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Abstract 

Previous studies with peroxisome proliferator-activated receptor (PPAR)γ heterozygous mice 

suggest PPARγ normally suppresses 7,12-dimethylbenz[a]anthracene (DMBA)-induced breast 

tumour progression, but the mechanisms and cell types involved remain unknown. This thesis 

elucidates the mammary epithelial role of PPARγ during DMBA- and multi-risk factor 

(DMBA+protumourigenic high fat diet (ProHF))-mediated breast tumourigenesis. Studies were 

performed using nulliparous mammary epithelial (MG) cell- and postlactational mammary 

secretory epithelial (MSE) cell-targeted PPARγ knockout (KO) mice. Surprisingly, the first 

study revealed that PPARγ-MG KOs had decreased DMBA-induced mammary tumourigenesis 

compared to congenic wildtype (PPARγ-WT) controls. In contrast, cotreatment with a PPARγ 

activator was protective in PPARγ-WTs, but worsened breast tumour progression in PPARγ-MG 

KOs. In the second study, MSE-targeted PPARγ deletion generated a significantly increased 

protumourigenic mammary gland microenvironment and enhanced DMBA-mediated breast 

tumourigenesis, suggestive of critical epithelial-stromal cell crosstalk. Cotreatment with a 

PPARγ activator was protective in PPARγ-WT but not PPARγ-MSE KOs during DMBA-

induced mammary tumourigenesis, suggesting critical antibreast cancer signaling within MSEs is 

PPARγ-dependent. In the third study, DMBA+ProHF treatment significantly increased primary 

breast tumourigenesis in PPARγ-WTs and lung metastases among PPARγ-MSE KOs. 

Cotreatment with a PPARγ activator was protective only among PPARγ-WTs. Collectively, 

these data unveil PPARγ expression and signaling in MG and MSE cells as a candidate 

prognostic and predictive biomarker for breast cancer, and add further support for the novel 

chemotherapeutic role of PPARγ activation for a subpopulation of breast cancer patients. 
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 1 

Chapter 1: Introduction 

1.1 Breast Cancer 

 It is expected that 1 in 9 Canadian women will develop breast cancer during her lifetime, 

and 1 in 29 will die of metastatic complications[52]. Although breast cancer is rare in men, 

accounting for less than 1% of all cases, a diagnosis carries an equally poor outcome. In 2014, it 

is estimated that more than 24,000 Canadians will be diagnosed with breast cancer, and over 

5,000 will die from complications arising from the growth and spread of their breast 

tumours[52]. Although breast cancer incidence rates are highest among Caucasian female 

populations, African-American women suffer the poorest survival outcomes versus other ethnic 

groups[89]. 

 In multicellular organisms, normal cell proliferation and attrition occurs to ensure that the 

body has a steady turnover of new and old cells as required for normal physiological function; 

however, when normal cellular processes, checkpoints or surveillance pathways become 

deregulated, the result may lead to tumourigenesis. A description of the hallmarks relevant to 

cancer are best reviewed elsewhere[133]. Abundant evidence supports a stochastic model of 

breast cancer development, whereby the accumulation of genetic alterations contributes to 

phenotypic change and malignant progression[38].  

 The most common types of breast cancers derive from ductal epithelium or glandular 

epithelium, respectively referred to as carcinomas and adenocarcinomas[384]. Like other 

cancers, the severity of disease usually depends upon whether the growing tumour is capable of 

invading adjacent tissues. Benign tumours are generally noncancerous since they grow in a 
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single location and do not spread beyond their original boundaries. Rarely, benign neoplasms 

become problematic if they press upon vital organs disrupting their function, but are often easily 

removed by excision and tend not to regrow following surgery[252]. Malignant tumours, on the 

other hand, are more sinister with the ability to invade beyond their locale and even spread from 

primary to secondary locations through blood or lymphatics, a process known as metastasis. In 

breast cancer, tumour cells commonly metastasize to the liver, lungs, bone and brain where they 

critically interfere with normal organ function, often leading to death[221]. Once metastasis has 

occurred, breast cancer is no longer considered curable – a serious issue that has long remained a 

challenge throughout history. 

 

1.1.1 Breast Cancer History 

 Epidemiological evidence suggests elderly women are at an increased risk of developing 

breast cancer, evoking the mantra that this is an “old-age” disease[265]. Nevertheless, the 

pervasiveness of breast cancer throughout human history argues that it is also an “age-old” 

phenomenon. A summary overview of historical events and discoveries related to breast cancer 

is provided in Table 1, with selected highlights briefly described below. The earliest known 

written documentation of cancer, in fact, was a breast tumour described by ancient Egyptians 

around 3,000 BC as a bulging mass that was untreatable by conventional methods[45]. For 

centuries to follow, Greek and Roman physicians continued to diagnose and describe breast 

cancers in great detail, noting that tumours of this nature could be treated by complete surgical 

removal of the mammary gland, known today as a mastectomy[84]. During the Renaissance, 
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stories of multiple-effected family members led many physicians to believe that breast cancer 

was contagious, providing early whispers of the hereditary aspects of the disease[400]. 

 The invention of the microscope by the nineteenth century ushered in the age of cellular 

pathology and the discovery that tumours were composed of a disproportionate number of cells 

compared to normal tissue[263]. Surgical practices during this time evolved into more radical 

attempts at removing the breast and axillary lymph nodes, and even surrounding muscle, in order 

to deal with local disease recurrence[21, 132]. At the turn of the next century, two monumental 

findings would alter the future course of breast cancer treatment. The first was the discovery of 

x-rays and their ability to penetrate tissue and kill tumour cells, which would provide the basis 

for debulking tumours preoperatively, permitting breast-conserving surgery, and reducing 

disease recurrence postoperatively[84]. The second was the finding that breast tumour growth 

could be temporarily halted by ovariectomy, which would implicate breast cancer as an 

endocrine-dependent disease and pave the way for conventional hormonal therapy in the years to 

come[150]. 

 By the 1900s, breast cancer became recognized as a worldwide pandemic, stirring a 

concerted effort against it that fueled many rapid advances in science and cancer research over 

the next hundred years. The most significant advancement was the development of 

mammographic screening, which allowed for early detection of occult disease and improved 

outcomes, since smaller tumours were often most curable[269]. Interest in the use of cytotoxic 

agents as antitumour treatments emerged from the serendipitous discovery that mustard gas 

exposure suppressed lymphoid cell proliferation in soldiers during World War I[400]. In 1942, 

Yale University researchers proved nitrogen mustard could suppress human lymphoma; 
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however, due to World War II wartime secrecy, their findings were not reported until 1946. This 

was three years after the events surrounding the mustard gas disaster in Bari, Italy, thought to be 

the impetus that aroused interest in chemotherapy[284]. Accompanying new cytotoxic 

treatments, the discovery of the estrogen receptor in 1958 made way for the development of new 

endocrine therapies that would be useful for years to come[163]. By the 1970s, randomized, 

controlled clinical trials were beginning to provide strong evidence of the benefits of breast 

screening, radiation and chemohormonal therapies[400]. Along with mastectomy, regarded as 

the best available surgical option, this new array of tools offered hope for Canadian patients 

diagnosed with breast cancer, who had a 79% chance of surviving at least five years in 1986, at a 

time when breast cancer deaths were at their peak[52]. 
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Table 1. Major historical events in breast cancer management. 

3000 BC – Early Ancient Egyptian 
written records describe breast cancer 
as an incurable disease[44]  

460 BC – Greek physician 
Hippocrates proposes the humoural 
theory, describing cancers as systemic 
diseases caused by bodily fluid (black 
bile) imbalance[141] 

2002 – Hormone replacement therapy 
is linked to increased breast cancer 
incidence prompting many to 
discontinue its use[322] 

2000 – Molecular subtypes of breast 
cancer are defined with each carrying 
a unique prognosis used to guide 
disease management[294] 

2004 – Aromatase inhibitors, which 
prevent estrogen biosynthesis, are 
introduced providing another means of 
targeting ER-positive breast 
cancers[43] 

2005 – Studies show that low-fat diet 
and regular exercise are linked to 
decreased risk of breast cancer 
recurrence[62, 147] 

2011 – PARP inhibitors show promise 
for difficult-to-treat triple negative 
breast cancers[274] 

2012 – Two targeted drugs 
(pertuzumab + trastuzumab) prove 
more effective than one for Her-2-
positive breast cancers[24] 

1998 – The Her-2 receptor-specific 
monoclonal antibody, trastuzumab 
(Herceptin®), becomes the first FDA 
approved targeted breast cancer 
drug[345] 

1998 – Neoadjuvant chemotherapy 
proves useful in debulking breast 
cancer and permitting lumpectomy in 
patients with larger tumours[108, 307] 

1994 – Paclitaxel, the Pacific yew 
tree-derived taxane agent, emerges as 
another highly effective treatment 
option for breast cancer[139, 146] 

1994 – The link between BRCA1 and 
BRCA2 genes and hereditary breast 
cancer is identified providing a means 
of identifying high-risk patients[405] 

1977 – Breast conserving surgery 
(lumpectomy) is shown to be as 
effective as mastectomy which would 
having lasting implications in 
improving patient quality of life[381, 
382] 

1990 – Doxorubicin + 
cyclophosphamide (AC) is 
demonstrated as an effective 
chemotherapy regimen for breast 
cancer[107] 

1991 – Pink ribbons are handed out 
during a Susan G. Komen fundraising 
event in New York City 

1977 – The antiestrogen therapy, 
tamoxifen, is shown useful in the 
treatment of ER and/or progesterone 
receptor-positive breast tumours[111, 
157, 182] 

1977 – Studies show that ER-negative 
breast cancers have a higher risk of 
recurrence compared to ER-positive 
breast cancers providing a means of 
distinguishing patients who require 
aggressive treatment regimens[187] 

1976 – Cyclophosphamide + 
methotrexate + 5-fluorouracil (CMF) 
is demonstrated as an effective 
chemotherapy regimen for breast 
cancer[36] 

1975 – Adjuvant chemotherapy is 
found to increase cure rates for early-
stage breast cancer and would soon 
become a major component of breast 
and other cancer treatments today 
[109, 261, 317, 361, 375] 

1974 – Doxorubicin, an anthracycline 
chemotherapeutic agent that still 
remains the mainstay for modern 
treatment, is shown to be effective in 
suppressing breast tumour growth[66]  

1974 – American first lady Betty Ford 
undergoes mastectomy generating 
public awareness about the benefits of 
mammograms  

1967 – American researcher Elwood 
Jenson’s work on the estrogen receptor 
(ER) would eventually help determine 
patient responses to hormonal breast 
cancer therapies[162]  

1963 – Earliest randomized, controlled 
clinical trials begin to assess benefits 
of mammography, and would later 
assess chemotherapeutic and surgical 
outcomes[335]  

1896 – British physician George 
Beatson demonstrates that 
oophorectomy causes breast cancer 
regression providing the basis for 
modern day hormonal therapy[28]  

1895 – German physicist Wilhelm 
Röntgen develops x-rays providing the 
basis for modern day radiotherapy and 
mammography[318] 

1882 – American surgeon William 
Stewart Halsted performs a radical 
mastectomy, by surgically removing 
the entire breast, regional lymphatics 
and pectoralis muscles, which would 
remain a mainstay breast cancer 
treatment for the next century[132]  

1829 – French gynecologist Joseph 
Recamier proposes the concept of 
familial breast cancer[308]  

1695 – Parisian surgeon Charles Le 
Clerc begins treating breast cancer by 
local compression[203]  

1543 – Renaissance physician Andreas 
Vesalius’ dissection of human 
cadavers reinvigorates anatomical 
study and reveals errors of 
humourism[383]  

1296 – Milanese surgeon Guido 
Lanfranchi begins classifying breast 
tumours as benign and malignant 
entities[17] 

1162 – Papal denouncement of human 
dissection and breast surgery during 
the Middle Ages  

562 – Byzantine physician Aetius of 
Amida introduces mastectomy, the 
complete surgical removal of the 
affected mammary gland, to treat 
breast cancer[310, 403]  

30 AD – Roman physician Aulus 
Cornelius Celsus defines four stages of 
breast cancer: cacoethes, carcinoma 
without skin ulceration, carcinoma 
with ulceration, and thymium (a 
bleeding floral-like lesion)[53]  

200 BC – Greek physician Galen of 
Pergamum proposes that bloodletting 
may mitigate breast cancer by ridding 
the body of black bile[197]  

300 BC – Greek surgeon Leonidas 
performs operative surgery to remove 
a breast tumour lesion[3]  

1957 – The Bloom-Richardson 
grading system is developed for the 
histological classification of breast 
tumours[35]  

1942 – The use of nitrogen mustard to 
treat human lymphoma by Yale 
University pharmacologists, Alfred 
Gilman and Louis Goodman, provides 
the impetus for the development of 
systemic cancer chemotherapies[129]  

1923 – English physician Janet Lane-
Claypon’s large-scale review of breast 
cancer risk factors implicates 
menopausal age, age at first 
pregnancy, number of children, and 
lactation[202] 

1926 – American physician-radiologist 
Stafford Warren’s invention of 
mammography enables detection of 
clinically occult breast disease[96] 

1985 – National Breast Cancer 
Awareness Month is founded 

2000 3000 BC 0 AD 1000 1500 1800 1900 

2012 – The mTOR inhibitor, 
everolimus, is approved for the 
treatment of ER-positive Her-2-
negative breast cancers[409]  
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1.1.2 Breast Cancer Today 

 Breast cancer remains a global pandemic, and is the most commonly diagnosed female 

cancer, and the second leading cause of cancer-related mortality in women[155]. With respect to 

progress, the Canadian Breast Cancer Foundation reports that breast cancer-related deaths have 

plummeted by 42% since 1986, such that the five-year survival rate is now 88%[52]. This is 

attributed, in large part, to earlier disease detection by routine mammography and advanced 

screening technologies. Furthermore, focused research efforts have vastly improved 

understanding of breast cancer etiology by identifying genes associated with susceptibility and 

tumourigenesis that, in turn, have led to enhanced therapies and disease management. Despite 

these improvements, disease relapse has been a major barrier to breast cancer treatment 

supported by the fact that 40% of patients experience recurrence, of which up to 70% progress to 

metastatic disease[120]. Another roadblock to curing breast cancer is tumour-acquired 

chemoresistance, which leads to therapeutic failure and subsequent disease recurrence[219]. 

Together these factors continue to make breast cancer-related mortality a critical issue in today’s 

society, as evidenced by the estimated 521,000 breast cancer-related deaths worldwide in 

2012[103]. 

 

1.1.3 Current Breast Cancer Challenges  

 One of the biggest challenges standing in the way of more effectively treating breast 

cancer is tumour heterogeneity. Breast cancer is no longer viewed as a single entity but rather as 

a group of morphologically and genetically distinct diseases at both intertumoural and 

intratumoural levels[9, 83, 153]. This means that not all breast tumours, and even individual cells 
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comprising the same tumour, will similarly respond to the same intervention, which can 

complicate treatment selection and promote chemoresistance and recurrence[29]. Breast cancer-

specific prognostic markers are also few and far between, hindering the stratification of 

heterogeneous tumours into more distinct subpopulations that could be optimally targeted. 

Similarly, there are very few predictive biomarkers capable of guiding treatment decisions based 

on anticipated responses[155]. Of the available biomarkers in use, the clinically relevant 

information provided is based on interpatient tumour heterogeneity. This is a significant 

challenge since intratumoural heterogeneity within a single patient’s tumour may cause 

biomarker status to evolve as the disease progresses[29]. 

 The mechanisms underlying breast cancer heterogeneity remains poorly understood; 

however, two potential models have been put forth. The cancer stem cell (CSC) theory posits 

that genetically damaged stem cells, caused by some internal or external insult, give rise to 

initiated tumour stem cells capable of generating genetically and morphologically distinct 

tumours. In this model, different CSCs give rise to different tumours, with all cells of a single 

tumour sharing the same founding traits throughout progression[65]. The clonal evolution theory 

also postulates that genetic damage to stem cells will give rise to distinct tumour types. In the 

latter model, new clones continuously emerge from within the same tumour, with more 

aggressive ones selected to evolve further as the disease progresses[273]. Both theories share the 

concept that tumours originate from CSCs[153]. Such cells, capable of self-renewal and 

multilineage expansion, were first identified in hematologic malignancies and are now 

implicated in chemoresistance and recurrence[37, 73, 122]. Recently, CSC-like cells were 

identified in subpopulations of breast cancer cells based on CD44high CD24low expression and 
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high aldehyde dehydrogenase (ALDH) activity[6, 125]. They were implicated in multiple drug 

resistance and disease recurrence, causing many to believe that targeting breast CSCs might 

prove useful in overcoming breast cancer[120]; however, unraveling the pathways that regulate 

CSC growth and survival is hampered by the fact that our knowledge of specific breast CSC-

surface markers is limited. As such, these cells cannot yet be accurately enriched to yield the 

type of information required to unravel the true nature of breast CSCs, which would help provide 

clues about how to more effectively target and eliminate them. 

 Adding to the strange complexity of breast cancer is the host microenvironment 

comprised of a heterogeneous population of stromal cells in close proximity to the growing 

neoplasm[236]. Seemingly harmless, these stromal cells are native to the mammary gland, but 

contribute to breast tumourigenesis by establishing an environmental milieu conducive to cancer 

cell growth and survival, much akin to Stephen Paget’s “seed and soil hypothesis”[283]. They 

drive tumour cell evolution through heterotypic interactions and paracrine cytokine signaling, 

even potentially selecting for specific subpopulations of resistant cancer cells, which further 

contribute to tumour heterogeneity and complicates therapeutic selection[234, 266]. Adipocytes, 

and their precursors, comprise the majority of breast tumour stroma and promote cancer cell 

growth and survival[417], as well as invasion through cytokine release of IL-6 and IL-8[389, 

395]. Stromal fibroblasts and endothelial cells may also promote breast tumour growth, invasion 

and chemoresistance[236]. Moreover, infiltrating cells of the immune system play important 

roles in priming a tumour-conducive microenvironment. For example, tumour-associated M2 

macrophages are major contributors to angiogenesis through VEGF release[276], while CD4+ 

Treg lymphocytes are linked to breast cancer cell growth in vivo[188]. Thus, understanding the 
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breast tumour microenvironment is also critical to identifying signaling pathways that may be the 

basis for diagnostic and therapeutic advances. 

 

1.1.4 Current Breast Cancer Diagnosis 

 When a patient presents in clinic with a breast lump or symptoms of breast cancer, the 

mammary gland is first examined by diagnostic screening tools like mammogram, ultrasound 

and magnetic resonance imaging. A suspicious lesion is then biopsied and more closely 

examined by specialized breast pathologists to confirm if it is cancerous or benign. Confirmed 

tumours are then classified based on histological features into two categories: noninvasive in situ 

carcinomas, that are locally confined and well-circumscribed benign lesions; and invasive or 

infiltrating carcinomas, which describes malignancies that have spread beyond their boundary to 

invade adjacent tissue[232]. 

 Noninvasive breast cancers are further subdivided into ductal carcinoma in situ (DCIS) or 

lobular carcinoma in situ (LCIS) based on the structures of the mammary gland from which they 

arise. DCIS, the more common of the two, emerges from the ducts of the breast and tends to 

have a favourable outcome following surgical excision. LCIS develops in the milk-producing 

lobules of the breast and is more infrequently treated, with specialists instead opting to regularly 

monitor the lesion since it may be linked to an increased risk of developing invasive breast 

cancer[12]. The two most common invasive breast tumours are infiltrating ductal carcinoma 

(IDC) and infiltrating lobular carcinoma (ILC), which emerge from the mammary ducts and 

lobules, respectively[232]. IDC is the most commonly observed breast malignancy, accounting 

for 80% of invasive types[210]. 
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 Tumours are also macroscopically assessed, in a process known as tumour staging, in 

order to determine the cancer’s anatomical state of progression. Generally, a more invasive 

phenotype is associated with transgression of the basement membrane. Using the TNM staging 

system, breast pathologists account for the size and breadth of the primary tumour (T), and the 

extent of proximate lymph node involvement (N) and metastatic spread (M). The resulting TNM 

score corresponds to the extent of disease ranging from localized and well-circumscribed lesions 

(Stage 0); to larger tumours that have may or may not have spread beyond their boundaries to 

reach nearby lymph nodes (Stage I to Stage III); and finally, to tumours that have established 

distant metastases (Stage IV)[240]. 

 Pathologists also assess tumour grade by microscopically assessing the cancer cells that 

comprise the malignant mass to gauge how abnormal they appear and gain a sense of how 

quickly they may grow and spread. Tumour grade descriptions, based on evaluations of 

abnormal breast tubule formation, tumour cell nuclear size and shape, and mitotic rate, range 

from normal-looking or differentiated to completely abnormal-looking or undifferentiated[208]. 

