In fact, Lee et al. estimate that smoking one cigarette will 

expose a person to an average of 40-100 ng of DMBA (53).  DMBA is metabolized in a multi-

step process.  First, Cytochrome P450 (CYP) 1B1 can oxidize DMBA to a 3,4-epoxide, which 

may then be hydrolyzed by microsomal epoxide hydrolase (mEH) to a DMBA-3,4-diol, a 

proximate carcinogen.  This can then be further bioactivated by either CYP1A1 or CYP1B1 to 

DMBA-3,4-diol-1,2-epoxide, the ultimate carcinogen, which forms stable DNA adducts leading 

to initiation events and subsequently carcinogenesis (Figure 4).  In addition, cytochrome P450 

peroxidases can convert DMBA to radical cations.  These cations are capable of spontaneously 

rearranging and forming unstable DNA adducts, the loss of which causes depurination that can be 

mutagenic if it is not correctly repaired (54, 55) (Figure 4).  Alternatively, the 3,4-diol can be 

oxidatively metabolized by aldo-keto reductases (56, 57), resulting in the generation of catechol 

metabolites.  These can undergo redox cycling to form highly reactive semi-quinone radicals and 

o-quinones.  These quinones are capable of forming stable DNA adducts through irreversible 

covalent binding in addition to generating ROS such as H2O2 and O2
·which can subsequently 

cause oxidative damage to DNA, proteins and lipids.  As stated earlier, if this damage is not 

repaired, it may lead to the initiation of cancer (Figure 4).  COX-2 and 5-LPO, two bioactivating 

enzymes that can generate ROS and oxidative stress, may also contribute to the oxidative 

metabolism of carcinogens such as DMBA.  Evidence for this role is supported by an in vivo 

study using mice over-expressing COX-2 wherein the transgenic mice were resistant to 12-O-  
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Figure 4. The proposed metabolic pathways of 7,12-dimethylbenz[a]anthracene (DMBA)-
mediated carcinogenesis.  Cytochrome P450 (CYP) generates radical cations that can 
spontaneously rearrange, resulting in the formation of unstable DNA adducts, leading to 
depurination and possible carcinogenic initiation.  CYP1B1 can also generate DMBA epoxides 
that can be hydrolyzed to DMBA-3,4-diol, a proximate carcinogen, by microsomal epoxide 
hydrolase (mEH).  CYP1A1 or CYP1B1 can then further metabolize DMBA-3,4-diol to DMBA-
3,4-diol-1,2-epoxide, the ultimate carcinogen that forms stable DNA adducts which initiate 
carcinogenesis.  Aldo-keto reductases are also able to bioactivate DMBA-3,4-diol to a catechol, 
that undergo spontaneous rearrangement to form DMBA-semiquinone and –quinone redox 
cycling radicals and reactive oxygen species (ROS).  These metabolites are capable of both 
initiating as well as promoting carcinogenesis.  It has been hypothesized that cyclooxygenases 
(COX) and lipoxygenases (LPO) may also act in the same manner as the aldo-keto reductases, 
contributing to DMBA-mediated carcinogenesis.     Adapted from J Biol Chem 1999, 274: 23963-
68 and Chem Res Toxicol 2005, 18: 1026-37. 
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tetradecanoylphorbol-13-acetate (TPA)-induced tumour promotion, but exhibited 3.5-times more 

tumours compared to wild-type mice when treated with DMBA alone (51).  The authors 

speculated that with a higher expression of COX-2, DMBA is metabolized more efficiently to its 

carcinogenic form.  COX and LPO both regulate pathways that involve the metabolism of 

arachidonic acid to bioactive eicosanoids; for example, COX-2 mediates the rate-limiting step in 

the synthesis of PGs such as PGE2, critical pro-inflammatory mediators which have been linked 

to cancer.  In addition, arachidonic acid increases the activity of the multi drug resistance-related  

protein (MRP) via PGE2in lung cancer cells, making it difficult to create effective therapies (58).  

Furthermore, COX-2, and consequently PGE2, is expressed at high levels in breast cancer (59). 

COX-2 has been positively associated with many of the key properties that define tumourigenesis 

including cell proliferation and invasiveness, increased motility and the ability to avoid apoptosis; 

evidence suggests that COX-2 exerts these effects through PGE2(59).  When human estrogen 

receptor (ER) negative breast cancer cell lines, such as MDA-MB-231 cells, are exposed to 

another classic PAH carcinogen benzo[a]pyrene (B[a]P), the invasiveness of the cells was 

significantly increased (60).  The authors attributed these results to the striking 46-fold increase in 

the production of PGE2 by the MDA-MB-231 cells.  The downstream product of 5-LPO, 5-

hydroxyeicosatetraenoic acid (5-HETE), can also promote tumour growth in both prostate cancer 

cells and mammary cancer cells through increased proliferation and decreased apoptosis (21).  

Interestingly, expression of both COX-2 and 5-LPO can be downregulated by activation of 

PPARγ(61, 62).   

 

Hereditary factors are beyond our control to prevent.  One prevalent hereditary factor that 

contributes to breast cancer risk is inheritance of a mutation in either of the tumour suppressor 

genes BRCA1/2.  BRCA1 is located on chromosome 17 at position 17q21 and encodes for a 

protein 1863 amino acids in length.  BRCA2 is located on chromosome 13 at position 13q12.3 and 



 19 

encodes for a 3418 amino acid protein.  BRCA1 and BRCA2 mutations account for 3-5% of all 

breast cancer cases and 35-40% of all hereditary breast cancers (63).  Hereditary breast cancers 

account for 5-10% of all breast cancer cases, with sporadic cases accounting for 90-95% (64).  

However, BRCA1 expression is nearly undetectable in sporadic cases of breast cancer (65), 

suggesting reduced expression of BRCA1 is critical to enhancing breast tumourigenesis.  The 

prevalence of BRCA1 versus BRCA2 mutations varies according to ethnicity and geographic 

region (64).  For example, among families at high-risk for inheriting breast cancer, those from 

Sweden and Poland have high percentages of BRCA1 mutations compared to BRCA2 mutations 

(34% vs. 2% and 69% vs. non-detectable, respectively), while in Sardinia, the prevalence of 

BRCA2 mutations is higher than for BRCA1 (32% vs. 11%) (64).  In addition, a study of women 

diagnosed with breast cancer reported that those with preexisting BRCA1 mutations had a 

significantly lower 5-year survival rate as compared to those with BRCA2 or no mutations, even 

when the tumours of the former group were diagnosed at an earlier stage (66).  Interestingly, the 

opposite appears true in the male population.  A study of men with preexisting BRCA1 or BRCA2 

mutations showed that men carrying BRCA2 mutations had a higher risk of breast tumourigenesis 

as compared to those carrying BRCA1 mutations, particularly as age increased (67).  Screening 

for BRCA1/2 mutations among individuals with a family history of breast cancer is more 

commonly used as a way to both predict individual risk, and target appropriate therapies.  

Targeted approaches to restore BRCA1/2 expression in sporadic breast tumours may prove 

similarly effective.  

 

ER status is another genetic factor that plays an important role in breast cancer.  ERα is 

found on chromosome 6 at position 6q25.1 and encodes a 595 amino acid protein.  Breast cancers 

are routinely evaluated for either ERα positive or ERα negative status.  Reports indicate that 75-

95% of pre-malignant breast lesions are ERα positive (68).  ERs are activated by estrogens, 

steroid hormone ligands that have a critical influence on cell proliferation and differentiation (69).  
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Signaling via the ER is a complex process.  A recent study identified 58 genes in MCF-7 cells 

that are direct targets of estrogens, many of which have different manners of regulation and 

biological effects (70).  Upon estrogen binding, a conformational change occurs in the ER that 

allows it to bind to an estrogen responsive element (ERE) within the promoter region of target 

genes and upregulate transcription (71); ER can also regulate transcription by interacting with 

transcriptional regulators that are already bound to the promoter region of its target genes (72).  

The conformational change induced in the ER by its ligand is thought to be responsible for its 

signaling effects.  It has been shown in a variety of cells, including MCF-7 cells, that activation of 

cSrc, a tyrosine kinase, is the preliminary step in ER-mediated signaling (69).  ER is incorporated 

in association with the scaffold protein known as Modulator of Nongenomic Action of Estrogen 

Receptor, allowing interactions with cSrc and subsequent activation of the mitogen-activated 

protein kinase (MAPK) signaling cascade and the Ras/Erk pathway (73).  Activation of the 

Ras/Erk pathway results in increased cell proliferation, cell cycle progression and cell survival 

while also promoting ER-mediated transcription (73).  ER target genes include cyclin D1, a 

promoter of cell cycle progression, and E2F transcription factor 1 (E2F1), a mediator of genes 

involved in DNA replication and entry into S phase of the cell cycle (74).  In breast cancer cells, 

activated ER increases transcription of these genes, promoting proliferation and cell cycle 

progression.  Studies using human MCF-7 breast cancer cells report that ERα interacts with p53 

bound to the promoter of survivin, an anti-apoptotic gene.  When p53 is bound to the promoter of 

survivin, transcription is repressed; however, the binding of ERα abrogates this effect, resulting 

in down-regulation of p53-mediated apoptosis in the cells (72).  The expression of ERα in breast 

tumours generally suggests that the tumour is not very invasive and predicts a favourable long-

term prognosis.  This is due to the fact that ERα positive tumours respond more favorably to anti-

hormone therapies than those tumours that are ERα negative (75). 
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ERβ, which is found on chromosome 14q23.2 and encodes a 530 amino acid protein, has 

different responsive element specificity than ERα. This difference has been attributed to the 

differing primary sequences in their respective ligand-binding domains (LBD)(70).   

Transcriptional activation by the estrogen receptors depends largely on the AF-1 domain of the 

N-terminus and the AF-2 domain found in the LBD; however, in ERβ the AF-1 function is 

significantly weaker as compared to that of ERα and as a result, transcriptional activation of ERβ 

is highly dependent on the activity of AF-2 (76).The majority of ERβ target genes are those 

which are involved in signal transduction pathways, in particular the TGFβ pathway, and 

transcription factors(77).  ERβ also has a key role in down-regulating genes involved in 

inflammation.  Studies show that when ERβ is activated by estradiol, it is a strong repressor of 

TNF-α, a gene that promotes inflammation(73).  Moreover, activation of ERβ with ERB-041 or 

WAY-202196, two potent ERβ agonists, represses several cytokines including TNF-α, small-

inducible cytokine A4 (SCYA4) and interleukin-6 (IL-6) (78).  Therefore, it is evident that ERβ 

plays an important role in regulating inflammation.  Disruptions in normal ERβ function have 

been implicated in various cancers, including ovarian and breast (77).  Reportedly, epithelial cells 

of ovarian tumours typically present with either a decrease in the ratio of ERβ:ERα or a complete 

loss of ERβ protein expression (77).  In addition, ERβ plays an important role in breast cancer.  

Its expression is more ubiquitous than that of ERα and it has in fact been proposed as a tumour 

suppressor gene.  The majority of cases of breast cancer present with a loss of ERβ, which has 

since been shown to be a result of methylation of the ERβ promoter (77).  Moreover, a study done 

using MCF-7 human breast cancer cells revealed that ERβ decreases both proliferation and 

invasion of breast cancer cells, providing further evidence as to how loss of ERβ expression could 

lead to breast tumourigenesis (79). 
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A third important genetic factor is the tumour suppressor gene phosphatase and tensin 

homolog deleted on chromosome 10 (PTEN).  PTEN is one of the most frequently mutated genes 

in human cancers and is located on chromosome 10q23, a region that is known to undergo loss of 

heterozygosity in several types of cancer (80) and encodes for a 403 amino acid protein.  

Phosphatidylinositol (3,4,5)-triphosphate (PIP-3) was identified as a substrate for PTEN (81).  

Upon stimulation, PIP-3 is able to recruit and bind Akt, a proto-oncogene with anti-apoptotic 

properties.  Through its downstream signaling, the PI3K/Akt pathway controls cell proliferation 

and survival, as well as invasiveness (81).  Therefore, PTEN functions to keep levels of PIP-3 

low through cleavage at the D3 phosphate, resulting in a decrease in the levels of activated Akt 

(80).  PTEN also regulates transcription of cyclin D1.  Studies using MCF-7 cells showed that 

overexpression of PTEN resulted in decreased mRNA levels of cyclin D1, and that this effect was 

mediated by nuclear as opposed to cytosolic PTEN (82).  Additionally, PTEN decreases the 

expression of cyclin D1 through down-regulation of phosphorylation in both the extracellular 

signal-regulated (ERK) and MAPK pathways, instigating cell-cycle arrest (82).  PTEN also plays 

a role in regulating the response to DNA damage.  Studies show that when PTEN is mutated or 

lost, there is increased activation of Akt and subsequent phosphorylation at Ser345 of Chk1, a 

DNA damage checkpoint kinase, leading to its ubiquitination.  This results in the malfunction of 

DNA damage repair and an increase in the number of double-stranded DNA breaks (81).  

Consequently, a decrease in PTEN expression can increase susceptibility to breast cancer.  

Clearly, there are numerous risk factors, hereditary and other, that can contribute to breast cancer 

susceptibility.  Thus, increased understanding of all risk factors involved in breast tumourigenesis 

and how they interact may enhance our ability to predict those populations at risk for this disease, 

and enable the development of more effective therapies for breast cancer.    
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Types of Breast Tumours 

There are several types of breast tumours, each with different clinical features and 

outcomes.  The two main categories of breast cancer are 1) in situ and 2) invasive breast cancer.  

In situ breast cancer is used to describe cases in which the cells affected by the cancer have 

remained isolated to the site of origin and have not invaded the surrounding tissue.  Tumours 

within this category are subclassified into either lobular carcinoma in situ (LCIS) or ductal 

carcinoma in situ (DCIS).  In LCIS, the rarer form of in situ breast cancer, the affected cells are 

confined to the lobules of the breast.  Individuals diagnosed with LCIS are 8-10 times more likely 

to develop an invasive, late onset form of breast cancer than the general population (83). In 

comparison, DCIS affected cells are confined to the lining of the milk duct (10). This tumour 

subtype typically offers a good prognosis since it is often detected early in development.  By 

contrast, invasive breast cancers require special attention because they can spread from the point 

of origin into surrounding breast tissue or other areas of the body (10). Tumour subtypes within 

this category include invasive lobular carcinoma (ILC) and invasive ductal carcinoma (IDC), with 

respective prevalence rates of 10% and 70% of all breast cancer cases.  An ILC diagnosis is rarely 

detected as a lump in the breast or in a mammogram because as opposed to forming a distinct, 

firm lump it manifests more as an area of thickening in the breast, and therefore may spread to 

more distal locations in the body before it can be detected (84). In IDC, the cancer spreads from 

the milk duct into surrounding tissue and can be carried by the lymphatic system or bloodstream 

to more distant areas of the body (10).  

 

Progression from normal tissue to an invasive tumour occurs in several steps.  These are 

summarized in Figure 5.  For example, ductal breast cancer, which makes up 80% of all breast 

cancer cases, starts as atypical ductal hyperplasia (ADH), a non-cancerous state in which the cells  
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Figure 5.  The progression of a normal mammary duct to an invasive cancer. In the normal gland, 
the lumen of the duct is lined by a thin layer of epithelial cells.  In case of DCIS, the duct of the 
breast is filled by proliferating cancer cells.  In the case of IDC, the cancerous cells break through 
the basement membrane and invade the stroma surrounding the duct.  MEC = myoepithelial cell, 
BM = basement membrane.   Adapted from Cellular and Molecular Life Sciences, 2007, 64:3201-
18. 
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lining the milk ducts have begun to grow in an abnormal fashion (10).  Although ADH does not 

always lead to cancer, women afflicted with it do have an increased risk of developing cancer in 

the same breast.  From ADH, the abnormal cells within the duct can begin to proliferate, leading 

to DCIS, where the cells remain confined to the milk duct.  However, if these cells continue to 

proliferate unchecked, they will break through the epithelial cell basement membrane, migrate 

from the duct and invade surrounding tissues culminating in IDC, the invasive form of the disease 

(10).     

 

1.4 – Human Breast Cancer Cells 

Many human breast cell lines have been established and studied experimentally to 

improve understanding of the mechanisms involved in breast tumourigenesis.  Two of the most 

common cancer lines are MCF-7 and MDA-MB-231 cells.  MCF-7 cells were isolated from a 69-

year old Caucasian female suffering from mammary adenocarcinoma (www.atcc.org).  These 

cells are epithelial-derived and are ERα−positive.  MDA-MB-231 cells were isolated from a 5 1-

year old Caucasian female also suffering from mammary adenocarcinoma (www.atcc.org).  

However, while MDA-MB-231 cells are similarly epithelial-derived, they are ER-negative and 

more invasive than MCF-7 cells.  In addition, there are some other notable differences in gene 

expression levels between these two cell lines. One such difference is the level of 

phosphorylation of the Signal Transducer and Activator of Transcription 3 (Stat3), which is 

highly expressed in MDA-MB-231 cells when compared to MCF-7 cells (85).  Stat3 is a 

transcription factor that, when phosphorylated at tyrosine 705, localizes in the nucleus and 

activates target genes that can affect cell proliferation, apoptosis and invasion.  Stat3 target genes 

include matrix metallo-proteinases, which have documented roles in cell invasion (86).  Other 

Stat3 target genes include Bcl-xL and survivin, both of which are anti-apoptotic.  Activation of 

Stat3 increases transcription of these genes, leading to inhibition of tumour cell apoptosis and 

further potential for invasion (81, 82). MDA-MB-231 cells have significantly higher baseline 
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levels of phosphorylated Stat3 (85), which likely contribute to its greater metastatic potential.  

The difference in the ER status of the two cell lines may also contribute to their different 

mechanistic properties.  For example, numerous PAHs including B[a]P have been identified as 

xenoestrogens, and are able to interact with nuclear steroid receptors.  When both MCF-7 and 

MDA-MB-231 cells were treated with B[a]P, MCF-7 cells exhibited increased proliferation, 

while MDA-MB-231 cells did not (83).  Interestingly, B[a]P did significantly increase the 

invasiveness of MDA-MB-231 cells (60), suggesting that environmental carcinogens like B[a]P 

may differentially increase tumourigenesis depending on the genetic profile of the cell and the 

pathway affected. 

 

1.5 – Peroxisome Proliferator-Activated Receptors (PPARs) 

PPARs are members of the orphan nuclear receptor superfamily (87).  Within the PPAR 

family, there are three known isoforms (α, β and γ) that act as transcription factors to regulate the 

expression of genes involved in glucose and lipid metabolism (87).  PPAR-mediated gene 

regulation is initiated by the formation of a heterodimer with the retinoid-X receptor (RXR), in 

association with co-repressors, such as the nuclear receptor co-repressor (NCoR) and the 

silencing mediator of retinoid and thyroid hormone receptors (SMRT) (88).   The heterodimer 

binds to an element within the promoter region of target genes known as the peroxisome-

proliferator response element (PPRE).  The consensus sequence of the PPRE is 5’-

AACTAGGNCA A AGGTCA-3’.  In association with the co-repressor, the bound complex is 

inactive.  However, upon binding of either an endogenous or synthetic ligand, PPARs undergo a 

conformational change, resulting in the release of the co-repressor, recruitment of co-activators, 

such as histone acetyltransferase p300 (CBP) and steroid receptor coactivator-1 (SRC-1), and 

initiation of transcription (89) (Figure 6). 
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Figure 6.  The mechanism of action of peroxisome proliferator-activated receptors (PPARs).  In 
step A, the PPAR:RXR heterodimer, in association with a co-repressor, binds to the PPRE and 
becomes activated by a ligand, resulting in release of the co-repressor.  In step B, the activated 
complex signals the recruitment of co-activators and a conformational change in which the 
chromatin structure is modified and histone H1 released.  In step C, the co-activator stimulates 
acetylation, resulting in a structure capable to transcription.  In step D, transcription factors are 
recruited so that transcription may be initiated.  Two white boxes represent transcription factor 
binding sites, PPRE = peroxisome proliferator responsive element.    Adapted from Endocrine 
Reviews, 1999, 20:649-688. 
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PPARα 

The three isoforms of PPAR exhibit different expression patterns in the body with some 

commonalities.  PPARα has been mapped to chromosome 22 at position 22q13.31 and encodes a 

468 amino acid protein.  Although it is probably best known for its essential role in hepatic 

peroxisome proliferation, it is expressed primarily in tissues that are sites of fatty acid oxidation, 

including the liver, skeletal muscle and cardiac tissue (90).  In the liver, a food-deprived state 

increases both the expression and activity of PPARα, resulting in the liberation of fatty acids 

from adipose tissues to be used as an energy source.  Release of free fatty acids from adipose 

tissues occurs when the starving state triggers lipolysis (91).  Similarly, activation of PPARα in 

the skeletal muscle is essential for regulating the way in which the muscle responds to exercise 

and starvation.  Studies have indicated that exercise increases the expression of PPARα(89), 

while in vivo studies using PPARα knock-out mice demonstrated that in the absence of PPARα, 

mice exhibit greater exhaustion after exercise as compared to their wild-type counterparts (92).  

Fatty acid oxidation is the primary energy source in cardiac muscle.  PPARα expression is low in 

fetal cardiomyocytes owing to the fact that energy requirements during fetal development are met 

using glucose and lactate (90).  However, as cells develop into adult cardiomyocytes, the primary 

energy source shifts to fatty acids, resulting in increased expression of PPARα and genes targeted 

by PPARα for involvement in fatty acid oxidation (90).   

Interestingly, rodent studies suggest that sustained activation of PPARα results in 

increased hepatocellular growth, eventually leading to the formation of hepatic tumours.  This 

process is thought to involve interleukins, cytokines that can stimulate proliferation (93).  In 

particular, liver cancer induced by activated PPARα results in high levels of IL-6, a cytokine that 

promotes the growth of several other tumour types including cervical and colon cancer (93).  