Well-differentiated (low grade) breast tumours maintain normal-like structural organization that 

is reminiscent of the normal mammary gland, and as such, grow slowly; however, those that are 

poorly-differentiated (high grade) grow quickly and produce abnormal breast architecture. 

Tumour grade and stage are used, along with other factors such as patient age and menopausal 

status, to determine the disease prognosis and guide clinical treatment. Generally speaking, 

tumours with low stage and grade scores have better outcomes and require simple treatments; 

however, those with high scores tend to grow and spread quickly and require more aggressive 

intervention. 
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 Although the histological and cytological classification of breast tumours has proven 

useful, the addition of tumour assessment based on molecular marker expression, particularly 

estrogen receptor (ER), progesterone receptor (PR) and ErbB2/human epidermal growth factor 

receptor (Her)-2, has facilitated disease management[135, 208, 210]. In addition to providing 

prognostic information, ER, PR and/or Her-2 expression is predictive of tumour response to 

certain targeted therapies directed at those receptors. Receptor evaluation of invasive breast 

tumours is now a mainstay in the clinic, and begs for discovery of new molecular markers that 

may improve treatments even further. 

  

1.1.5 Molecular Subtypes of Breast Cancer 

 Within the last decade, genetic profiling has shed light on the extent of breast tumour 

heterogeneity at the molecular level. Microarray-based gene expression analysis of patient breast 

tumours identified distinct molecular subtypes based on intrinsic biomarker expression. These 

molecular classifications of breast cancer include Luminal A, Luminal B, Her-2-enriched, and 

basal-like subtypes (Table 2). 

 The most common molecular subtype is the Luminal A group accounting for 40% of all 

breast cancers[100]. They are characterized by expression of ER and other genes observed active 

within the luminal epithelial compartment of the mammary gland, including cytokeratin 8 and 18 

(CK8/18). These tumours are of low histological grade, and present with the best prognosis and 

the lowest relapse rates compared to other molecular subtypes[179]. Luminal B tumours, on the 

other hand, are comparatively more aggressive, carrying a worse prognosis than the Luminal A 

subtype. Although they also express ER, they are further distinguished based on their increased 
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expression of the proliferative marker Ki67[56]. Her-2-enriched tumours are also highly 

proliferative. Defined by amplified expression of the Her-2 receptor, they are associated with 

poor prognosis, although advances in Her-2-targeted therapies have helped patients 

considerably[100]. Breast tumours devoid of ER, PR, and Her-2 expression are commonly 

referred to as ‘triple negative’ breast tumours (TNBC). TNBCs may be further subtyped into 

basal-like and nonbasal-like, with the former characterized by expression of mutant p53[351], 

and genes characteristic of breast myoepithelium, including CK5 and CK14[100]. TNBC basal-

like tumours are extremely aggressive, evidenced by the fact that they often appear in younger 

patients, and are diagnosed as larger, high grade tumours involving the lymph node[40]. 

Consequently, these tumours carry a high relapse rate and the poorest prognosis among the 

molecular subtypes of breast cancer[88].
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Table 2. Molecular subtypes of breast cancer.  
 

Subtype Frequency [232] Receptor Status [126] Presentation/Prognosis [100] Treatment [126] 
Luminal A 40% ER+ and/or PR+ 

Her-2− 
Low grade 
Favourable Prognosis 
Low relapse risk 

Endocrine therapy 

Luminal B 20% ER+ and/or PR+ 
Her-2+ (or Her-2− Ki67+) 

High grade 
High proliferative index 
Higher relapse risk vs. Luminal A 

Endocrine ± cytotoxic therapy 
(+anti-Her-2 therapy if Her-2+) 

Her-2-enriched 10-15% ER− PR− Her-2+ High grade 
High proliferative index 
Poor prognosis 

Cytotoxic + anti-Her-2 therapy 

Basal-like/ 
Triple negative 

15-20% ER− PR− Her-2− 
(CK5/14+) 

High grade 
Poor prognosis 
High relapse risk 

Cytotoxic therapy 

 
Definitions of molecular breast cancer subtypes accompanied by prognostic information and treatment recommendations.
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1.1.6 Current Breast Cancer Treatments 

 The current paradigm of breast cancer treatment typically involves a combination of 

surgery, radiation and systemic therapy. Breast-conserving surgery, known as lumpectomy, is 

now favoured over radical mastectomy to treat early-stage lesions, since studies have shown no 

benefit with respect to the latter[106, 110]. Lumpectomy is usually followed by adjuvant 

radiation and/or chemotherapy to manage occult disease[106]; however, in patients with larger 

tumours, neoadjuvant chemotherapy is given prior to surgery since response to treatment has 

prognostic value[240]. It should also be noted that mastectomy is still used today during 

prophylactic management of high risk women with a family history of breast cancer, and in cases 

of disease recurrence[240]. With respect to cytotoxic chemotherapy, anthracyclines are among 

the most effective anti-breast cancer treatments available. Doxorubicin is one such agent that 

prevents replication of rapidly-dividing cells by intercalating DNA[290]. Taxanes, like paclitaxel 

and docetaxel, are another class of anti-breast cancer drugs that stop cell division by interfering 

with microtubule function[115, 323]. These are often used in combination with other 

chemotherapies[27]. 

 Endocrine therapy is the gold standard for patients with ER-positive breast tumours. 

These tumours are responsive to the hormone estrogen, and thus, will grow in the steroid’s 

presence. Selective ER modulators (SERMs), such as tamoxifen, interfere with ER, blocking the 

hormone-receptor interaction and causing inhibition of estrogen-dependent growth stimulation. 

Adjuvant use of tamoxifen is bolstered by clinical trials demonstrating its ability to block breast 

cancer recurrence, as well as contralateral disease[268]. Aromatase inhibitors (AIs), such as 

anastrozole, may also be used to prevent the stimulatory effects of estrogen on tumours. They 
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function by suppressing aromatase, a critical enzyme involved in the conversion of androgen to 

estrogen, thereby blocking estrogen hormone biosynthesis. Like tamoxifen, adjuvant treatment 

with anastrozole also reduces recurrence and contralateral breast cancer[26]. Endocrine therapy 

is exclusively used to treat Luminal A as well as all Luminal B tumours, but often not in 

isolation for the latter. 

 Discovery of the humanized monoclonal Her-2 antibody, trastuzumab, has proven useful 

in the treatment of breast cancers that produce excessive amounts of the Her-2 receptor 

protein[317, 345]. Although not directly ligand activated, Her-2 signaling and its downstream 

growth promoting effects normally result from its interaction with other ligand-activated 

epidermal growth factor receptor (EGFR) family members. In Her-2 amplified tumours, growth 

stimulation is augmented; however, trastuzumab prevents this activity by specifically targeting 

the extracellular domain of Her-2 blocking its interaction with its fellow family members[156]. 

Anti-Her-2 therapies are used in conjunction with cytotoxic therapy to treat Her-2 positive breast 

cancers, as well as Her-2 overexpressing Luminal B tumours. Finally, nonspecific cytotoxic 

therapies remain the best and only available option for TNBC subtypes. 

 

1.2 Mammary Gland Physiology 

 The mammary gland (breast) is a unique mammalian organ that evolved over 300 million 

years ago[277]. It is a complex secretory organ that undergoes several dynamic changes 

throughout a female’s lifetime to ultimately provide nourishment for her offspring. Unlike other 

organs, most of the developmental changes that occur in the breast take place after birth under 

hormonal control. Defining features of the mammary gland (Figure 1) include branching 
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epithelium, comprised of an inner layer of ductal luminal cells (or secretory luminal cells during 

pregnancy and lactation) surrounded by a basal layer of contractile myoepithelium; and, stromal 

constituents such as adipocytes, fibroblasts, blood and lymphatic vessels, that support and 

scaffold branching ducts. Proportions of each of these cell populations are subject to change 

depending on the developmental state of the mammary gland. 

Recently, purification studies have exploited a range of cell surface and cytoplasmic markers 

to prospectively isolate distinct mammary epithelial populations (Table 3)[384]. Some of this 

work has revealed that the basal mammary epithelial layer contains a small pool (<5%) of self-

renewing mammary stem cells (MaSCs), the CD49fhiCD29hiCD24+Sca1- subset, capable of 

repopulating luminal, secretory and myoepithelial cell lineages[334, 346, 357]. Incredibly, 

Shackleton and colleagues proved that a single mouse MaSC is sufficient to reconstitute a 

functional mammary gland, demonstrating their multidifferential capacity[334]. Human MaSCs 

remain to be discovered, but subpopulations of cells with stem-like properties have been 

recognized. For example, normal human breast cells expressing high ALDH1 activity or 

CD49fhiEpCAMlo surface markers show a limited capacity to self-renew and repopulate 

mammary structures[98, 125]. In addition to MaSCs, breast progenitor cells were also identified, 

and possess a loss of self-renewing abilities but a commitment to repopulating distinct mammary 

epithelial lineages. These findings demonstrate the complexity of the hierarchical processes that 

enables mammary gland epithelium to be highly dynamic, and facilitate the many developmental 

changes that occur in the female breast.
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Figure 1. Cross-section of mammary duct illustrating mammary gland-
associated cell types: Basic components of the mammary gland, including stem 
cells, adipocytes, fibroblasts, and myoepithelial and luminal epithelial cells, are 
shown. Modified from [384]. 

stem cell 
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Table 3. Mammary epithelial cell markers.  
 

Mammary Epithelial 

Cell Population 

Cell Surface Markers 

[384] 

Cytoplasmic Markers 

[384] 

CD61 CD24 Sca-1 ALDH ERα [178] CK18 [178] CK14 [178] WAP β-casein 

Secretory − + − − − − − + + 

Stem + + − + − − − − − 

Luminal ERα+ − high + − + − − − − 

Luminal ERα- − high − − − + − − − 

Myoepithelial + low − − − − + − − 

 
Currently used cell surface and cytoplasmic markers in the isolation of distinct mouse mammary epithelial cell 
populations for prospective study; CD61, β3 integrin; CD24, heat stable antigen (HSA); Sca-1, phosphatidylinositol-
anchored protein Ly-6A/E; ERα, estrogen receptor-α; CK18, cytokeratin 18; CK14, cytokeratin 14; WAP, whey acidic 
protein.
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 Much of what we know today about normal human breast changes has come from the 

study of mouse mammary development and the experimental manipulation of murine tissue. 

These studies have revealed that temporally coordinated endocrine signaling and/or epithelial-

stromal interactions are of great importance during mammopoiesis[315]. While architectural and 

hormonal differences exist between the mammary glands of humans and mice, they retain similar 

structures, functions, cell types, and processes of development[384]. It is worth mentioning that 

human breast stroma contains more connective tissue, while mouse mammary stroma, sometimes 

referred to as a fat pad, is more highly enriched with adipocytes (Figure 2)[288]. 

 The three major stages of breast development are embryonic, pubertal and reproductive. 

During the embryonic stage, the epithelial and stromal compartments of the mammary gland 

arise from ectoderm and mesoderm, respectively. At first, epithelial cells on the embryo’s ventral 

surface layer to form bilateral bands, known as mammary lines, from which thick placode 

structures arise from migrating columnar-shaped epithelial cells[302]. Delineating where the 

nipple will originate, these placodes (five pairs in mice and one in humans) penetrate the 

underlying mesenchyme and branch within underlying stroma, a process governed solely by 

epithelial-mesenchymal crosstalk, to form the rudimentary ductal structures present in the 

immature breast of both females and males at the time of birth[227]. 
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Figure 2. Comparison of human and mouse mammary tissue: Anatomical (A) and 
schematic (B) representations showing components of human and mouse mammary 
glands. In humans, mammary epithelial ducts are closely associated with interstitial fibrous 
connective tissue stroma rather than adipose, whereas, in mice, ducts are intimately 
connected with fibroblasts and adipocytes. Modified from [384] & [288]. 

the last 60 years has allowed the recent prospective
isolation of MaSCs. The in vivo transplantation method
pioneered by De Ome et al. (1959) represents the ‘‘gold-
standard’’ assay for mammary gland reconstitution in
mice. This assay involves de-epithelialization of the pre-
pubertal mammary gland, resulting in a cleared fat pad
into which donor explants or cells can be transplanted.
The nonepithelial or stromal elements in the mammary
gland comprise fibroblasts, endothelial cells, macro-
phages, and adipocytes, and are collectively referred to
as the mammary fat pad (Neville et al. 1998).

Classical transplantation studies in the mouse revealed
that mammary epithelial outgrowths could be generated
in cleared mammary fat pads implanted with either
explants (small fragments) or cell suspensions (Hoshino
and Gardner 1967; Daniel et al. 1968; Smith 1996).
Explants taken from different regions of the mammary
gland were demonstrated to reconstitute fully functional
outgrowths, indicating the presence of repopulating cells
throughout the ductal epithelial tree. Furthermore, these
could be serially transplanted for up to seven generations
before the onset of senescence. Precursor cells were also
shown to exist throughout the life span of the mammary
gland, but neither the reproductive history nor develop-
mental state of the gland had significant impact on the
longevity of the mammary transplants (Daniel and Young
1971; Smith and Medina 1988). The clonality of mam-

mary outgrowths was demonstrated using MMTV-
infected donor tissue fragments, suggesting that a single
stem cell was capable of repopulating the entire mam-
mary epithelium (Kordon and Smith 1998).

Delineation of mouse MaSCs

Prospective isolation of the mouse MaSC

One of the primary challenges in developing a rigorous
assay for MaSC activity has been the requirement to
dissociate solid tissue into a suspension of single cells for
fractionation studies. Epithelial cells in solid organs are
tightly associated with one another and/or the surround-
ing extracellular matrix, and depend on these interactions
for their normal function. Nevertheless, using a series of
minimal enzymatic digestions, it has been possible to
achieve viable single-cell suspensions that can then be
used for flow cytometry to sort cells on the basis of cell
surface marker expression (Shackleton et al. 2006; Sleeman
et al. 2006; Stingl et al. 2006). Notably, the focus has
been on freshly dissociated mammary tissue to avoid the
potential deleterious effects associated with the in vitro
culture of mammary epithelial cells. Thus far, combina-
tions of cell surface markers have been applied for the
isolation of discrete epithelial subpopulations (markers
are shown in Fig. 3; Table 1). As additional markers are
discovered to allow further purification, it is anticipated
that they, too, will be required in a combinatorial manner.
Although there is a strong consensus in the described cell
surface phenotypes of stem and progenitor cells by
different groups (see below), some markers, such as
CD24, have been reported differently due to the use of
antibodies conjugated to varying fluorochromes. Other
variabilities in FACS profiles have underscored the im-
portance of antibody titration and the use of controls for
establishing robust gates.

The availability of an organ-specific in vivo re-
constitution assay has allowed the evaluation of mam-
mary repopulating activity in defined cell subsets
when transplanted at limiting dilution into cleared fat

Figure 1. Schematic representations of a duct (A) and a TEB (B).
A suprabasal cell sits on the myoepithelial layer but does not
reach the lumen.

Figure 2. Schematic representations of the human and mouse
mammary glands.
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mammary rudiment and demonstrate epithelial and
mesenchymal specificity (Fig. 3).

Placode formation: migration versus
proliferation

Two mechanisms of mammary placode formation have
been considered. One possibility is a local increase in cell
proliferation. However, careful investigation of this
possibility did not reveal a high mitotic index in or

around the emerging buds in comparison with the

adjacent ectoderm (Balinsky 1949). Accordingly, a

possible role of cell proliferation in the formation of

mammary placodes has been rejected in favor of an

alternative theory. Propper (1978) observed flat amoeboid

cells on top of the cuboidal epithelial cells of the

mammary ridge in the rabbit embryo, suggesting that

cell motility (namely ectodermal cell migration) was

playing a part in mammary placode formation. This

idea was further supported by his observation of the

Figure 2 Comparison of human and mouse mammary glands. (A) Hematoxylin & eosin (H&E) stained section of human breast
tissue showing a terminal ductal lobular unit comprised of ducts and acini embedded in a fibrous connective tissue stroma. (B)
Schematic representation of a human terminal ductal lobular unit, emphasizing the intimate association of epithelial structures with
interstitial fibrous connective tissue stroma and the more distant adipose tissue. (C) H&E stained section of the mouse mammary
gland, showing ducts imbedded in a stroma composed of adipose tissue. (D) Schematic representation of the mouse mammary
gland, displaying ducts in intimate contact with fibroblasts and adipocytes. (Adapted from Ronnov-Jessen et al. 1996, with
permission.)
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 The rudimentary mammary gland undergoes a period of growth proportional to body 

growth up until puberty, when expansive proliferation of ductal epithelium will occur only in the 

female. This ductal expansion is governed by pituitary-derived growth hormone[118], 

intrauterine growth factor (IGF)-1 secreted by stroma[324], and estrogen released from the 

ovary[79]. In mice, tips of growing ducts resemble bulb-shaped structures, called terminal end 

buds (TEBs). TEBs are comprised of an outer layer of cap cells surrounding preluminal 

epithelial cells that together drive ductal expansion throughout the mammary fat pad. These two 

cell layers eventually differentiate into the myoepithelial and underlying luminal cell layers, 

respectively, that make up primary ducts[398]. Secondary branches emerge from the primary 

ductal system creating a tree-like arrangement occupying ~60% of the mammary gland. In the 

adult nulliparous mouse, these secondary structures become devoid of TEBs and are referred to 

as lobuloalveolar units. Pubertal breast development in humans occurs similarly, but with lateral 

branches emerging from a central duct towards terminal ducts and eventually smaller ductules, 

arranged in sac-like structures, called terminal ductal lobular units (TDLUs) or acini[152]. 

 The resting adult mammary gland is primed for the reproductive stage in the event of 

pregnancy. During pregnancy, the ovarian hormone progesterone promotes considerable 

expansion of terminal ductal epithelium into additional branches that occupy much of the 

mammary stroma[223]. Proliferating epithelial cells within lobuloalveolar units or TDLUs give 

rise to alveolar buds, which further expand and differentiate into specialized mammary secretory 

epithelial (MSE) cells under the coordinated influence of progesterone and pituitary-derived 

prolactin[275]. There is also evidence in mice suggesting that this cell population can become 

established through reversible transdifferentiation of stromal adipocytes into MSE cells[260]. By 
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late pregnancy, the entire mammary gland is ~90% epithelial. As term approaches, prolactin 

itself acts on MSE cells, causing them to produce and secrete milk as required for lactation[275]. 

Infant suckling during nursing stimulates pituitary release of oxytocin, in turn causing 

myoepithelial contraction, which forces milk down the ductal lumen toward the nipple[136]. 

 After lactation, the mammary gland undergoes a remodeling process, known as 

involution, where the organ reverts back to a nulliparous-like state. Involution is triggered by 

cessation of suckling and occurs in two steps. The first is a reversible process, overturned by 

renewed suckling, that triggers apoptosis and alveolar cell detachment resulting in the shedding 

of MSE cells to the lumen at 12 hours[238]. Local factors govern this stage but the actual 

apoptotic trigger has yet to be identified[212]. The second step, an irreversible process initiated 

at 48 hours, begins with more extensive MSE apoptosis, collapse of alveoli, and complete loss of 

the milk supply. A family of serine and MMP proteases triggers this process by activating 

plasminogen, which breaks down extracellular matrix facilitating mammary gland 

remodeling[227]. Differentiation of new adipose, and transdifferentiation of MSE cells to 

adipocytes[260], reconstitutes the mammary stroma such that by day 6 the majority of secretory 

cells are replaced by fat. By the end of involution, the remodeled mammary gland appears 

morphologically similar to, albeit genetically distinct from, the prepregnant state[20, 77]. 

 Following involution, the mammary gland is fully capable of regenerating MSE cells in 

subsequent pregnancies. Eventually though, an aging mammary gland will begin to atrophy and 

regress. This process, known as age-related lobular involution, begins during premenopause and 

involves the replacement of glandular epithelium and interlobular connective tissues with 

adipocytes, such that few ducts and acini remain[227]. Given the mammary epithelium is primed 
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to undergo significant changes, including extensive proliferation, differentiation and apoptosis 

during various stages and states of development, genetic alterations in any or all of the associated 

cell types may result in inappropriate activation or termination of these important processes. This 

may further increase the risk of developing breast cancer and/or enhance tumour progression. 

 

1.3 Breast Cancer Risk Factors 

 Breast cancer formation, growth and progression to a metastatic state can result from the 

interaction of many already identified, and other still unknown risk factors. These can be 

subtyped into lifestyle, environmental and genetic aspects. Lifestyle and environmental 

influences, both modifiable and nonmodifiable, account for the majority of breast cancer cases. 