Additionally, PPARα activation by Wy-14643, an experimental activator of PPARα, promotes 

liver tumour formation in rodents.  However, a definitive association between PPARα activation 
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and liver tumourigenesis in humans has not been made (94).  These species differences were 

recently attributed to the ability of the activated mPPARα to suppress LEThal (let)-7c gene 

expression.  Let-7c prevents c-myc protein expression; thus, normally inhibits hepatocellular 

proliferation.  However, humanized PPARα mice are unable to suppress let-7c following PPARα 

activation, and may explain why humans are resistant to activated PPARα-mediated liver cancer 

(94). 

 

PPARβ 

PPARβ is the most ubiquitously expressed of the three PPAR isoforms.  It is located on 

chromosome 6 at position 6p21.2-p21.1 and encodes a 441 amino acid protein.  PPARβ was first 

discovered for its role in skin wound healing (95).  Although all three PPAR isoforms are 

expressed at almost undetectable levels in the skin, PPARβ expression and activity become 

significantly upregulated upon cutaneous injury (96).  PPARβ activation upregulates the 

expression of a number of genes responsible for activating Akt1.  Activation of Akt1 prevents 

apoptosis, ensuring that there are enough cells at the site of injury to initiate and complete the 

healing process (96).   PPARβ was also shown to play a role as a colon tumour suppressor in 

studies carried out using wild-type mice and PPARβ−/− mice treated with azoxymethane alone or 

in combination with GW0742, a PPARβ-specific ligand (97). In this study, wild-type mice 

exhibited upregulation of mRNA expression of genes critical to differentiation, increased 

apoptosis and decreased colon polyp multiplicity (97).   

 

PPARγ 

PPARγ is expressed in a variety of cell types including adipocytes, macrophages, 

endothelial cells and colonic epithelial cells (98, 99).  Ligands for PPARγ include endogenous 

fatty acid metabolites such as 15-deoxy-Δ12,14-prostaglandin J2 (15d-PGJ2) and the synthetic  
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family of drugs known as the thiazolidinediones (TZDs) (100) (Figure 7).  TZDs have been used 

to treat Type II diabetes for more than a decade given their ability to increase insulin sensitivity 

(101). Rosiglitazone, a TZD family member, is a potent activator of PPARγ(102) and is still 

actively prescribed for Type II diabetes worldwide(89).  Other members of the TZD family with 

the ability to activate PPARγ include troglitazone, pioglitazone and ciglitazone.  All three of these 

drugs were targeted for use in anti-diabetic therapy, although ciglitazone and troglitazone have  

since been discontinued as a result of idiosyncratic hepatotoxicity (103).  Other putative ligands 

for PPARγ include derivatives of oxidized docosahexaenoic acid (104) and phthalate esters (105). 

 

There are several similarities between the human and mouse PPARγ gene.  PPARγ has 

been mapped to chromosome 3 at position 3p25 in humans (106) and chromosome 6 at position 

E3-F1 in mice (107).  Both the human and mouse PPARγ genes extend over approximately 100 

kb of genomic DNA (91) and give rise to four different mRNAs.  The four mRNAs are created as 

a result of alternative promoter usage and differential splicing (106) (Figure 8).  However, three 

of the mRNA templates code for an identical product, resulting in translation of two proteins, 

PPARγ1 (475 amino acids) and PPARγ2 (505 amino acids)(98).  PPARγ1 is expressed primarily 

in non-adipogenic cells, while PPARγ2, which contains an additional 30 amino acids at its N-

terminus, is expressed in cells committed to becoming adipocytes.  However, both isoforms are 

detectable in all cells expressing PPARγ.  (108).  PPARγ also has an anti-inflammatory role 

through its ability to inhibit nuclear factor-kappa B (NF-κB) and regulate stress-kinase pathways, 

critical signaling pathways mediating the expression of several pro-inflammatory genes (109).  

This can be accomplished either through the binding of PPARγ to the p65 and p50 subunits of  

NF-κB or through the interaction of PPARγ with the p65 co-activator cyclic AMP response 

element binding protein (CREB), both of which impede the production of the inflammatory  
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Figure 7. The chemical structure of several reported endogenous and synthetic peroxisome 
proliferator-activated receptor (PPAR)γ ligands. Endogenous ligands include eicosapentaenoic 
acid, 9-HODE, 13-HODE and 15-deoxy-Δ12,14-PGJ2.  Synthetic ligands include rosiglitazone and 
GI 262570.  Adapted from International Journal of Obesity and Related Metabolic Disorders, 
2003, 27:147-161. 
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Figure 8. A representation of the gene and mRNA structure of the four peroxisome proliferator-
activated receptor (PPAR)γ isoforms.  hPPARγ1, 3 and 4 translate into identical proteins. 
PPARγ1 isoforms are expressed primarily in non-adipogenic cells, whereas PPARγ2 is expressed 
primarily in cells committed to becoming adipocytes.  However, both isoforms are detectable in 
all PPARγ-expressing cells.  A1, A2, B = 5’ exons, 1-6 = exons common to all four transcripts.  
Adapted from Critical Reviews in Oncology and Hematology, 2006, 58:1-14. 
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cytokines tumour necrosis factor (TNF)-α and interleukin (IL)-8 and -16 as well as various 

chemokines (109).  Given that inflammation is linked with tumour development, and that some 

cytokines are overexpressed in numerous cancers, reduction of the expression of these genes may 

have an anti-cancer effect.  PPARγ has a well-characterized role in adipocyte differentiation, 

acting in association with the transcription factor CCAAT/enhancer binding protein 

(C/EBP)α (108).  Early on in adipogenesis, expression of PPARγ is induced via activation by 

C/EBPβ and C/EBPγ.  Once activated, PPARγ upregulates C/EBPα expression, leading to 

promotion of the differentiated adipocyte phenotype (108).  Once both PPARγ and C/EBPα are 

active, a positive feedback loop is created.  While PPARγ is necessary for the expression of 

C/EBPα, C/EBPα is required for PPARγ expression in the differentiated adipocyte (108).  In 

addition to adipocyte differentiation, PPARγ plays a critical role in glucose metabolism.  A 

dominant-negative PPARγ mutation in humans, resulting from a single nucleotide substitution 

that changes a proline to a leucine at codon 467, although rare, results in severe insulin resistance 

and development of diabetes (110).  Studies have revealed that mice with PPARγ deleted in their 

adipose tissue (111) as well as alipotrophic mice (112) are resistant to TZD-mediated decreases in 

insulin resistance.  This suggests that a cell-specific PPARγ-dependent signaling pathway is 

important for this protective effect.  Interestingly, the mechanism by which PPARγ regulates 

insulin sensitivity also involves C/EBPα.  Insulin signaling begins with its binding to the insulin 

receptor.  Subsequent phosphorylation of the insulin receptor substrate (IRS) proteins facilitates 

the translocation of the primary insulin-responsive glucose transporter, Glucose Transporter 4 

(GLUT4) from intracellular vesicles to the plasma membrane to support glucose uptake (113).  

Activated PPARγ is responsible for inducing expression of GLUT4, while C/EBPα is critical for 

insulin-stimulated glucose uptake (108).  When there is no ligand bound to PPARγ, it represses 

transcription of GLUT4 by binding to cis-elements on the GLUT4 promoter.  However, once 

activated by a member of the TZD family in anti-diabetic therapy, co-repressors are released, co-
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activators are recruited and PPARγ becomes liberated, thus increasing expression of GLUT4 

(114).  The importance of C/EBPα to this process was demonstrated in studies using C/EBPα-/- 

adipocytes.  In these cells, glucose uptake is not stimulated by insulin and there is decreased 

expression of both the insulin receptor and IRS-1  

 

1.6 – PPARγ and Cancer 

Several studies have shown by immunohistochemistry that PPARγ is expressed in a 

number of different human cancers including colon, prostate, gastric and thyroid cancer, with 

reportedly high expression in metastatic breast tumours (114-118).  Somatic mutations of PPARγ 

have also been reported in cancers – a somatic loss-of-function mutation has been reported in 

sporadic colon carcinomas, while a somatic translocation of PPARγ and paired box 8 (PAX8), a 

gene critical to the formation of organs and tissues during embryonic development, has been 

reported in follicular thyroid carcinoma (115). However, contrary reports have also indicated that 

PPARγ expression may decrease as breast tissue progresses from the normal state to benign 

disease to metastatic adenocarcinoma (116).  To further complicate the story, there are reports of 

differential phosphorylation of key serine residues of PPARγ by ERK1 and ERK2, which 

decrease (121-123) and increase (117) PPARγ signaling, respectively.  The phosphorylation sites 

are in the same protein domain previously shown to bind p300, a co-activator of PPARγ activity.  

However, it is not known if phosphorylation of these sites affects this interaction (118, 119).  

Nonetheless, evidence has demonstrated that PPARγ may actually act as a tumour suppressor in 

several of these above mentioned cancers. 
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In vitro Studies 

Several studies using breast cancer cell lines in vitro support a tumour suppressor role for 

PPARγ.  Treatment of MCF-7 and MDA-MB-231 cells with PPARγ ligands results in a decrease 

in cell proliferation, promotion of differentiation and induction of apoptosis (21, 120-122).  The 

mechanism by which PPARγ exerts these effects may depend on which target gene it upregulates.  

Activated PPARγ in human breast cancer cells brings about an increase in the expression of the 

protease inhibitor maspin, a marker of normal breast development that also exhibits features of a 

tumour suppressor (122).  Additionally, activated PPARγ inhibits expression of mucin-1 and 

keratin-19, epithelial markers that are indicative of a more malignant tumour state (122).  PPARγ 

ligands can also decrease the expression of cyclin D1, a protein that is critical in the regulation of 

the Go/G1  S phase of the cell cycle (129).  Activated PPARγ may also compete with cyclin D1 

for co-activator molecules such as p300, a protein normally bound to the cyclin D1 promoter in 

association with c-fos.  Depending on the relative activation levels and affinities, PPARγ 

activation may result in the inhibition of cyclin D1 transcription.  Alternatively, PPARγ can 

increase ubiquitination of cyclin D1.  Evidence also suggests that PPARγ induces apoptosis as a 

result of its ability to both increase expression of PTEN and alter the relative expression of Bcl-2 

and Bax, two proteins involved in regulating apoptosis (123).  Moreover, two PPRE’s have been 

identified in the promoter region of PTEN, one located from 6914 to 6953 bp and from 8951 to 

8990 bp upstream of the transcription start site(124).  Additionally, it was shown in MCF-7 cells 

that activation of PPARγ by rosiglitazone increases PTEN expression and decreases activity of 

the PI-3-kinase pathway, a pathway that promotes cell growth and survival (124).  Modifications 

in PTEN have been noted in almost 50% of human cancers, including breast carcinomas in which 

alterations resulted from mutations, LOH or epigenetic mechanisms (125).  Loss of PTEN can 

lead to deregulation of the PI-3-kinase pathway and tumourigenesis; hence, regulators of PTEN or 

its downstream targets may also be useful targets for chemotherapy.    
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In vitro studies have also provided evidence that BRCA1 may mediate important anti-

tumour actions through its association with PPARγ, which itself is proposed to be an inhibitor of 

tumour progression.  A PPRE site was identified between nucleotides -241 and -229 in the 

promoter region of BRCA1.  In MCF-7 cells treated with rosiglitazone, there is an 8-fold increase 

in PPARγ promoter activity above endogenous levels, which correlates to an increase in 

endogenous BRCA1 expression (126). This effect was absent when MCF-7 cells were transfected 

with a construct in which the PPRE was abolished.  These data suggest that BRCA1 is 

transcriptionally regulated by PPARγ.   

  Additionally, interactions of PPARγ and ERs are suggested to play a role in decreasing 

breast cancer progression.  When PPARγ is activated by 15d-PGJ2 in MCF-7 cells, there is an 

increase in ubiquinated ERα, resulting in its proteasomal degradation and hence downregulation 

of ERα(127).  Furthermore, activation of ERβ reportedly decreases cell proliferation in vitro and 

inhibits the formation of tumours in vivo(128), suggesting it may have breast tumour suppressor 

properties.  Interestingly, ERβ expression may be correlated with PPARγ activity.  A study of 170 

patients with invasive breast cancer revealed that PPARγ expression was significantly associated 

with disease-free survival and the expression of PPARγ correlated with that of ERβ, suggesting 

the two may work synergistically to promote the disease-free state (129).  PPARγ is also 

implicated in the inhibition of angiogenesis, a critical feature of tumour growth.  PPARγ is 

capable of decreasing the expression of the vascular endothelial growth factor (VEGF) receptors 

Flt-1, a cell survival factor, and Flk/KDR, a transducer that signals proliferation and 

differentiation of endothelial cells (130).  Moreover, TZD-activated PPARγ can inhibit the 

production of VEGF directly (138).  Given the number of cellular pathways in which PPARγ is 

proposed to be involved, any one or combinations of the PPARγ-dependent pathways may protect 

against breast tumour progression.  Furthermore, the varied cell types expressing PPARγ may 
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work synergistically or alternatively, each cell-specific PPARγ signaling pathway may work 

uniquely to suppress environmental chemical-mediated breast tumour progression. 

  

In vivo Studies 

A tumour suppressor role for PPARγ activation has also been demonstrated in vivo.  For 

example, it was demonstrated that in DMBA-treated rats, co-administration of the PPARγ ligand 

troglitazone decreased the progression of mammary tumours (131).  This was also shown in 

another chemical-induced model of breast cancer using methylnitrosourea (MNU).  In one study, 

it was reported that Sprague Dawley rats administered MNU had increased mammary tumour 

formation, but treatment with the PPARγ ligand GW7845 one week later significantly decreased 

tumour incidence, numbers and weights(132).  Finally, in a study in which BALB/c mice were 

co-treated with either azoxymethane, a colon carcinogen, or a vehicle control, and a PPARγ 

ligand (troglitazone, pioglitazone or rosiglitazone), the group administered azoxymethane in 

combination with any of the three PPARγ ligands exhibited significant decreases in both colon 

tumour incidence and multiplicity (133).  PPARγ also acts as a tumour suppressor in other types 

of cancer.  Convincing evidence has also been generated using PPARγ heterozygous 

(PPARγ+/−) mice.  Using both PPARγ+/- and wild-type mice administered DMBA and monitored 

for tumourigenesis, it was found that PPARγ+/- mice exhibited a greater than 3-fold increase in 

mammary adenocarcinomas as well as other tumour types as compared to the wild-type mice.  

Moreover, although the wild-type mice developed DMBA-mediated tumours, they tended to be of 

a more benign nature as compared to those identified among PPARγ+/- which exhibited more 

malignant tumours irrespective of tissue type (134).  These results imply that the loss of even one 

allele of PPARγ is enough to promote a more advanced tumour state, suggesting that PPARγ 

normally acts to suppress tumour progression.  However, one study did report contrary results.  

Saez and colleagues (2004) showed that in a mouse line where PPARγ was constitutively 



 38 

expressed in a ligand-independent manner, there was an increase in the number of mammary 

tumours as compared to their wild-type counterparts (135).  The authors attributed this to an 

increase in Wnt signaling, a signaling cascade that has been reported to contribute to breast and 

colon tumourigenesis.  However, there are some mechanistic differences between these latter two 

studies that may explain this discrepancy.  The former used a mouse model in which one allele of 

both PPARγ isoforms were deleted throughout the entire body, while the latter study used a 

model expressing a constitutively active, ligand-independent PPARγ1 isoform exclusively within 

the epithelial cells of the mammary gland. 

Other in vivo mammary studies have also been done using mice with conditional 

deletions of PPARγ as opposed to knocking it out in the entire mouse body.  For example, a study 

done with mice in 2002 used the Cre-loxP system, as described below, to delete PPARγ 

specifically in the mammary epithelial cells driven by the cell-specific activity of the mouse 

mammary tumour virus promoter-long terminal repeat (MMTV-LTR), referred to as 

PPARγfl/fl;MMTV-Cre+ (PPARγ-MG KO) mice.  In another strain, the authors deleted PPARγ 

specifically in the secretory epithelial cells using the specificity of the whey acidic protein (WAP) 

promoters, referred to as PPARγfl/fl ;WAP-Cre+ (PPARγ-WAP KO) mice.  It was found that in 

both these strains, mammary gland development proceeded regularly, indicating that PPARγ is 

not required for mammary gland development (144).  Additionally, it was shown that neither the 

PPARγ-MG KO mice nor the PPARγ-WAP KO mice developed tumours spontaneously.  In fact, 

the only adverse effects noted were that the PPARγ-MG KO mice exhibited reduced fertility, 

which the authors attributed to a possible impairment in implantation, and a decrease in milk 

production during lactation (144).    
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1.7 – In vivo Mouse Models 

In contrast to PPARα and PPARβ, knockout mouse models, classical approaches to 

generating PPARγ knockout mice are ineffective.  Briefly, this is because PPARγ null mice die at 

gestational day 10.5, as a result of cardiovascular and placental defects(136).  Consequently, the 

Cre-loxP system was used to generate conditional PPARγ knockouts, where this receptor could be 

deleted in a time- or cell-specific manner(137).  To do this, two mouse strains are used.  The first 

strain has a critical region of the gene of interest (PPARγ) flanked by two loxP sites (floxed).  

Each loxP site consists of 34 bp-long DNA sequences comprised of two 13 bp palindromic 

sequences flanking an 8 bp core.  These loxP sites are recognized by the 38 kDa bacterial Cre 

recombinase (Cre) enzyme, which excises the DNA region flanked between these sites (138).  

The “floxed” mouse can then be crossed to a transgenic mouse expressing Cre recombinase under 

the control of a time- or cell-specific promoter.  To generate PPARγ floxed mice, exon 2 was 

flanked by loxP sites.  This region was targeted because exon 2 codes for the DNA binding 

domain of PPARγ (137), and thus its recombination would prevent PPARγ transcriptional 

activity.  In order to confer cell-specific recombination, Cre expression is driven by a promoter 

specific for the cell or time point of interest.  In my study, I used PPARγ(fl/fl);Cre-mice that are 

phenotypically identical to wild-types since there is no Cre expression (henceforth referred to as 

PPARγ-WT) and PPARγ-MG KO mice, in which Cre is under the control of the mouse MMTV-

LTR.  This promoter is active in epithelial cells of the mammary gland, the granulosa cells of the 

ovaries, salivary gland, oocytes, megacaryoctyes and B- and T-cells (144).  As a result, when the 

MMTV promoter is active, the Cre enzyme is expressed and will recombine floxed PPARγ DNA.  

This mouse model is currently the best available in order to assess the role of mammary epithelial 

cell-specific expression of PPARγ expression in breast tumourigenesis. 
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1.8 – Objectives and Hypotheses 

Based on studies discussed in the preceding sections, I developed two hypotheses to be tested: 

1) The absence of PPARγ in mammary epithelial cells enhances DMBA-mediated breast 

tumourigenesis  

2) Activation of PPARγ signaling pathways in mammary epithelial cells decreases DMBA-

mediated breast tumour progression  

 

To test these hypotheses, I generated two main objectives: 

1) Evaluate the mammary epithelial cell type-specific protective role of PPARγ in DMBA-

induced breast cancer (in vivo) 

2) Evaluate the influence of PPARγ-mediated signaling pathways on the growth and 

proliferation of DMBA-treated human breast cancer cells (in vitro) 
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CHAPTER 2 – MATERIALS & METHODS 

2.1 – Reagents 

Supplier Reagent 

Amersham Biosciences (Piscataway, New 

Jersey, USA) 

DNAse I 

Acrylamide (40%) 

Agarose 

Bromophenol Blue 

Dc Protein Assay Kit 

Ethidium Bromide 

Bio-Rad (Mississauga, ON) 

Precision Plus Protein Standards 

BD Biosciences (Mississauga, ON) Annexin V 

Bioshop Canada (Burlington, ON) Glycine 

Cayman Chemicals (Ann Arbor, Michigan, 

USA) 

Rosiglitazone  

Cell Signaling (Danvers, Massachusetts, 

USA) 

PTEN Rabbit Monoclonal Antibody 

Fisher Scientific (Whitby, ON) Boric Acid 

Bovine Serum Albumin (Fract V) 

Calcium Chloride 

Dimethyl sulfoxide (DMSO) 

Fetal Bovine Serum (FBS) 

Formaldehyde 

Formalin 

4-(2-hydroxyethyl)-1-piperazineethanesulfonic 

acid (HEPES) 

Magnesium Chloride 

3-(N-morpholino)propanesulfonicacid (MOPS) 

Potassium Chloride 

Sodium Acetate 

Sodium Chloride 

 

Sodium Hydroxide 
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Supplier Reagent 

Sodium Phosphate 

Tris 

Fisher Scientific (Whitby, ON) 

Tween-20 

GlaxoSmithKline Rosiglitazone Maleate Form (Avandia) 

DNA Ladder (1 kb plus) Invitrogen (Burlington, ON) 

Proteinase K 

PerkinElmer (Waltham, Massachusetts, 

USA) 

Western Lightning Chemiluminescence 

Luminol & Oxidizing Reagents 

Goat anti-mouse HRP Conjugate Pierce Biotechnology (Nepean, ON) 

Goat anti-rabbit HRP Conjugate 

Qiagen (Mississauga, ON) QuantiTect SYBR Green RT-PCR Kit 

Roche (Mississauga, ON) Protease Inhibitor Cocktail Tablets 

BRCA1 (H-100) Mouse Polyclonal Antibody 

PPARγ (E-8) Mouse Monoclonal Antibody 

Santa Cruz (Santa Cruz, California, USA) 

PPARγ (H-100) Goat Polyclonal Antibody 

Ammonium Persulfate 

β-mercaptoethanol 

Dimethylbenz[a]anthracene (DMBA) 

Deoxyribonucleotide triphosphates (dNTPs) 

Dodecyl Sulfate Sodium Salt (SDS) 

Ethylenediaminetetraacetic acid (EDTA) 

Formamide 

Glycerol 

Methyl Salicylate 

Phenylmethanesulphonylfluoride (PMSF) 

Propidium Iodide 

Taq Polymerase 

Trypsin 

Sigma (Oakville, ON) 

Xylene Substitute 
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2.2 – Animals 

All mice were housed and treated in accordance with Canadian Council for Animal Care 

(CCAC) guidelines under animal protocols approved by the Queen`s University Animal Care 

Committee (UACC).   Mice were housed in microisolator cages on microisolator racks under a 12 

hour light/dark cycle with food and water provided ad libitum.  Transgenic mice expressing the 

MMTV-LTR-Cre+ gene (144) mice were obtained from the NCI-Frederick repository (Frederick, 

Maryland).  PPARγ(fl/fl);Cre- (PPARγ-WT) mice were generated as previously described (137).  

After one week of acclimation, these mice were crossed with MMTV-LTR-Cre+ mice to produce 

PPARγfl/fl;MMTV-LTR-Cre+ (PPARγ-MG KO) mice.  These mice are of mixed 

C57B1/6N;SV/129;FVB/N background, and were bred to homozygosity using brother-sister 

pairings for at least 10 generations.  

 

2.3 – PPARγMouse Genotyping 

 PCR analysis was performed as previously described (134).  Briefly, DNA isolated from 

0.5 cm tail snips of postnatal day 10 weanlings were incubated with 10X PCR Buffer, primers, 

MgCl2, dNTPs, ddH2O and Taq Polymerase as previously described (134).  Samples were then 

amplified in a thermocycler (Bio-Rad).  PCR conditions for PPARγ allele amplification were: 1) 

95°C, 5 mins; 2) 35 cycles @ 95°C, 45 secs; 60°C, 45 secs; 72°C, 1 min; 3) 72°C, 5 mins; 4) 4°C 

indefinitely.  For Cre amplification, the PCR conditions were: 1) 95°C, 5 mins; 2) 35 cycles @ 

95°C, 30 secs; 59°C, 30 secs; 72°C, 45 secs; 3) 72°C, 5 mins; 4) 4°C indefinitely.  The primers 

used in the PPARγ reactions were 2F: CTC CAA TGT TCT CAA ACT TAC; 1R: GAT GAG 

TCA TGT AAG TTG ACC and H5: GTA TTC TAT GGC TTC CAG TGC.  The primers used in 

the Cre reactions were C1: AGG TGT AGA GAA GGC ACT TAG C and C2: CTA ATC GCC 

ATC TTC CAG CAG G. 
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2.4 – Mouse Diets 

Unless otherwise stated, all mice were fed a 50/5 Mouse Diet (normal chow) made by 

Lab Diet (Brentwood, Montana, USA).  The guaranteed nutrient composition of this normal diet 

indicates it contains not less than 17% crude protein and 11% crude fat, as well as not more than 

3% crude fiber, 6.5% ash and 2.5% added minerals.  A rosiglitazone-supplemented diet (4 mg/kg) 

was made using the normal chow.  The chow was ground into a fine powder in a blender.  The 

rosiglitazone diet was made fresh each week by grinding the appropriate amount of rosiglitazone 

tablets (2 mg per tablet) into a fine powder using a mortar and pestle, and mixing this with finely 

crushed normal chow as described above.  Deionized water was added to permit reshaping the 

mixed powder into pellets, which were allowed to dry overnight at room temperature.  Once dry, 

the food was stored at 4˚C until administered to the mice.  During weekly food changes, the 

amount of food provided and removed was weighed in order to verify that the food intake of each 

mouse was unaffected by this treatment.   

 

2.5 – Experimental Design of in vivo Studies 
At 11 weeks of age, virgin female PPARγ-WT and PPARγ-MG KO mice were randomly 

assigned into treatment groups. Mice in each group were weighed, following which pre-study 

non-fasted blood was collected from the retroorbital sinus.  Samples were then spun at 7500 x g 

for 5 min to collect serum and frozen in liquid N2 for future analysis.  At 12 weeks of age, the 

time at which the mammary gland has completely formed, each group began their respective 

treatments.  Mice were divided into two groups: DMBA alone group (PPARγ-WT, n = 12; 

PPARγ-MG KO, n = 31) received 1 mg of DMBA (10 mg/ml stock dissolved in corn oil) by 

gavage using a 1 cc syringe and a 20 gauge, 1.5 inch gavage needle  (Popper & Sons, New Hyde 

Park, NY) once a week for 6 weeks.  Mice in this group were maintained on a regular chow diet 

and monitored for up to 25 weeks.  DMBA + Rosiglitazone group (PPARγ-WT, n = 11; PPARγ-

MG KO, n = 7) also received 1 mg of DMBA by gavage once a week for 6 weeks; however, at 
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week 7 mice in the DMBA + Rosiglitazone treatment group were provided a normal chow diet 

supplemented with the PPARγ ligand rosiglitazone (4 mg/kg) and monitored until the completion 

of the study at week 25.  The monitoring period involved recording the weight of the mice on a 

twice-weekly basis and tracking the number and size of tumours.  Non-fasted serum samples 

were obtained mid-study (week 13) and prior to necropsy (week 25) as described above.  Figure 9 

shows a summary of the treatment protocol.  Mice were sacrificed by cervical dislocation at the 

end of the study or earlier if they exhibited signs of weight loss, lethargy, distress or had tumours 

greater than 2 cm.  Upon sacrifice, mice were necropsied, and tissues and tumours harvested.  

Samples of tissues and tumours were divided as follows: one portion was snap-frozen in liquid 

nitrogen and stored at -80ºC, and the other portion was fixed in formalin.  Tissues and tumours 

preserved in formalin were sent to the Histology Core Facility in the Department of Pathology 

and Molecular Medicine (Queen’s University, Kingston) where they were embedded in paraffin 

blocks, from which 0.5 cm sections were cut, and prepared and stained with hematoxylin and 

eosin.  The slides of each tumour were then assessed for pathological classification in a blinded 

fashion by certified Pathologists: Dr. Sandip SenGupta, Dr. David Hurlbut and Dr. David Lebrun 

(Kingston General Hospital, Kingston, ON). 

 

2.6 – Preparation of Mammary Gland Wholemounts 

Mammary glands (#4 position) were isolated from PPARγ-WT and PPARγ-MG KO mice at four 

different stages: virgin, 12 days pregnancy, lactation (postnatal day 1) and involution (postnatal 

day 8).  The glands were fixed in cold, 4% paraformaldehyde on ice for 2 hrs and then rinsed with 

70% ethanol.  After rinsing, the mammary glands were defatted in acetone three times for 30 

mins each and rehydrated through a process involving incubation in 100% ethanol for 30 mins 

and 95% ethanol for 30 mins.  Mammary glands were then stained in hematoxylin stain  
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Figure 9.  Experimental design for in vivo 7,12-dimethylbenz[a]anthracene (DMBA)-mediated 
tumour studies.  One week prior to DMBA treatment, mice were weighed and non-fasted blood 
was collected.  In week 1, both mammary epithelial cell-specific peroxisome proliferator-
activated receptor (PPAR)γ knockout (PPARγ-MG KO) and their congenic wild-type control 
(PPARγ-WT) mice in each treatment group received 1 mg DMBA once a week for a total of 6 
weeks.  At week 7, the DMBA Only group was fed a normal chow diet, while the DMBA + 
Rosiglitazone group was fed a rosiglitazone-supplemented (4 mg/kg) normal chow diet.  Both 
groups were monitored weekly for DMBA-mediated tumour formation for the duration of the 
study (total = 25 weeks).   
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(Appendix A) for 1.5 hrs, until the whole gland appeared purple.   Once sufficiently stained, the 

mammary glands were rinsed with tap water for 15 mins and destained in acid ethanol (Appendix 

A) for 15 mins, with the exception of lactating glands which were destained twice for 30 mins 

each.  Samples were then dehydrated in 70% ethanol twice for 30 mins, 95% ethanol twice for 30 

mins and 100% ethanol twice for 30 mins.  After clearing the mammary glands with xylene twice 

for 1 hr each, they were placed in methyl salicylate.  Images were taken at magnifications of 

200X and 800X. 

 

2.7 – Cell Culture 

Human MCF-7 and MDA-MB-231 breast cancer cells were generously provided by  Dr. 

Susan Cole (Cancer Research Institute, Queen’s University, Kingston, ON) and Dr. Leda Raptis 

(Department of Microbiology and Immunology, Queen’s University, Kingston, ON), 

respectively.  Each cell line was grown in RPMI-1640 medium (Sigma, Oakville, ON) 

supplemented with 10% FBS and 1% penicillin/streptomycin and maintained at 37˚C, 5% CO2.  

Cells were grown in monolayers to confluency in T-75 flasks before passaging by aspirating off 

media, incubating in 4 ml trypsin for 5-10 min and then neutralizing with 7 ml media once the  

cells had lifted.  Cells were then split 1:3 into new T-75 flasks or plated as described for 

experiments. 

 
2.8 – Preparation and Quantitative Real-time-PCR (QRT-PCR) Assay 
 

RNA was isolated from MCF-7 and MDA-MB-231 cells, as well as in vivo tumour 

samples, using the Genelute Mammalian Total RNA Kit (Sigma, Oakville, ON) as per 

manufacturer’s instructions.  For normal virgin mammary glands which have high adipose tissue 

content, RNA was isolated using TRIzol reagent as per the manufacturer’s instructions.  Isolated 

samples were reconstituted in TE buffer diluted 1/50 and read at 260 nm to determine 
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concentrations.  To prepare samples, 1 µg of RNA was combined with DEPC H2O and loading 

buffer (Appendix A).  Samples were denatured for 15 mins at 65˚C and placed briefly on ice.  

The RNA was then loaded on a 1% agarose gel (Appendix A) and run in RNA running buffer 

(Appendix A) at 100 V for 40 mins.  A picture of the gel was taken on the Imager located in the 

Cancer Research Institute (Queen’s University, Kingston, ON).  Purity and integrity of the RNAS 

samples were determined by the appearance and intensity of both 28S and 18S bands.   

Changes in target mRNA expression levels were assessed by quantitative real-time one-

step RT-PCR using the QuantiTect SYBR Green RT-PCR Kit (Qiagen, Mississauga, ON) as per 

the manufacturer’s instructions.  The primers used for analysis of human breast cancer cells were 

hPPARα-forward: GCT GGT GCA GAT CAT CAA GAA G and hPPARα-reverse: GGT GTG 

GCT GAT CTG AAG GAA; hPPARβ-forward: AAA GAA GGC CCG CAG CAT and hPPARβ-

reverse: CCT TCT CTG CCT GCC ACA AT; hPPARγ1-forward: GTC AAA CGA GAG TCA 

GCC TTT AAC G and hPPARγ1-reverse: CCA CGG AGC TGA TCC CAA; hPPARγ2-forward: 

GAT ACA CTG TCT GCA AAC ATA TCA CAA and hPPARγ2-reverse: CCA CGG AGC TGA 

TCC AA; hPTEN-forward: TTA TAG CTA CCT GTT AAA GAA TCA TCT GC and hPTEN-

reverse: TCG TGT GGG TCC TGA ATT GG; hBRCA1-forward: ACA GCT GTG TGG TGC 

TTC TGT G and hBRCA1-reverse: CAT TGT CCT CTG TCC AGG CAT C; hHSP90-forward: 

CCA AAA AGC ACC TGG AGA TCA and hHsp90-reverse: TGT CGG CCT CAG CCT TCT; 

hGAPDH-forward: TCA TGA CCA CAG TGG ATG CC and hGAPDH-reverse: GGA GTT GCT 

GTT GAA GTC GC.  The primers used for analysis of mouse tissues and tumours were 

mPPARα-forward: TCT TCA CGA TGC TGT CCT CCT and mPPARα-reverse: GGA ACT 

CGC CTG TGA TAA AGC; mPPARβ-forward: TCC AGA AGA AGA ACC GCA ACA and 

mPPARβ-reverse: GGA TAG CGT TGT GCG ACA TG; mPPARγ1-forward: CCT GAC GGG 

TCT CGG TTG and mPPARγ1-reverse: TGT CCT GAA TAT CAG TGG TTC ACC; mPPARγ2-

forward: TGG GTG AAA CTC TGG GAG ATT C and mPPARγ2-reverse: AAT TTC TTG TGA 
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AGT GCT CAT AGG C; mPTEN-forward: TGA CAG CCA TCA TCA AAG AGA and mPTEN-

reverse: CTG CAG TTA AAT TTG GCG GT; mBRCA1-forward: GCA GCT GTG TGG GGC 

TTC CGT G and mBRCA1-reverse: GTT GCT GTC TTC TGT CCA GGC GC; mHSP90-

forward: GTT TTC CAA AGT CCC GAG AAC A and mHSP90-reverse: AAA GCA GAA TGT 

GAT TGG GCA; mGAPDH-forward: TCA TGA CCA CAG TGG ATG CC and mGAPDH-

reverse: GGA GTT GCT GTT GAA GTC GC. 

 

2.9 – Preparation of Whole Cell Lysates 

Cells were seeded in 6-well plates at a density of 2.5x105 cells/well and incubated for 24 

hrs.  After 24 hrs, the media was changed and the cells were treated in duplicate with vehicle 

(PBS), DMBA, rosiglitazone or DMBA + rosiglitazone as described in the respective figure 

legends.  Cells were incubated for 24, 48 and 72 hrs.  At the end of each time-point, cells were 

harvested by removing media, adding 1 ml of trypsin to each well and incubating at 37˚C for 5-10 

mins after which the trypsin was neutralized with 1 ml of media.  Duplicate wells were pooled, 

transferred into 12mm X 75 mm polypropylene tubes and spun at 1000 x g for 3 mins.  The 

supernatant was discarded and the cell pellet was then washed twice with 1X PBS (Appendix A).  

After the second PBS wash, the cells were resuspended in solubilization buffer (Appendix A) and 

placed on the inverter at 4˚C for 1 hour.  Samples were then spun at 15000 x g, 4˚C for 10 mins.  

The supernatant containing solubilized protein was transferred to a new 1.5 ml microfuge tube 

and quantified using a protein concentration assay. 

 

2.10 – Protein Quantification 

The concentration of the protein in the whole cells lysates was determined using the Bio-

Rad Dc Protein Assay as per manufacturer’s instructions.  Briefly, standards were prepared at 

concentrations of 0, 0.2, 0.4, 0.6, 0.8, 1.0, 2.5 and 5.0 µg/µl from a 5 mg/ml stock of BSA.  

Standards and samples were transferred in triplicate to a 96-well plate.  Reagent A was prepared 
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by adding 20 µl of Reagent S for every ml of Reagent A required.  Twenty-five µl of Reagent A 

was added to each well, followed by 200 µl of Reagent B.  The plate was allowed to incubate at 

room temperature for 15 mins, after which it was read at an absorbance of 630 nm.   

 

2.11 – Western Blotting 

Equal amounts of protein (40 µg) were solubilized in 5x sodium dodecyl sulphate (SDS)-

polyacrylamide gel electrophoresis (PAGE) sample loading buffer (Appendix A).  Either 6% 

(BRCA1) or 12% gels (PPARγ, PTEN) (Appendix A) were poured and overlayed with 0.1% 

SDS.  Once polymerized, the SDS was poured off and a 4% stacking gel (Appendix A) was 

applied.  Samples were boiled for 3 mins and loaded onto the gel.  The gel was run in 1X western 

running buffer (Appendix A) at 60 V for 45 mins to allow the samples to move through the 

stacking gel; the voltage was then increased to 120 V for 45 mins.  The gel was then transferred 

to a 0.45 µm polyvinylidene flouride (PVDF) membrane (Pall Life Sciences, Pensacola, FL) at 80 

V and 4˚C for 2 hrs in 1X western transfer buffer (Appendix A).  Once the transfer was complete, 

the membrane was blocked in 5% skim milk powder dissolved in 1X TBS-T or 5% BSA in 1X 

PBS-T for BRCA1 detection (Appendix A) for 1 hr at room temperature.  Blocked membranes 

were then incubated in antibodies against PPARγ, PTEN, BRCA1 and either α-actinin or 

α−tubulin for loading controls at respective 1:500, 1:1000, 1:500, 1:1000 and 1:2000 dilutions, 

overnight at 4˚C.  The antibodies for PPARγ, α−actinin and α-tubulin were prepared in 5% skim 

milk powder in 1X TBS-T, the PTEN antibody was prepared in 5% BSA in 1X TBS-T and the 

BRCA1 antibody was prepared in 5% skim milk powder in 1X PBS-T.  Sodium azide (final 

concentration 0.02%) was added to used aliquots of primary antibodies to prevent bacterial 

growth during storage at 4°C.  Membranes were then washed three times for 5 mins each in 1X 

TBS-T or 1X PBS-T for BRCA1 and incubated in secondary antibody (1:10 000) made up in 5% 

skim milk powder in 1X TBS-T (goat anti-mouse for PPARγ and α−tubulin and goat anti-rabbit 
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for PTEN and α-actinin) or 5% skim milk in 1X PBS-T for BRCA1 (goat anti-rabbit) for 2 hrs at 

room temperature.  Following secondary incubations, membranes were washed five times for 5 

mins each and then incubated in 3 ml of an oxidizing reagent and 3 ml of a luminol reagent for 

approximately 2 mins.  Membranes were blotted dry, wrapped in saran wrap inside the 

developing cassette, exposed to scientific autoradiography film (Ultident, St.Laurent, QC)  for the 

appropriate amount of time and developed using the common developer on the third floor of 

Botterell Hall, Queen’s University, Kingston, ON.   

 

2.12 – Apoptosis & Proliferation 

Human MCF-7 and MDA-MB-231 breast cancer cells were seeded at a density of 

2.5x105 cells/well in a 12-well plate in RPMI-1640 supplemented with 10% FBS and 1% 

penicillin-streptomycin.  After 24 hrs, the media was replaced with a fresh aliquot and cells were 

treated with either vehicle, 0.1, 1.0 or 10 µM of DMBA, 0.1, 1.0, 10 or 30 µM of rosiglitazone or 

a combination of 0.1, 1.0 or 10 µM of DMBA + rosiglitazone.  A combination of 10 µM DMBA 

+ 30 µM rosiglitazone was also assessed.  Cells were incubated with the drugs for 0, 24, 48 and 

72 hrs.  At the end of the time points, the media was collected into separate tubes for subsequent 

analysis.  Trypsin (500 µl) was added to each well; once the cells lifted, the trypsin was 

neutralized with 500 µl of media and transferred to a separate tube.  The cells were spun at 300 x 

g for 3 mins.  The supernatant was poured off and the cell pellet was resuspended in 500 µl of 

binding buffer (Appendix A).  Five µl of annexin-V-FITC (AV) and 5 µl of propidium iodide 

(PI)were added to each tube (with the exception of the AV only and PI only controls).  The tubes 

were incubated in the dark for 15 mins after which time they were spun at 300 x g for 3 mins.  

The supernatant was poured off and the cells were resuspended in 500 µl of cold, non-sterile 

PBS.  An aliquot of 200 µl was taken from each tube for counting purposes.  The tubes were then 

taken to the Flow Cytometry and Imaging Facility (Cancer Research Institute, Queen’s 
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University, Kingston, ON) to be assessed for apoptosis.  Proliferation was assessed using the 

common Beckman Coulter Counter (3rd Floor, Botterell Hall, Queen’s University, Kingston, ON).  

The Counter was flushed with 10 ml diluent and a background count was done.  In a clean 

cuvette, 200 µl cells were diluted in 10 ml of diluent and a count was done in duplicate.  For the 

final number, the background count was subtracted from each count and the duplicate counts 

were averaged.  The tubes containing the media and the tubes containing the cell aliquots were 

counted separately to differentiate between dead cells and live cells and then plotted on a graph to 

show proliferation under the various treatment conditions.   

 

2.13 – Statistical Analysis 

Statistical differences between genotypes and treatment groups were assessed using a two-way 

analysis of variance (ANOVA), followed by a Bonferroni post hoc test for group comparisons.  

Survival was analyzed using a Log Rank test.  Graph-Pad Prism (Version 5.0) software was used 

for all statistical analyses.  A p value <0.05 was accepted as statistically significant. 
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CHAPTER 3 – RESULTS 

3.1 – In Vivo DMBA-mediated Tumour Studies 

3.1a – Expression of PPARγ in Mouse Models 

To determine whether PPARγ is knocked down in our cell-specific mouse model, PPARγ protein 

expression in whole mammary glands from PPARγ-WT and PPARγ-MG KO mice was assessed 

by western blot.  Mammary gland PPARγ expression relative to my loading control histone H1 

expression was significantly lower among the PPARγ-MG KO mice in both the virgin (60% 

reduction) and lactation (35% reduction) stages, as compared to respective wild-type controls 

(Figure 10). 