 

1.3.1 Lifestyle Breast Cancer Risk Factors 

 Like other cancers, age represents one of the biggest risk factors for developing breast 

cancer. In fact, a woman’s risk of developing this disease increases as her years pass, evidenced 

by the fact that most breast cancer cases are diagnosed in women over the age of 50[104]. The 

idea behind this phenomenon is that as the average life expectancy has increased over the past 

centuries, individuals are exposed, at varying degrees, to an unprecedented number of risk 

factors that with time induce irreversible breast cell transformation. Since tumourigenesis 

proceeds in a multistep fashion, aging women suffer an accumulation of these irreparable 

changes that may lead to the development of breast cancer[133]. Unfortunately, this is the 

inevitable reality of human longevity. 
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 Reproductive factors may also influence breast cancer risk. Women with early menarche 

onset (less than 11 years age) have a 20% increased risk of developing breast cancer compared to 

those with late menarche age (greater than 14 years age)[47]. At the other end of the 

reproductive life spectrum, disease risk is higher for women who achieve late age menopause, 

such that for every year older at menopause, the likelihood of breast cancer increases by 3%[70]. 

Early onset of menstruation and late menopause are considerable breast cancer risk factors since 

they extend a woman’s reproductive lifetime, thus prolonging her exposure to ovarian hormones 

like estrogen and progesterone, which are known stimulators of breast tumour cell growth[48, 

280]. Studies have shown that postmenopausal women with higher levels of serum estrogen are 

twice as likely to develop breast cancer than those with lower serum levels[180, 181]. It was also 

shown that surgical removal of the ovaries, the chief producers of endogenous estrogen and 

progesterone, reduces the risk of breast cancer by 60-75%[102, 373]. Likewise, the long-term 

uses of exogenous estrogen and progesterone, including hormone replacement therapy for 

menopause or oral contraceptive use, are also associated with increased breast cancer risk that 

tends to diminish after treatment cessation[31, 69, 144, 229, 322].  

 Pregnancy is a modifiable lifestyle factor generally accepted as protective against breast 

cancer[326]. Age at first childbirth appears particularly important, demonstrated by the fact that 

an early full-term pregnancy (less than 20 years age) bestows significant lifetime 

protection[228], whereas a later first pregnancy (more than 35 years age) actually increases a 

woman’s chances of developing breast cancer[372]. Multiple pregnancies also lower breast 

cancer risk cumulatively, as does longer breastfeeding duration[68, 201, 226]. Reduced estrogen 

exposure is thought to be central to these parity-associated effects, since both pregnancy and 
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breastfeeding reduce the number of menstrual cycles that a woman will experience[199]. It is 

also suggested that pregnancy-driven mammary gland differentiation, as required for lactation 

and postlactation involution, rids the breast of previously transformed cells, including 

MaSCs[342], and replacing them with normal cells[327]. Furthermore, one report suggests 

pregnancy-induced changes in the mammary stroma also protects against breast cancer[1]. 

 Despite the evidence that pregnancy is generally protective, mounting evidence suggests 

a transient increased risk of breast cancer postpartum[8, 32, 60, 174, 200, 216, 402]. This 

window of increased risk is shorter for younger mothers (under the age of 25 years at the time of 

parturition), but lasts longer for older child-bearers (over 30 years age), before pregnancy-

associated breast cancer protection is awarded[8, 60, 95, 200, 216]. A diagnosis of postpartum 

breast cancer (PBC) carries a worsened prognosis, compared to nulliparous and even pregnancy-

associated cases (those diagnosed during gestation)[224], with higher incidences of disease 

metastasis and death[209, 239, 356]. Moreover, the severity of PBC appears to be inversely 

associated with time between delivery and diagnosis[34, 78]. The concept of PBC is relatively 

new, but significant, given modern childbearing trends. Although its underlying mechanisms 

remain unclear, it seems appropriate that pregnancy-induced mammary gland changes are 

involved, including variations in hormone levels and immunosuppression[224]. One report 

suggests that the postpartum mammary microenvironment may be critical to PBC 

development[244], since postlactation involution involves processes similar to wound healing 

and inflammation[63, 355], which are causally linked to tumourigenesis[74, 330]. Consequently, 

dissecting the underlying mechanisms of PBC may reveal that the postpartum period is a critical 

window for treatment intervention for this emerging disease subtype. 
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 Perhaps the most modifiable breast cancer risk factor is diet. Alcohol intake can impact 

disease risk, especially among postmenopausal women, regardless of the amount consumed; 

however, heavy imbibing and early age drinking habits appear to be associated with heightened 

risk[58]. Similarly, consumption of a protumourigenic high fat (ProHF) diet strongly influences 

breast cancer development among postmenopausal women[386]. This is exemplified by the 

elevated frequency of breast cancer observed in Japanese female migrants in the United States 

compared to mainland Japanese women[94]. This rise in incidence may be partly attributed to 

the fact that Japanese immigrants abandoned their traditional low fat foods in favour of the North 

American style ProHF-laden diet[287]. In addition to the amount consumed, the type of dietary 

fat may influence breast cancer risk. In general, n-6 polyunsaturated fatty acids (PUFAs) 

enhance tumour growth[101] and n-3 PUFAs are antitumourigenic[360]. It is likely that estrogen 

modulation is central to these opposing effects, since ProHF diet consumption increases serum 

estradiol, whereas consumption of n-3 PUFAs produce no effect on hormone concentration[415]. 

 Related to diet, as well as exercise, obesity is commonly associated with increased risk of 

developing breast cancer. Reports have consistently shown an elevated breast cancer risk for 

postmenopausal women with body mass indices (BMI) levels in the overweight to obese range 

(from 25.0-29.9 kg/m2 to over 30 kg/m2, respectively)[116, 154, 369]. This risk may be 

attributed to elevated levels of endogenous estrogen, as a result of deregulated aromatase 

expression and hormone-binding globin production, which are both characteristic of obese 

individuals[358]. Metabolic syndrome, which includes insulin resistance and diabetes, often 

occurs concomitantly with obesity. These conditions are also connected to breast cancer risk, and 
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like obesity, are characterized by high levels of endogenous insulin and IGF-1, which are 

protumourigenic[117]. 

 

1.3.2 Environmental Breast Cancer Risk Factors 

 Exposure to external chemical agents residing in the environment can also influence 

breast cancer risk. Notable environmental breast cancer risk factors include exposure to ionizing 

radiation[167], xenoestrogens found in numerous synthetic products[7], and polycyclic aromatic 

hydrocarbon (PAH) byproducts from incomplete combustion[119]. 7,12-

dimethylbenz[a]anthracene (DMBA) is a well known PAH and chemical carcinogen that is 

found abundant in tobacco smoke, and vehicular and industrial emissions, as well as charbroiled 

food[71]. Structurally speaking, DMBA is a nonpolar, lipophilic compound that tends to pool in 

fat tissue, including the adipose-rich mammary gland, following biotransformation[92]. It has 

potent cancer initiating and promoting properties, and as such, is classically used in research 

laboratories during breast tumourigenesis studies in animal models[92]. 

 The carcinogenic potency of DMBA is primarily dependent on biotransformation by 

cytochrome P450 (CYP) enzymes and microsomal epoxide hydrolase (mEH), and detoxification 

by glutathione-S-transferase pathways, which all vary with strain, age, sex, tissue, subcellular 

compartment, and hormonal and nutritional status[50, 138, 254]. Biotransformation begins in the 

liver with CYP1B1-mediated oxidation of DMBA to an epoxide, and subsequent conversion by 

mEH into the proximate carcinogen, DMBA-3,4-diol (Figure 3). From here, it can be further 

oxidized by CYP1A1/1B1 into a 3,4-diol-1,2-epoxide, which can covalently bind cellular 
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macromolecules, especially nucleic acids. This binding may lead to stable DNA adduct 

formation that creates the genotoxic damage which drives DMBA-mediated tumour initiation. 

 Studies have determined that oxidative stress and reactive oxygen species (ROS) 

production are also central to DMBA-mediated tumourigenesis[25, 172, 354]. In an alternative 

pathway, the proximate carcinogen may be oxidatively metabolized by aldo-keto reductases, 

such as cyclooxygenases (COXs) and lipoxygenases (LPOs), to generate catechols, o-

semiquinone anion radicals, and o-quinones[348, 349]. These metabolites are responsible for 

ROS production, and the subsequently related damage to DNA, RNA, proteins and lipids, which 

contribute to tumour initiation and progression. 



 

 29 

 

 

Figure 3. DMBA metabolism and mechanisms of carcinogenesis: 7,12-
dimethylbenz[a]anthracene (DMBA) can be reduced by cytochrome p450 (CYP) 
peroxidases to an unstable radical cation. Spontaneous rearrangement yields a molecule 
that can covalently bind DNA, form unstable adducts and cause depurination, 
contributing to DMBA’s tumour initiating effects. DMBA may also be converted by 
CYP1B1 to an epoxide, and subsequently to a trans-dihydrodiol by microsomal epoxide 
hydrolase (mEH). At this point, DMBA-3,4-diol metabolism can proceed along two 
pathways: CYP-mediated transformation to a diol-epoxide, which can promote tumour 
initiation through the formation of stable DNA adducts; and, oxidation by aldo-keto 
reductases to yield catechols, o-semiquinone anion radicals, and o-quinones, which 
generate reactive oxygen species, subsequent oxidative stress, and contribute to 
DMBA’s tumour initiating and promoting properties; COX, cyclooxygenase; LPO; 
lipoxygenase. Adapted from [254] & [286]. 
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1.3.3 Genetic Breast Cancer Risk Factors 

 Although the majority of breast cancers are sporadic (70%), several cases result from 

hereditary factors (10-30%)[15]. Indications of hereditary breast cancer include early age of 

diagnosis, more than two occurrences in the same individual, and several cases observed among 

multiple relatives, including males[15]. Recent work has led to the identification of several 

breast cancer predisposing genes that form the basis for some hereditary cases. 

 Approximately 5-10% of all breast cancers have a genetic component resulting from rare 

germline mutations[15]. The most commonly observed alterations occur in the tumour 

suppressor genes, BRCA1 (breast cancer 1, early onset) and BRCA2 (breast cancer 2, early 

onset). Mutations in the latter are less commonly observed; however, they account for 15% of all 

breast cancers in males[213]. Both BRCA1 and BRCA2 play a major role in maintaining 

genomic stability; therefore, loss of either can increase breast cancer risk by up to 80%[15]. 

Moreover, mutant carriers are at an increased risk of developing breast cancer at an early age. 

Patients carrying BRCA1 mutations are often predisposed to triple negative breast tumours[114], 

while BRCA2-related breast cancers tend to be ER-positive[267]. 

 p53 is a critical tumour suppressor gene that functions to maintain normal cellular and 

genomic integrity by regulating cell cycle arrest, apoptosis and DNA repair mechanisms[171]. 

Germline mutations in the p53 gene predisposes for a wide range of cancers, including breast 

cancer, as is often observed in the cases of patients with Li-Fraumeni syndrome[128]. Mutant 

carriers of p53 face an incredible risk of developing any kind of cancer (up to 90%), and are 60 

times more likely to develop breast cancer than noncarriers[15]. 
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 Finally, germline mutations in the phosphatase and tensin homolog protein (PTEN) gene 

predisposes one to Cowden disease, and an elevated lifetime risk of developing breast cancer (up 

to 50%)[15]. Also a critical tumour suppressor gene, PTEN governs cell growth and apoptotic 

machinery[145]. Improved understanding of how lifestyle, environmental and genetic pathways 

interact may help to more effectively diagnose, treat and/or prevent breast cancer. Recent 

evidence suggests loss of peroxisome proliferator-activated receptor (PPAR)γ may play an 

important role in human disease and breast cancer. 

 

1.4 PPARs & Human Disease 

1.4.1 PPARs & ABC Transporters 
 
 Harnessing the energy released from adenosine triphosphate (ATP) hydrolysis, ATP-

dependent binding cassette (ABC) transporters shuttle a wide range of substrates, including 

lipids, metabolites and xenobiotics, across biological membranes in order to maintain normal cell 

metabolism. They represent the largest family of transmembrane proteins in humans, comprising 

49 ABC genes, and are best reviewed elsewhere[86, 347, 401]. These genes are subdivided 

among seven subfamilies (A-G) based on sequence and structural homology, and are highly 

conserved among eukaryotic species, suggesting that most appeared early in metazoan 

evolution[85]. The proteins encoded by ABC genes consist of two distinct domains: a 

transmembrane domain that recognizes specific compounds and transports them across cellular 

and subcellular barriers; and a nucleotide-binding domain where ATP hydrolysis occurs to yield 

energy for substrate transport[309]. Typically, ABC proteins are unidirectional transporters 

expressed at the cell membrane, which move hydrophobic molecules internally for metabolic 
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pathways, or externally for elimination from the cell and/or use by other tissues and organs. 

Thus, ABC transporters play important roles in a range of human physiologic, toxicologic and 

pathologic functions. With respect to the latter, many preclinical reports that show promise in 

terms of regulating ABC transporters to overcome chemotherapeutic drug resistance in tumours, 

or modify lipid homeostasis in order to reduce atherosclerotic risk, have not achieved the same 

level of success in clinical trials. 

PPARs are ligand-activated transcription factors that regulate expression of a plethora of 

genes involved in sugar and fat metabolism, inflammation and cancer[33, 193, 295]. Three 

PPAR homologs have been characterized – PPARα, PPARβ/δ and PPARγ – each displaying a 

unique pattern of tissue-specific expression that reflect their distinctive functions[249, 258, 393]. 

Recently, there is mounting in vitro and in vivo evidence that activation of PPARs may alter 

ABC protein expression and/or function. Accordingly, this review will summarize recent 

developments in an emerging field where PPAR medicines, capable of modulating ABC 

transporter genes at the transcriptional level, may prove useful when such modulation provides 

novel therapeutic options for treating cancer. 

 

1.4.2 PPARs & Their Ligands 

As members of the nuclear receptor superfamily, PPARs contain a ligand-binding domain 

that recognizes and binds specific PPAR agonists, and a DNA-binding domain that interacts with 

specific peroxisome proliferator-response elements (PPREs) within the genome[399]. PPARs are 

localized to the nucleus and dimerize with retinoid X receptor (RXR)α to form complexes that 

bind to PPREs in the promoter regions of a broad range of target genes[339]. In its resting state, 
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the PPAR:RXRα complex associates with cell-specific corepressor molecules that aid in the 

silencing of target gene transcription. Ligand binding elicits a conformational change in PPAR 

that leads to the release of corepressors, and the recruitment of coactivator molecules that 

promote target gene transcriptional activity. Furthermore, ligand activation of PPARs may also 

repress signaling of some gene targets through direct interaction with other transcription factors 

or competition for available coregulators[311]. 

PPARα is highly expressed in the liver, heart, kidney, skeletal muscle, and large 

intestine[19]. It is activated by the “fibrate” class of drugs, such as bezafibrate, ciprofibrate, 

clofibrate, gemfibrozil, and fenofibrate, used to treat elevated triglycerides and low high-density 

lipoprotein (HDL)[159]. PPARβ/δ is more ubiquitously expressed with highest levels noted 

within the large intestine and placenta[19]. Similar to other PPAR subtypes, it may also be 

activated by various saturated and unsaturated fatty acids[399]. Because less is understood about 

PPARβ/δ, fewer synthetic activators have been developed; however, emerging evidence supports 

the potential therapeutic value of PPARβ/δ agonists, such as GW0742, GW501516 and MBX-

8025, which remain to be clinically tested[299].  

As a chief regulator of adipogenesis, PPARγ is abundantly expressed in adipose 

tissue[55], and like PPARα, is also detected in vascular and immune cells, as well as tissues such 

as the colon, breast, and prostate[300, 312]. Synthetic agents known as thiazolidinediones 

(TZDs), like troglitazone, ciglitazone, rosiglitazone and pioglitazone, are classic examples of 

PPARγ activators[352]. In North America, rosiglitazone and pioglitazone are still prescribed to 

treat type 2 diabetic patients. However, there are reports suggesting increased myocardial 

infarction risk with rosiglitazone use and bladder cancer risk with long-term use of 
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pioglitazone[80, 296]. As a followup on the former, a safety review of rosiglitazone by a panel of 

international experts deemed the available data inconclusive and requiring further study. In the 

latter case, direct clinical evidence of this possible association is also required. Despite the need 

for more evidence, these drugs remain FDA approved, albeit with warning updates and package 

inserts clarifying the potential for risk[377, 404], and a Risk Evaluation and Mitigation Strategy 

(REMS) in place to restrict access and distribution of rosiglitazone-containing medicines to those 

healthcare providers and their patients who confirm their awareness of the new warnings[376]. 

Nevertheless, the utility of these drugs remains valuable not only for their ability to provide 

mechanistic insight into the role of PPARγ-mediated target regulation, but also for their potential 

benefit in certain off label uses. 

Dual and pan PPAR ligands were also developed to enhance therapeutic potential via 

simultaneously activating two or more PPAR isoforms. Examples include PPARα/γ modulators, 

like tesaglitazar, muraglitazar and aleglitazar, and the pan PPARα/(β/δ)/γ agonist chiglitazar[2].  

The reported links between the above listed PPAR medicines and their in vitro and in vivo effects 

on ABC transporters are summarized in Tables 4 & 5 respectively, and described in detail below 

in the context of cancer. 
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Table 4. In vitro effects of PPAR ligands on ABC transporters. 

ABC Transporter PPAR PPAR Ligand Cell Line Transporter Effect Reference 

ABCA1 PPARα Bezafibrate Primary mouse fibroblasts ↑ ABCA1 and LXRα mRNA [278] 

   THP1 human macrophages ↑ apoA1-mediated cholesterol efflux  

   WI38 human fibroblasts   

      

   Immortalized human mesangial cells ↑ ABCA1 and LXRα mRNA [325] 

    ↑ apoA1-mediated cholesterol efflux  

      

   Primary mouse hepatocytes ↑ ABCA1 mRNA and protein [151] 

   HepG2 human hepatoma cells ↑ HDL synthesis  

      

  Clofibrate Primary human foreskin keratinocytes ↑ ABCA1 mRNA [164] 

      

  Fenofibrate Primary mouse fibroblasts ↑ ABCA1 and LXRα mRNA [278] 

   THP1 human macrophages ↑ apoA1-mediated cholesterol efflux  

   WI38 human fibroblasts   

      

   BALB/3T3 mouse fibroblasts ↑ ABCA1 mRNA and protein [16] 

   RAW264.7 mouse leukemic macrophages ↑ apoA1-mediated cholesterol efflux  

   THP1 human macrophages   

      

   Primary mouse hepatocytes ↑ ABCA1 mRNA and protein [151] 

   HepG2 human hepatoma cells ↑ HDL synthesis  

      

  Gemfibrozil Primary mouse fibroblasts ↑ ABCA1 and LXRα mRNA [278] 

   THP1 human macrophages ↑ apoA1-mediated cholesterol efflux  

   WI38 human fibroblasts   

      

   Primary mouse hepatocytes ↑ ABCA1 mRNA and protein [151] 

   HepG2 human hepatoma cells ↑ HDL synthesis  
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ABC Transporter PPAR PPAR Ligand Cell Line Transporter Effect Reference 

ABCA1 PPARα LY518674 Primary mouse fibroblasts ↑ ABCA1 and LXRα mRNA [278] 

   THP1 human macrophages ↑ apoA1-mediated cholesterol efflux  

   WI38 human fibroblasts   

      

   Primary mouse hepatocytes ↑ ABCA1 mRNA and protein [151] 

   HepG2 human hepatoma cells ↑ HDL synthesis  

      

  RPR-5 Primary human macrophages ↑ ABCA1 and LXRα mRNA [61] 

      

  WY14643 Immortalized human mesangial cells ↑ ABCA1 and LXRα mRNA [325] 

    ↑ apoA1-mediated cholesterol efflux  

      

   Primary human macrophages ↑ ABCA1 and LXRα mRNA [61] 

    ↑ apoA1-mediated cholesterol efflux  

      

   THP1 human macrophages ↑ ABCA1 mRNA [61] 

      

   BALB/3T3 mouse fibroblasts ↑ ABCA1 mRNA and protein [16] 

   RAW264.7 mouse leukemic macrophages ↑ apoA1-mediated cholesterol efflux  

   THP1 human macrophages   

      

   Primary canine gallbladder epithelial cells ↑ ABCA1 mRNA and protein [204] 

      

 PPARα/γ 13-HODE RAW264.7 mouse leukemic macrophages ↑ Abca1 and LXRα protein [173] 

    ↑ cholesterol efflux  

      

  c9t11-CLA RAW264.7 mouse leukemic macrophages ↑ Abca1 mRNA and protein [314] 

    ↑ LXRα mRNA  

    ↑ HDL-mediated cholesterol efflux  
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ABC Transporter PPAR PPAR Ligand Cell Line Transporter Effect Reference 

ABCA1 PPARα/γ t10c12-CLA RAW264.7 mouse leukemic macrophages ↑ Abca1 mRNA and protein [314] 