 

3.1b – Mammary Gland Morphology 

Mammary glands were isolated from PPARγ-WT and PPARγ-MG KO mice at the four major 

stages of development: virgin, pregnancy (gestational day (GD) 12), lactation (postnatal day 1) 

and involution (10 days post-weaning).  Wholemounts of the mammary glands were prepared as 

described in the methods to determine whether spontaneous morphological differences existed 

between PPARγ-WT and PPARγ-MG KO mammary glands prior to commencement of the in 

vivo tumour studies.  Although morphological changes relating to the stage of mammary gland 

development were observed, these effects were not significantly different between our untreated 

mouse strains as determined using light microscopy (Figure 11).  Minor differences may be 

apparent; however, these are due to the location of the imaged section (i.e. middle versus edge of 

the mammary gland) and variability in staining intensity among different samples. Among virgin 

mammary glands, the primary and secondary ducts, as well as the terminal end buds are present 

and the gland is primarily comprised of fat cells (Figure 11A, B).  In mammary glands from 

females at GD12 of pregnancy, hormonal changes result in the formation of multiple 

lobuloalveoli that contain  
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Figure 10.  Peroxisome proliferator-activated receptor (PPAR)γ protein expression in untreated 
wild-type (PPARγ-WT) and mammary epithelial cell-specific PPARγ knockout (PPARγ-MG KO) 
mice at various stages of development.  Numbers represent relative densitometry values.  As 
expected, PPARγ expression is reduced in both virgin and lactating mammary glands of PPARγ-
MG KO (MG-KO) mice as compared to respective PPARγ-WT (WT) mammary glands.  
mPPARγ, mouse peroxisome proliferator-activated receptor γ; α-actinin, loading control; WAT, 
white adipose tissue. 
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Figure 11.  Untreated mammary gland morphology in mammary epithelial cell-specific 
peroxisome proliferator-activated receptor (PPAR)γ knockout (PPARγ-MG KO) mice and their 
congenic wild-type (PPARγ-WT) controls.  Mammary gland wholemounts were prepared at four 
major stages of mammary gland development (12 week old virgin, gestational day 12 (GD)12 of 
pregnancy, post-natal day 1 of lactation and involution at 10 days post-weaning) in PPARγ-WT 
and PPARγ-MG KO mice.  Consistent with previous reports, no morphological differences were 
seen between the two mouse strains.  TEB, terminal end bud. Magnification = 80X.   
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secretory epithelial cells (Figure 11C, D).  These structures expand during the lactation phase, 

resulting in a more proliferative structure observable even one day postnatally (Figure 11E, F).  

Once the pups are weaned and lactation is completed, the mammary gland undergoes involution, 

which includes a disappearance of the structures that developed during pregnancy and lactation.  

Following this process, the mammary gland closely resembles a virgin gland (Figure 11G, H).   

 

In vivo Tumour Studies 

3.1c – Body Mass 

Throughout the course of the in vivo tumour studies, measurements of body mass were recorded 

to assess whether mice were being adversely affected by the treatments.  Additionally, a 15% 

change in body weight can be indicative of distress or tumour development.  Therefore, the body 

mass of mice in each treatment group was measured once a week until week 7 and measured 

twice a week thereafter in combination with increased tumour monitoring.  In the DMBA Only-

treated group, both PPARγ-WT and PPARγ-MG KO mice showed steady maintenance of body 

mass with the PPARγ-WT weighing an average of 28.7 ± 1.6 g and the PPARγ-MG KO mice 

weighing an average of 28.5 ± 1.7 g over the course of the study. (Figure 12, Panel A).  Similarly, 

mouse body mass remained relatively constant among the PPARγ-WT and PPARγ-MG KO mice 

in the DMBA + Rosiglitazone group.  The average body mass was 31.7 ± 1.3 g in the PPARγ-WT 

and 31.2 g ± 2.8 g in the PPARγ-MG KO mice (Figure 12, Panel B).  There were no significant 

differences in body mass between the treatment groups.  In addition, food consumption (food in – 

food out) per mouse was not significantly different among rosiglitazone-supplemented diet fed 

PPARγ-WT (39.11 ± 7.75 g) or PPARγ-MG KO (42.84 ± 7.84 g) mice.  This suggests this dietary 

treatment did note adversely affect the mice, and each genotype likely ingested equivalent 

amounts of the PPARγ ligand. 
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Figure 12.  Effect of treatment on body mass of mammary epithelial cell-specific peroxisome 
proliferator-activated receptor (PPAR)γ knockout (PPARγ-MG KO) and congenic wild-type 
control (PPARγ-WT) mice.  Mice were treated as discussed in the Materials & Methods Section 
2.5 and Figure 9, and followed for 25 weeks during in vivo tumour studies.  A, Body mass for 
DMBA Only-treated PPARγ-WT (n=12) and PPARγ-MG KO (n=31) mice.B, Body mass for 
DMBA + Rosiglitazone-treated PPARγ-WT (n=11) and PPARγ-MG KO (n=7) mice.  Values are 
expressed in grams (g) and represent mean ± S.D. 
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3.1d – Skin Papilloma Incidence and Multiplicity 

Mice in all treatment groups were monitored for palpable tumour formation weekly.  

Consistent with previous reports that gavage treatment of DMBA can induce skin tumour  

formation (139), both PPARγ-WT and PPARγ-MG KO mice developed skin tumours during the 

study.  Their numbers and sizes were recorded to assess whether genotypic differences in skin 

tumour susceptibility existed between PPARγ-WT and PPARγ-MG KO mouse strains treated 

with DMBA.  Such differences may also reflect differences in susceptibility to other internal 

DMBA-mediated tumours.  In the DMBA Only-treated group, the skin papilloma incidence was 

relatively equal among the two mouse lines by the end of the study.  Tumours began appearing by 

week 11 in the PPARγ-WT mice and week 12 in the PPARγ-MG KO strain (Figure 13, Panel A).  

Tumours were mainly localized to the dorsal region, with a majority within proximity to the head 

and neck region. Among PPARγ-WT mice treated with DMBA Only, 50% (6 out of 12) of the 

mice developed skin tumours by the end of study as compared to 58% (18 out of 31) for similarly 

treated PPARγ-MG KO mice (Figure 13, Panel A).  Both DMBA + Rosiglitazone treated groups 

also had similar skin tumour incidences of 46% (5 out of 11) and 43% (3 out of 7) for PPARγ-

WT and PPARγ-MG KO mice, respectively (Figure 13, Panel B).  In this latter treatment group, 

tumours began appearing by week 12 among PPARγ-WT mice and week 11 among PPARγ-MG 

KO mice.  The location of the skin tumours was similar to that observed in DMBA Only-treated 

groups.  Comparison between treatment groups did not reveal any statistically significant changes 

in skin tumour incidence among PPARγ-WT and PPARγ-MG KO mice. 

Skin tumour multiplicity followed a similar pattern, and was almost equal between the 

two mouse strains within each treatment group.  In the DMBA Only-treated group, PPARγ-WT 

mice exhibited 1.25 skin tumours/mouse, while the PPARγ-MG KO mice had a multiplicity of 

1.0 skin tumour/mouse (Figure 14, Panel A).  The DMBA + Rosiglitazone-treated group had  
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Figure 13.  Skin tumour incidences among treated mammary epithelial cell-specific peroxisome 
proliferator-activated receptor (PPAR)γ knockout (PPARγ-MG KO) and congenic wild-type 
control (PPARγ-WT) mice.  Mice were treated as described in the Materials & Methods Section 
2.5 and Figure 9, and followed once a week for 25 weeks to monitor tumour progression.  
Percentage of mice with skin tumours was calculated based on numbers of mice in a given 
genotype having skin tumours out of the total number of mice in the genotype for that particular 
treatment.  A, skin tumour incidences for DMBA Only-treated PPARγ-WT (n=12) and PPARγ-
MG KO (n=31) mice.  B, skin tumour incidences for DMBA + rosiglitazone-treated PPARγ-WT 
(m=11) and PPARγ-MG KO (n=7) mice.  Open circles, PPARγ-WT; closed circles, PPARγ-MG 
KO mice. 
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Figure 14.  Skin tumour multiplicity among treated mammary epithelial cell-specific peroxisome 
proliferator-activated receptor(PPAR)γ knockout (PPARγ-MG KO) and congenic wild-type 
control (PPARγ-WT) mice.  Mice were treated as described in Materials &Methods Section 2.5 
and Figure 9.  Skin tumour multiplicity was calculated based on the number of skin tumours per 
mouse having skin tumours in a given genotype for a given treatment.  A, skin tumour 
multiplicity for DMBA Only-treated PPARγ-WT (n=12) and PPARγ-MG KO (n=31) mice.B, 
skin tumour multiplicity for DMBA + rosiglitazone-treated PPARγ-WT (n=11) and PPARγ-MG 
KO (n=7) mice.  Open circles, PPARγ-WT; closed circles, PPARγ-MG KO mice. 
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slightly higher multiplicity values at 2.27 skin tumours/mouse and 2.0 skin tumours/mouse for the 

PPARγ-WTs and PPARγ-MG KOs, respectively (Figure 14, Panel B).  Interestingly, skin tumour 

multiplicity significantly increased almost 2-fold in both mouse strains upon co-treatment with 

DMBA + rosiglitazone as compared to respective DMBA Only values (p<0.05). 

 

3.1e – DMBA-Mediated Skin Tumour Pathology 

Samples of normal untreated skin and skin tumours obtained from DMBA Only- and 

DMBA + rosiglitazone-treated PPARγ-WT and PPARγ-MG KO mice were sectioned and H & E 

stained to assess morphological characteristics, and analyzed in a blinded fashion by a 

pathologist.  Normal sections taken from each strain were not morphologically different (Figure 

15A, B).  In both normal, age-matched, untreated skin sections, the subcutaneous layer of fat cells 

is evident, surrounded by an epidermal layer containing keratinocytes.  The majority of skin 

tumours were benign papillomas; however, some malignancies were also observed, as 

represented in Figure 15.   The skin tumour taken from the PPARγ-WT mouse treated with 

DMBA Only was classified as a hemangioma, or neoplasm of the blood vessel (Figure 15C).  The 

tumour has the appearance of a vascular, spindled lesion and the tumour cells have begun to 

infiltrate the surrounding muscle.  Further analysis of the tissues from this same mouse revealed a 

metastatic carcinoma in the lung as well.  The skin tumour taken from a PPARγ-MG KO mouse 

that was also treated with DMBA Only revealed a squamous cell carcinoma, a very common skin 

cancer in humans (Figure 15D).  This tumour exhibited infiltrative characteristics and further 

analysis of the mouse revealed a metastasis in the lung.  Tumours collected from mice in the 

DMBA + Rosiglitazone-treated group showed slightly different characteristics.  The skin tumour 

taken from a PPARγ-WT mouse was identified as a primary basal cell carcinoma with metastatic 

properties (Figure 15E).  Interestingly, contrary to what was observed in the DMBA Only-treated  
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Figure 15. Pathological effect of mammary epithelial cell-specific peroxisome proliferator-
activated receptor(PPAR)γ deficiency on 7,12-dimethylbenz[a]anthracene(DMBA)-mediated skin 
tumours.  Formalin-fixed untreated skin or skin tumour samples obtained following treatment as 
described in Materials & Methods Section 2.5 and Figure 9 were sectioned, and hematoxylin and 
eosin (H and E) stained to determine cellular origin.  Samples were then analyzed in a blinded 
fashion by a pathologist.  Representative sections are shown illustrating normal skin and skin 
tumour samples from congenic wild-type controls (PPARγ-WT) (A, C, E) compared with those 
from mammary epithelial cell-specific PPARγ knockouts (PPARγ-MG KO) (B, D, F).  There 
were no morphological differences between the normal skin sections from each strain.  Skin 
tumours isolated from the PPARγ-WT and PPARγ-MG KO mice in the DMBA Only-treated 
group were both classified as malignant tumours.  In the DMBA + rosiglitazone-treated group, 
the skin tumour isolated from the PPARγ-WT mouse had metastatic properties but was less 
invasive than the skin tumour isolated from the PPARγ-MG KO mouse Magnification = 20X 
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group, the tumour remained localized to the skin and did not infiltrate any of the other tissues 

examined.  The skin tumour taken from the PPARγ-MG KO treated with DMBA + Rosiglitazone 

is in the early stages of a malignant squamous lesion (Figure 15F).  The cells adjacent to the 

adipocytes, which are normally well-structured, have begun to elongate and move into the 

surrounding tissue. 

 

3.1f – Survival Proportions 

 The maximum duration of the study was 25 weeks.  Figure 16 shows the survival rates 

for the two treatment groups.  In the DMBA Only-treated group, the PPARγ-WT mice had a 

significantly lower survival rate than the PPARγ-MG KO mice (p < 0.05).  Only 8% (1 out of 12) 

of PPARγ-WT mice and 45% (14 of 31 mice) of PPARγ-MG KO mice had survived to the end of 

25 weeks.  In this group, the PPARγ-WT mice reached 50% survival by week 16, while the 

PPARγ-MG KO mice reached this point later, at week 23.  The opposite trend was observed 

following treatment with DMBA + Rosiglitazone, where PPARγ-WT mice had an increased 

survival rate by the end of the study as compared to the PPARγ-MG KO strain at 36.4% (4 out of 

11) and 14.3% (1 out of 7), respectively, although the differences were not statistically 

significant.   In this case, PPARγ-WT reached 50% survival by week 20, while the PPARγ-MG 

KO reached this point by week 15.  Interestingly, as compared to respective DMBA Only 

treatment groups, the survival rate of the PPARγ-WT mice increased 4.5-fold upon co-treatment 

with DMBA + rosiglitazone, while that of the PPARγ-MG KO mice decreased approximately 3-

fold although neither of these changes were statistically significant. 
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Figure 16.  Kaplan-Meier Survival Curves for treated mammary epithelial cell-specific 
peroxisome proliferator-activated receptor(PPAR)γ knockout (PPARγ-MG KO) and congenic 
wild-type control (PPARγ-WT) mice.  Mice were treated as described in Materials & Methods 
Section 2.5 and Figure 9.  Survival curves were based on the number of mice still alive within a 
genotype, for a given treatment, in a given week.  Solid lines represent PPARγ-WT mice; dashed 
lines represent PPARγ-MG KO mice.  Red lines indicate time to achieve 50% survival.  Asterisk 
indicates significant difference from similarly treated controls (p<0.05). 
 

 

*, p<0.05 

A

H 

B

H 



 65 

3.1g – DMBA-Mediated Total Tumour Outcomes 

Upon pathological analysis at the time of necropsy, tumours were observed in several 

tissues among both mouse strains in each of the treatment groups.  In total, irrespective of tissue 

or tumour type, PPARγ-WT mice (n=12) in the DMBA Only-treated group had 30 tumours while  

the PPARγ-MG KO mice (n=31) had 57 tumours (Table 1).  In the DMBA + Rosiglitazone-

treated group, the PPARγ-WT mice (n=11) had 32 total tumours, while the PPARγ-MG KO mice 

(n=7) had 20 total tumours (Table 1).  Figure 17 shows the total tumour multiplicity for both 

genotypes in each treatment group.  In the DMBA Only-treated group, the PPARγ-WT mice had 

a total tumour multiplicity of 2.5 tumours/mouse, as compared to 1.84 tumours/mouse in the  

PPARγ-MG KO mice.  In the DMBA + Rosiglitazone group, the total tumour multiplicity was 

relatively unchanged in the PPARγ-WT mice, but showed an increase of approximately 1.5-fold 

among the PPARγ-MG KO mice.  Unfortunately, the numbers of tissue-specific tumours were not 

always high enough to provide individual assessment at the statistical level.  Nevertheless, some 

biological trends were observed. 

Mammary tumour multiplicity was similar among both DMBA Only-treated groups.  

(PPARγ-WT vs. PPARγ-MG KO: 0.47 vs.0.35 mammary tumours/mouse, respectively).  

Following treatment with DMBA + rosiglitazone, these results were decreased 4.7-fold (0.09 

mammary tumours/mouse) in PPARγ-WT mice and modestly decreased (0.29 mammary 

tumours/mouse) in PPARγ-MG KO mice (Figure 18). 

     Ovarian tumours were also observed in mice from all groups receiving DMBA (Table 1).  In 

the DMBA Only-treated group, PPARγ-MG KO mice had an almost 3-fold higher ovarian 

tumour multiplicity than the PPARγ-WT mice (0.23 vs. 0.08 ovarian tumours/mouse, 

respectively), and may be due to PPARγ recombination, resulting from MMTV promoter activity, 

in ovarian granulosa cells. However, this increase is not significant due to the low n values.  

However, following co-treatment with DMBA + rosiglitazone, ovarian tumour multiplicities  
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Table 1. 7,12-dimethylbenz[a]anthracene (DMBA)-mediated tumours in mammary epithelial 
cell-specific PPARγ knock-outs (PPARγ-MG KO) and congenic wild-type (PPARγ-WT) control 
mice.   
 

 

 

 

 

 

 

 

 

 

Tumours were collected as described in Section 2.5 of Materials & Methods and Figure 9.  The 
number of tumours for a given tissue, in a given treatment, are provided.  Values in parentheses 
represent the number of tumours in a given tissue divided by the total number of mice for a given 
genotype.  n represents the number of mice in each treatment group. 
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Figure 17. Total tumour multiplicity among treated mammary epithelial cell-specific peroxisome 
proliferator-activated receptor (PPAR)γ knockout (PPARγ-MG KO) and congenic wild-type 
control (PPARγ-WT) mice.  Mice were treated as described in Materials & Methods Section 2.5 
and Figure 9.  Total tumour multiplicity was calculated based on the total number of tumours per 
mouse in a given genotype for a given treatment.  DMBA = 7,12-dimethlybenz[a]anthracene, 
Rosi = rosiglitazone. (n) represents the number of mice in each treatment group. 
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Figure 18.  Mammary tumour multiplicity among treated mammary epithelial cell-specific 
peroxisome proliferator-activated receptor (PPAR)γ knockout (PPARγ-MG KO) and congenic 
wild-type control (PPARγ-WT) mice.  Mice were treated as described in Materials & Methods 
Section 2.5 and Figure 9.  Mammary tumour multiplicity was calculated based on the number of 
mammary tumours per mouse in a given genotype for a given treatment.  DMBA = 7,12-
dimethlybenz[a]anthracene, Rosi = rosiglitazone.  (n) represents the number of mice in each 
treatment group. 
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among PPARγ-WT mice (0.27 ovarian tumours/mouse)tended to be higher than for similarly 

treated PPARγ-MG KO mice (0.14 ovarian tumours/mouse). 

A number of lung tumours were also observed in DMBA-treated mice, all of which were 

metastases from primary adenocarcinomas in the mammary gland (Table 1).  In DMBA Only-

treated groups, there were no significant differences between lung tumour multiplicity among 

PPARγ-WT and PPARγ-MG KO mice (0.17 tumours/mouse and 0.10 tumours/mouse, 

respectively).  However, following treatment with DMBA + rosiglitazone, the PPARγ-WT lung 

tumour multiplicity dropped to zero, whereas for PPARγ-MG KO mice, these values remained 

relatively unchanged at 0.14 tumours/mouse.  A number of liver metastases were also observed in 

mice treated with DMBA, all of which derived from primary mammary adenocarcinomas (Table 

1). DMBA Only-treated PPARγ-WT mice exhibited an over 3-fold increase in liver tumour 

multiplicity (0.33 tumours/mouse) as compared to similarly treated PPARγ-MG KO (0.10 

tumours/mouse) mice.  Comparatively, the liver tumour multiplicities were unchanged between 

the mouse strains in the DMBA + Rosiglitazone-treated group at 0.18 tumours/mouse among the 

PPARγ-WT mice and 0.14 tumours/mouse among the PPARγ-MG KO mice.  Although the 

DMBA-mediated liver tumour multiplicity was similar for PPARγ-MG KO mice in both 

treatment groups, the multiplicity decreased by almost 2-fold in the WT group upon co-treatment 

with rosiglitazone.  Nonetheless, the differences were not statistically significant.  Interestingly, 

splenic tumours were observed exclusively in DMBA Only-treated PPARγ-MG KO mice, 

although the multiplicity was low at 0.10 tumours/mouse (Table 1).   

 Finally, thymic tumours were detected in both mouse strains in each treatment 

group (Table 1).  The PPARγ-WT mice had a non-statistically significant 4-fold higher thymic  
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tumour multiplicity as compared to the PPARγ-MG KO mice in the DMBA Only-treated group 

(0.25 tumours/mouse vs. 0.06 tumours/mouse, respectively).  In the DMBA + Rosiglitazone 

treated group, the thymic tumour multiplicity was not different between the PPARγ-WT (0.09 

tumours/mouse) and the PPARγ-MG KO (0.14 tumours/mouse).  Rosiglitazone co-treatment 

decreased thymic tumour multiplicity among PPARγ-WT mice over 2.5-fold from 0.25 

tumours/mouse to 0.09 tumours/mouse and increased it among PPARγ-MG KO mice over 2-fold 

from 0.06 tumours/mouse to 0.14 tumours/mouse.  However, these changes were not statistically 

significant.  Irrespective of tumour type, DMBA Only-treated PPARγ-WT and PPARγ-MG KO 

mice had equal rates of metastases (0.25 and 0.26 metastases/mouse, respectively), as shown in 

Table 2.  Whereas a greater number of malignant tumours/mouse (1.33 malignant 

tumours/mouse) as compared to benign tumours/mouse (1.17 benign tumours/mouse) were 

observed in PPARγ-WT mice, the PPARγ-MG KO mice exhibited the opposite trend (0.74 

malignant vs. 1.10 benign tumours/mouse).  However, the PPARγ-WT had a higher number of 

both benign and particularly malignant tumours/mouse as compared to the PPARγ-MG KO mice.  

In the DMBA + rosiglitazone-treated mice, PPARγ-MG KO mice had a slightly higher rate of 

metastases (0.29 metastases/mouse) as compared to PPARγ-WT mice (0.18 metastases/mouse).  

The number of malignant tumours/mouse was approximately equal in both mouse strains 

(PPARγ-WT = 0.91 and PPARγ-MG KO = 0.86 malignant tumours/mouse), as was the number of 

benign tumours (2.0 benign tumours/mouse in both genotypes).  However, this number is likely 

skewed by skin tumours, given that they were the most frequent type of tumour observed and 

94% of skin tumours were classified as benign.  Of note, DMBA + rosiglitazone-treated PPARγ-

WT and PPARγ-MG KO (2.0 benign tumours/mouse in both genotypes) both had significantly 

higher rates of benign tumour growth as compared to DMBA Only-treated mice (1.17 and 1.10 

benign tumours/mouse, respectively) (p<0.05). 



 71 

 
Table 2.  Effect of treatment on the classification of tumours among mammary epithelial cell-
specific peroxisome proliferator-activated receptor (PPAR)γ knockouts (PPARγ-MG KO) and 
congenic wild-type (PPARγ-WT)control mice. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
All tumours from in vivo studies described in Materials and Methods Section 2.5 and Figure 9 
were sorted by class into benign versus malignant for each genotype.  Numbers of each tumour 
by class are provided, along with numbers in parentheses which represent the ratio of the number 
of a particular tumour class divided by the total number of mice for a given genotype.   The 
number of metastases, originating from primary mammary and ovarian tumours, are also 
provided for PPARγ-WT and PPARγ-MG KO mice in each treatment group.  n represents the 
number of mice for a given genotype.  * indicates p<0.05 as compared to respective DMBA 
Only-treated mice. 
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3.1h – Mammary Tumour Volume 

 Mammary tumours were measured (length and width) as soon as they became palpable 

and tumour volumes were calculated using the accepted formula V = L x W2/2 (140).  Following 

DMBA Only treatment, PPARγ-MG KO mice had a greater number of palpable tumours as 

compared to the PPARγ-WT mice and also had a later onset of mammary tumour development.   

In the DMBA Only-treated groups, mammary tumours were first observed at week 11 for 

PPARγ-WT and week 18 for PPARγ-MG KO mice, respectively (Figure 19, Panel A).  Of the 5 

mammary tumours identified among PPARγ-WT mice, only two were palpable; the others were 

identified at the time of necropsy because they were too small to be detected by palpation.  

Among the two mammary tumours that were palpable, one progressed for three weeks and the 

other progressed for six weeks before the mice had to be sacrificed.  Ten mammary tumours were 

identified in PPARγ-MG KO mice treated with DMBA Only, 4 of which tumours were palpable, 

while the other 6 were identified upon necropsy.  Palpable mammary tumours in this treatment 

group were initially detected between weeks 18 and 21 and were followed for a minimum of two 

weeks up to a maximum of seven weeks prior to sacrifice (Figure 19, Panel A).  None of the 

PPARγ-WT mice that presented with mammary tumours survived to the end of the study; 

however, three DMBA Only-treated PPARγ-MG KO mice reached the end of the study (week 25) 

and were sacrificed accordingly.   

In the DMBA + Rosiglitazone-treated group, only 1 mammary tumour was identified in 

the PPARγ-WT mice and was not discovered until necropsy (Figure 19, Panel B).  Conversely, 

the PPARγ-MG KO mice had 2 mammary tumours, 1 of which was palpable starting at week 20, 

while the other was identified at necropsy at week 15 (Figure 19, Panel B).  The number of 

DMBA-mediated mammary tumours were decreased in both PPARγ mouse strains upon  
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Figure 19. Effect of treatment on mammary tumour volumes among mammary epithelial cell-
specific peroxisome proliferator-activated receptor (PPAR)γ knockout (PPARγ-MG KO) and 
congenic wild-type control (PPARγ-WT) mice.  Mice were treated as described in Materials & 
Methods Section 2.5 and Figure 9.  Panel A shows the mammary tumour volume for PPARγ-WT 
(n=12) and PPARγ-MG KO (n=31) mice treated with DMBA only.  Panel B shows the mammary 
tumour volume for PPARγ-WT (n=11) and PPARγ-MG KO (n=7) mice treated with DMBA + 
Rosiglitazone.  Different shapes represent mammary tumour volumes from different mice for a 
given treatment.  Green open symbols represent PPARγ-WT mice, while red closed symbols 
represent PPARγ-MG KO mice. 

A 

B 
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rosiglitazone treatment; however, it was notable that the mammary tumour that was observed in 

the PPARγ-WT group had a much smaller tumour volume (4 mm3) when compared either to 

those detected in the DMBA Only-treated PPARγ-WT mice (range from 62.5 - 2754 mm3) or 

those found among DMBA + rosiglitazone-treated PPARγ-MG KO mice (range from 171.5 to 

4150.5 mm3).  

 

3.1i –DMBA-mediated Mammary Tumour Pathology 

 Representative sections of normal mammary glands and mammary tumours from PPARγ-

WT and PPARγ-MG KO mice in each treatment group were H & E stained and examined in a 

blinded fashion by a pathologist for changes in morphological characteristics.  Untreated 

mammary glands from each strain were collected at week 12, were not morphologically different 

from one another and exhibited characteristic features of a normally developed mammary gland 

(Figure 20A, B).  Both were comprised primarily of adipocytes, as expected in the mouse 

mammary gland.  Tumours taken from the PPARγ-WT mice treated with DMBA only were  

classified as highly metastatic, primary adenocarcinomas (Figure 20C).  Tumours isolated from 

the mammary glands of PPARγ-MG KO mice treated with DMBA Only showed characteristics 

of  lipomas, benign tumours made up primarily of fat tissue that tend to proceed rapidly to 

malignancy (Figure 20D).  However, upon rosiglitazone co-treatment, the characteristics of 

mammary tumours isolated from each strain changed.  Mammary tumours isolated from PPARγ-

WT mice treated with DMBA + Rosiglitazone were identified as thrombosed cavernous 

haemangiomas, a benign blood tumour (Figure 20E).  Conversely, mammary tumours isolated 

from PPARγ-MG KO mice treated with DMBA + Rosiglitazone were classified as highly 

metastatic, rapidly dividing carcinomas that were beginning to form their own glands (Figure 

20F).  In the representative sample shown, there was evidence of a high rate of mitoses and the 

tumour had begun to infiltrate both the skin and the skeletal muscle from the chest wall as it grew  
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Figure 20. Pathological effect of mammary epithelial cell-specific peroxisome proliferator-
activated receptor (PPAR)γ deficiency on 7,12-dimethylbenz[a]anthracene (DMBA)-mediated 
mammary tumours.  Mice were treated as described in Materials & Methods Section 2.5 and 
Figure 9.  Portions of untreated mammary glands and all mammary tumours from each treatment 
group were fixed in formalin, paraffin-embedded, sectioned, and hematoxylin and eosin (H and 
E) stained, then assessed in a blinded fashion by a pathologist.  Representative sections are 
shown. A, untreated PPARγ-WT mammary gland; B, untreated PPARγ-MG KO mammary gland; 
C, DMBA Only-treated PPARγ-WT mammary tumour; D, DMBA Only-treated PPARγ-MG KO 
mammary tumour; E, DMBA + rosiglitazone-treated PPARγ-WT mammary tumour; F, DMBA + 
rosiglitazone-treated PPARγ-MG KO mammary tumour.  There are no morphological differences 
between the PPARγ-WT and PPARγ-MG KO untreated glands.  Both PPARγ-WT and PPARγ-
MG KO mice treated with DMBA Only, as well as PPARγ-MG KO mice treated with DMBA + 
rosiglitazone, presented with high-grade malignant mammary tumours, whereas the DMBA + 
rosiglitazone-treated PPARγ-WT mice presented with lower-grade mammary tumours.  
Magnification = 20X. 
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out from the mammary gland.  In total, PPARγ-WT and PPARγ-MG KO mice had equal numbers 

of malignant and benign tumours/mouse when treated with DMBA Only.  PPARγ-WT mice had 

0.33 malignant mammary tumours/mouse and 0.08 benign mammary tumours/mouse, while 

PPARγ-MG KO mice exhibited 0.26 malignant tumours/mouse and 0.06 benign tumours/mouse.  

After treatment with DMBA + rosiglitazone, only one mammary tumour was observed in PPARγ-

WT mice, which was classified as benign (0.09 benign tumours/mouse).  Although there were  

only two mammary tumours observed in similarly treated PPARγ-MG KO mice, both were 

classified as malignant (0.29 malignant tumours/mouse). 

 

3.1j – Target mRNA Expression in Mammary Tumours 

 Because of the limiting amount of tumour samples available, assessment of the effects of 

treatment and mammary epithelial cell-specific PPARγ deletion on target gene RNA expression 

within DMBA-mediated tumours was analyzed using QRT-PCR analysis (as described in 

methods).  For QRT-PCR analysis, total RNA was isolated from normal, untreated mammary 

glands in both the PPARγ-WT and PPARγ-MG KO strains, as well as from mammary tumours 

from both strains in the DMBA Only- and DMBA + Rosiglitazone-treated groups.  Specifically, 

changes intarget PPARα, PPARβ, PPARγ1, PPARγ2, PTEN and BRCA1mRNA levels were 

examined.  Heat shock protein (HSP) 90 mRNA levels were measured as an internal standard 

since this gene is highly expressed in human breast cancer cells (141).  The results are 

summarized in Table 3 and Figure 21.  In the DMBA Only-treated group, PPARγ-WT mammary 

tumours showed a trend towards higher expression of HSP90 as compared to both the PPARγ-

WT and PPARγ-MG KO untreated mammary glands; however, HSP90 mRNA levels in the 

PPARγ-MG KO mammary tumour did not differ from respective untreated controls.  In the 

DMBA + rosiglitazone-treated group, both the PPARγ-WT and PPARγ-MG KO tended to have  
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Table 3.  QRT-PCR analysis of target mRNA levels in untreated mammary glands and treated 
mammary tumours from mammary epithelial cell-specific peroxisome proliferator-activated 
receptor (PPAR)γ knockout (PPARγ-MG KO) and wild-type congenic control(PPARγ-WT) mice. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Sample RNA was isolated and quantified by QRT-PCR as described in Materials and Methods 
Section 2.8.  mRNA levels were normalized to the levels in the untreated PPARγ-WT 
mammary gland.  Values represent mean ± standard deviation of samples done in triplicate, 
with the exception of untreated PPARγ-MG KO mammary gland and DMBA Only-treated 
PPARγ-MG KO mammary tumour data that represent averages of two values. 
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Figure 21. QRT-PCR analysis of target mRNA levels in untreated mammary glands and treated 
mammary tumours from mammary epithelial cell-specific PPARγ knockout (PPARγ-MG KO) 
and wild-type congenic control (PPARγ-WT) mice.Sample RNA was isolated and quantified by 
QRT-PCR as described in Materials and Methods Section 2.8.mRNA levels were normalized to 
the levels in the untreated PPARγ-WT mammary gland.  Panel A represents the DMBA Only-
treated group, while Panel B represents the DMBA + rosiglitazone treated group.  Values 
represent mean ± standard deviation of samples done in triplicate, with the exception of untreated 
PPARγ-MG KO mammary gland and DMBA Only-treated PPARγ-MG KO mammary tumour 
data that represent averages of two values. 

A 

B 
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higher HSP90 mRNA expression as compared to respective untreated controls.  The expression 

levels of any of the 7 genes examined did not differ significantly between untreated mammary 

glands from PPARγ-WT and PPARγ-MG KO mice.  In the DMBA Only-treated group, mRNA 

expression of all genes was highest in mammary tumours from PPARγ-WT samples (Figure 21, 

Panel A); this was particularly true of PPARβ, PPARγ1, PTEN and BRCA1.  By comparison, the 

mRNA levels in the PPARγ-MG KO mammary tumours were similar to levels found in normal, 

untreated mammary glands (Figure 21, Panel A).  In the DMBA + Rosiglitazone-treated group, 

mRNA levels of all targets increased in the PPARγ-WT mammary tumour, with the exception of 

PTEN, which was expressed at levels equal to those found in untreated glands (Figure 21, Panel 

B).  However, mRNA levels of gene targets in PPARγ-MG KO mammary tumour samples were 

similar to normal mammary gland controls, with the exception of PPARα and PPARβ. 

 
3.2 – In Vitro Results 
 
3.2a –Target mRNA Expression in Treated Human Breast Cancer Cells 

To assess the effects of treatment on the transcription of target genes, mRNA levels from 

untreated and treated human breast cancer cells were analyzed using a QRT-PCR assay.  Baseline 

expression of target genes was evaluated in untreated cells for comparison with the treatments.  

Total RNA was isolated from untreated MCF-7 cells and MDA-MB-231 cells, and mRNA levels 

of PPARα, PPARβ, PPARγ1, PPARγ2, PTEN and BRCA1 were assessed, along with HSP90 as a 

positive control.  All values were reported relative to GAPDH, which served as an internal 

standard.  All targets were readily detectable in all samples analyzed. HSP90 expression was 

highest among all the targets measured in both cell lines (2.0 ± 0.06 in MCF-7 and 2.31 ± 0.11 in 

MDA-MB-231) (Figure 22).  PPARα and PPARβ showed similar expression levels to one 

another in both MCF-7 (1.42 ± 0.04 and 1.49 ± 0.03, respectively) and MDA-MB-231 (1.65 ± 

0.14 and 1.68 ± 0.16, respectively) cells.  PPARγ1 expression levels in non-adipogenic MCF-7  
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Figure 22.  Target mRNA expression in untreated human breast cancer cells.  Total RNA was 
isolated from untreated MCF-7 and MDA-MB-231 human breast cancer cells, and mRNA levels 
assessed by QRT-PCR as described in Section 2.8 of Materials & Methods.  mRNA levels of 
peroxisome proliferator-activated receptor(PPAR)α, PPARβ, PPARγ1 and PPARγ2, phosphatase 
and tensin homolog deleted on chromosome 10(PTEN) and breast cancer 1, early onset(BRCA1) 
in MCF-7 and MDA-MB-231 cells are shown compared to heat shock protein (HSP)90, a highly 
expressed gene in breast cancer cells.  Values are normalized to respective mRNA expression 
levels of GAPDH.  Data represent mean ± S.D. of sample analyses performed in triplicate. 
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(1.28 ± 0.06) and MDA-MB-231 (1.58 ± 0.12) cells were higher than PPARγ2 levels (0.95 ± 0.05 

and 1.28 ± 0.11, respectively).  PTEN and BRCA1 are both well expressed in the two cell lines, 

with PTEN expression being equal in MCF-7 and MDA-MB-231 (1.59 ± 0.03 and 1.59 ± 0.01, 

respectively) cells and BRCA1 expression slightly higher in MDA-MB-231 cells (1.18 ± 0.04 in 

MCF-7 versus 1.35 ± 0.11 in MDA-MB-231). 

Following treatment with either 10 µM DMBA alone, 30 µM rosiglitazone alone or a 

combination of 10 µM DMBA + 30 µM rosiglitazone (referred to as Co-treatment) for 24, 48 and 

72 hours,  mRNA levels of PPARα, PPARβ, PPARγ1, PPARγ2, PTEN, BRCA1 and HSP90 were 

re-assessed by QRT-PCR.  In MCF-7 cells, PPARα mRNA levels were not significantly different 

from untreated baseline levels among the different treatments or the time points examined (Figure 

23).  mRNA levels of PPARβ were significantly different from respective untreated levels when 

treated with rosiglitazone for 24 hrs (1.19 ± 0.07 vs. 1.37 ± 0.05 , p<0.05) (Figure 23).  Similar to 

PPARα, mRNA levels of PPARγ1 did not significantly change in MCF-7 cells upon treatment at 

any time point examined.  However, changes were seen in the mRNA levels of PPARγ2.  At 24 

hrs, the expression level of PPARγ2 was significantly higher upon rosiglitazone treatment as 

compared to untreated (1.08 ± 0.04 vs. 0.83 ± 0.03, respectively) (p<0.001) (Figure 23).  This 

expression level at rosiglitazone was also significantly higher than that following DMBA 

treatment (p<0.001) or co-treatment with DMBA + rosiglitazone (p<0.001).  By 48 hrs, the 

rosiglitazone treatment resulted in significantly higherPPARγ2 mRNA expression than DMBA 

treatment alone, but the increase was less pronounced than at 24 hrs (p<0.05) (Figure 23).  No 

significant changes were observed at 72 hours (Figure 23).   

 For MDA-MB-231 cells, PPARα mRNA expression exhibited a time-dependent effect 

independent of treatment (p<0.001) (Figure 24).  Although there were no significant changes 

among treatments at 24 hrs, changes in expression did become apparent by 48 hrs.  Specifically, 

rosiglitazone significantly increased PPARα mRNA expression as compared to untreated  
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Figure 23.  Peroxisome proliferator-activated receptor (PPAR) mRNA expression levels in 
treated human MCF-7 breast cancer epithelial cells.  MCF-7 cells were treated and assessed by 
QRT-PCR analysis as described in Section 2.8 of Materials & Methods.  Values were normalized 
to GAPDH mRNA expression levels.  Data represent mean ± S.D. of sample analyses performed 
in triplicate.  *, p<0.05; **, p<0.01; ***, p<0.001 as compared to indicated controls.   
  

48 hrs 

72 hrs 

24 hrs 
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Figure 24.  Peroxisome proliferator-activated receptor (PPAR) mRNA expression levels in 
treated human MDA-MB-231 breast cancer epithelial cells.  MDA-MB-231 cells were treated 
and assessed by QRT-PCR analysis as described in Section 2.8 of Materials & Methods.  Values 
were normalized to GAPDH mRNA expression levels.  Data represent mean ± S.D. of sample 
analyses performed in triplicate.  *, p<0.05; **, p<0.01; ***, p<0.001 as compared to indicated 
controls.   

48 hrs 

72 hrs 

24 hrs 
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controls, rising from 1.07 ± 0.15 in the untreated sample to 1.43 ± 0.05 in the rosiglitazone-

treated sample (p<0.001) (Figure 24).  Similarly, there was a significant increase in PPARα 

mRNA levels upon co-treatment, reaching 1.42 ± 0.12 (p<0.01) (Figure 24).  However, there 

were no noticeable effects at 72 hrs.  PPARβ also exhibited a time-dependent effect irrespective 

of treatment, although not to the same extent as PPARα (p<0.05) (Figure 24).  Similar to PPARα, 

PPARβ exhibited expression differences at 48 hours only.  In this case, significant increases were 

seen in both the DMBA and rosiglitazone treatment groups (1.36 ± 0.14 and 1.37 ± 0.05, 

respectively) as compared to untreated controls (1.07 ± 0.14) (p<0.05) (Figure 24).  All 

treatments produced significantly higher levels of PPARγ1 expression as compared to untreated 

(0.99 ± 0.17) (Figure 24).  DMBA increased expression to 1.33 ± 0.10 (p<0.05), rosiglitazone 

increased expression to 1.36 ± 0.05 (p<0.01) and co-treatment increased expression to 1.32 ± 0.10 

(p<0.05) (Figure 24).  Overall, PPARγ2 did not show significant changes in mRNA expression, 

with the exception that 24 hrs following treatment with DMBA increasedPPARγ2 mRNA 

expression (0.95 ± 0.12) as compared to rosiglitazone treatment (1.22 ± 0.14) (p<0.05) (Figure 

24).   

 The effects of treatment on the mRNA expression levels of HSP90 and PPARγ target 

genes PTEN and BRCA1 were assessed.  In MCF-7 cells, PTEN mRNA levels were not 

significantly different at any time point when compared to respective untreated controls (Figure 

25).  However, changes in mRNA levels of both BRCA1 and HSP90 wereobserved to be time-

dependent (p<0.05), irrespective of the treatment (Figure 25).  Maximal mRNA expression for 

BRCA1 (1.38 ± 0.21) and for HSP90 (1.99 ± 0.22) was noted after 72 hrs of treatment with 

rosiglitazone. 

In MDA-MB-231 cells, changes in PTEN mRNA levels were time-dependent following 

treatment (p<0.05) and effects at 48 hrs.  By 48 hrs, all three treatment conditions produced 

significant changes in PTEN mRNA expression when compared to respective untreated controls  
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Figure 25.  Peroxisome proliferator-activated receptor (PPAR)γ target mRNA expression levels 
in treated human MCF-7 breast cancer epithelial cells.  MCF-7 cells were treated and assessed by 
QRT-PCR analysis as described in Section 2.8 of Materials & Methods.  Values were normalized 
to GAPDH mRNA levels.  Expression of target genes PTEN and BRCA1 are shown in 
comparison to HSP90, a highly expressing gene in breast cancer cells.  Data represent mean ± 
S.D. of sample analyses performed in triplicate.  *, p<0.05; **, p<0.01; ***, p<0.001 as 
compared to indicated controls. 
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(1.02 ± 0.06).  PTEN expression was significantly increased 1.4-fold (1.41 ± 0.14, p<0.05), ~1.5-

fold (1.48 ± 0.24, p<0.01) and 1.6-fold (1.63 ± 0.19, p<0.001) following treatment with DMBA, 

rosiglitazone and a co-treatment of DMBA + rosiglitazone, respectively (Figure 26).  BRCA1 

mRNA expression was also noted to be time-dependent effect (p<0.001) and treatment-dependent 

at 48 hrs (Figure 26).  Both rosiglitazone (1.47 ± 0.12, p<0.01) and DMBA + rosiglitazone (1.56 

± 0.14, p<0.001) treatments produced ~1.5-fold increases in BRCA1 mRNA levels that were 

significant when compared to respective untreated controls (1.05 ± 0.13).  Additionally, both 

rosiglitazone treatment and co-treatment produced significantly higher BRCA1 expression (1.47 

± 0.12 and 1.56 ± 0.14, respectively) than DMBA Only treatment at 48 hrs (1.06 ± 0.11) 

(p<0.01and p<0.001, respectively) (Figure 26).  Finally, HSP90 also exhibited a global time-

dependent effect (p<0.001) in expression with maximal changes in mRNA expression following 

treatment at 48 hours (Figure 26).  Rosiglitazone and the co-treatment resulted in respective > 2-

fold (2.67 ± 0.36) and 2.8-fold (3.32 ± 1.10) increases in HSP90 mRNA expression at 48 hrs, as 

compared to untreated controls (1.20 ± 0.12) (p<0.001) (Figure 26).  Furthermore, HSP90 mRNA 

expression levels at 48 hrs were significantly higher following either rosiglitazone (2.67 ± 0.36) 

or co-treatment with DMBA + rosiglitazone (3.32 ± 1.10) as compared to DMBA treatment alone 

(1.68 ± 0.08)  (p<0.05 and p<0.001, respectively) (Figure 26). 