    ↑ LXRα mRNA  

    ↑ HDL-mediated cholesterol efflux  

      

  NO-pravastatin Primary canine gallbladder epithelial cells ↑ ABCA1 mRNA and protein [204] 

    ↑ LXRα mRNA  

      

  Pravastatin Primary canine gallbladder epithelial cells ↑ ABCA1 mRNA and protein [204] 

    ↑ LXRα mRNA  

      

  Simvastatin Primary canine gallbladder epithelial cells ↑ ABCA1 mRNA and protein [204] 

    ↑ LXRα mRNA  

      

 PPARγ Pioglitazone Primary mouse fibroblasts ↑ ABCA1 and LXRα mRNA [278] 

   THP1 human macrophages ↑ apoA1-mediated cholesterol efflux  

   WI38 human fibroblasts   

      

   RAW264.7 mouse leukemic macrophages ↑ Abca1 mRNA and protein [281] 

   THP1 human macrophages ↑ cholesterol efflux  

      

  Rosiglitazone Primary human macrophages ↑ ABCA1 and LXRα mRNA [61] 

    ↑ apoA1-mediated cholesterol efflux  

      

   THP1 human macrophages ↑ ABCA1 mRNA [61] 

      

    ↑ ABCA1 and LXRα mRNA [54] 

    ↑ cholesterol efflux  

      

    ↑ ABCA1 mRNA and protein [217] 

      

    ↑ ABCA1 mRNA and protein [218] 

    ↓ intracellular cholesterol  
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ABC Transporter PPAR PPAR Ligand Cell Line Transporter Effect Reference 

ABCA1 PPARγ Troglitazone Primary human macrophages ↑ ABCA1 and LXRα mRNA [61] 

      

   THP1 human macrophages ↑ ABCA1 mRNA [61] 

      

   Primary canine gallbladder epithelial cells ↑ ABCA1 mRNA and protein [204] 

      

  GW1929 HepG2 human hepatoma cells ↑ ABCA1, LXRα and LXRβ mRNA [256] 

    ↓ ABCA1 and LXRβ protein  

      

  GW7845 THP1 human macrophages ↑ ABCA1 mRNA [279] 

      

  Mycophenolic acid HepG2 human hepatoma cells ↑ ABCA1 mRNA and protein [408] 

    ↑ LXRα protein  

      

  Prostaglandin J2 Immortalized human mesangial cells ↑ ABCA1 and LXRα mRNA [325] 

    ↑ apoA1-mediated cholesterol efflux  

      

   Primary human macrophages ↑ ABCA1 and LXRα mRNA [61] 

      

  Telmisartan RAW264.7 mouse leukemic macrophages ↑ Abca1 mRNA [241] 

    ↓ macrophage proliferation  

      

 PPARβ/δ GW501516 Primary mouse fibroblasts ↑ ABCA1 and LXRα mRNA [278] 

   THP1 human macrophages ↑ apoA1-mediated cholesterol efflux  

   WI38 human fibroblasts   

      

   THP1 human macrophages ↑ ABCA1 mRNA [279] 

   1BR3N human fibroblasts ↑ apoA1-mediated cholesterol efflux  

      

   FHS74 human intestinal cells ↑ ABCA1 mRNA [279] 

      

   Primary human foreskin keratinocytes ↑ ABCA1 mRNA [353] 
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ABC Transporter PPAR PPAR Ligand Cell Line Transporter Effect Reference 

ABCA1 PPARβ/δ  Primary human skeletal muscle cells ↑ ABCA1 mRNA [164] 

      

ABCA12 PPARγ Ciglitazone Primary human foreskin keratinocytes ↑ ABCA12 mRNA and protein [165] 

      

  Troglitazone Primary human foreskin keratinocytes ↑ ABCA12 mRNA [165] 

      

  GI251929X Primary human foreskin keratinocytes ↑ ABCA12 mRNA [165] 

      

 PPARβ/δ Ceramide Primary human foreskin keratinocytes ↑ ABCA12 mRNA and protein [166] 

      

  GW610742 Primary human foreskin keratinocytes ↑ ABCA12 mRNA and protein [165] 

      

Pgp/MDR1/ABCB1 PPARα Fenofibrate Pgp-overexpressing L-MDR1 porcine kidney epithelial cells ↓ calcein efflux [97] 

      

 PPARα/γ Simvastatin Pgp-overexpressing L-MDR1 porcine kidney epithelial cells ↓ calcein efflux [97] 

      

 PPARγ Rosiglitazone Doxorubicin-resistant P388 mouse leukemia cells ↓ calcein efflux [394] 

      

  Troglitazone Doxorubicin-resistant K562 human leukemia cells ↓ Pgp protein [82] 

   Doxorubicin-resistant MCF7 human breast cancer cells ↑ sensitivity to doxorubicin  

      

   Doxorubicin-resistant P388 mouse leukemia cells ↓ calcein efflux [394] 

      

   Vincristine-resistant SGC7901 human gastric cancer cells ↓ Pgp mRNA and protein [57] 

    ↓ Rh123 efflux  

    ↑ sensitivity to vincristine  

MDR2/MDR3/ABCB4 PPARα Bezafibrate HepG2 human hepatoma cells ↑ MDR2/MDR3 mRNA [338] 

    ↑ MDR2/MDR3 redistribution  

      

    ↑ MDR2/MDR3 mRNA [337] 

    ↑ MDR2/MDR3 redistribution  

    ↑ phospholipid efflux  
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ABC Transporter PPAR PPAR Ligand Cell Line Transporter Effect Reference 

MDR2/MDR3/ABCB4 PPARα Ciprofibrate Primary mouse hepatocytes ↑ Mdr2 mRNA [189] 

      

  WY14643 Primary mouse hepatocytes ↑ Mdr2 mRNA [189] 

      

MRP2/ABCC2 PPARγ Troglitazone Primary rat hepatocytes ↓ Mrp2-associated bile efflux [237] 

      

ABCG1 PPARα/γ 13-HODE RAW264.7 mouse leukemic macrophages ↑ Abcg1 and LXRα protein [173] 

    ↑ cholesterol efflux  

      

 PPARγ Pioglitazone RAW264.7 mouse leukemic macrophages ↑ ABCG1 mRNA and protein [281] 

   THP1 human macrophages ↑ cholesterol efflux  

      

  Rosiglitazone THP1 human macrophages ↑ ABCG1 and LXRα mRNA [54] 

    ↑ cholesterol efflux  

      

  Telmisartan RAW264.7 mouse leukemic macrophages ↑ Abcg1 mRNA [241] 

    ↓ macrophage proliferation  

      

BCRP/ABCG2 PPARα Clofibrate HCMEC/D3 human cerebral microvascular endothelial cells ↑ BCRP mRNA and protein [149] 

    ↑ mitoxantrone efflux  

      

  GW7647 HCMEC/D3 human cerebral microvascular endothelial cells ↑ BCRP mRNA and protein [149] 

      

 PPARγ Rosiglitazone Primary human dendritic cells ↑ BCRP mRNA and protein [364] 

    ↑ Hoescht efflux  

    ↑ mitoxantrone efflux  

    ↑ sensitivity to mitoxantrone  

      

   BCRP-overexpressing MDCKII canine kidney epithelial cells ↓ PhA efflux [394] 

      

   HuH7 human hepatoma cells ↑ BCRP mRNA [394] 

      



 

 41 

ABC Transporter PPAR PPAR Ligand Cell Line Transporter Effect Reference 

BCRP/ABCG2 PPARγ Troglitazone Primary human dendritic cells ↑ BCRP mRNA [364], [394] 

   HuH7 human hepatoma cells   

      

   Doxorubicin-resistant K562 human leukemia cells ↓ BCRP protein [82] 

   Doxorubicin-resistant MCF7 human breast cancer cells ↑ sensitivity to doxorubicin  

      

  GW7845 Primary human dendritic cells ↑ BCRP mRNA [364] 

      

  GW9662 Doxorubicin-resistant MCF7 human breast cancer cells ↓ BCRP protein [82] 
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Table 5. In vivo effects of PPAR ligands on ABC transporters. 

ABC Transporter PPAR PPAR Ligand Model Transporter Effect Reference 

ABCA1 PPARα Fenofibrate Hypertriglyceridemic patients Differential HDL synthesis due to ABCA1 variants [374]  

       

  WY14643 SV129 mice ↑ Abca1 mRNA and protein in intestine [186]  

    ↓ intestinal absorption of cholesterol   

       

  Telmisartan ApoE-/- C57BL mice ↑ Abca1 mRNA in aorta [241]  

    ↓ atherosclerotic lesion size and number   

       

Pgp/MDR1/ABCB1 PPARα Ciprofibrate SV129 mice ↑ hepatic Mdr1 & Mdr3 mRNA [189] 

      

MDR2/MDR3/ABCB4 PPARα Bezafibrate CF1 mice ↑ hepatic Mdr2 mRNA [59] 

    ↑ bile secretion of phospholipid  

       

   Humanized/chimeric mice ↑ hepatic MDR2/MDR3 mRNA and protein [338]  

    ↑ hepatic MDR2/MDR3 redistribution into bile canaliculi   

      

  Ciprofibrate SV129 mice ↑ hepatic Mdr2 mRNA and protein [189] 

    ↑ bile secretion of cholesterol and phospholipids  

      

   CF1 mice ↑ hepatic Mdr2 mRNA [59] 

    ↑ Mdr2 redistribution into bile canaliculi  

    ↑ bile secretion of phospholipid  

      

  Clofibrate CF1 mice ↑ hepatic Mdr2 mRNA [59] 

    ↑ Mdr2 redistribution into bile canaliculi  

    ↑ bile secretion of phospholipid  

      

  Fenofibrate CF1 mice ↑ hepatic Mdr2 mRNA [59]  
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ABC Transporter PPAR PPAR Ligand Model Transporter Effect Reference 

MDR2/MDR3/ABCB4 PPARα Gemfibrozil CF1 mice ↑ hepatic Mdr2 mRNA [59]  

       

MRP1/ABCC1 PPARα Ciprofibrate C57BL mice ↓ hepatic Mrp1 mRNA [231]  

       

  Clofibrate C57BL mice ↓ hepatic Mrp1 mRNA [231]  

       

  GW7647 C57BL mice ↓ Mrp1 mRNA in small intestine [142]  

       

  WY14643 C57BL mice ↓ Mrp1 mRNA in small intestine [142]  

       

MRP2/ABCC2 PPARα Clofibrate Sprague-Dawley rats ↓ hepatic Mrp2 protein [168]  

       

  DEHP Sprague-Dawley rats ↓ hepatic Mrp2 protein [168]  

       

  PDFA Sprague-Dawley rats ↓ hepatic Mrp2 protein [168]  

       

MRP3/ABCC3 PPARα Ciprofibrate C57BL mice ↑ hepatic Mrp3 mRNA [231]  

       

  Clofibrate C57BL mice ↑ hepatic Mrp3 mRNA [231]  

       

  Clofibrate CD1 mice ↑ hepatic Mrp3 mRNA and protein [255]  

   SV129 mice    

       

  DEHP C57BL mice ↑ hepatic Mrp3 mRNA [231]  

       

  PFDA C57BL mice ↑ hepatic Mrp3 mRNA [230]  

    ↑ serum levels of bilirubin and bile acids   

       

MRP4/ABCC4 PPARα Clofibrate CD1 mice ↑ hepatic Mrp4 mRNA and protein [255]  

   SV129 mice    
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ABC Transporter PPAR PPAR Ligand Model Transporter Effect Reference 

MRP4/ABCC4 PPARα PFDA C57BL mice ↑ hepatic Mrp3 mRNA [230]  

    ↑serum levels of bilirubin and bile acids   

       

ABCG1 PPARα Fenofibrate Zucker diabetic fatty rats ↑ Abcg1 mRNA [367]  

    ↑ HDL particle size   

       

 PPARγ Telmisartan ApoE-/- C57BL mice ↑ Abcg1 mRNA in aorta [241]  

    ↓ atherosclerotic lesion size and number   

       

BCRP/ABCG2 PPARα Clofibrate CD1 mice ↑ hepatic Bcrp mRNA and protein [255]  

       

   SV129 mice ↑ hepatic Bcrp mRNA [255]  

       

  GW7647 C57BL mice ↑ Bcrp mRNA in small intestine [142]  

       

  WY14643 C57BL mice ↑ Bcrp mRNA in small intestine [142]  
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1.4.3 PPARs & Cancer 

 The goal of chemotherapy is to target rapidly dividing cells or deregulated signaling 

pathways to suppress tumour growth, and ultimately, cure cancer patients; however, one primary 

roadblock to the success of chemotherapy is acquisition of multidrug resistance (MDR). A well 

known cause of MDR is ABC transporter-driven drug efflux from cancer cells instilling 

resistance to multiple agents[130]. The well known ABC transporters, P-glycoprotein 

(Pgp)/MDR1/ABCB1, multidrug resistance protein (MRP)1/ABCC1 and breast cancer-resistance 

protein (BCRP)/MXR/ABCG2, are overexpressed in a variety of different human cancers and 

transport a range of chemotherapeutic drugs[85]. An important blood-brain barrier component 

and regulator of intestinal drug absorption, Pgp was the first ABC transporter to be characterized 

in 1976[170]. Its overexpression in tumours of the kidney, liver, colon, and breast correlates with 

chemoresistance[10, 18, 247]. Substrates of Pgp include anthracyclines, vinca alkaloids, taxanes, 

camptothecins, mitoxantrone, and methotrexate[112]. The second ABC gene discovered was the 

more ubiquitously expressed MRP1[67], which transports etoposide, anthracyclines, vinca 

alkaloids, organic anions and glutathione conjugates[130]. Its overexpression confers 

chemotherapy resistance in prostate, lung, breast, and neuroblastoma cancer[264, 363]. Finally, 

BCRP is normally expressed in placenta and small intestine, as well as various stem cell 

populations[233, 419]. Several drug-resistant cell lines also contain elevated levels of this ABC 

transporter, which contributes to the efflux of several antitumour agents such as doxorubicin, 

daunorubicin, mitoxantrone, and topotecan[169, 175, 253]. 

In addition to MDR, other functions of ABC transporters in cancer are beginning to 

emerge, further implicating these genes as important targets of chemotherapy. For example, Pgp 
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expression, devoid of ATP-dependent drug transport, suppresses cell death in the presence of 

apoptotic signals in normal and cancer cells[316, 350, 365]. Furthermore, Pgp knockdown 

reduced the migration and invasion potential of MCF7 human breast cancer cells[251]. As a 

result of these studies, direct inhibition of ABC transporter activity has become an appealing 

undertaking for researchers in the development of improved cancer chemotherapeutics; however, 

several clinical trials using ABC inhibitors have proven unsuccessful[177]. 

Research has shown that PPAR activation induces expression of both mouse 

(Mdr1/Abc1b, Mdr2/Abcb4, and Mdr3/Abc1a) and human (MDR2/MDR3/ABCB4) homologs of 

Pgp, which efflux similar chemotherapy substrates as MDR1[112]. Fasting-induced fatty acid 

release increased hepatic expression of Mdr2 mRNA and protein, as well as activity, in wildtype 

but not PPARα-knockout mice[190]. Similar results were observed in ciprofibrate-treated 

mice[189]. Interestingly, the latter trial demonstrated that elevated Mdr1 and Mdr3 mRNA 

expression accompanied Mdr2 induction in liver; however, in cultured mouse hepatocytes, only 

Mdr2 levels were elevated by PPARα agonists suggesting that in vivo induction of Mdr1 and 

Mdr3 may be influenced by PPARα activation in surrounding tissue. Furthermore, both 

ciprofibrate and clofibrate increased hepatic expression of Mdr2 mRNA in CF1 mice. This was 

associated with increased Mdr2 redistribution into bile canaliculi and enhanced biliary 

phospholipid secretion[59]. Similarly, in a chimeric mouse model with humanized liver, 

bezafibrate increased hepatic MDR2/MDR3 mRNA and protein, and promoted canalicular 

localization of the transporter[338]. Bezafibrate-treated HepG2 human hepatocellular liver 

carcinoma cells also showed elevated expression of MDR2/MDR3 mRNA. Although there was 

no subsequent change in protein levels, there was a redistribution of the transporter into 
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pseudocanaliculi between cells, accompanied by enhanced apical localization of phospholipids, 

which could be attenuated by PPARα-specific knockdown[337]. 

Several MRP1 homologs may also be upregulated by PPARs, including MRP2/ABCC2, 

MRP3/ABCC3 and MRP4/ABCC4, which are known to transport substrates belonging to a 

variety of chemotherapy drug classes[112]. Although their normal physiological function 

remains elusive, it has been suggested that these transporters may play a role in MDR[192, 414]. 

Additionally, MRP4 expression may play a role in migration, as knockdown or pharmacological 

inhibition of this transporter appears to prevent human dendritic cell motility[380]. Moffit et al. 

examined the effect of clofibrate on hepatic transporters in mice. Following 10 days of dosing, 

clofibrate upregulated hepatic expression of Bcrp, Mrp3 and Mrp4 mRNA and protein in CD1 

mice. Similar findings for Mrp3 and Mrp4 were detected in liver tissue isolated from clofibrate-

treated wildtype SV129 mice, while no changes were seen in liver from similarly treated 

PPARα-knockout mice[255]. Liver expression of Mrp3 was also induced in C57BL mice treated 

with clofibrate, ciprofibrate and diethylhexylphthalate (DEHP)[231]. Maher et al. also reported 

the hepatic induction of Mrp3 and Mrp4 transcription in perfluorooctanoic acid and 

perfluorodecanoic acid (PFDA)-treated mice[230]. This was associated with elevated serum 

levels of serum-conjugated bilirubin and bile acids indicative of Mrp3- and Mrp4-specific 

hepatic efflux activity. These effects were attenuated in PPARα-knockout mice treated with 

PFDA. Several putative PPRE sequences were identified upstream of the Mrp3 and Mrp4 

promoters, providing further evidence that PPARα may directly regulate transcription of these 

transporters in the liver. 
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Activation of PPARs may also induce expression of BCRP. PPARα agonists upregulate 

Bcrp transcription in mouse intestine[142]. Furthermore, PPARα-dependent activation induces 

BCRP expression and efflux activity in human cerebral endothelial cells[149]. Here, transporter 

induction is accompanied by binding of PPARα to a PPRE within the BCRP promoter. In human 

monocyte-derived dendritic cells, BCRP was directly induced by ligand-activated PPARγ 

through three functional PPRE sequences located within the gene’s promoter[364]. This 

enhancement of BCRP activity elevated drug efflux and maintained intracellular low levels of 

mitoxantrone, which could be reversed by addition of a BCRP inhibitor. In doxorubicin-resistant 

MCF7 breast cancer and K562 human leukemia cell lines, troglitazone downregulated expression 

of BCRP, and restored sensitivity to doxorubicin treatment[82]. Although troglitazone may elicit 

effects that are PPARγ-dependent, it is also known to operate via pathways that are independent 

of this nuclear receptor[329]. Inhibition of PPARγ in untreated MCF7 cells reduced BCRP 

expression indicating that the observed effects of troglitazone were PPARγ-independent, and 

providing evidence that this TZD may suppress BCRP transcription in these cells by indirectly 

antagonizing PPARγ itself. 

In contrast to the studies previously outlined, a number of reports indicate that PPAR 

activation may inhibit ABC transporter expression and activity. Chen et al. observed that 

troglitazone increased PPARγ activity and reversed Pgp-mediated chemoresistance in 

vincristine-resistant SGC7901 human gastric cancer cells[57]. Furthermore, Rajkumar and 

Yamuna performed genetic expression analysis on a doxorubicin-resistant 143B human 

osteosarcoma cell line and found increased expression of Pgp and Kruppel-like factor 2[306]. 

Given that the latter is a known suppressor of PPARγ expression[332], these findings may 
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implicate the PPARγ pathway as a negative regulator of Pgp transcription. Wang et al. also 

demonstrated that tumour necrosis factor (TNF)α could partially reverse MDR by inducing 

PPARα and suppressing Pgp in an adriamycin-resistant cell line derived from HepG2 cells[392]. 

In another study, PPARα agonists downregulated Mrp1 expression in mouse intestine[142]. 

Hepatic expression of Mrp2 protein was reduced in male Sprague-Dawley rats treated with the 

PPARα agonists, clofibrate, DEHP and PFDA[168]. Furthermore, efflux of bile acids by Mrp2 

may be suppressed by troglitazone in cultured rat hepatocytes[237]. Both rosiglitazone and 

troglitazone inhibited BCRP function in BCRP-overexpressing MDCKII canine kidney epithelial 

cells, but induced its transcription in the HuH7 human hepatoma cell line[394]. These PPARγ 

activators also decreased Pgp-mediated drug efflux in doxorubicin-resistant P388 mouse 

leukemia cells. Moreover, fenofibrate suppressed Mdr1 transport activity in L-MDR1 porcine 

kidney epithelial cells[97]. Finally, in doxorubicin-resistant MCF7 and K562 cells, troglitazone 

downregulated expression of Pgp, and reversed chemoresistance to doxorubicin[82]. However, 

among these studies it was not clarified if these activities were dependent on PPAR activation 

and signaling. 