 

3.2b - Target Protein Expression in Treated Human Breast Cancer Cells 

 The extent of changes in protein expression of PPARγ, PTEN and BRCA1 following 

treatment of human breast cancer cells was assessed by western blot as described in the Methods 

section 2.11.  

 Figure 27A illustrates representative western blot results in MCF-7 cells, with mouse 

white adipose tissue (WAT) added as a positive control.  Densitometry analysis was completed 

on the blots and reported as relative intensity units (Table 4).  At 24 hours, PPARγ protein  
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Figure 26. Peroxisome proliferator-activated receptor (PPAR)γ target mRNA expression levels in 
treated human MDA-MB-231 breast cancer epithelial cells.  MDA-MB-231 cells were treated 
and assessed by QRT-PCR analysis as described in Section 2.8 of Materials & Methods.  Values 
were normalized to GAPDH mRNA levels.  Expression of target genes PTEN and BRCA1 are 
shown in comparison to HSP90, a highly expressing gene in breast cancer cells.  Data represent 
mean ± S.D.of sample analyses performed in triplicate.  *, p<0.05; **, p<0.01; ***, p<0.001 as 
compared to indicated controls.  
 

48 hrs 
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24 hrs 
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Figure 27.  Peroxisome proliferator-activated receptor (PPAR)γ and target protein expression in 
treated human MCF-7 and MDA-MB-231 breast cancer cells.  Whole cell lysates were prepared 
from cells treated and quantified by Western blot as per Sections 2.9-2.11 of the Materials & 
Methods.  Panel A shows the protein expression in MCF-7 cells and Panel B shows the protein 
expression in MDA-MB-231 cells.  α-tubulin and α-actinin were used as loading controls. WAT, 
mouse white adipose tissue, was used as a positive control for PPARγ protein expression, and 
MCF-7 cells treated with 30 µM rosiglitazone for 48 hrs were used as a positive control for 
BRCA1 expression in MDA-MB-231 cells.  DMBA, 7,12-dimethylbenz[a]anthracene; Rosi, 
rosiglitazone; Co-treat, 10 µM DMBA + 30 µM rosiglitazone. 

A 

B 
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Table 4.  Relative expression of target proteins in treated MCF-7 cells.  Densitometry analysis 
was done on western blots and numbers in table are expressed in intensity units relative to the 
loading control (α−actinin).  n = 2 
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expression was decreased by ~2-fold under all treatment conditions as compared to untreated 

controls.  At 48 hours, PPARγ protein levels were unchanged as compared to respective untreated 

controls following treatment with either DMBA, rosiglitazone or a combination of the two.  

PPARγ protein expression remained relatively unchanged at 72 hrs as compared to untreated 

controls, with the exception of the co-treatment, which resulted in a 3-fold decrease.  PTEN 

protein expression was similar to what was observed for PPARγ at 24 and 48 hrs under all 

treatment conditions.  However, by 72 hrs, PTEN expression was decreased 3-fold as compared 

to untreated after co-treatment.  BRCA1 protein expression exhibited a different pattern than that 

observed for PPARγ or PTEN.  By 24 hrs, BRCA1 protein levels were decreased over 2-fold after 

exposure to DMBA treatment alone as compared to respective untreated controls.  However, the 

opposite trend was observed as exposure time increased, where DMBA Only treatment 

significantly increased BRCA1 protein expression at 48 and 72 hrs as compared to untreated 

MCF-7 controls.  By 48 hrs, rosiglitazone treatment also significantly increased BRCA1 protein 

expression, as did co-treatment with DMBA + rosiglitazone.  By 72 hrs, these treatment effects 

on BRCA1 protein expression were not increased to the same extent.   

 In MDA-MB-231 cells, the protein profiles for PPARγ and PTEN were different from 

those observed in MCF-7 cells (Figure 27B and Table 5).  At 24 hrs, PPARγ expression showed a 

tendency to be modestly lower at all treatments as compared to untreated controls; however, by 

48 hrs, there were no significant changes in PPARγ expression irrespective of treatment.  At 72 

hrs, PPARγ expression increased in each of the treatments as compared to respective untreated 

controls.  PTEN protein expression showed a tendency to decrease at 24 hrs as compared to 

respective untreated controls, particularly following rosiglitazone treatment and co-treatment with 

DMBA + rosiglitazone.  By 48 hrs, all treatments showed a tendency to increase PTEN protein  
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Table 5.  Relative expression of target proteins in treated MDA-MB-231 cells.  Densitometry 
analysis was done on western blots and numbers in table are expressed in intensity units relative 
to the loading control (α−tubulin). ND = not detectable. n=2 
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expression as compared to respective untreated controls.  PTEN expression at 72 hrs following 

treatment decreased in the following order: DMBA  rosiglitazone  co-treatment  as compared 

to untreated MDA-MB-231 controls.  As previously reported, BRCA1 expression is not 

detectable in MDA-MB-231 cells.  This was confirmed for all treatments and time points in this 

study (Figure 27B).  Interestingly, in both MCF-7 and MDA-MB-231 cells, PPARγ protein 

expression reached a maximum 72 hrs following co-treatment with DMBA + rosiglitazone, while 

PTEN expression was at its lowest level at this same time point and treatment. 

 

3.2c – Effects of DMBA and Rosiglitazone on Human Breast Cancer Cell Growth 

Human MCF-7 and MDA-MB-231 breast cancer cells were treated for 24, 48 and 72 hrs 

with 0.1 µM, 1 µM and 10 µM each of DMBA, rosiglitazone or equal concentrations of both and 

the effects on apoptosis were assessed using annexin-V staining and quantitated by flow 

cytometry as described in Section 2.12 of Methods .  Although similar trends were observed at 24 

and 48 hrs, the most pronounced effects in MCF-7 cells were seen at 72 hrs, particularly at the 10 

µM concentrations of DMBA, rosiglitazone and the co-treatment.  As compared to the untreated 

cells (94.9% live cells, 2.9% apoptotic cells), the percentage of live cells decreased with each of 

the treatments, and the cell population shifted more towards apoptosis as opposed to necrosis 

(Figure 28).  MCF-7 cells treated with 10 µM DMBA had a live cell population of 68.2% and 

13.8% apoptotic cells.  Cells treated with 10 µM rosiglitazone had an 86.6% live cell population 

and 8.8% of cells undergoing apoptosis.  The 10 µM co-treatment resulted in an even further 

decrease in the percentage of live cells (56.7%) and an increase in apoptotic cells (15.6%).   

Additionally, the percentage of cells entering apoptosis increased with increasing treatment (0.1, 

1.0, 10 µM) concentrations: 3%, 5.1% and 13.8% respectively for DMBA; 1.9%, 3.1% and 8.8% 

respectively for rosiglitazone and 2.6%, 4.6% and 15.6% respectively for DMBA + rosiglitazone.   
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Figure 28.  Histograms of the effects of treatment on MCF-7 cells.  Cells were treated with 0.1, 
1.0 or 10 µM DMBA, rosiglitazone or a combination of the two for 72 hrs, after which time the 
cells were harvested, stained with annexin-V-FITC (AV) and propidium iodide (PI) and assessed 
by flow cytometry as described in Section 2.12 of Materials & Methods.  Representative 
histogram of three independent experiments performed in triplicate. 
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The opposite effect was observed in MDA-MB-231 cells, and at an earlier time point.  By 

48 hrs, as compared to untreated controls (85.5% live cells), the percentage of live cells decreased 

and the cell population shifted more towards necrosis as opposed to apoptosis following 

treatments at all concentrations (Figure 29).  Moreover, the percentage of necrotic cells was  

highest at the lowest concentration of rosiglitazone (27.3%) and decreased as the concentration 

increased (14.8% at 1.0 µM and 6.7% at 10 µM).  The lowest percentage of necrotic cells were 

observed following treatment with either DMBA (5.8% at 0.1 µM and 5.0% at 1.0 µM) or co-

treatment with DMBA + rosiglitazone (12.1% at 0.1 µM and 9% at 1.0 µM), and increased as the 

treatment concentration was increased (12.7% at 10 µM DMBA and 27.7% at 10 µM DMBA + 

10 µM rosiglitazone co-treatment, respectively). 

 Further apoptosis studies were done after determining the optimal concentrations for co-

treatment of DMBA and rosiglitazone.  MCF-7 and MDA-MB-231 cells were treated with 10 µM 

DMBA alone, 30 µM rosiglitazone alone or a combination of the two treatments (referred to as 

co-treatment) over a period of 24, 48 and 72 hrs.  The effects on proliferation and apoptosis were 

assessed as previously described in Section 2.12 of Methods. 

 Both MCF-7 and MDA-MB-231 cells showed the expected rate of proliferation in 

untreated cells, doubling ~ every 24 hrs (Figure 30, Panels A and B).  MCF-7 cells exhibited both 

a time-dependent and treatment-dependent proliferative effect (p<0.001).  Although there was an 

absence of any significant changes at 24 hrs, alterations in the MCF-7 proliferation rate were 

evident by 48 and 72 hrs.  Compared to untreated MCF-7 cells, exposure to 10 µM DMBA 

produced a significant decrease in cell proliferation, from 1.06e6 ± 1.4e5 cells in the untreated 

sample to 6.9e5 ± 1e5 cells, or a 1.5-fold decrease (p<0.05).  By 72 hrs, this same treatment 

produced a ~ 2.5-fold decrease in MCF-7 cell proliferation as compared to respective untreated 

controls (p<0.001) (Figure 30, Panel A).  Co-treatment with 10 µM DMBA + 30 µM  
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Figure 29. Histograms of the effects of treatment on MDA-MB-231 cells.  Cells were treated 
with 0.1, 1.0 or 10 µM DMBA, rosiglitazone or a combination of the two for 48 hrs, after which 
time the cells were harvested, stained with annexin-V-FITC (AV) and propidium iodide (PI) and 
assessed by flow cytometry as described in Section 2.12 of Materials & Methods.  Representative 
histogram of three independent experiments performed in triplicate. 
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Figure 30.  Effect of treatment on proliferation of human MCF-7 and MDA-MB-231 breast 
cancer cells.  Panel A represents proliferation in MCF-7 cells, while Panel B represents 
proliferation in MDA-MB-231 cells.  Cell number doubled every 24 hours in untreated cells in 
both cell lines as expected, given that the doubling time is 24 hours.  Data represent mean ± S.D. 
of sample analyses performed in triplicate. Statistical comparisons: *, significantly different 
versus untreated controls; †, significantly different versus dimethylbenz[a]anthracene (DMBA) 
Only treatment; δ, significantly different versus DMBA + rosiglitazone treatment.  Single symbol 
indicates p<0.05, duplicate symbols indicate p<0.01 and triplicate symbols indicate p<0.001. 

A 

B 
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rosiglitazone also influenced MCF-7 cell proliferation.  After 72 hrs of treatment, there was a 3.5-

fold decrease (5.6e5 ± 1.95e5) in proliferation as compared to the respective untreated controls  

 (2e6 ± 8.6e4) (p<0.001).  30 µM rosiglitazone treatment resulted in a significant 1.5-fold 

increase (1.1e6 ± 1.5e5) at 48 hrs (p<0.01) and a 2.8-fold increase (2.1e6 ± 3.2e5) in proliferation 

at 72 hrs compared to DMBA alone (6.9e5 ± 1e5 at 48 hrs and 7.6e5 ± 9.5e4 at 72 hrs) (p<0.001) 

(Figure 30, Panel A).  MDA-MB-231 cells did show a time-dependent effect irrespective of 

treatment (p<0.001) (Figure 30, Panel B).  Furthermore, there were no apparent changes in 

proliferation rates at either 24 or 48 hrs; the only alterations appeared at the later time point of 72 

hrs.  At this time, treatment with 30 µM rosiglitazone resulted in a 1.4-fold decrease in 

proliferation (1.3e6 ± 2.4e5) compared to untreated MDA-MB-231 controls (1.8e6 ± 4.2e4).  

Additionally, there was a significant decrease in proliferation upon DMBA + rosiglitazone co-

treatment as compared to respective untreated controls, resulting in a drop from 1.82e6± 4.2e4to 

1.37e6± 8.1e4MDA-MB-231 cells, or a 1.3-fold decrease.  

  

Changes in apoptosis, or programmed cell death, were also evident in the two cell lines 

following treatments.   In MCF-7 cells, there was again a global time- and treatment-dependent 

effect (p<0.05 and p<0.01, respectively).  Treatment with 10 µM DMBA showed opposing 

effects at 24 and 48 hrs (Figure 31, Panel A).  At 24 hrs, there was a significant increase in 

apoptosis as compared to untreated controls, from 5.9± 4.7% to 12.6 ± 1.3% (p<0.01).  

Conversely, at 72 hrs, there was a significant decrease in apoptosis as compared to untreated 

MCF-7 controls, dropping from 11.2± 2.5% to 4.7± 1.7%  (p<0.01).  Both 30 µM rosiglitazone 

and 10 µM DMBA + 30 µM rosiglitazone co-treatment resulted in alterations in apoptosis at 72 

hours only. 30 µM rosiglitazone caused a decrease in apoptosis as compared to untreated controls 

(11.2± 2.5% versus 5.5± 1.3%, respectively) (p<0.05), while the co-treatment resulted in an even 

further decrease to 3.5± 0.8% (p<0.001) (Figure 31, Panel A).  Interestingly, the effects on  
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Figure 31.  Effect of treatment on apoptosis in human MCF-7 and MDA-MB-231 breast cancer 
cells.  Panel A represents apoptosis in MCF-7 cells, while Panel B represents apoptosis in MDA-
MB-231 cells.  Data represent mean ± S.D. of sample analyses performed in triplicate.  Statistical 
comparisons: *, significantly different versus untreated controls; †, significantly different versus 
dimethylbenz[a]anthracene (DMBA) Only treatment; δ, significantly different versus DMBA + 
rosiglitazone treatment.  Single symbol indicates p<0.05, duplicate symbols indicate p<0.01 and 
triplicate symbols indicate p<0.001. 
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apoptosis with10 µM DMBA were also significantly different than those produced by either 30 

µM rosiglitazone or the co-treatment.  Specifically, at 24 and 48 hrs, 10 µM DMBA significantly 

increased apoptosis (12.6 ± 1.3% and 8.2 ± 3.3%, respectively) as compared to 30 µM 

rosiglitazone (7.6 ± 0.9% and 3.2 ± 2.1%, respectively) (p<0.05).  Differences between these  

treatments were only observed at 24 hrs, where 10 µM DMBA treatment produced 12.6 ± 1.3%, 

while the co-treatment produced 6.5% apoptosis in MCF-7 cells (p<0.01) (Figure 31, Panel A).  

Apoptosis in MDA-MB-231 cells displayed a treatment-dependent response (p<0.01) (Figure 31, 

Panel B).  Changes were seen in each of the treatment groups as compared to untreated controls, 

particularly at the later time points.  There were no differences at 24 hrs.  However, by 48 hrs, 

there was a significant increase in apoptosis upon treatment with 30 µM rosiglitazone, increasing 

from 6.4± 1.9% in untreated cells to 15.1± 11.4% in the treated cells (p<0.05).  In contrast, by 72 

hrs, 30 µM rosiglitazone caused a decrease (6.8± 1.8%) in apoptosis from that observed in 

untreated controls (19.3± 2.7%) (p<0.01).  Treatment with 10 µM DMBA and co-treatment also 

produced an effect at 72 hrs, again causing a significant decrease in apoptosis, from 19.3± 2.7% 

in the untreated cells to 3.9± 3.1% and 3.5± 0.7% in the treated cells, respectively (p<0.001).  Of 

note, 48 hrs after treatment, 30 µM rosiglitazone caused a significant 1.75-fold increase in 

apoptosis in MDA-MB-231 cells as compared to 10 µM DMBA (p<0.05) (Figure 31, Panel B). 

 Treatments of both human breast cancer cell lines also produced alterations in necrosis, 

or accidental cell death as reflected by changes in propidium iodide staining quantified by flow 

cytometry as described in section 2.12 of Methods. In particular, changes in necrosis were evident 

in MCF-7 cells 48 hrs after treatment with 10 µM DMBA, 30 µM rosiglitazone or 10 µM DMBA 

+ 30 µM rosiglitazone co-treatment. Treatment with 10 µM DMBA significantly increased 

necrosis approximately 3-fold (14.1 ± 0.8%, p<0.01), while the 30 µM rosiglitazone treatment 

produced an increase of over 2.5-fold (11.6 ± 7.8%, p>0.05) as compared to untreated MCF-7  
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controls (3.9 ± 1.5%).  However, the co-treatment resulted in 5-fold increase in necrosis (21.3 ± 

1.5), which was greater than either of the other two treatments when compared to untreated 

controls (p<0.001) (Figure 32, Panel A).In particular, the co-treatment increased the percentage of 

necrosis by about 2-fold as compared to treating with rosiglitazone alone (p<0.05).  MDA-MB-

231 cells were observed to have a similar time-dependent response in necrosis, especially by 48 

hrs following treatment (p<0.001) (Figure 32, Panel B).  Treatment with 10 µM DMBA produced 

no discernable changes in necrosis at any of the time points as compared to untreated MDA-MB-

231 controls.  The 30 µM rosiglitazone treatment and the co-treatment did, however, produce 

changes after 48 hrs of treatment.  As compared to untreated controls (5.8 ± 3.2%), 30 µM 

rosiglitazone generated a 4-fold increase in necrosis (24.3 ± 15.9%, p<0.001), while treatment 

with both 10 µM DMBA + 30 µM rosiglitazone produced a 3-fold increase in necrosis (17.4 ± 

4.7%, p<0.05) (Figure 32, Panel B).  Unlike MCF-7 cells, the co-treatment did not result in a 

higher percentage of necrosis as compared to the treatment of 30 µM rosiglitazone alone, though 

the 30 µM rosiglitazone treatment did cause a significant 3-fold increase in MDA-MB-231 cell 

necrosis as compared to 10 µM DMBA Only treatment (p<0.01).   

 To examine the effects of treatments on total cell death in both cell lines, levels of 

apoptosis and necrosis were combined (Figure 33).  Maximal cell death effects were observed at 

48 hrs following treatment in both MCF-7 and MDA-MB-231 cells.MDA-MB-231 cells again 

showed an overall time-dependence (p<0.01), while MCF-7 cells did not (Figure 33).  In MCF-7 

cells, 48 hr treatment with 10 µM DMBA resulted in a significant 2-fold increase in total cell 

death (16.5 ± 1.7%, p<0.05), while co-treatment enhanced total cell death ~3-fold (22.3 ± 1.3%, 

p<0.001)as compared to untreated MCF-7 controls (7.7 ± 4.5%) (Figure 33, Panel A).The co-

treatment also enhanced total cell death as compared to the 30 µM rosiglitazone treatment, 

resulting in about a 1.7-fold increase (p<0.05) (Figure 33, Panel A).  In MDA-MB-231 cells,  



 101 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 32.  Effect of treatment on necrosis in human MCF-7 and MDA-MB-231 breast cancer 
cells.  Panel A represents necrosis in MCF-7 cells, while Panel B represents necrosis in MDA-
MB-231 cells.  Data represent mean ± S.D. of sample analyses performed in triplicate.  Statistical 
comparisons: *, significantly different versus untreated controls; †, significantly different versus 
dimethylbenz[a]anthracene (DMBA) Only treatment; δ, significantly different versus DMBA + 
rosiglitazone treatment.  Single symbol indicates p<0.05, duplicate symbols indicate p<0.01 and 
triplicate symbols indicate p<0.001. 
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Figure 33.  Effect of treatment on total cell death in human MCF-7 and MDA-MB-231 breast 
cancer cells.  Panel A represents total cell death in MCF-7 cells, while Panel B represents total 
cell death in MDA-MB-231 cells.  Data represent mean ± S.D.of sample analyses performed in 
triplicate.  Statistical comparisons: *, significantly different versus untreated controls; †, 
significantly different versus dimethylbenz[a]anthracene (DMBA) Only treatment; δ, 
significantly different versus DMBA + rosiglitazone treatment.  Single symbol indicates p<0.05, 
duplicate symbols indicate p<0.01 and triplicate symbols indicate p<0.001. 

A 
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there were two notable changes in total cell death (Figure 33, Panel B).  The 30 µM rosiglitazone 

treatment raised the percentage of total cell death by almost 3-fold (25 ± 16.5%) as compared to 

respective untreated controls (8.6 ± 3.7%) at 48 hrs (p<0.01).  In addition, 48 hrs after 30 µM 

rosiglitazone treatment resulted in a significant increase in total MDA-MB-231 cell death (25 ±  

16.5%) as compared to treatment with 10 µM DMBA (9.4 ± 3.0%), an approximate 2.6-

foldincrease (p<0.01) (Figure 33, Panel B). 
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CHAPTER 4 – DISCUSSION 
 

PPARγ was first identified as a critical protein required to regulate the expression of 

genes involved in glucose and lipid metabolism.  However, recent evidence suggests that PPARγ 

may also have a key role as a tumour suppressor, particularly in breast tumourigenesis.  The 

current study sought to elucidate the mammary epithelial cell-specific role of PPARγ signaling 

with respect to breast tumourigenesis. 

 

In vivo Studies 

 The PPARγ-MG KO mouse strain was regenerated in our lab from crosses of PPARγ(fl/fl) 

and transgenic MMTV-Cre expressing mice since the original strain(142) was no longer available. 

Prior to using them for in vivo tumour studies, our mouse models were assessed to determine 

whether, compared to PPARγ-WT mice, the PPARγ-MG KO strain had reduced PPARγ 

expression in mammary epithelial cells.  Western blot analysis of both strains revealed that 

mammary gland expression of mPPARγ was significantly lower (83% and 60%, respectively) in 

PPARγ-MG KO as compared to PPARγ-WT mice at both virgin and lactating stages.  Although 

my results suggest PPARγ protein expression is not completely deleted, this was anticipated.  The 

Cre-loxP system is currently the most widely accepted in vivo system for cell type-specific gene 

deletion, but is limited by the efficiency of the promoter used to induce Cre expression.  Given 

my western blots were preformed using whole cell extracts from the entire mammary gland, other 

cell types within this tissue, such as adipocytes, would still express PPARγ; thus, non-Cre 

expressing cells in these samples may mask the absolute efficiency of in vivo PPARγ deletion.  

Consistent with previous reports (142), mammary gland wholemount analysis did not reveal any 

spontaneous morphological differences between our PPARγ-WT and PPARγ-MG KO mammary 

glands at any of the four stages of mammary gland development (virgin, pregnancy, lactation and 

involution).  The absence of any morphological differences is attributed to the fact that PPARγ is 
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not required for normal mammary gland development – when PPARγ is knocked out in the 

epithelial cells of the mammary gland, development occurs normally through puberty and 

pregnancy.  However, consistent with previous findings (142), the PPARγ-MG KO mice were 

unable to nurse their pups, and required cross-fostering of pups to another dam shortly after birth 

to maintain viable colonies.   

 Over the course of my in vivo tumour studies, significant differences were observed in 

the survival proportions of the two mouse strains examined.  When treated with DMBA Only, the 

PPARγ-WT mice had a significantly lower survival rate by the end of the 25 week study 

compared to the PPARγ-MG KO mice.  However, when both strains were treated with DMBA + 

Rosiglitazone, the trend was reversed, and the PPARγ-WT survival rate appeared to be greater 

than not only that of similarly treated PPARγ-MG KO mice, but also compared to DMBA Only-

treated PPARγ-WT controls.  Although the latter findings were not statistically significant, likely 

due to low n values, they do suggest that mammary epithelial cell PPARγ expression may 

contribute at least in part to the increase in survival following PPARγ activation.  In a previous 

study of DMBA-mediated tumourigenesis using PPARγ(+/-) and PPARγ(+/+) mice (134), PPARγ(+/+) 

mice had a survival rate of approximately 60% at the end of the 25 week study; whereas, in the 

current study, the PPARγ-WT mice refer to PPARγ(fl/fl)Cre- and had a survival rate of 8% at the 

end of the 25 weeks of the DMBA Only portion of the study.  Although it is possible that the 

presence of the floxed PPARγallele in our mice contributed to the differences in survival between 

these studies, to our knowledge there are no previous reports of any floxed PPARγ allele 

adversely affecting or conferring phenotypic differences in mice(137, 143).  It should also be 

noted that there were large differences in n values between the two studies; the former had a final 

n=44 for wild-type mice, whereas my n value for the PPARγ-WT mice was 12.  In vivo DMBA 

tumour studies with these PPARγ mouse strains are ongoing in the lab, which will increase the n 
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values for all treatment groups and may reveal whether this factor alone can explain the observed 

discrepancies in survival rates. 

A number of different tumour types were observed for both genotypes under each 

treatment, most notably mammary, lung and liver.  In the DMBA Only-treated group, the PPARγ-

WT mice tended to have a higher total tumour multiplicity than the PPARγ-MG KO mice.  With 

the exception of ovarian tumours, tumour multiplicity was higher for every tumour type among 

the PPARγ-WT mice as compared to the PPARγ-MG KO mice.  In the same study discussed 

above(134) that treated mice with DMBA alone, PPARγ(+/−)mice had a significantly higher total 

tumour multiplicity than PPARγ(+/+) mice.  This may be due to the differences in the nature of the 

PPARγ knockouts used in each study.  One allele of PPARγ is absent in the entire body of 

PPARγ(+/-) mice , while in the current study, PPARγ deletion is selective for the epithelial cells of 

the mammary gland.  Therefore, in our study there may be contributions from PPARγ expression 

in other cell types.  Upon treatment with DMBA + Rosiglitazone, the overall total DMBA-

mediated tumour multiplicities of the PPARγ-WT and PPARγ-MG KO strains were equal.  The 

overall total tumour multiplicity was also equal for the PPARγ-WT mice irrespective of 

treatment, whereas the PPARγ-MG KOs showed a trend toward increased total tumour 

multiplicity upon rosiglitazone co-treatment, although these results were not statistically 

significant.  These data do not suggest a role for PPARγ as a classical tumour suppressor, given 

that when PPARγ is activated, overall DMBA-mediated tumour numbers per mouse do not 

appear to change among PPARγ-WT mice, and seem to worsen among PPARγ-MG KO mice.  

However, unlike classical tumour suppressors, PPARγ was only implicated as a suppressor of 

progression once the tumours had developed, including breast, ovarian and skin (134), colon 

(133) and lung (144).  Therefore, tumours may continue to multiply in both genotypes under both 

treatment conditions.  It is also possible that subsets of DMBA-mediated tumours are biasing 

these results.  The overall total number of tumours per mouse may not accurately reflect the 
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effects of mammary epithelial cell-specific PPARγ deletion on DMBA-mediated mammary 

tumours.  One of my objectives was to determine whether PPARγ activation is able to slow the 

progression of the DMBA-mediated mammary tumours that do develop in the PPARγ  mouse 

strains used in my study. 

It is important to note that based on my observations of our own untreated mice and 

previous reports (144), neither the PPARγ-WT mice nor the PPARγ-MG KO mice develop 

mammary tumours spontaneously, so any mammary tumours that developed occurred as a result 

of treatment with DMBA.  Although the total number of mammary tumours observed was low, 

there were some notable differences between the PPARγ-WT and PPARγ-MG KO mice in the 

two treatment groups.   The mammary tumour multiplicities for the PPARγ-WT and PPARγ-MG 

KO mice were very close in the DMBA Only-treated group.  However, upon co-treatment with 

rosiglitazone, the mammary tumour multiplicity of the PPARγ-WT mice showed a tendency to 

decrease by almost 5-fold, while that of the PPARγ-MG KO mice stayed almost the same.  These 

results suggest that mammary epithelial cell PPARγ expression may have a role in decreasing 

mammary tumour multiplicity, and although the decrease in mammary tumour multiplicity in the 

PPARγ-WT mice is not currently statistically significant, increasing the ‘n’ value in each group 

may confirm this trend is biologically significant.  The different treatments also influenced the 

volumes of the mammary tumours observed in both the PPARγ-WT and PPARγ-MG KO mice.  

In the DMBA Only-treated group, the PPARγ-WT mice had an earlier onset of mammary 

tumours that were, on average, greater in volume.  However, upon rosiglitazone co-treatment, 

initial mammary tumour onset was delayed 8 weeks among PPARγ-WT and mammary tumours 

were detected 4 weeks earlier in PPARγ-MG KO mice when compared to their respective 

DMBA-Only controls.  Moreover, the volume of the PPARγ-WT mammary tumour was much 

lower than those observed in PPARγ-MG KO mice when co-treated with rosiglitazone, which 

may reflect decreased tumour growth.  These results are encouraging, as they support my 
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hypothesis that mammary epithelial cell-specific expression of PPARγ may help to suppress 

DMBA-mediated breast tumour progression.  Small tumour volumes and slow tumour growth are 

also generally indicative of a more benign state.  Pathological analysis of the mammary tumours 

from my studies supports this conclusion.  In the DMBA Only-treated group, mammary tumours 

from both genotypes were classified as malignant and were highly metastatic to the lung and 

liver.  Although one of the PPARγ-MG KO mammary tumours was identified as a benign lipoma, 

these types of tumours are known to rapidly progress to a malignant state.  Hence, had the mouse 

survived a few weeks longer, the probability would have been high that the tumour would have 

been in a more advanced, metastatic state.  When both PPARγ strains of mice were co-treated 

with DMBA + rosiglitazone, PPARγ-MG KO mice continued to exhibit advanced malignant 

tumours, where, for example, the mammary tumours formed their own glands and aggressively 

invaded surrounding skin and skeletal muscle.  However, DMBA + Rosiglitazone-treated 

PPARγ-WT mice only presented with a benign, non-aggressive tumour of the blood (thrombosed 

cavernous hemangioma).  These pathological results provide strong supporting evidence that 

activation of PPARγ signaling may in fact slow the progression of DMBA-mediated breast 

tumours.  

In addition to mammary tumours, a high frequency of skin tumours was observed in both 

genotypes, with particularly high multiplicity in the DMBA + Rosiglitazone-treated group.  

Previous studies have reported that administration of DMBA by gavage results in the formation 

of skin tumours(134, 139).In the current study, skin tumours were the most frequent type of 

tumour observed in both genotypes under both treatment conditions.  The skin tumour incidence 

was not different for both PPARγ-WT and PPARγ-MG KO mice for either treatment, although 

the incidences were moderately lower upon co-treatment with DMBA + rosiglitazone.  Similar 

trends were seen in skin tumour multiplicity where the values are equal between the two 

genotypes, with the only change being that co-treatment with rosiglitazone appears to increase 
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skin tumour multiplicity in both genotypes, although this was not statistically significant.  Given 

that there are no significant differences in skin tumours between the two genotypes in either 

treatment group, it follows that deletion of PPARγ in the mammary epithelial cells has no bearing 

on skin tumour incidence or multiplicity.  It would appear, however, that treating with 

rosiglitazone may have an effect on this DMBA-mediated tumour type.  In view of the fact that 

mRNA expression of PPARγ is very low to undetectable in the skin (134), it is unclear how the 

observed effects could be PPARγ-dependent. Rosiglitazone co-treatment appears to decrease the 

incidence and increase the multiplicity of skin tumours in both genotypes.   Rosiglitazone has 

previously been shown to have PPARγ-independent effects in prostate, bladder and lung cancer 

(153, 154), so perhaps a similar phenomenon is occurring here.  It is conceivable that 

rosiglitazone activates or regulates a target other than PPARγ that has a role in skin tumour 

multiplicity.  One study in particular which identified CYP1B1 as a key mediator of DMBA-

mediated carcinogenesis, showed that when given high levels of DMBA by gavage, skin tumours 

and skin hyperplasia were observed more frequently in wild-type mice as compared to CYP1B1-

null mice (139).  In the former study, the mice were given 200 µg of DMBA by gavage five days 

a week for three weeks, for a total of 3 mg/mouse.  In our study, the mice were administered 1 mg 

once a week for 6 weeks, for a total of 6 mg/mouse.  It is a possibility that rosiglitazone increases 

CYP1B1 expression in a PPARγ-independent manner, leading to an increase in skin tumour 

multiplicity.  However, the n values in the two groups that were co-treated with rosiglitazone are 

low (PPARγ-WT = 11, PPARγ-MG KO = 7), so it is plausible that the suggested increase in skin 

tumour multiplicity for this treatment may not be as pronounced when the n values of both mouse 

strains are increased.  Another explanation for these results may include the involvement of B- 

and T-cells, important modulators of immune response and inflammation(145).  Previous reports 

confirm that the MMTV promoter is active in B- and T-cells (144); hence, in the PPARγ-MG KO 

mice, PPARγ will also be knocked out in these cell types.  PPARγ also has anti-inflammatory 
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actions, as it reportedly downregulates both NF-κB and stress-kinase pathways, thereby inhibiting 

the expression of numerous pro-inflammatory genes (109).  Despite its low expression in the 

skin(134), activated PPARγ reportedly regulates cell proliferation and inflammatory response in 

the skin(146).  Recent evidence suggests that PPARγ-dependent signaling pathways may play a 

key role in preventing the development of malignant skin tumours and may provide a useful 

target in generating therapies for this condition.  This effect may be the result of induced growth 

arrest and apoptosis in these tumours following PPARγ activation with any of its TZD 

ligands(146).  Given the low normal expression of PPARγ in the skin, these protective effects 

may be the result of PPARγ activation within infiltrating immune cells, such as B and T cells, at 

the site of tumourigenesis.  Given the link between PPARγ and inflammation, when deleted in the 

B- and T-cells, the normal anti-inflammatory response following PPARγ activation may be 

impaired.  Consequently, the combination of the latter with a rosiglitazone-independent effect, 

perhaps through upregulation of CYP1B1, may explain the increase observed in skin tumour 

multiplicity following co-treatment with rosiglitazone.  However the absence of any genotype-

dependent response in skin tumour multiplicity suggests that deletion of PPARγ in the B- and T-

cells is not a contributing factor.  Given this result, further analysis of target expression within the 

skin tumour samples is warranted. 

The mRNA expression profiles of the PPARγ isoforms, as well as PPARγ target genes, 

were assessed to determine if there were significant changes in expression between the two 

genotypes and under the different treatment conditions.  The highest expression of PPARγ1 and 

PPARγ2 was observed in the PPARγ-WT mammary tumour, which is not surprising given that 

there were no deletions of PPARγ in these mice.  In the DMBA Only-treated group, both PPARγ1 

and PPARγ2 exhibited significantly higher expression in the PPARγ-WT mammary tumour as 

compared to both the PPARγ-WT untreated mammary gland, the PPARγ-MG KO untreated 

mammary gland and the PPARγ-MG KO mammary tumour.  This is consistent with some reports 
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that demonstrate that PPARγ expression is high in metastatic breast tumours(114-118).  Upon 

treatment with rosiglitazone, the expression of PPARγ1 and PPARγ2 was relatively unchanged in 

the PPARγ-WT mammary tumour; however, expression of both subtypes increased in the 

PPARγ-MG KO mammary tumour.  This result is also consistent, as the tumours observed among 

the PPARγ-MG KO mice in the rosiglitazone-treated group were generally more malignant than 

those in the DMBA Only-treated group.  PTEN and BRCA1 are both target genes of PPARγ, with 

reported PPREs in their promoter regions.  Hence, upon activation with rosiglitazone, expression 

of both PTEN and BRCA1 would be expected to increase.  When treated with DMBA Only, 

PTEN and BRCA1 expression both tended to be higher in the PPARγ-WT mammary tumour, 

significantly so with BRCA1.  This may be due in part to PPARγ activation by endogenous 

ligands in a homeostatic response to regulate tumour progression, and in part to increased PPARγ 

expression in malignant tumours, as discussed earlier.  Similar levels of PPARγ activation may 

not occur in DMBA Only-treated PPARγ-MG KO mice due to the mammary epithelial cell-

specific PPARγ deletion.   

Upon PPARγ activation by rosiglitazone, the mammary tumour mRNA expressions of 

both PTEN and BRCA1 were noted to be genotype-dependent.  PTEN expression was not 

different from untreated PPARγ-WT mammary glands, whereas BRCA1expression was increased 

in tumours from both PPARγ mouse strains.  Interestingly, this matched the pattern seen in 

PPARγ1 and PPARγ2 expression.   The similar expression profiles of PTEN and BRCA1 

following DMBA + rosiglitazone treatment may be due to rosiglitazone activating 

PPARγ signaling in non-Cre expressing cell types, such as adipocytes, within the mammary 

tumours.  This may mask the mammary epithelial cell-specific effects of deleting PPARγ, as is 

more evident in the expression profiles from tumour samples of DMBA Only-treated mice.  It is 

interesting to note that PTEN and BRCA1, both with noted breast tumour-suppressor effects 

exhibited higher expression in mammary tumours that were more malignant and may reflect 
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homeostatic upregulation of their expression in order to prevent tumour progression.  It is also a 

possibility that increased expression of the target genes was not observed in mammary tumours 

from PPARγ-WT mice because the cells that had exhibited an increase in these genes underwent 

cell death as a means of regulating tumour growth. 

 

In vitro Studies 

Several previous in vitro studies report that PPARγ ligands can decrease the growth rate 

and induce apoptosis in human breast cancer cells, including MCF-7 and MDA-MB-231 cells 

(21, 120-122).  However, these processes have not yet been examined when these same cells are 

treated with DMBA alone or in combination with a PPARγ ligand such as rosiglitazone.  Since 

DMBA is known to both initiate and promote tumourigenesis (44), the goal of this portion of the 

study was to see how DMBA would affect proliferation and apoptosis in MCF-7 and MDA-MB-

231 cells, and whether rosiglitazone treatment could reverse any DMBA-mediated effects on 

these processes.  Untreated MCF-7 and MDA-MB-231 grew normally, doubling approximately 

every 24 hours.  It was hypothesized that DMBA treatment would result in increased breast 

cancer cell proliferation.  This, however, did not appear to be the case since at each of the three 

time points examined (24, 48 and 72 hours), the cell number tended to be lower than that of the 

untreated cells, particularly at the later time points in MCF-7 cells.  One possible explanation is 

that DMBA is not being adequately metabolized to its carcinogenic form by the cell.  However, 

there is evidence that CYP1B1, an enzyme critical to the conversion of DMBA to its carcinogenic 

form, is expressed constitutively in MCF-7 and MDA-MB-231 cells, albeit to relatively higher 

levels in the former, which is attributed to the ER status of these cells (157).  Therefore, DMBA 

should be metabolized to its carcinogenic metabolites and exert its tumourigenic properties in 

both cell lines.  To confirm this, the metabolites generated by [3H]-DMBA treated MCF-7 and 

MDA-MB-231 cells could be assessed by HPLC to ensure that the DMBA is being completely 

metabolized (147).  Alternatively, future analysis by western blot of the enzymes involved in 
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DMBA metabolism would confirm their expression in these cell lines.  It is also possible that at 

these later time points, DMBA was exerting a cytotoxic effect and in fact killing exposed 

cells.Previous work in the lab suggests 24 hr exposure to DMBA significantly increases ROS 

levels in MCF-7 and MDA-MB-231 cells, and that this effect is attenuated with rosiglitazone co-

treatment (Black and Nicol, unpublished).  Further analysis of DMBA-mediated ROS levels at 48 

and 72 hrs in these two cell lines may help determine if high levels of ROS are being generated 

that are in turn killing off the cells. 

Treatment with rosiglitazone alone would be expected to decrease proliferation of the 

human breast cancer cells due to its growth arrest properties.  Additionally, treatment of MCF-7 

cells with 30 µM rosiglitazone is reported to activate PPARγ and increase expression of 

downstream targets such as PTEN and BRCA1 (133, 159).  Results in MDA-MB-231 cells were 

consistent with this observation, as treatment with 30 µM rosiglitazone resulted in significantly 

lower proliferation at 72 hours as compared to untreated controls.  However, in MCF-7 cells, 

although 24 hr exposure to rosiglitazone treatment tended to decrease proliferation, an increase in 

proliferation was noted at 72 hours, although neither of these changes was significant.  

Rosiglitazone also significantly increased MCF-7 cell proliferation as compared to DMBA 

treatment alone at both 48 and 72 hours.  The difference in response seen between the two cell 

lines may be attributed to the difference in their ER status.  Previous studies have reported that in 

addition to activating PPARγ, rosiglitazone is also capable of activating ERα.  In MCF-7 cells, 

which are ERα positive, it has been demonstrated that after treatment for 4 days, low 

concentrations of rosiglitazone (1-10 µM) induce cell proliferation, while high concentrations of 

rosiglitazone (50 µM) inhibit cell proliferation(148).  Additionally, these rosiglitazone-induced 

effects on proliferation have been shown to be ER-dependent, given the ER-negative MDA-MB-

231 cells did not demonstrate the same effects unless transfected with ERα.A concentration of 30 

µM rosiglitazone was not tested in the former study, so it is unknown whether this would be 
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considered a “high dose” and hence capable of inhibiting proliferation in these breast cancer cells.  

However, the increase in proliferation observed at 72 hours in my study is not significant, and the 

estrogen receptor study suggests that PPARγ and ER compete for rosiglitazone (148), which may 

be why a significant change in proliferation is not observed in my study.  If activated PPARγ 

inhibits proliferation, while activated ER induces proliferation, the two actions may in effect 

cancel each other out.  When the cells were co-treated with DMBA + Rosiglitazone, proliferation 

tended to decrease at the two later time points as compared to untreated and rosiglitazone alone 

treatments, most significantly at 72 hours.  Since DMBA alone decreased proliferation while 

rosiglitazone alone increased it, the decrease seen in the co-treatment is likely DMBA-dependent 

since it was not significantly different from DMBA alone, and suggests cytotoxicity may play a 

role in this effect.  In the MDA-MB-231 cells, the co-treatment resulted in the same level of 

proliferation as DMBA alone.  Therefore, my in vitro results suggest that changes in human 

breast cancer cell proliferation may not be a mechanism by which PPARγ activation protects 

against DMBA-mediated breast tumourigenesis. 

Since proliferation was not influenced by PPARγ after treatment with DMBA, I assessed 

another key process critical to tumour growth, apoptosis.  Apoptosis is a type of programmed cell 

death that systematically kills off cells when damage is recognized and cannot be adequately 

repaired.  In both MCF-7 and MDA-MB-231 cells, DMBA treatment significantly decreased 

apoptosis at 72 hours, suggesting that it was exerting its carcinogenic effects and allowing the 

cells to remain alive.  However, in MCF-7 cells at 48 and 72 hrs, rosiglitazone treatment also 

decreased apoptosis as compared to respective untreated controls.  Given previous evidence, it 

was hypothesized that apoptosis of MCF-7 cells exposed to rosiglitazone would increase in order 

to kill off the tumour cells.  Similarly, the co-treatments also decreased apoptosis at these late 

time points as compared to untreated.  Encouragingly, rosiglitazone and co-treatment both 

increased apoptosis as compared to untreated controls.  Of note, both breast tumour cell lines 
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showed some interesting results with respect to necrosis, or “accidental” cell death.  In MCF-7 

cells, treatment with either DMBA or rosiglitazone significantly increased necrosis as compared 

to respective untreated controls.  However, the co-treatment increased necrosis to a greater extent 

than either DMBA or rosiglitazone treatments alone.  In MDA-MB-231 cells, the level of 

necrosis with DMBA alone was similar to the levels observed in untreated controls, whereas 

treatment with either rosiglitazone or co-treatment significantly increased necrosis to the same 

extent.  My apoptosis studies are the first to demonstrate that DMBA reduces apoptosis in human 

breast cancer cells, and suggest that PPARγ activation may increase both apoptosis and necrosis 

in order to protect against DMBA-mediated tumour growth.  However, there may also be other 

pathways involved in this process. 