 From the laboratory perspective, the involvement of ABC transporters in MDR and other 

cancer hallmarks necessitate these genes as vital targets of chemotherapy; whereas, their precise 

role in the clinical manifestation of cancer remains elusive. This is likely why clinical trials with 

Pgp inhibitors failed to reduce drug efflux and subsequent chemoresistance[75]. Regulation of 

ABC gene transcription by PPARs may be another option, but primarily, a detailed 

understanding of the functional and clinical relevance of the entire ABC transporter family in 

tumour samples and cell lines is obligatory. Future studies may identify new roles for ABC 
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transporters in cancer, which could be targeted by either pharmacological inhibition or PPAR 

regulation. Most of the evidence implies that PPARs are positive regulators of cancer-related 

ABC genes, indicating that transporter expression can be suppressed by antagonizing PPARs. On 

the other hand, controversial findings have also been reported; therefore, improved 

understanding of the mechanism by which PPARs regulate ABC genes is required. In particular, 

delineating the effects of PPAR-dependent and -independent signaling on ABC gene 

transcription will determine the precise link between PPARs and ABC transporters in cancer, and 

may predict the success of PPAR ligand therapy in reversing MDR. Additional studies exploring 

the effect of PPAR activation as an adjuvant to chemotherapy in a wide range of drug-resistant 

cancer cell lines may also prove insightful.  

 

1.5 PPARγ  

 A ligand-activated transcription factor, PPARγ plays a key role in the regulation of genes 

involved in adipocyte differentiation[320], as well as sugar and fat metabolism[49, 183]. It is 

activated by naturally occurring fatty acids, such as 15-deoxy-Δ12,14-prostaglandin J2 (15d-

PGJ2)[113], and a class of synthetic agents known as TZDs[352]. One of these TZDs is 

rosiglitazone (ROSI), a gold standard PPARγ activator that improves systemic insulin sensitivity 

and lowers plasma glucose levels[397]. 

 PPARγ is expressed primarily in adipocytes, as well as epithelial, endothelial and 

macrophage cell types[41, 207]. A member of the nuclear receptor superfamily, PPARγ is 

localized to the nucleus and forms a heterodimer with its binding partner, RXRα[51]. This 

PPARγ:RXRα complex interacts with specific DNA sequences known as PPREs in the promoter 
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regions of a broad range of target genes. In its resting state, the PPARγ:RXRα complex 

associates with cell-specific corepressor molecules that aid in the silencing of target gene 

transcription. Upon ligand binding, a conformational change takes place in PPARγ leading to the 

release of corepressors, and the recruitment of coactivator molecules that promote target gene 

transcriptional activity. Furthermore, ligand activation of PPARγ may also repress signaling of 

some gene targets through direct interaction with other transcription factors or competition for 

available coregulators[311]. 

 

1.5.1 PPARγ  & Breast Cancer 

 The role of PPARγ in adipocyte differentiation sparked initial interest in this receptor as a 

therapeutic target to differentiate neoplastic cells and encourage a less proliferative phenotype. 

Several reports have since demonstrated that ligand activation of PPARγ results in cellular 

differentiation, growth inhibition and enhanced apoptosis in a variety of cancers, including 

tumours of the colon, breast, prostate, ovary, and lung[196]. 

 In the normal breast, PPARγ is expressed in stromal adipocytes, and most major 

mammary gland cell types. Its expression was also detected in a majority of human breast 

tumours[262], as well as in human MCF-7 and MDA-MB-231 breast cancer cell lines[99]. Thus, 

PPARγ represents a promising target for therapeutic activation to exert anticancer effects in the 

mammary gland. Several in vitro studies have demonstrated that PPARγ ligands promote 

differentiation and reduce growth in MCF-7 and MDA-MB-231 cells[99, 416]. Several other 

studies have demonstrated the in vivo success of using PPARγ ligands to induce regression of 
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environmental-chemical mediated breast tumours in rodents[99, 297, 362]. Collectively, these 

studies suggest that PPARγ activation suppresses breast tumourigenesis; however, they fail to 

directly analyze PPARγ’s function during mammary carcinogenesis since PPARγ ligands are 

also known to operate via receptor-independent mechanisms. Direct assessment of PPARγ’s 

function is complicated by the fact that mouse PPARγ-/-
 is embryolethal[22]. Previously 

generated PPARγ null mice die on gestational day 10.5 preventing the use of classical knockout 

approaches. Nicol and colleagues developed a mouse model of PPARγ haploinsufficiency 

whereby PPARγ+/- mice lack one PPARγ allele in all PPARγ-expressing cells throughout the 

body[271]. Briefly, DMBA-treated PPARγ+/- mice were more susceptible to increased breast, 

and other, tumour malignancy and metastases compared to similarly treated PPARγ-WT 

controls. This work provides more direct evidence that normal PPARγ signaling suppresses 

chemical-induced breast tumourigenesis and suggests that this protective effect is more dominant 

during the postinitiation stages of tumour development. 

 

1.5.2 PPARγ-Dependent Anticancer Signaling Pathways 

 Many in vitro studies have reported putative mechanisms that may explain the 

antitumourigenic properties of PPARγ-dependent signaling (Figure 4). Examples include studies 

in which PPARγ activation by ROSI in MCF-7 cells turned on the expression of key tumour 

suppressor genes, PTEN[292] and BRCA1[298]. Another study reports a positive association 

between PPARγ and ERβ expression, and disease-free survival in patients with invasive breast 

cancer[285]; thus, ERβ signaling pathways, which have been linked to the inhibition of breast 
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cancer cell proliferation[289], may play a role in mediating PPARγ-dependent anti-breast cancer 

effects. PPARγ activation also inhibits ERα and cyclin D1 activity via increased ubiquitination 

leading to decreased cell cycle progression and proliferation in MCF-7 breast cancer cells[304]. 

Furthermore, PPARγ activation competitively inhibits cyclin D1 activity through shared use of 

the coactivator molecule p300, which associates with c-fos in the cyclin D1 promoter[391]. 

Other studies have suggested that PPARγ activation may reduce breast tumour 

progression via downregulation of Cox-2[225] and 5-LPO[184]. This is significant because 

increased expression and activity of these bioactivating enzymes not only enhances the formation 

of reactive oxygen species[81], but also generates increased cellular oxidative stress, which if not 

balanced by cytoprotective and detoxification pathways, may damage cellular macromolecules 

such as DNA, proteins and lipids. Interestingly, Cox-2 and 5-LPO may also serve as alternate 

bioactivating pathways for chemical carcinogens that increase breast cancer risk[81]. 

PPARγ activation also inhibits angiogenesis by antagonizing the expression and activity 

of proangiogenic factors, such as VEGF and leptin. For example, PPARγ ligands prevented 

endothelial cell differentiation and expression of VEGF receptors in vitro, as well as block 

VEGF-induced angiogenesis in vivo[407]. ROSI-treated human adipocytes in culture also 

showed decreased transcription of leptin[313]. Furthermore, activation of PPARγ with ROSI in 

normal and breast cancer patients significantly increases serum adiponectin concentrations in 

both populations[72, 410]. Adiponectin is a fat-specific cytokine with antiangiogenic 

properties[42], and high serum levels are inversely correlated with breast cancer risk[235]. 

Adiponectin also has antiinflammatory properties[91, 331]. Given the strong links between 

inflammatory responses and tumour metastasis, it is likely that PPARγ’s antitumourigenic 
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properties may be carried out in part through the regulation of this adipokine. Finally, beyond the 

in vitro PPARγ-dependent signaling pathways described above, PPARγ may act through other as 

yet unknown pathways in vivo to prevent breast tumourigenesis. 

 

Figure 4. Proposed PPARγ-dependent pathways and targets capable of regulating breast 
tumour metastasis and recurrence. 
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1.6 Hypothesis & Objectives 

 Using PPARγ(+/-) mice, Dr. Nicol reported the first direct in vivo evidence that PPARγ 

normally acts to suppress DMBA-mediated breast tumour progression[271]. Since many 

mammary gland and associated stromal cell types express PPARγ, his research team aims to  

understand the relative contributions of PPARγ expression and signaling within each of these cell 

types during breast tumourigenesis. Ongoing in vivo studies in Dr. Nicol’s lab using targeted 

PPARγ knockout (KO) mice showed that PPARγ in stromal adipocytes[344] and endothelial 

cells (unpublished) is critical to directly and/or indirectly suppressing DMBA-mediated breast 

tumourigenesis, albeit in a manner that is cell-type specific. My PhD tenure in Dr. Nicol’s lab 

has focused on elucidating the role of PPARγ in mammary epithelial cells. 

  

I hypothesized mammary epithelial-specific PPARγ  signaling and activation 

suppresses environmental risk factor-induced breast tumourigenesis. 

 

To test my hypothesis, I used targeted PPARγ knockout mice to pursue three objectives: 

1) To determine the role of PPARγ in nulliparous mammary epithelial (MG) cells during 

environmental chemical (DMBA)-mediated mammary tumourigenesis; 

2) To examine if PPARγ expression in postlactational mammary secretory epithelial (MSE) 

cells alters DMBA-induced breast tumourigenesis; 

3) To evaluate the MSE-specific role of PPARγ during multi-risk factor (DMBA+ProHF 

diet)-induced breast tumourigenesis. 



 

 56 

Chapter 2: Opposing Roles For Mammary Epithelial-Specific PPARγ Signaling And 
Activation During Breast Tumour Progression 
 
2.1 Abstract 

Breast cancer remains the second leading cause of cancer-related deaths among women. Despite 

advances, new biomarkers are needed to further reduce these deaths. Previously, we showed 

PPARγ suppresses breast tumour progression, partly via stromal cell protective mechanisms. 

Here, we generated unique mammary epithelial cell (MG)-specific PPARγ knockout (PPARγ-

MG KO) mice. Our studies demonstrate both decreased serum levels of proinflammatory and 

chemotactic cytokines, and 7-12-dimethylbenz[a]anthracene (DMBA)-mediated breast tumour 

susceptibility among PPARγ-MG KOs versus controls (PPARγ-WTs). Cotreatment with DMBA 

and a PPARγ activator protects PPARγ-WTs from breast tumour progression, via increased 

BRCA1 and decreased VEGF and Cox-2 expression, but surprisingly enhances breast 

tumourigenesis among PPARγ-MG KOs, possibly through PPARγ-independent activation of 

Cox-2. Thus, our novel data may define MG-specific PPARγ expression and signaling as useful 

prognostic and predictive biomarkers to be further evaluated in human patient outcomes. 

 

2.2 Introduction 

Breast cancer is the most commonly diagnosed form of cancer among women worldwide 

with 1.7 million new cases identified and over 500,000 breast cancer-related deaths in 

2012[103]. Despite advances in early detection and treatment for many types of breast tumours, 

it remains difficult to predict which patients will suffer from aggressive forms of disease or 
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respond poorly to current therapies. More work is needed to identify biomarkers that may reduce 

the number of deaths and improve quality of life for patients diagnosed with breast cancer. 

PPARγ is a transcription factor that regulates the expression of genes involved in glucose 

and lipid metabolism, with an emerging role in breast tumourigenesis[194]. It is primarily 

expressed in adipocytes[41], as well as mammary epithelial (MG) cells[161], and a majority of 

human breast tumour cell lines[99, 262]. Ligands for PPARγ include endogenous fatty acid 

metabolites and synthetic drugs from the TZD class[359]. Rosiglitazone (ROSI), a TZD family 

member, is a potent activator of PPARγ and prescribed to successfully treat some patients with 

Type II diabetes[39]. A breast tumour suppressor role for PPARγ was first demonstrated in vitro 

when treatment of human MCF-7 and MDA-MB-231 breast cancer cells with PPARγ ligands 

resulted in decreased cell proliferation, promotion of differentiation, and induction of 

apoptosis[99, 184, 262, 411]. We provided the first direct in vivo evidence that PPARγ normally 

stops the growth and spread of breast and other tumour progression in a DMBA-treated 

haploinsufficient PPARγ(+/-) mouse model[271]. To better define the mammary cell-specific 

importance of PPARγ during breast tumourigenesis, we more recently showed that in vivo 

expression and activation of PPARγ in mammary stromal adipocytes and secretory epithelial 

cells protects against DMBA-induced breast tumourigenesis[14, 344]. Here, we evaluated the 

role of mammary epithelial (MG) cell-specific PPARγ signaling and activation during DMBA-

mediated mammary tumour progression. To do this, we first crossed our previously described 

PPARγ floxed mice to transgenic mice expressing Cre recombinase under the control of the 

MMTV-LTR promoter, which is specifically active in MG cell populations, and generated a 

colony of conditional MG cell-specific PPARγ knockout (PPARγ-MG KO) mice. Based on our 
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previous work, we hypothesized that MG-specific PPARγ would be protective against DMBA-

induced breast tumourigenesis. Our results unveil a putative prognostic and predictive biomarker 

role for MG-specific PPARγ expression and signaling that may benefit a subpopulation of breast 

cancer patients. 

 

2.3 Materials & Methods 

2.3.1 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) as previously described[14]. Transgenic mice expressing the MMTV-LTR-

Cre+ gene were obtained from the NCI-Frederick repository (Frederick, Maryland), and crossed 

with our previously generated PPARγ(fl/fl);Cre- (PPARγ-WT) mice[5], to produce 

PPARγ(fl/fl);MMTV-LTR-Cre+ (PPARγ-MG KO) mice. Mouse genotypes were confirmed by 

PCR analysis as before[271]. 

 

2.3.2 In Vivo Breast Tumourigenesis 

 At age 8-12 weeks, PPARγ-WT and PPARγ-MG KO nulliparous female mice received 1 

mg DMBA (Sigma-Aldrich, D3254) by gavage once/week for 6 weeks. At week 7, randomized 

mice either continued on a regular chow diet (DMBA Only: PPARγ-WT, n=25 and PPARγ-MG 

KO, n=39) or received a PPARγ ligand (ROSI; 4 mg/kg/day)-supplemented chow diet 

(DMBA+ROSI: PPARγ-WT, n=34 and PPARγ-MG KO, n=17) for the study duration. Mice 

were monitored for tumourigenic changes for 25 weeks, and tumour samples were harvested and 
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assessed as previously described[344]. Nonfasted submandibular blood was obtained pre-, mid- 

and end-study, and separated to obtain serum samples that were frozen in liquid N2 for future 

analysis.  

 

2.3.3 Immunofluorescent Staining 

 Formalin-fixed paraffin-embedded untreated mammary glands and mammary tumours 

from PPARγ-WT and PPARγ-MG KOs in each treatment group were sectioned and stained as 

described previously[14]. Sections were stained with primary antibodies for pancytokeratin 

(Dako, M3515; 1:500 dilution) and PPARγ (Santa Cruz, sc-7196; 1:500 dilution) or BRCA1 

(Santa Cruz, sc-7867; 1:500 dilution). Secondary antibodies used were donkey α-rabbit FITC 

(Santa Cruz, sc-2090; 1:500 dilution) and α-mouse Alexa Fluor 594 (Invitrogen, A11005; 1:500 

dilution). Slides were coverslipped with mounting media containing DAPI stain (Vectashield). IF 

staining was visualized with a BX51 System Microscope (Olympus). Images were acquired with 

QCapture Pro 5.1 software (QImaging) and analyzed with Image-Pro Plus 6.0 software (Media 

Cybernetics). 

 

2.3.4 Immunoblotting 

Whole-cell extracts were prepared from normal and tumour tissue samples from PPARγ-WT and 

PPARγ-MG KO mice as previously described[14]. Protein concentrations were quantified using 

the DC protein assay (BioRad). Proteins were detected with primary antibodies for PPARγ 

(Santa Cruz, sc-7273; 1:500 dilution), β-actin (Santa Cruz, sc-47778; 1:000 dilution), Cox-2 

(Cayman Chemical, #160126; 1:500 dilution) and PTEN (Cell Signaling, #9559; 1:1,000 
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dilution) followed by appropriate HRP-conjugated secondary goat α-mouse (Santa Cruz, sc-

2005; 1:10,000 dilution) or goat α-rabbit (Santa Cruz, sc-2004; 1:10,000 dilution) antibodies. 

Protein expression was assessed using ImageJ analysis software (rsbweb.NIH.gov). 

 

2.3.5 Serum Assays 

A Bio-Plex Pro Mouse Cytokine 23-plex serum assay kit (BioRad Laboratories) was used 

to assess cytokine concentrations of IL-1α, IL-1β, IL-2, IL-3, IL-4, IL-5, IL-6, IL-9, IL-10, IL-

12(p40), IL-12(p70), IL-13, IL-17A, eotaxin, G-CSF, GM-CSF, IFN-γ, KC, MCP-1, MIP-1α, 

MIP-1β, RANTES, and TNF-α as previously described[14]. Clustering and heat map analyses 

were performed with Cluster 3.0 and TreeView software (Stanford University). Serum VEGF, 

leptin and prostaglandin E (PGE) metabolites were analyzed using ELISA kits as per 

manufacturer’s (Cayman Chemical) instructions. All cytokine concentrations are reported as the 

mean±standard deviation (SD) pg/ml. 

 

2.3.6 Statistical Analysis 

 Differences between genotype and treatment groups were assessed using a Two-Way 

analysis of variance (ANOVA), followed by a Tukey’s post-hoc test for group comparisons. 

Survival was analyzed using a Log Rank test, and proportions were assessed using Chi-square 

analysis. GraphPad Prism (Version 6.0) software was used for all analyses. A value of p<0.05 

was considered statistically significant. 
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2.4 Results 

 Based on observations in our lab and previous reports[76], PPARγ-WT and PPARγ-MG 

KO mice are not prone to spontaneous tumour formation, suggesting any tumours that arose 

were a result of DMBA initiation. In regards to tumourigenic response, overall survival (OS) for 

PPARγ-WT and PPARγ-MG KO mice are shown in Figures 5A & 5B respectively. Among 

DMBA Only-treated groups, PPARγ-MG KO mice showed a strong statistically significant 

advantage in OS compared to PPARγ-WTs (p<0.0001); however, this difference was not 

retained between DMBA+ROSI-treated genotypes. Within genotypes, DMBA+ROSI-treated 

PPARγ-WTs had a significantly improved OS compared to their respective DMBA Only-treated 

controls (respective median OS: 21.5 vs. 17 weeks, p<0.05). Interestingly, among PPARγ-MG 

KO mice, cotreatment significantly worsened OS outcomes compared to DMBA Only-treated 

controls (respective median OS: 21 weeks vs. undefined, p<0.05). 

 Tumours were differentially observed in tissues among all groups, and were consistent 

with the pattern of DMBA-initiated tumourigenesis (Table 6). In the DMBA Only-treated group, 

PPARγ-WT mice had a total tumour incidence of 80±8% compared to 67±8% for PPARγ-MG 

KOs (Figure 5C). In the DMBA+ROSI group, total tumour incidence was similar for PPARγ-

WTs (76±7%) and PPARγ-MG KO (76±10%) mice. In DMBA Only-treated mice, mammary 

tumour incidences were modestly higher among PPARγ-WTs (32±9%) compared to PPARγ-MG 

KOs (26±7%). In contrast, between DMBA+ROSI-treated strains, PPARγ-MG KO mice had a 

~2-fold higher mammary tumour incidence compared to PPARγ-WTs (53±12 vs. 29±8%, 

respectively), although this trend was not statistically significant. Further, DMBA+ROSI-treated 

PPARγ-MG KO mice exhibited a ~2-fold higher incidence of mammary tumours compared to 
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DMBA Only-treated PPARγ-MG KOs (53±12% vs. 26±7%, respectively) in a trend that 

approached statistical significance (p=0.07). 

In DMBA Only-treated mice, PPARγ-MG KOs also had a significant ~3.5-fold reduction 

in liver tumour incidence compared to PPARγ-WTs (13±5% vs. 48±10%, respectively; p<0.01). 

Cotreatment with DMBA+ROSI halved liver tumour incidences in both genotypes, although 

these changes were not significantly different. Furthermore, PPARγ-MG KOs had a significant 

~4-fold decrease in thymic tumour incidence compared to PPARγ-WT mice in the DMBA Only-

treated group (10±5% vs. 40±10%, respectively; p<0.05). Among cotreated groups, thymic 

tumour incidences were not different between genotypes but did significantly decrease by ~3-

fold among PPARγ-WT mice compared to their respective DMBA Only-treated PPARγ-WT 

controls (p<0.05). 

 When mammary tumours were analyzed by pathological stage (Figure 6A), DMBA 

Only-treated PPARγ-MG KO mice exhibited a reduction in malignant mammary tumours versus 

PPARγ-WTs (5±4% vs. 20±8%, respectively; not significant). DMBA+ROSI cotreatment did 

not significantly change PPARγ-WT malignant mammary tumour incidence, but intriguingly, 

significantly increased malignant mammary tumour incidence by ~8-fold in PPARγ-MG KO 

mice (p<0.01). For either genotype treated with DMBA only versus DMBA+ROSI, the 

incidences of benign mammary tumours were nonsignificantly reduced in PPARγ-WTs (16±7% 

vs. 12±6% respectively) and PPARγ-MG KOs (23±7% vs. 18±9%, respectively). 

Mammary tumours were measured (length and width) to monitor volumes as soon as they 

became palpable (Figure 6B)[105]. DMBA Only-treated PPARγ-MG KO mice had a significant 

~5-fold decrease in mean mammary tumour volume compared to similarly treated PPARγ-WTs 
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(mean log volume: 360.6 mm3 vs. 1843 mm3, respectively; p<0.05). Cotreatment with 

DMBA+ROSI abolished this genotypic difference, and resulted in similar mean mammary 

tumour volumes via increases in PPARγ-WTs (806.9 mm3) and decreases in PPARγ-MG KOs 

(818.0 mm3). The effects of treatment on mammary tumour volumes within each genotype were 

not statistically significant. 

Among PPARγ-WT mice, palpable mammary tumours were first observed following 

DMBA treatment at week 11, and at week 13 in the DMBA+ROSI-treated group (Figure 6C). 

With respect to mammary tumour latency, 25% of DMBA Only-treated PPARγ-WTs developed 

palpable tumours by week 15, whereas this trended toward week 21.5 in DMBA+ROSI-treated 

PPARγ-WT mice. Interestingly, DMBA Only-treated PPARγ-MG KOs first developed palpable 

tumours by week 13, in comparison to DMBA+ROSI-treated PPARγ-MG KOs in which 

palpable tumours were noted as early as week 10 (Figure 6D). Twenty-five percent of DMBA 

Only-treated PPARγ-MG KO mice developed palpable mammary tumours by week 25, and this 

significantly declined to week 16 in DMBA+ROSI-treated PPARγ-MG KOs (p<0.01). Similarly, 

DMBA+ROSI-treated PPARγ-MG KOs showed a significant decrease in mammary tumour 

latency compared to similarly treated PPARγ-WT mice (with 25% of mice developing palpable 

mammary tumours at week 16 vs. 21.5, respectively; p<0.05). 

Representative sections of normal mammary tissue and mammary tumours from PPARγ-

WT and PPARγ-MG KO mice in each treatment group were hematoxylin and eosin (H&E) 

stained and examined in a blinded fashion by collaborating pathologists for changes in 

morphological characteristics. Untreated mammary glands collected at week 12 from either 

strain were not morphologically different from one another and exhibited characteristic features 
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of normally developed mammary glands (Figures 7A & 7B). Both were comprised primarily of 

adipocytes, as expected in the mouse mammary gland. Tumours taken from PPARγ-WT mice 

treated with DMBA Only were primarily classified as malignant carcinomas with mixed 

squamous differentiation (Figure 7C). DMBA Only-treated PPARγ-MG KO mammary tumours 

showed comparatively more benign characteristics (Figure 7D). In DMBA+ROSI-treated mice, 

mammary tumours isolated from PPARγ-WT mice were primarily identified as squamous cell 

carcinomas (Figure 7E); whereas, those from PPARγ-MG KO mice were classified as more 

malignant lesions that ranged from well-to-moderately differentiated (Figure 7F).  

To evaluate protein expression changes in situ, mean fluorescence intensities of target 

proteins were quantified in three regions within each analyzed mammary tumour (Figure 8A). 

Mammary glands from untreated strains, included for reference, illustrate decreased PPARγ and 

BRCA1 expression in cytokeratin-positive MG cells in PPARγ-MG KO mice compared to 

PPARγ-WTs. Results show no differences in both PPARγ and BRCA1 among mammary-derived 

tumours from DMBA-treated PPARγ-MG KO and PPARγ-WT mice (PPARγ: 1822±999 vs. 

1459±377, respectively and BRCA1: 1007±432 vs. 1280±258, respectively) (Figure 8B). 

Compared to DMBA Only-treated controls, irrespective of genotype, mammary tumours from 

mice treated with DMBA+ROSI trended toward increased PPARγ expression accompanied by 

increased BRCA1 expression (p=0.09). Importantly, DMBA+ROSI treatment significantly 

increased BRCA1 expression ~3.5-fold in PPARγ-WT mice compared to both DMBA Only-

treated PPARγ-WTs (4400±915 vs. 1280±258, respectively; p<0.01), and DMBA+ROSI-treated 

PPARγ-MG KOs (1707±180; p<0.01).  
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Protein expression changes were then determined by immunoblotting in untreated 

mammary gland tissue and mammary tumours from DMBA Only- and DMBA+ROSI-treated 

strains (Figure 9A). Densitometric analyses of protein expression within mammary tumours 

revealed similar PPARγ protein levels irrespective of genotype or treatment (Figure 9B). 

Intriguingly, DMBA+ROSI-treated PPARγ-MG KO mammary tumours exhibited a significant 

~4-fold increase in Cox-2 compared to DMBA Only-treated PPARγ-MG KOs (p<0.01), as well 

as a significant ~3-fold increase in Cox-2 compared to DMBA+ROSI-treated PPARγ-WT mice 

(p<0.01). 

A 23-plex cytokine array was performed on serum samples from both PPARγ-WT and 

PPARγ-MG KO strains for untreated, DMBA Only-treated and DMBA+ROSI-treated mice 

(Figure 10). Among untreated mice, there were significantly lower levels of GM-CSF (~2.5-

fold; p<0.05) observed in PPARγ-MG KOs compared to PPARγ-WT mice (Table 7). 

DMBA+ROSI treatment significantly reduced serum GM-CSF (~3.5-fold; p<0.01), and 

nonsignificantly decreased serum eotaxin (~11-fold; p<0.10), in PPARγ-MG KO mice compared 

to similarly treated PPARγ-WTs. Interestingly, PPARγ-MG KOs showed significantly lower 

levels of serum IL-4 (p<0.01), IL-10 (p<0.001), IL-13 (p<0.05), eotaxin (p<0.01), GM-CSF 

(p<0.0001), IFN-γ (p<0.05) and MIP-1α (p<0.01), as well as a trend toward reduced levels of 

KC (p=0.08), compared to PPARγ-WTs. 

Given their putative relevance to mammary tumour growth, serum VEGF, leptin and 

PGE metabolites were also quantified by separate ELISA experiments in both untreated strains 

and those treated with DMBA alone or DMBA+ROSI (Table 7). No significant differences were 

observed in serum leptin and PGE metabolite levels between genotypes or treatment groups. In 
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contrast, DMBA Only-treated PPARγ-MG KOs had significantly ~3-fold lower serum VEGF 

levels compared to similarly treated PPARγ-WTs (p<0.05). VEGF expression was also 

significantly reduced ~4-fold in DMBA+ROSI compared to DMBA Only levels in PPARγ-WTs 

(p<0.05), but not PPARγ-MG KOs.  

 

2.5 Discussion 

Given recent evidence implicating a protective role for PPARγ in breast cancer[14, 271, 

344], we evaluated the MG cell-specific role of this receptor in DMBA-induced breast 

tumourigenesis using PPARγ-MG KO and PPARγ-WT mice. Other groups have examined the 

MG-specific contribution of PPARγ in breast cancer, using overexpression[328] and dominant 

negative knockout[412] approaches that only target the PPARγ1 isoform. Here, we used the Cre-

loxP system to delete expression of both PPARγ protein isoforms, and thus, eliminate any 

confounding compensatory effects. A subset of these mice were also treated with the gold 

standard PPARγ activator ROSI to determine if triggering PPARγ activation could rescue the 

tumourigenic phenotype. The ROSI dose and regimen used in these in vivo tumour studies was 

previously shown to effectively activate PPARγ signaling[5, 121, 270] and achieve serum 

glucose profiles within human therapeutic ranges in mice[93, 319]. Surprisingly, we discovered 

that PPARγ-MG KO mice are protected more so than PPARγ-WTs during DMBA-mediated 

breast tumourigenesis; whereas, PPARγ activation by ROSI rescues PPARγ-WTs but renders 

PPARγ-MG KOs more susceptible to breast tumour progression. These findings suggest that 

expression of PPARγ within mammary epithelial cells may be both prognostic and predictive. 
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The findings that PPARγ-MG KO mice respond more favourably, for example in OS, 

than PPARγ-WTs following tumourigenic initiation by DMBA, but do worse following 

cotreatment with a PPARγ activating ligand were unexpected. These surprising outcomes may be 

explained, at least in part, by the increased total mammary tumour and malignant mammary 

tumour incidences, and decreased mammary tumour latency, that were observed in 

DMBA+ROSI-treated PPARγ-MG KOs compared to those treated with DMBA alone. 

Collectively, these findings suggest that PPARγ expression in MG cells and ROSI activation in 

mice lacking MG-specific PPARγ is potentially harmful during chemical-mediated breast tumour 

progression. Given that ROSI activation produced detrimental effects exclusive to knockout mice 

suggests that PPARγ-independent effects of this drug may be partly responsible[396]. These 

interesting observations underscore the importance of personalized medicine, and the need for 

characterizing normal breast and mammary tumour epithelial expression of PPARγ before 

considering TZD-like drugs as chemotherapeutic strategies for breast cancer patients. ROSI may 

still represent a viable chemotherapeutic option if expression of MG cell-specific PPARγ 

remains intact. 

MG-specific expression of PPARγ and BRCA1 were confirmed in untreated PPARγ-WT 

but abolished in PPARγ-MG KO mammary glands. Importantly, ROSI cotreatment increased 

PPARγ expression in mammary-derived lymphomas and carcinomas from PPARγ-WT and 

PPARγ-MG KO mice, but only specifically augmented BRCA1 in PPARγ-WTs. BRCA1 is a 

critical tumour suppressor gene that possesses a PPRE within its promoter region[298]. We have 

previously demonstrated that BRCA1 expression can be upregulated in fat cells via adipocyte-

specific PPARγ activation[344]. Accordingly, the current study provides similar evidence that 
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BRCA1 is a target of PPARγ in MG cells. This specific interaction may contribute to the 

improved outcomes observed among DMBA+ROSI-treated PPARγ-WT mice, via BRCA1-

mediated DNA damage repair and/or blocking aromatase-dependent estrogen production[124]. 

Cox-2 is a key PG-synthesizing enzyme and a breast cancer prognostic marker of poor 

outcome[143]. Consequently, Cox-2 protein expression is observed in many epithelial tumours, 

including breast cancer[87], with increasing levels associated with advanced tumour grade[131, 

370]. ROSI cotreatment repressed Cox-2 in PPARγ-WT tumours, but dramatically amplified it in 

PPARγ-MG KOs. This marked increase in Cox-2 protein levels among DMBA+ROSI-treated 

PPARγ-MG KO tumours may partially explain the poor survival and mammary tumour 

outcomes within this study group. Indeed, Cox-2 promotes aromatase transcription[90] and 

renders cells resistant to apoptosis and even chemotherapy[370]; however, some of these 

properties may be mediated by PG levels. That we did not observe any significant differences 

with respect to serum PGE levels in any group provides evidence that other PG products, or 

perhaps even Cox-2 activity independent of PG production, may be involved in this setting and 

requires further study. 

Although the Cox-2 gene contains a PPRE within its promoter, PPARγ-dependent and 

PPARγ-independent mechanisms both positively and negatively regulate Cox-2 gene 

transcription depending on cell- and stimulus-specific contexts[46, 137, 246, 291]. Given Cox-2 

expression was lower in DMBA+ROSI-treated PPARγ-WT tumours suggests MG cell-specific 

PPARγ activation may play a role in suppressing Cox-2 protein levels, which is similar to our 

findings with respect to mammary secretory epithelial-PPARγ[14]. On the other hand, 

DMBA+ROSI-treated PPARγ-MG KO tumours showed a dramatic increase in Cox-2 protein 
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levels suggesting that a PPARγ-independent process is likely responsible. It has been 

demonstrated that PPARγ-independent activation of the glucocorticoid receptor by ROSI may 

also be responsible for increased Cox-2 gene expression[242, 303], although this remains to be 

proven. 

Untreated knockout serum contained lower levels of known proinflammatory and 

chemotactic cytokines, including eotaxin, IFN-γ and MCP-1α[185, 243, 272], as well as other 

contextually-dependent proinflammatory signals, such as IL-4 and GM-CSF[185], that could 

have possibly rendered PPARγ-MG KOs less susceptible to breast cancer compared to PPARγ-

WTs when challenged with DMBA. DMBA+ROSI cotreatment also rescued PPARγ-WTs via 

downregulation of serum VEGF. This may be the result of direct PPARγ activity via a PPRE in 

the VEGF promoter[293], or indirectly via other PPARγ targets such as BRCA1, which can 

silence VEGF expression and secretion[176], or Cox-2, which can induce VEGF expression 

[341]. 

Irrespective of treatment, all PPARγ-MG KOs exhibited significantly lower levels of 

serum IL-4, IL-10, IL-13, eotaxin, GM-CSF, IFN-γ and MIP-1α compared to PPARγ-WT mice. 

This is particularly intriguing because these cytokines are commonly produced by macrophages 

and T lymphocytes[205, 243, 245, 272]. Given that the MMTV-LTR promoter is also active in 

T-cells[387], this genotype-specific cytokine expression pattern may be related to PPARγ loss in 

this cell population. Although more work is required to clarify this possibility, it may indicate 

that PPARγ-MG KO mice experience reduced inflammation compared to PPARγ-WTs, which 

may provide another layer as to why knockout mice were less susceptible to breast 

tumourigenesis when challenged with DMBA. 
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 A summary of MG-specific PPARγ loss (Figure 11) illustrates that reduced serum 

expression of the proinflammatory cytokines, IL-4, eotaxin, GM-CSF, IFN-γ, and MIP-1α, 

rendered PPARγ-MG KO mice less susceptible than PPARγ-WTs to DMBA-mediated breast 

tumourigenesis. Here we provide the first in vivo evidence that PPARγ activation in MG cells 

blocks breast tumour progression in PPARγ-WTs by upregulating BRCA1, and downregulating 

VEGF and Cox-2, expression. Finally, Cox-2 expression in mammary tumours may be regulated 

by both PPARγ-dependent and -independent mechanisms in both PPARγ-WT and –MG KO 

mice, respectively. This study provides insight into the MG cell-specific role of PPARγ during 

DMBA-mediated breast tumour progression. The results suggest PPARγ signaling in MG cells 

actually promotes mammary tumourigenesis; however, activation of PPARγ within this cell 

population proved to be protective against breast tumour growth. On the other hand, PPARγ-

independent effects of ROSI treatment proved disastrous when PPARγ was deleted from MG 

cells emphasizing the importance of characterizing normal breast and tumour genetics prior to 

chemotherapeutic treatment with PPARγ ligands. 



 

 71 

 

 
 

Figure 5. In vivo effects of MG-specific PPARγ loss on survival and total tumour 
outcomes: DMBA Only- and DMBA+ROSI-treated (A) PPARγ-WT and (B) PPARγ-MG 
KOs are shown. Solid lines, DMBA Only treatment; broken lines, DMBA+ROSI treatment. 
(C) Tumour incidences are shown for each strain across each treatment group for total, 
mammary, ovarian, liver, lung, skin and thymic tumours. *, significantly different from 
DMBA Only-treated PPARγ-WT, p<0.05; **, significantly different from DMBA Only-
treated PPARγ-WT, p<0.01. 
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Figure 6. In vivo effects of MG-specific PPARγ deletion on mammary tumour incidence, 
tumour volume and latency: (A) Mammary tumour incidences, as well as incidences of benign 
and malignant mammary tumours, are shown for each strain across each treatment group. **, 
significantly different from DMBA Only-treated PPARγ-MG KO, p<0.01. (B) Mammary tumour 
volumes were calculated using the standard formula (L×W2/2) and are expressed as mm3 on a 
log scale. Solid lines, mean tumour volume for each strain; solid circles, PPARγ-WTs; open 
squares, PPARγ-MG KOs; *, significantly different from DMBA Only-treated PPARγ-WT mice, 
p<0.05. Mammary tumour latency is expressed as the percentage of palpable mammary tumours 
within (C) PPARγ-WT and (D) PPARγ-MG KO strains in a given week. Solid lines, DMBA 
Only treatment; broken lines, DMBA+ROSI treatment. 
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Figure 7. Pathological effect of MG cell-specific PPARγ deficiency on DMBA-induced 
mammary tumours: Mice were treated as described in the Methods section. 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+ROSI-treated PPARγ-WT mammary 
tumour; F, DMBA+ROSI-treated PPARγ-MG KO mammary tumour. All photos taken at ×200. 
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Figure 8. PPARγ and BRCA1 expression in DMBA-mediated mammary-derived tumours: 
(A) Representative immunofluorescence images illustrating coexpression of cytokeratin (CK; 
red) and PPARγ or BRCA1 (green, depending on panel) in untreated nulliparous mammary 
tissue and mammary-derived tumours from PPARγ-WT and PPARγ-MG KO mice. Yellow 
immunofluorescence is indicative of overlap between red and green channels. All photos taken at 
×600. (B) Quantification of global mean fluorescence intensity for PPARγ or BRCA1 in tumours 
was performed using Image Pro Plus software. **, significantly different from DMBA Only-
treated PPARγ-WT, p<0.01; ##, significantly different from DMBA+ROSI-treated PPARγ-WT, 
p<0.01. 
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Figure 9. Molecular analysis from untreated mammary glands and DMBA-induced 
mammary tumours: Representative protein expression changes within untreated mammary 
glands (MG) and in vivo generated mammary tumours were analyzed by (A) Western Blot as 
described in the Methods section. PPARγ, Cox-2 and PTEN protein levels were analyzed in 
untreated nulliparous MG from PPARγ-WT (WT) and PPARγ-MG KO (MG KO) mice, as well 
as all available breast tumour subtypes from both strains of mice across both treatment groups. 
B, benign tumour; M, malignant tumour. β-actin served as loading control. (B) Densitometry for 
PPARγ and Cox-2 were performed on all tumours using ImageJ software, and expressed as 
mean±SD. Fold changes are relative to mammary tissue from untreated PPARγ-WT. **, 
significantly different from DMBA Only-treated PPARγ-MG KO, p<0.01; ##, significantly 
different from DMBA+ROSI-treated PPARγ-WT, p<0.01. 
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Figure 10. Heatmap reconstruction of 23-plex cytokine analyses resulting from MG-specific 
PPARγ loss: A heatmap generated from a 23-plex cytokine array illustrating serum 
concentrations of cytokines from untreated, DMBA Only- and DMBA+ROSI-treated PPARγ-
WT and PPARγ-MG KO strains. Mean cytokine concentrations (pg/ml) are visually represented 
on a log scale with red, black and green indicating high, median and low, respectively (refer to 
colour bar). IL-9 and IL-12(p70) were omitted from the table since values were below the level 
of detection. 
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Figure 11. Big picture summary of the effects of MG-specific PPARγ loss: PPARγ-MG KO 
mice have decreased serum levels of proinflammatory and chemotactic cytokines (IL-4, eotaxin, 
GM-CSF, IFN-γ, and MIP-1α) which may, in part, contribute to their decreased susceptibility to 
DMBA Only-mediated carcinogenesis compared to PPARγ-WTs. Activation of PPARγ in MG 
cells suppresses breast tumourigenesis in PPARγ-WT mice by increasing BRCA1 and 
suppressing VEGF and Cox-2 expression, effectively rescuing PPARγ-WT mice from breast 
tumour progression. In MG cells lacking PPARγ expression, DMBA-induced breast tumour 
progression is enhanced by cotreatment with a PPARγ activator, due to PPARγ-independent 
activation of Cox-2. 
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Table 6. DMBA-induced tumours in PPARγ-WT and PPARγ-MG KO mice.  
 
 

 

The number of breast tumours per mouse (multiplicity) is indicated with the total number in 
parenthesis. Mammary tumours were also substratified and expressed as multiplicity of benign, 
malignant, and metastatic tumours per genotype and treatment. Examples of benign mammary 
tumour subtypes are also indicated. For nonmammary tissue, the numbers of each tumour per 
mouse is also indicated with the total number in parenthesis. Finally, total tumours were 
substratified and expressed as the multiplicity of benign, malignant, and metastatic tumours per 
genotype and treatment. 