Further apoptosis studies were done with 0.1, 1.0 and 10.0 µM DMBA, rosiglitazone and 

a combination of the two.  From this study, there came an interesting observation from the flow 

cytometry histograms: in all treatment conditions, the population of MCF-7 cells shifted towards 

apoptosis, particularly at 72 hrs, while the MDA-MB-231 cells shifted towards necrosis, 

particularly at 48 hrs.  In the MCF-7 cells, the most pronounced effect was seen at the 10.0 µM 

concentration of all treatments, with the co-treatment exerting the highest percentage of 

apoptosis.  In MDA-MB-231 cells, rosiglitazone showed an inverse dose response, while the co-

treatment again exhibited the highest percentage of necrosis.  There are possible reasons for these 

differences in the cell death response.  The first involves the tumour suppressor BRCA1.  As 

discussed earlier, BRCA1 is a tumour suppressor involved in repairing DNA damage and is 

reported to be directly regulated by PPARγ (126).  MCF-7 cells express BRCA1 and therefore 

PPARγ would upregulate BRCA1expression to induce apoptosis of the irreversibly damaged 

tumour cells.  MDA-MB-231 cells, however, does not express the BRCA1 protein and therefore 

this interaction could not occur.  If the apoptotic response is indeed mediated by PPARγ through 

BRCA1, it would explain why MDA-MB-231 cells are more likely to undergo necrotic, as 
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opposed to apoptotic, pathway induction following exposure to rosiglitazone. A second 

possibility is the difference in COX-2 expression between the two cell lines.  As discussed 

previously in the introduction (Section 1.3), COX-2 is hypothesized to be involved in the 

metabolism of DMBA.  MCF-7 cells do not express COX-2, whereas MDA-MB-231 cells, a 

highly invasive cell line, highly express COX-2 constitutively (149).  Studies have shown that 

COX-2 is capable of making cells resistant to apoptosis through its regulatory role in several 

pathways that promote tumourigenesis (150).  In this case, MCF-7 cells would proceed to 

apoptosis normally; however, MDA-MB-231 cells may be resistant to apoptosis as a result of the 

activity of COX-2, forcing them to undergo necrosis as an alternative for dealing with the 

irreparable cellular damage.  Finally, the difference in p53 status between MCF-7 and MDA-MB-

231 cells may play a role in their cell death pathways.  p53 is a tumour suppressor gene that plays 

a critical role in cell cycle control and apoptosis.  This gene is found in one of two forms in a cell, 

either wild-type or mutant.  Mutant p53 is often expressed at higher levels than wild-type p53 and 

is also more stable (151).  MCF-7 cells express wild-type p53, while MDA-MB-231 cells highly 

express mutant p53 (152).  A study in 2006 revealed that the mutant p53 in MDA-MB-231 cells 

is rendered even more stable by phospholipase D (PLD), an enzyme that hydrolyzes 

phosphatidylcholine to phosphatidic acid and an alcohol (151).  Moreover, PLD has been shown 

to contribute to the survival of cancer cells; under normal circumstances, Raf, a protein involved 

in the Ras/Raf/MEK/ERK signal transduction pathway, generates a highly intensive signal that 

initiates senescence and apoptosis in the cell.  However, cells expressing elevated levels of PLD 

are able to tolerate this signal and continue to proliferate, and are also tolerant to H2O2-induced 

apoptosis (151).  MDA-MB-231 cells have very high levels of PLD; in fact, they are about 10-

fold greater than the levels found in MCF-7 cells.  As a result, MDA-MB-231 cells are able to 

generate a survival signal that suppresses apoptosis in the presence of a stressor or extensive 

damage.  Additionally, elevated levels of PLD in MDA-MB-231 cells can further stabilize mutant 

p53,which is in fact a requirement for the survival of these cells (151).  Therefore, activating 
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PPARγ may induce p53-dependent apoptosis in MCF-7 cells, but revert to inducing necrosis in 

MDA-MB-231 cells.  Further studies are necessary in order to determine which mechanism 

mediates the differences in cell death response seen between MCF-7 and MDA-MB-231 cell 

lines.  These studies could determine the exact mechanism using siRNA experiments.  For 

example, MDA-MB-231 cells can be transfected with either transgenic BRCA1 and/or siRNA 

targeting p53 or COX-2, followed by treatment of the cells with DMBA, rosiglitazone or co-

treatment with both for 0, 24, 48 and 72 hours.  At the end of the time points, annexin-V and 

propidium iodide staining can be done, followed by flow cytometry analysis.  If transfection with 

a functional BRCA1 protein induces apoptosis as opposed to necrosis in MDA-MB-231 cells, it 

can be concluded that BRCA1 is mediating this cell death response.  However, if silencing p53 

causes the MDA-MB-231 cells to shift from necrosis to apoptosis, it can be concluded that the 

p53 is the key player in mediating the death response of the cells.  Similar conclusions could be 

drawn if silencing COX-2 exerted the same effects.  Reciprocal experiments in MCF-7 cells, for 

example, transfecting cells with BRCA1 siRNA, mutant p53 or COX-2 would be similarly 

revealing.  

Finally, both gene and protein expression of the PPARs and the PPARγ target genes 

BRCA1 and PTEN were assessed in both human breast cancer cell lines under the different 

treatment conditions of DMBA alone, rosiglitazone alone or co-treatment with both DMBA and 

rosiglitazone.  Expression profiles after DMBA treatment or a combination treatment of DMBA 

and rosiglitazone have not been done before.  In MCF-7 cells, the mRNA expression of PPARγ1 

did not show any treatment- or time-dependent changes as compared to untreated controls; 

however, PPARγ2 expression was significantly lower as compared to untreated controls and also 

lower than PPARγ1 expression under all treatment conditions and at all time points.  These 

findings were not surprising since PPARγ1 is expressed primarily in non-adipogenic cells, as both 

these cells lines are, whereas PPARγ2 is expressed primarily, though not exclusively, in cells 
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committed to becoming adipogenic.  Therefore, PPARγ2 expression should be lower than 

PPARγ1 in epithelial cells.  PPARγ protein expression showed a similar pattern to 

PPARγ1 mRNA expression.  Although protein expression of PPARγ was high in white adipose 

tissue, the only significant changes in expression occurred following all treatments at 24 hours 

and co-treatment at 72 hrs.  It is possible that although the treatments did not induce many 

significant changes in protein levels, they may instead be having an effect on PPARγ activity.  To 

determine DMBA effects on PPARγ activity future studies could use assays with PPRE-luciferase 

reporter constructs, transfected into both MCF-7 and MDA-MB-231 cells followed by treatment 

with DMBA and/or rosiglitazone, which would help to assess changes in PPARγ promoter 

activity.  I would hypothesize that changes in PPARγ activity would directly correlate with the 

protein expression levels of PPARγ target genes under the various treatment conditions. 

In the MDA-MB-231 cells, a similar pattern to MCF-7 cells was observed in mRNA 

expression where PPARγ2 expression showed a tendency to be lower than that of PPARγ1.  Also 

in this cell line, all three treatments resulted in approximately equal and significant increases in 

PPARγ1 mRNA expression as compared to untreated cells.  This is interesting as it appears to 

suggest that DMBA is somehow influencing RNA expression of PPARγ1.  No studies prior to 

this one have been done that examine a direct relationship between DMBA and PPARγ so this is 

an area that warrants further study.  It is possible that COX-2 may play a role in this process.  One 

reason for this possibility is that increases in PPARγ1 mRNA expression were not observed in 

MCF-7 cells, which do not express COX-2.  A second reason is that both DMBA and PPARγ 

have known associations with COX-2.  COX-2 has been shown to be involved in the metabolism 

of DMBA (51) and given its high expression in MDA-MB-231 cells, these cells would be able to 

metabolize DMBA more efficiently.  Moreover, studies have also shown that activation of 

PPARγ is able to downregulate the expression of COX-2(55).  Hence, the COX-2 enzyme may be 

playing a role in the effects observed in MDA-MB-231 cells in my studies.  It is also possible that 



 119 

a feedback loop exists in which the metabolism of DMBA is actually generating endogenous 

ligands for PPARγ.  For example, COX-2 is a key player in the metabolism of arachidonic acid to 

PGs(20).  COX-2 mediates the conversion of arachidonic acid into PGG2, which is then further 

metabolized by its associated peroxidase to PGH2.  During this step, the peroxidase enzyme 

requires an electron donor as a cofactor, converting it into a free radical in the process. DMBA 

may serve as an electron donor in the presence of activated COX-2, which could result in the 

formation of ROS.  PGH2can also be further metabolized to other PGs, including PGJ2, a 

postulated endogenous PPARγ ligand.  Therefore, if as it was being metabolized, DMBA was 

also participating in the arachidonic acid metabolism pathway, endogenous fatty acid PPARγ 

ligands may be generated at the same time, perhaps as a homeostatic pathway to upregulate 

tumour suppressing genes that may be required if the increased DMBA-mediated oxidative stress 

cannot be handled by other cytoprotective pathways.  With regards to protein expression, PPARγ 

expression in untreated cells was comparable to all treatments.  Expression tended to be lower at 

24 hrs in each treatment group; however, there were no significant changes within the time 

groups until 72 hrs.  At this time point, expression increased slightly under all three treatment 

groups as compared to untreated.  Once again, given that there are no major changes in protein 

expression of PPARγ, analysis of the effects of treatments on PPARγ activity would seem 

warranted. 

BRCA1 and PTEN are two critical tumour suppressor genes that are reported to be 

transcriptionally regulated by PPARγ via a PPRE found in their respective promoter regions (124, 

126).  Therefore, upon PPARγ activation by rosiglitazone, there should be an increase in 

expression of both of these genes.  In MCF-7 cells, there were no significant changes in PTEN 

expression at any of the time points examined.  Previous studies have shown that treatment of 

MCF-7 cells with 30µM rosiglitazone for 48 hours induces ~1.8-fold increase in PTEN mRNA as 

compared to an untreated control (153).  In the former study, rosiglitazone was dissolved in 
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ethanol, whereas in my study, it was dissolved in PBS.  However, treatments done with the PBS 

vehicle alone in MCF-7 cells show no difference in PTEN mRNA expression as compared to 

untreated cells; therefore, the vehicle should not be playing a role in the amount of PTEN 

transcript observed.  In terms of protein expression, PTEN was highest in the untreated sample at 

24 hrs.  Most notably, PTEN protein expression was significantly lower than the untreated sample 

in the co-treatment at 72 hrs, the same time and co-treatment in which PPARγ protein expression 

was almost three-fold higher than the untreated.  Given the high expression of PPARγ, one would 

expect to see a concurrent high expression of PTEN.  Seeing as this was not the case, it is 

possible that even though PPARγ expression is high, perhaps the DMBA is somehow affecting its 

activity.  Furthermore, since these effects were seen in the co-treatment, rosiglitazone should have 

activated PPARγ, leading to increased PTEN.  However, it is possible that the co-treatment with 

DMBA affected this interaction.  Given that the co-treatment of DMBA and rosiglitazone in 

MCF-7 cells is novel, it is possible that DMBA somehow interferes with rosiglitazone, perhaps 

rendering it unable to properly bind to PPARγ.  Since little is known about this, it is an area worth 

investigating.  Similar to PTEN mRNA, there were no significant changes in BRCA1 mRNA in 

any of the treatments at any of the time points.  However, there were some interesting changes in 

protein expression.  At 24 hr, there was very low expression of BRCA1.  However, at 48 and 72 

hrs, there were significant increases in BRCA1 protein expression at all three treatment 

conditions as compared to untreated controls, specifically at 48 hrs.  At this time point, BRCA1 

expression peaked at 30 µM rosiglitazone, consistent with previous studies that report this as the 

dose at which PPARγ optimally upregulates BRCA1 expression (126).  Interestingly, although the 

co-treatment also significantly increased BRCA1 protein expression, it did not do so to the same 

extent as DMBA alone. This implies that DMBA may be influencing BRCA1 expression, 

although the mechanism by which this may occur is unclear.  It may be that since DMBA is able 
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to initiate and promote mammary tumours, the cell may respond by increasing the expression of 

BRCA1 given its critical role in repairing DNA damage (25). 

MDA-MB-231 cells did exhibit some significant changes in PTEN expression, 

particularly at 48 hrs.  At this time point, all three treatments resulted in increased mRNA 

expression, particularly 30 µM rosiglitazone and the co-treatment.  This suggests that 

rosiglitazone may in fact have a protective effect against DMBA-mediated breast tumourigenesis 

and that this effect may be mediated through increased expression of the tumour suppressor 

PTEN.  The PTEN protein expression profile was consistent with the RNA expression profile, as 

all treatments at 48 hrs exhibited increased expression as compared to untreated controls, in 

agreement with previous reports that show 30 µM rosiglitazone treatment is sufficient to increase 

PTEN expression through PPARγ activation (153).  Interestingly, at 24 and 72 hrs PTEN 

expression decreased with treatments from Untreated → DMBA → Rosiglitazone →DMBA + 

Rosiglitazone, with particularly low expression in the co-treatment at 72 hrs.   The same 

phenomenon was seen in MCF-7 cells, where PPARγ expression was markedly high at this 

treatment and time point, with a concurrent decrease in PTEN expression.  As with MCF-7 cells, 

it is possible that DMBA interferes with rosiglitazone, a possibility that would have to be looked 

into further, potentially through a competition assay or another method that would allow for 

assessment of whether or not DMBA, or one of its metabolites, can inhibit the binding of 

rosiglitazone to its PPARγ binding site.  As for BRCA1, significant changes in mRNA expression 

were evident, notably at 48 hrs.  Rosiglitazone and the co-treatment significantly increased 

BRCA1 mRNA levels in MCF-7 cells.  However, in MDA-MB-231 cells, BRCA1 mRNA is not 

properly translated into a protein and these cells do not express a functional BRCA1 protein 

(165).  Interestingly, MDA-MB-231 cells treated for 48 hrs with rosiglitazone alone or co-treated 

with DMBA + rosiglitazone show a simultaneous increase in BRCA1 mRNA expression, 
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apoptosis and necrosis; however, since BRCA1 protein expression was not detectable in these 

samples, the significance of this association is unknown. 

Further studies in several areas will help to make the mechanisms identified in my study 

clearer.  With respect to my in vivo studies, increasing the number of mice in all treatment groups 

would enable more definitive analysis of the data, and confirm whether the observed trends are 

biologically as well as statistically significant.  Additionally, comparison of the findings in my 

studies with those using other PPARγ cell-specific knockouts in the lab, such as mammary 

secretory epithelial cells and adipocytes, would enhance our understanding of the contributions of 

PPARγ signaling pathways from other mammary cell types in suppressing DMBA-mediated 

breast tumourigenesis.  As for my in vitro studies, it is evident that MCF-7 and MDA-MB-231 

cells respond differently in terms of cell death and several mechanisms were proposed to account 

for this difference.  Moreover, invasiveness is an important characteristic of tumourigenesis that 

was not investigated in this study.  Given that PPARγ is proposed to be a suppressor of tumour 

progression as opposed to a classical tumour suppressor, assessment of the effects of DMBA, 

rosiglitazone and combination treatments on the metastatic potential of human breast tumour cells 

would be warranted.  Since PPARγ has been shown to decrease tumour progression and prevent 

tumours from metastasizing in vivo, perhaps this receptor protects against DMBA-mediated 

breast tumourigenesis through inhibition of tumour cell invasion pathways.   

 

Conclusion 

This study provides insight into how PPARγ may be involved in the suppression of breast 

tumour progression.  My in vivo results suggest PPARγ signaling in mammary epithelial cells 

does play a role in mammary tumour suppression.  In addition, my in vitro studies provide the 

first new insights into how human breast cancer cells respond to treatments with DMBA and 

rosiglitazone, and suggest that DMBA can alter apoptotic pathways in human breast cancer cells. 
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This data further suggests that PPARγ may suppress breast tumour progression in part through 

upregulation of cell death pathways.  Taken together, these studies provide encouraging data in 

support of PPARγ as a suppressor of mammary tumour progression, and may help in the 

development of novel and more effective anti-breast cancer therapies for the treatment of this 

disease. 
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APPENDIX A – COMPOSITION OF BUFFERS 
 

A.1 – 10X Phosphate Buffered Saline (PBS) 

NaCl 80 g 

KCl 2 g 

Na2HPO4·7H2O 26.8 g 

KH2PO4 2.4 g 

Dissolve in 800 ml ddH2O; pH to 7.4 and top up to 1 L with ddH2O 

For 1X PBS: add 100 ml of 10X stock to 900 ml ddH2O 

 

A.2 – Solubilization Buffer 

 Volume (µ l) Final Concentration 

ddH2O 517  

1 M Tris (pH 7.5) 50 50 mM 

DNase I (1 mg/ml) 250 250 µg/ml 

1 M MgCl2 10 10 mM 

PMSF (10 mg/ml) 5 5 µg/ml 

7X Protease Inhibitor Solution 143 1X 

10% SDS 25 0.25% 

Total Volume 1000  

 

A.3 – SDS PAGE Sample Loading Buffer 

STOCK 5X 

 [Final] Volume 

2M Tris-HCl, pH 6.8 313 mM 3.91 ml 

40% SDS 10% 6.25 ml 

100 % Glycerol 50% 10 ml 

Bromophenol Blue 0.05% w/v 12.5 mg 

ddH2O to a final volume of 25 ml – store at -20˚C in 500 µl aliquots 

 

A.4 – Running Gels 

 6% Gels (x4 gels) 12% Gels (x4 gels) 

ddH2O 14.03 ml 10.52 ml 
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1.5 M Tris, pH 8.8 6.0 ml 6.0 ml 

10% SDS 200 µl 200 µl 

40% Acrylamide Solution 3.64 ml 7.28 ml 

10% Ammonium Persulfate 

(APS) **made fresh 

240 µl 240 µl 

TEMED 24 µl 24 µl 

 

A.5 – Stacking Gels 

 4% Gels (x4 gels) 

ddH2O 7.6 ml 

1M Tris, pH 6.8 3.0 ml 

10% SDS 120 µl 

40% Acrylamide Solution 1.206 ml 

10% Ammonium Persulfate 

(APS) **made fresh 

120 µl 

TEMED 12 µl 

 

A.6 – Western Running Buffer (10X Stock) 

 [Final]  For 2 L 

Tris (Trizma base) 25 mM 60.6 g 

Glycine 192 mM 288.2 g 

ddH2O -- 1600 ml 

SDS 1% 20 g 

Top up to 2000 ml with ddH2O 

For 1X, add 100 ml of 10X stock to 900 ml ddH2O for 1 L of 1X buffer 

 

A.7 – Western Transfer Buffer (10X Stock) 

 [Final] For 2 L 

Tris (Trizma base) 25 mM 60.6 g 

Glycine 192 mM 288.2 g 

ddH2O -- Adjust to 2L 
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For 1X Working Transfer Buffer: 

 [Final] For 2 L 

10X Transfer Buffer Stock 1X 200 ml 

Methanol 20% 400 ml 

ddH2O -- 1400 ml 

**Store the working transfer buffer at 4˚C 

 

A.8 – 10X TBS-T 

 For 2L 

Tris 24.2 g 

NaCl 175 g 

Tween 20 10 ml 

Dissolve components in 1 L of ddH2O; once dissolved, pH to 7.5 and top up to 2 L with ddH2O 

 

A.9 – PBS-T Buffer 

 [Final] For 2L 

10X PBS 1X 200 ml 

Tween 20 0.05% 1 ml 

ddH2O -- Adjust to 2 L 

 

A.10 – Binding Buffer 

 [Final] For 100 ml 

HEPES 10 mM 0.24 g 

NaCl 140 mM 0.82 g 

CaCl2 5 mM 0.08 g 

Top up to 100 ml with ddH2O 

 

A.11 – RNA Loading Buffer 

10X MOPS/EDTA 0.8 ml 

37% Formaldehyde 1.4 ml 

Deionized Formamide 4.0 ml 

10X loading dye 0.9 ml 

10X MOPS/EDTA: 
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0.2 M MOPS 83.72 g 

50 mM sodium acetate 13.61 g 

10 mM EDTA 40 ml of 0.5 M stock 

Adjust the pH to 7.0 with 10N NaOH; bring up to 2L with ddH2O and autoclave 

 

10X loading dye: 

50% Glycerol 2 ml 

1 mM EDTA, pH 8.0 8 µl of 0.5 M stock 

0.25% bromophenol blue 0.01 g 

ddH2O 1.99 ml 

 

Add 1 µl of 10 mg/ml ethidium bromide per 1 ml loading buffer just prior to use.   

 

A.12 – 1% Agarose Gel for RNA 

Agarose 0.5 g 

ddH2O 44 ml 

Formaldehyde 0.9 ml 

10X MOPS/EDTA 5 ml 

Heat the agarose and ddH2O until the agarose is dissolved; add MOPS and cool slightly in a 65˚C 

water bath; add formaldehyde and pour gel. 

 

A.13 – RNA Running Buffer 

10X MOPS/EDTA 50 ml 

Formaldehyde 9 ml 

ddH2O 441 ml 

 

 

A.14 – Hematoxylin Stain 

Iron III Chloride (FeCl3·6H2O) 0.13 g 

ddH2O 13.5 ml 

10% Hematoxylin Stock 1.74 ml 

95% Ethanol 200 ml 
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**Adjust pH to 1.25 using concentrated 12N HCl – pH value is critical!  Stain should be made 

fresh each time 

 

A.15 – Destain 

50% Ethanol 200 ml 

12N HCl 416 µl 

 
 
 
 