 DMBA Only-Treated Mice DMBA+ROSI-Treated Mice 

 PPARγ-WT 
(n=25) 

PPARγ-MG KO 
(n=39) 

PPARγ-WT 
(n=34) 

PPARγ-MG KO 
(n=17) 

Mammary Tumour Type Tumours/Mouse (# Tumours) 
     Benign Tumour 
           Squamous Cyst 
           Spindle Tumour 
           Adenoma 
           Lipoma 
           Other 

0.20 (5) 
0.12 (3) 
0.04 (1) 
0.04 (1) 
− 
− 

0.26 (10) 
0.08 (3) 
− 
− 

0.03 (1) 
0.15 (6) 

0.15 (5) 
0.09 (3) 
− 

0.06 (2) 
− 
− 

0.18 (3) 
0.06 (1) 
− 
− 
− 

0.12 (2) 
     Squamous Cell Carcinoma 0.08 (2) 0.03 (1) 0.26 (9) 0.29 (5) 
     Spindle Cell Carcinoma 0.08 (2) − − − 
     Adenocarcinoma − − 0.12 (4) − 
     Other Carcinoma 0.08 (2) 0.03 (1) − 0.29 (5) 
Total Mammary Tumours 0.44 (11) 0.31 (12) 0.53 (18) 0.76 (13) 
     Benign Mammary 0.20 (5) 0.26 (10) 0.15 (5) 0.18 (3) 
     Malignant Mammary 0.24 (6) 0.05 (2) 0.38 (13) 0.59 (10) 
Non-Mammary Tumour/Tissue Affected Tumours/Mouse (# Tumours) 
     Skin 0.20 (5) 0.41 (16) 0.35 (12) 0.41 (7) 
     Ovarian/Uterine 0.24 (6) 0.26 (10) 0.26 (9) 0.13 (3) 
     Thymus 0.40 (10) 0.10 (4) 0.15 (5) 0.06 (1) 
     Spleen 0.04 (1) 0.03 (1) − − 
     Liver 0.48 (12) 0.13 (5) 0.26 (9) 0.06 (1) 
     Lung 0.20 (5) 0.08 (3) 0.15 (5) 0.06 (1) 
     Gastrointestinal 0.04 (1) 0.05 (2) 0.06 (2) 0.06 (1) 
     Lymphoma − 0.13 (4) 0.03 (1) − 
Total Tumours 2.04 (51) 1.46 (57) 1.79 (61) 1.59 (27) 
     Benign Total 0.64 (16) 0.82 (32) 0.74 (25) 1.06 (18) 
     Malignant Total 1.40 (35) 0.64 (25) 1.05 (36) 0.53 (9) 
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Table 7. Serum concentrations of cytokines from untreated, DMBA Only- and 
DMBA+ROSI-treated strains.  
 

 
 
Concentrations reported as mean±standard deviation (SD) and expressed as pg/ml. Except for 
VEGF, leptin, and PGE metabolites, which were analyzed with separate ELISA kits, all cytokine 
concentrations were obtained by a multiplex array. *, significantly different from Untreated 
PPARγ-WT, p<0.05; **, significantly different from Untreated PPARγ-WT, p<0.01; #, 
significantly different from DMBA Only-treated PPARγ-WT, p<0.05; Δ, significantly different 
from DMBA+ROSI-treated PPARγ-WT, p<0.05. g, genotype different, p<0.05; gg, genotype 
different, p<0.01; ggg, genotype different, p<0.001; gggg, genotype different, p<0.0001; tt, 
treatment different p<0.01. 
 

PPARγ-WT PPARγ-MG KO 

Untreated (n=5) DMBA Only (n=4) DMBA+ROSI (n=4) Untreated (n=5) DMBA Only (n=4) DMBA+ROSI (n=4) 

mean ± SD (N); all values expressed as pg/ml 

IL-1α 90.6 ± 56.6 93.9 ± 106.3 48.9 ± 32.9 177.0 ± 206.4 39.8 ± 66.1 36.8 ± 46.0 

IL-1β 372.6 ± 105.3 3016.0 ± 5279.0 309.0 ± 74.0 195.4 ± 25.9 870.9 ± 1383.0 116.7 ± 91.1 

IL-2 62.8 ± 47.0 42.4 ± 27.9 64.6 ± 80.3 34.9 ± 15.0 24.8 ± 6.1 41.8 ± 32.9 

IL-3 6.8 ± 15.2 63.4 ± 111.5 16.0 ± 13.6 12.9 ± 6.6 25.4 ± 40.9 6.8 ± 5.6 

IL-4 [gg]! 16.1 ± 7.9 16.4 ± 3.2 20.1 ± 10.0 11.8 ± 1.5 10.4 ± 1.2 11.0 ± 1.1 

IL-5 40.0 ± 16.3 280.7 ± 454.0 23.2 ± 17.2 ND 77.4 ± 154.8 4.6 ± 9.3 

IL-6 18.0 ± 16.4 215.5 ± 387.5 20.7 ± 12.0 5.7 ± 1.5 62.7 ± 106.6 14.5 ± 8.5 

IL-9 ND ND ND ND ND ND 

IL-10 [ggg] 97.3 ± 64.6 163.2 ± 114.2 117.6 ± 48.8 23.5 ± 9.5 39.7 ± 19.9 52.0 ± 20.9 

IL-12(p40) [tt] 694.9 ± 299.5 1212.0 ± 302.4 625.3 ± 314.0 554.5 ± 176.1 971.7 ± 306.8 665.1 ± 227.3 

IL-12(p70) ND ND ND ND ND ND 

IL-13 [g] 654.1 ± 638.6 410.6 ± 437.3 440.6 ± 380.4 95.4 ± 71.7 124.9 ± 33.2 248.0 ± 91.7 

IL-17A 32.3 ± 23.8 588.5 ± 1114.0 34.9 ± 19.5 2.1 ± 3.2 150.3 ± 294.5 7.8 ± 12.6 

Eotaxin [gg] 1552.0 ± 1593.0 1141.0 ± 890.4 2016.0 ± 743.7 400.4 ± 397.5 620.8 ± 482.6 188.4 ± 163.4 

G-CSF 199.6 ± 85.9 1631.0 ± 929.1 3393.0 ± 5274.0 149.1 ± 46.6 564.3 ± 375.5 433.7 ± 121.9 

GM-CSF [gggg] 420.2 ± 218.5 384.4 ± 86.8 375.3 ± 94.4 173.0 ± 68.1 * 148.6 ± 47.4 110.1 ± 75.6 Δ 

IFN-γ [g] 35.4 ± 38.6 26.6 ± 10.5 23.9 ± 11.3 15.3 ± 6.8 6.8 ± 6.4 9.6 ± 7.0 

KC 46.4 ± 62.2 25.3 ± 9.4 41.1 ± 28.2 8.8 ± 1.6 23.1 ± 11.5 14.9 ± 2.4 

MCP-1 218.2 ± 132.6 1062.0 ± 1493.0 286.4 ± 156.2 75.8 ± 38.7 190.7 ± 132.6 95.9 ± 17.7 

MIP-1α [gg] 67.2 ± 47.2 87.8 ± 38.9 82.5 ± 54.7 45.1 ± 15.2 26.3 ± 8.9 37.1 ± 11.4 

MIP-1β 51.9 ± 36.9 525.1 ± 909.0 39.4 ± 13.2 15.2 ± 4.0 185.8 ± 335.4 17.4 ± 15.8 

RANTES 31.5 ± 23.1 71.6 ± 76.2 40.7 ± 19.4 37.1 ± 8.5 82.1 ± 97.6 27.2 ± 3.9 

TNF-α 1128.0 ± 992.2 19244.0 ± 36869.0 538.0 ± 207.5 272.8 ± 81.9 5763.0 ± 10948.0 363.3 ± 352.8 

VEGF 144.6 ± 32.8 (7) 489.7 ± 420.8 (3) ** 132.8 ± 33.7 (4) # 254.4 ± 57.0 (8) 167.5 ± 40.9 (4) # 137.3 ± 22.4 (4) 

Leptin 22290.0 ± 11260.0 (7) 8040.0 ± 1968.0 (3) 25820.0 ± 18020.0 (4) 13680.0 ± 1899.9 (8) 32140.0 ± 40310.0 (4) 39560.0 ± 44040.0 (4) 

PGE Metabolites 560.1 ± 676.7 76.7 ± 13.7 93.9 ± 51.6 141.3 ± 122.2 (4) 335.0 ± 158.5 (3) 229.0 ± 202.7 (3) 
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Chapter 3: Loss Of PPARγ Expression In Mammary Secretory Epithelial Cells Creates A 
Pro-Breast Tumourigenic Environment 
 
3.1 Abstract 
 

Breast cancer is the leading cause of new cancer diagnoses among women. Using 

peroxisome proliferator-activated receptor (PPAR)γ(+/-) mice, we showed normal expression of 

PPARγ was critical to stop 7,12-dimethylbenz[a]anthracene (DMBA)-induced breast 

tumourigenesis. PPARγ is expressed in many breast cell types including mammary secretory 

epithelial (MSE) cells. MSEs proliferate as required during pregnancy, and undergo apoptosis or 

reversible transdifferentiation during involution once lactation is complete. Thus, MSE-specific 

loss of PPARγ was hypothesized to enhance DMBA-mediated breast tumourigenesis. To test 

this, MSE cell-specific PPARγ knockout (PPARγ-MSE KO) and control (PPARγ-WT) mice 

were generated, mated and allowed to nurse for three days. One week after involution, dams 

were treated with DMBA to initiate breast tumours, and randomized on week 7 to continue 

receiving a normal chow diet (DMBA Only: PPARγ-WT, n=15; PPARγ-MSE KO, n=25) or one 

supplemented with a PPARγ activating drug (DMBA+ROSI: PPARγ-WT, n=17; PPARγ-MSE 

KO, n=24), and monitored for changes in breast tumour outcomes. PPARγ-MSE KOs had 

significantly lower overall survival and decreased mammary tumour latency compared to 

PPARγ-WT controls. PPARγ activation significantly reduced DMBA-mediated malignant 

mammary tumour volumes irrespective of genotype. MSE-specific PPARγ loss resulted in 

decreased mammary gland expression of PTEN and Bax, elevated serum eotaxin and RANTES 

and increased superoxide anion production, creating a protumourigenic environment. Moreover, 

PPARγ activation in MSEs delayed mammary tumour growth in part by downregulating Cox-1, 

Cox-2 and cyclin D1. Collectively, these studies highlight a protective role of MSE-specific 
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PPARγ during breast tumourigenesis, and support a novel chemotherapeutic role of PPARγ 

activation in breast cancer. 

 

3.2 Introduction 
 

In 2014, over 250,000 North American women will be diagnosed with breast cancer, and 

over 45,000 will die from metastatic complications, with an equally poor prognosis among 

susceptible men[11, 52]. Advances in early detection and treatment for some types of breast 

tumours have steadily reduced associated deaths over the last decade, but predicting which 

patients will suffer from aggressive forms of disease or respond poorly to current therapy 

remains a challenge. Interestingly, child-bearing and breast feeding are well known to reduce 

breast cancer risk, but a transient increased risk of breast cancer following childbirth is also 

established[200], which may be due to deregulated interactions between genetic and lifestyle risk 

factors during mammary gland involution. Improved understanding of these interactions may aid 

in reducing deaths among susceptible patients. 

PPARγ is a ligand-activated transcription factor that plays a role in cancer, is essential for 

adipocyte differentiation, and regulates genes involved in sugar and fat metabolism[206]. PPARγ 

forms a heterodimer with RXRα and interacts with specific DNA sequences known as PPREs in 

the promoter regions of a broad range of target genes[51]. In the absence of ligand, the 

PPARγ:RXRα complex associates with cell-specific corepressor molecules that silence target 

gene transcription. Upon ligand binding, a conformational change leads to the release of 

corepressors and recruitment of coactivators that promote transcription. Alternatively, PPARγ 

ligand activation may also transrepress gene signaling through direct interaction with other 
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transcription factors or competition for available coregulators[311]. Examples of PPARγ ligands 

include naturally occurring lipids, such as fatty acids and eicosanoids, and a synthetic class of 

drugs known as the TZDs[352]. Rosiglitazone (ROSI), a TZD and gold standard PPARγ 

activator improves insulin sensitivity and lowers plasma glucose levels in Type II diabetic 

patients[397]. 

PPARγ is expressed primarily in adipocytes[41], as well as many other cell types 

including mammary epithelial cells[161], a majority of human breast tumours[262] and breast 

cancer cell lines[99]. Several in vitro studies reported PPARγ ligands promote differentiation and 

reduce growth in MCF-7 and MDA-MB-231 cells[99, 416]. Others successfully induced in vivo 

regression of chemically-induced breast tumours in rodents using PPARγ ligands[99, 297, 362]. 

Previously, DMBA-treated PPARγ+/- mice were shown to be more susceptible to the increased 

growth and spread of breast, and other, tumours compared to wildtype controls[271]. DMBA-

induced breast tumourigenesis was also enhanced by mammary epithelial-directed knockdown of 

PPARγ in vivo[412]. More recently, stromal adipocyte-specific PPARγ expression and signaling 

was also protective in slowing the progression of DMBA-mediated breast tumours[344]. These 

studies provide direct evidence that normal PPARγ expression is critical to suppressing 

chemical-induced breast carcinogenesis; however, the role of PPARγ in other mammary gland-

associated cell types remains to be characterized. 

The mammary gland undergoes many dynamic changes throughout a woman’s 

lifetime[152]. During pregnancy, the alveolar compartment expands through extensive 

proliferation of epithelial cells that differentiate to become specialized mammary secretory 

epithelial (MSE) cells that occupy >90% of the breast and produce milk maximally at 
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lactation[260]. After lactation is complete, the mammary gland undergoes remodeling to a 

prepregnant-like resting structure wherein these milk-producing cells are cleared by apoptosis. 

Stromal adipocytes are also capable of transforming into MSE cells as required for pregnancy, 

and may revert back to their original form after nursing[260]. Since PPARγ is essential for fat 

cell differentiation[320], it may also be required for this transdifferentiation process. Therefore, 

it was hypothesized that loss of MSE-specific PPARγ postpregnancy may alter normal breast cell 

function, and increase susceptibility to breast tumourigenesis. To evaluate this hypothesis, we 

first crossed our previously described PPARγ floxed mice to transgenic mice expressing Cre 

recombinase under the control of the whey acidic protein (WAP) promoter, which is specifically 

active in MSE cells, and generated a colony of conditional MSE cell-specific PPARγ knockout 

(PPARγ-MSE KO) mice. Here, it is shown for the first time that loss of PPARγ expression in a 

unique subset of transient-appearing mammary epithelial cells significantly enhances DMBA-

mediated breast tumourigenesis, in part by maintaining a protumourigenic environment. 

 

3.3 Materials & Methods 
 
3.3.1 Animals 

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

(CCAC) guidelines under Queen’s University Animal Care Committee (UACC)-approved 

protocols. Animals were housed in microisolator cages throughout a 12-hour light/dark cycle 

with food and water provided ad libitum. Previously generated PPARγfl/fl (PPARγ-WT) mice 

were crossed with breeders, generously provided by Dr. Hennighausen (NIH, Bethesda), 

expressing the whey acidic protein (WAP) promoter fused to the Cre Recombinase (Cre) 



 

 85 

transgene[388] to produce the PPARγfl/fl;WAP-Cre+ (referred to here as PPARγ-MSE KO) mice. 

Colonies were maintained by interbreeding for >20 generations. All mice were of mixed 

C57/6N;SV/129;FVB/N background. Mouse genotypes were confirmed by PCR analysis as 

described previously[271]. 

 

3.3.2 In Vivo Carcinogenesis 

Eight-week-old PPARγ-MSE KO and PPARγ-WT female nulliparous mice were mated 

with males from respective strains to achieve time-matched pregnancies. Three days following 

parturition, dams had their offspring removed, and were entered into tumourigenic studies. Pre-

study nonfasted submandibular blood was separated to obtain serum samples that were frozen in 

liquid N2 for future analysis. One week after the start of involution, breast tumours were initiated 

in mice from each genotype with 6 individual doses of DMBA by oral gavage weekly, followed 

by randomization into groups continuing on a normal chow diet or one supplemented with ROSI 

(4 mg/kg/day). Mice were monitored for tumourigenic changes for 25 weeks, and tumour 

samples were harvested and assessed as previously described[344].  

 

3.3.3 Immunoblotting 

 Whole-cell extracts were prepared from normal and tumour tissue samples from PPARγ-

WT and PPARγ-MSE KO mice. Briefly, tissues were homogenized in solubilization buffer, 

consisting of ddH2O, 100 µM sodium orthovanadate, 1 M Tris-HCl (pH 7.5), 1 M MgCl2, 100 

mM PMSF, 7× protease inhibitor, and 10% SDS, and then incubated for 1 hour at 4°C. Samples 

were spun at 15,000 g at 4°C for 10 minutes and the supernatant was collected, flash frozen, and 
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stored at -80°C. Protein concentrations were quantified using the DC protein assay (BioRad). 

Proteins were separated by running 25 µg of protein/sample on an SDS PAGE gel, transferred to 

a PVDF membrane and detected with primary antibodies for PPARγ (sc-7273; 1:500; Santa 

Cruz), cyclin D1 (sc-753; 1:500; Santa Cruz), Bax (sc-526; 1:500; Santa Cruz), β-actin (sc-

47778; 1:1,000; Santa Cruz), α-actinin (sc-15335; 1:1,000; Santa Cruz), PTEN (#9559; 1:1,000; 

Cell Signaling), Cox-1 (#160109; 1:500; Cayman Chemical), Cox-2 (#160126; 1:500; Cayman 

Chemical), and 5-LPO (#160402; 1:500; Cayman Chemical) followed by appropriate HRP-

conjugated secondary goat α-mouse (sc-2005; Santa Cruz) or goat α-rabbit (sc-2004; Santa Cruz) 

antibodies (1:10,000). Protein expression was assessed using ImageJ analysis software 

(rsbweb.NIH.gov). 

 

3.3.4 Immunofluorescent Staining 

 Sections (5 µm) of formalin-fixed paraffin-embedded involuting mammary glands 

isolated from untreated PPARγ-WT and PPARγ-MSE KO females were mounted on slides and 

incubated at 55°C overnight. Samples were deparaffinized and rehydrated by washing in 

consecutive dilutions of xylene, ethanol, and ddH2O. Slides were placed in 1:10 sodium citrate 

buffer solution at 95°C for 20 minutes and then trypsinized (Sigma) for 20 minutes at 37°C. 

After washing, slides were placed in 0.025% Triton X/TBS buffer solution, followed by a 30 

minutes incubation in 5% BSA. After washing, primary antibodies (Santa Cruz) for PPARγ (sc-

7196, 1:500) and β-casein (sc-166520, 1:500) were applied in 5% BSA for 60 minutes at room 

temperature. Slides were rinsed with TBS and then incubated in secondary antibodies for FITC 

(Santa Cruz, 1:500) and Alexa Fluor 594 (Invitrogen, 1:500) in 5% BSA for 15 minutes at room 
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temperature. After a final rinsing regimen with TBS, slides were coverslipped with mounting 

media containing DAPI stain (Vectashield). IF staining was visualized with a BX51 System 

Microscope (Olympus) and images were acquired with QCapture Pro 5.1 software (QImaging). 

 

3.3.5 Serum Assays 

Whole blood was collected from all study mice at one week prior to the start of the DMBA 

dosing regimen (Week 0), at midstudy (Week 13) and at necropsy. Samples were then 

centrifuged at 9.8 g force for 4.5 min, and serum was collected, flash frozen and stored at -80°C 

for future study. A Bio-Plex Pro Mouse Cytokine 23-plex serum assay kit (BioRad Laboratories) 

was used to assess sample cytokine expressions according to manufacturer’s protocols. Briefly, 

beads were washed twice with wash buffer, and serum was diluted 4-fold with the provided 

dilution solution and incubated with the beads for 1 hour at room temperature. After three 

washes, beads were incubated with detection antibody for 30 minutes. The beads were washed 

again and incubated with streptavidin-phycoerythrin for 10 minutes before a final wash and 

resuspension in assay buffer. Samples were read on the Luminex 100 system, and subsequent 

data analysis was carried out using Bio-Plex Manager 6.0 software. Clustering and heat map 

analyses were performed with NetWalker 1.0 software[191]. Cytokine concentrations are 

reported as the mean±standard deviation (SD) pg/ml for the following targets: IL-1α, IL-1β, IL-

2, IL-3, IL-4, IL-5, IL-6, IL-9, IL-10, IL-12(p40), IL-12(p70), IL-13, IL-17A, eotaxin, G-CSF, 

GM-CSF, IFN-γ, KC, MCP-1, MIP-1α, MIP-1β, RANTES, and TNF-α. 
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3.3.6 ELISA for Prostaglandin E 

Serum prostaglandin E (PGE) metabolites were analyzed using the PGE Metabolite EIA kit 

(Cayman Chemical) as per manufacturer’s protocol. Briefly, samples were first purified by 

acetone precipitation, and then derivatized. Using 96-well plates, standards and samples were 

incubated with PGEM AChE Tracer and EIA Antiserum for 18 hours at room temperature, 

followed by the addition of Ellman’s Reagent. Plates were developed in the dark for an 

additional 60 minutes and read at a wavelength of 405 nm. Data are reported as the 

mean±standard error (SE) pg/ml. 

 

3.3.7 Dihydroethidium Assay 

The oxidative fluorescent dye, dihydroethidium (DHE), was used to evaluate in situ production 

of reactive oxygen species. DHE freely permeabolizes the cell membrane and in the presence of 

superoxide (O2
−) anion converts to ethidium bromide (EtBr), which remains in the cell by 

intercalating DNA. Cryofrozen sections (8 µm) of lactating mammary glands from untreated 

PPARγ-WT and PPARγ-MSE KO females were coverslipped with a 1:1 mixture of DAPI 

mounting media and 0.5 mg/ml DHE (Cayman Chemical) and incubated for 30 minutes at 37°C. 

Fluorescent staining was imaged by a Quorum WaveFX-X1 spinning disk confocal system 

(Quorum Technologies Inc.) with a Borealis Synapse laser merge module (Spectral Applied 

Research). Images were collected through a Yokogawa CSU-X1 spinning disk head (field 

illumination corrected <4%) and two Ludl six position filter wheels with 50 ms adjacent speeds 

fitted with various emission filters. DAPI was excited with 405 nm and fluorescent emission 

collected through a 460/50 m filter. Orange EtBr was excited with 568 nm and fluorescent 
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emission collected through a 620/60 m filter. Microscope control and data analysis were 

performed with Metamorph Offline 7.7 software (Molecular Devices). 

 

3.3.8 Statistical Analyses 

 Data were evaluated for statistical differences using Prism 6.0 software (GraphPad). 

Comparisons of multiple groups were performed using a Two-Way Analyses of Variance 

(ANOVA) followed by Tukey’s post-hoc tests. Incidences were analyzed by Fisher’s exact tests. 

Survival proportions were analyzed by log-rank tests. A p-value of ≤0.05 was accepted as 

statistically significant during analysis. 

 

3.4 Results 
 

Immunofluorescent analysis of lactating mammary glands shows that PPARγ expression 

is maintained in the basal compartment of β-casein-positive MSE cells from PPARγ-WT mice, 

but is deleted specifically in MSE cells from PPARγ-MSE KOs (Figures 12A-12F). 

Immunoblotting confirmed that PPARγ expression is maintained in nulliparous mammary glands 

from both PPARγ-WT and PPARγ-MSE KO strains (Figures 12G & 12H); whereas, this 

expression is significantly reduced by three days after initiation of involution in PPARγ-MSE 

KO mammary tissue, a timing that coincides with commencement of our in vivo tumour studies. 

In addition, compared to their wildtype controls, untreated PPARγ-MSE KO mice are similar in 

mammary development and nursing ability, and do not have any increased spontaneous breast 

tumour formation when followed for over 1 year, consistent with a report on a similar previously 

generated strain[76]. This strain is no longer maintained (personal communication, Dr. 
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Hennighausen). 

Tumourigenic studies were initiated in postpregnant female mice from each genotype. At 

week 7, mice were randomized to continue receiving a normal chow diet (DMBA Only: PPARγ-

WT, n=15 and PPARγ-MSE KO, n=25) or one supplemented with ROSI (DMBA+ROSI: 

PPARγ-WT, n=17 and PPARγ-MSE KO, n=24), and followed for 25 weeks for tumour 

outcomes. Two PPARγ-MSE KO mice treated with DMBA alone and four PPARγ-MSE KO 

mice treated with DMBA+ROSI were found dead in their cage due to undetermined 

circumstances. These mice were included in survival analyses but their tissues and tumours were 

excluded from further study due to possible sample degradation. 

Throughout the study period, no significant differences were observed among average 

mouse body weights or weekly food consumption between genotypes irrespective of treatment 

(Appendix A – Figure 23). Analysis of survival proportions among DMBA Only-treated mice 

(Figure 13A) showed decreased overall survival among PPARγ-MSE KOs, wherein only 50% 

of animals were still alive by week 17, compared to similarly treated PPARγ-WT mice, which 

did not reach this plateau even by the end of the observation period (p<0.05). Similarly, 

DMBA+ROSI-treated PPARγ-MSE KO mice showed a strong trend toward decreased median 

overall survival (Figure 13B), reaching a 50% plateau at week 18.5, compared to similarly 

treated control mice that did not reach median overall survival by 25 weeks (p=0.06). By study 

end, 53% and 24% of respective DMBA Only-treated PPARγ-WT and PPARγ-MSE KO mice 

were still alive. Cotreatment with ROSI improved overall survival proportions by ~10% in both 

strains, although this effect was not statistically significant. 
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Pathological examination of tumours yielded similar incidences of total tumours in 

DMBA Only-treated PPARγ-WTs and PPARγ-MSE KOs (percent±SE: 87±9% vs. 87±7%, 

respectively) and DMBA+ROSI-treated strains (88±8% vs. 90±7%, respectively) (Figure 13C). 

The pattern of DMBA-mediated tumour types were consistent with those previously associated 

with administration of this carcinogen, and comprised mainly mammary tumours, as well as skin, 

ovarian/uterine, thymic, and liver tumours, and lymphomas (Table 8). Compared to DMBA 

Only-treated PPARγ-WT controls, mammary tumour incidences were 2-fold higher among 

similarly treated PPARγ-MSE KO mice, although this was not found to be significant 

(percent±SE: 33±12% vs. 61±10%, respectively) (Figure 13D). In contrast, mammary tumour 

incidences among DMBA+ROSI-treated PPARγ-WT and PPARγ-MSE KO mice were not 

significantly different (41±12% vs. 35±11%, respectively). Total tumour multiplicities between 

PPARγ-WT and PPARγ-MSE KO mice treated with DMBA Only (mean±SE: 2.2±0.3 vs. 

2.8±0.4, respectively) or DMBA+ROSI (2.3±0.3 vs. 2.4±0.3, respectively) were not significantly 

different when compared by genotype or treatment (Figure 13E). In addition, mammary tumour 

multiplicities between genotypes and across treatment groups showed a consistently higher trend 

among mice lacking PPARγ expression (DMBA Only, PPARγ-WT vs. PPARγ-MSE KO: 

1.8±0.4 vs. 2.2±0.3, respectively; DMBA+ROSI: vs. 1.5±0.3 vs. 2.3±0.5, respectively) but were 

not significantly different (Figure 13F). Interestingly, compared to similarly treated PPARγ-WT 

mice, DMBA Only-treated PPARγ-MSE KOs showed a 2-fold increase in the genotypic number 

of mammary tumours per mouse (mean±SE: 0.60±0.22 vs. 1.30±0.27, respectively); however, 

these proportions were not significantly altered in either genotype following DMBA+ROSI-

treatment (PPARγ-WT vs. PPARγ-MSE KO: 0.65±0.19 vs. 0.80±0.28 respectively) (Table 8). In 
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addition, compared with DMBA Only-treated PPARγ-WT littermates, PPARγ-MSE KO mice 

had modestly larger median mammary tumour volumes (PPARγ-WT vs. PPARγ-MSE KO: 

501.0 vs. 567.0 mm3, respectively) but these differences were not statistically significant (Figure 

14A). Notably, cotreatment with ROSI reduced median mammary tumour volumes by 3-fold for 

both PPARγ-WT (165.5 mm3) and PPARγ-MSE KO (126.0 mm3) mice compared to their 

respective DMBA Only-treated controls. Perhaps more importantly, when pathologically defined 

malignant mammary tumours were segregated irrespective of genotype, the median volumes 

from DMBA+ROSI-treated mice were significantly decreased over ~6-fold compared to those 

from DMBA Only-treated controls (DMBA Only vs. DMBA+ROSI: 1268.0 vs. 196.0 mm3, 

respectively; p<0.05). 

When the time to mammary tumour onset was examined, latency was significantly 

reduced among DMBA Only-treated PPARγ-MSE KOs, with a median onset by week 19, 

compared to PPARγ-WT controls that never reached a 50% plateau (p=0.05) (Figure 14B). 

DMBA+ROSI treatment improved median mammary tumour latency such that by 25 weeks 

<50% of both mouse strains developed mammary tumours (Figure 14C). Given that the majority 

of treated mouse groups did not reach median survival, quartile (25%) survival time was 

examined and showed DMBA+ROSI-treated mice (PPARγ-WT vs. PPARγ-MSE KO: week 25 

vs. 22, respectively) had an improvement in mammary tumour free survival compared to DMBA 

Only-treated mice (PPARγ-WT vs. PPARγ-MSE KO: week 21 vs. 13, respectively). Compared 

to PPARγ-WTs treated with DMBA alone, mammary tumour onset was significantly earlier in 

DMBA Only-treated PPARγ-MSE KOs (PPARγ-WT vs. PPARγ-MSE KO: week 20 vs. 15, 

respectively; p<0.01) (Appendix A – Figure 24). In contrast, mammary tumour onset was 
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similar between both genotypes treated with DMBA+ROSI (PPARγ-WT vs. PPARγ-MSE KO: 

week 20 vs. 18, respectively). 

Pathological analysis showed a similar histological pattern of untreated, involuting 

mammary glands and DMBA-mediated mammary tumour subtypes irrespective of mouse strain 

or treatment group (Figure 15 & Table 8). Adenocarcinomas and squamous cell carcinomas 

were the most common mammary tumour subtypes identified. When subclassified by stage and 

compared to similarly treated controls, the number of tumours per mouse among DMBA Only-

treated PPARγ-MSE KO mice were increased 2-fold for both benign (PPARγ-WT vs. PPARγ-

MSE KO, mean±SE: 0.13±0.09 vs. 0.30±0.12, respectively) and malignant (0.47±0.24 vs. 

0.87±0.20, respectively) mammary tumours. No difference was observed within DMBA+ROSI-

treated groups (PPARγ-WT vs. PPARγ-MSE KO: benign, 0.12±0.08 vs. 0.10±0.10; malignant, 

0.53±0.21 vs. 0.65±0.25, respectively) (Table 8). In addition, PPARγ-WTs had zero metastatic 

breast tumours per mouse, irrespective of treatment, compared to the modest increased trend for 

PPARγ-MSE KO mice in both DMBA Only-treated (0.13±0.10) and DMBA+ROSI-treated 

(0.05±0.05) groups. 

To further explore changes in cytokine/chemokine expressions, serum samples were 

evaluated using a serum cytokine array, with results compared by genotype and treatment group 

(Figure 16A & Table 9). Untreated PPARγ-MSE KO mice showed a significant increase in 

RANTES concentration compared to PPARγ-WT mice (mean±SD: 51.8±6.2 vs. 24.7±16.4, 

p<0.05). For the DMBA+ROSI-treated group, PPARγ-MSE KO mice showed nonsignificant 

trends towards higher levels of IL-6 (60.4±54.6 vs. 13.4±9.7; p<0.10) and lower levels of IL-

12(p40) (728±216 vs. 1804±958; p<0.10) compared to PPARγ-WT controls. When analyzed by 
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genotype alone, PPARγ-MSE KOs collectively showed significantly lower levels of IL-5 

(5.0±10.8 vs. 17.7±19.3, p<0.05) and higher levels of eotaxin (798.9±682.9 vs. 302.3±492.6, 

p<0.05) and RANTES (42.1±14.1 vs. 21.8±13.5, p<0.001) compared to PPARγ-WT mice. When 

compared by treatment alone, DMBA+ROSI increased IL-6 (36.9±44.2 vs. 5.4±1.8, p<0.05) and 

decreased IL-1α (28.4±22.5 vs. 168.0±172.8, p<0.05) serum concentrations compared to no 

treatment.  

To further extend our serum findings, the extent of reactive oxygen species production in 

lactating mammary glands from untreated mice was also assessed using the DHE staining assay. 

Confocal microscopy (Figures 16B & 16C) and quantification of EtBr fluorescence (Figure 

16D), a consequence of O2
−-dependent DHE oxidation, revealed that PPARγ-MSE KO mice 

produced significantly more O2
− compared to PPARγ-WT controls (mean±SE: 31815±381 vs. 

24577±573, respectively; p<0.0001). 

To assess protein expression changes in proposed PPARγ anticancer targets resulting 

from MSE-cell specific deletion of PPARγ, Western blot analyses were performed on untreated 

involuting mammary glands from each genotype, and malignant mammary tumours from both 

strains of mice across treatment groups (Figure 17A). In untreated mammary glands from 

PPARγ-MSE KOs compared to PPARγ-WTs, Bax and PTEN protein expressions were 

decreased 2-fold, and Cox-1 was decreased 3-fold. When target protein expression changes in 

mammary tumours from DMBA+ROSI-treated PPARγ-WTs compared to DMBA Only controls 

were examined by densitometry, significant 2-fold and 3.5-fold decreases in protein expression 

of Cox-1 and Cox-2 were observed respectively (p<0.05) (Figure 17B). In contrast, protein 

expression of both Cox-1 and Cox-2 among mammary tumours from DMBA+ROSI-treated 
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PPARγ-MSE KO mice increased ~1.5-fold compared to their respective DMBA Only-treated 

controls. Analysis of 5-lipoxygenase (5-LPO) showed no genotypic or treatment differences. 

Furthermore, within mammary tumours, DMBA+ROSI treatment significantly decreased cyclin 

D1 expression by 4-fold among PPARγ-WTs (p=0.05), and by 1.5-fold among PPARγ-MSE 

KOs compared to their respective DMBA Only-treated groups (Figure 17B).  

 

3.5 Discussion 

 The MSE cell-specific role of PPARγ in breast tumourigenesis was evaluated. PPARγ-

MSE KO mice were generated, and had significantly decreased overall survival and shorter 

mammary tumour latency compared to PPARγ-WT controls. Immunoblotting studies revealed a 

protumourigenic environment among mammary glands from PPARγ-MSE KOs that may 

contribute to enhanced breast cancer susceptibility. Cotreatment with a PPARγ activator 

provided a greater phenotypic rescue among PPARγ-WTs than PPARγ-MSE KO mice. The 

ROSI dose and regimen used in our study is effective in activating PPARγ signaling in mice[4, 

121, 270] and achieving murine serum profiles in the human therapeutic range[123, 319]. These 

studies implicate activation of PPARγ signaling in subpopulations of mammary gland-specific 

cells in suppressing carcinogen-induced breast tumours, consistent with our and other studies[99, 

271, 344, 416]. 

Normal PPARγ expression was confirmed in nulliparous mammary glands of both mouse 

strains, but abolished in MSE cells of PPARγ-MSE KO mice from the time of lactation 

compared to controls. Accordingly, this knockout model was useful for assessing our 

hypotheses. The pattern of PPARγ expression in a lactating mammary gland was previously 
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implicated in the milk production process[390], and suggests PPARγ is normally expressed at 

specific times during lactation to suppress inflammatory lipid levels in milk.  

Throughout the in vivo tumour studies, DMBA Only-treated PPARγ-MSE KOs had 

significantly lower survival rates compared to PPARγ-WT controls. Similar observations were 

found among DMBA+ROSI-treated strains, with modest improvements in overall survival. It 

cannot be discounted that the rapid growth of breast tumours in these mice and the ethical 

limitations on tumour study endpoints may have precluded the ability to observe additional 

carcinogen-mediated micrometastases impacting on vital organs. Further, the influence of 

tumours arising in nonmammary tissue may have confounded the overall survival results; 

however, parallel tumour patterns observed in all genotypes and treatment groups suggest that 

any such contribution is minimal. Together, this data suggests that selective loss of PPARγ 

expression in MSE cells postpregnancy results in reduced overall survival. 

That spontaneous tumour formation does not occur in PPARγ-MSE KO mice, 

necessitating DMBA administration to initiate breast tumourigenesis in our animal studies, 

implies that PPARγ acts as a suppressor of tumour progression. Therefore, it was not surprising 

that parameters of tumour initiation (i.e. mammary tumour incidence and multiplicity) were not 

different between DMBA Only- and DMBA+ROSI-treated PPARγ-WTs and -MSE KOs. While 

the vast majority of mammary tumours are epithelial in nature, stromal influence on transformed 

cells may also influence carcinogenesis through signals that prime the tumour microenvironment 

and fuel disease progression[301]. DMBA-mediated tumourigenesis, and PPARγ signaling and 

activation, would be anticipated to exert similar responses in these mammary tumour parameters 

in both genotypes, which is consistent with the notion that MSE cells do not represent the 
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mammary tumour cell of origin. Pathological subclassification of mammary tumours also 

suggested no change in the incidence of mammary tumour malignancy between PPARγ-MSE 

KOs versus PPARγ-WT controls. These findings suggest MSE cells lacking PPARγ expression 

affect mammary tumour outcomes in a paracrine fashion rather than serving as primary tumour 

initiating cells themselves. 

 Upon examining specific parameters of tumour progression, DMBA Only-treated 

PPARγ-MSE KO mice had a significantly earlier mean week of mammary tumour onset 

compared to similarly treated PPARγ-WT mice. This suggests that loss of PPARγ expression in 

MSE cells decreases mammary tumour latency, presumably through enhanced protumourigenic 

signaling. This further supports an MSE-specific paracrine influence during early mammary 

tumourigenesis in PPARγ-MSE KO mice. For this tumourigenic measure, it is notable that ROSI 

cotreatment increased mammary tumour latency among both strains. This suggests activation of 

signaling within other PPARγ-expressing cells associated with, or near, the mammary gland may 

contribute to this protective effect, and that activation of normal PPARγ signaling in other 

PPARγ-expressing cells common to both strains is chemotherapeutic. This is consistent with 

reports suggesting that, for some parameters, combination antitumour therapies including PPARγ 

activators may be beneficial[343]. 

Although no genotypic difference in median mammary tumour volumes was observed for 

either treatment, cotreatment with ROSI significantly decreased pooled malignant tumour 

volumes versus those from DMBA Only-treated mice. This is consistent with studies showing 

PPARγ activation suppresses carcinogen-induced mammary tumour growth in vivo[297, 362]. 

This was also apparent for the increased benign and malignant mammary tumour multiplicities 
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among DMBA Only-treated PPARγ-MSE KO mice, which were reduced to levels similar to 

those observed among PPARγ-WTs by ROSI cotreatment. The absence of a genotype-specific 

effect following ROSI cotreatment suggests that signaling activation within other PPARγ-

expressing mammary epithelial or stromal cell types in both strains are involved in this 

protective antitumour effect, consistent with previous findings[344]. Although no genotypic 

effect was observed with respect to these parameters, this study is the first to examine whether 

MSE-specific PPARγ activation would play a role in this process. Given the number of 

mammary-associated cell types that express PPARγ, such a determination is critical to 

understanding how TZDs may in fact protect against tumourigenesis. 

 To further characterize the pro-breast tumourigenic environment promoted by MSE-

specific PPARγ loss, increased serum eotaxin and RANTES was also observed from PPARγ-

MSE KO mice. Both of these are chemotactic cytokines that selectively recruit leukocytes to 

sites of inflammation, and have been linked to the development of human cancer[222, 272]. 

Deletion of PPARγ in MSE cells also increases the pro-breast tumourigenic state of the 

mammary gland as exemplified by elevated endogenous levels of O2
− species in PPARγ-MSE 

KO mice. Reactive oxygen species, like O2
−, can alter macromolecular structures and signaling 

pathways, contributing to oxidative stress, inflammation and carcinogenic progression[23]. 

Taken together, these findings may be responsible for the increased breast cancer risk observed 

in PPARγ-MSE KO mice. 

Involuting mammary tissue from untreated PPARγ-MSE KOs exhibit lower levels of Bax 

and PTEN proteins compared to PPARγ-WTs. This is consistent with previous findings that Bax 

degradation is mediated by the PI3K pathway[406], which is opposed by PTEN signaling. Since 
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Bax promotes apoptosis and PTEN is a tumour suppressor, the postpregnant loss of MSE-

specific PPARγ expression may further contribute to the suggested protumourigenic environment 

in PPARγ-MSE KO mammary glands. This is also consistent with PPARγ activation 

upregulating both PTEN, via a PPRE, and Bax in human MCF-7 breast cancer cell lines[259, 

292]. Furthermore, conditional deletion of PTEN in mouse mammary epithelium impairs 

apoptosis and delays involution[211]. The loss of Bax also impairs cell death early in 

involution[333] and facilitates tumour progression in mice[336]. Given that the normal 

inflammatory and proteolytic processes that occur during involution have the capability of 

transforming the mammary gland microenvironment into one that favours tumourigenesis[305], 

disrupting and prolonging the involution program via impaired PTEN and Bax signaling may be 

responsible for the enhanced susceptibility to tumourigenesis observed among PPARγ-MSE KO 

mice. Schorr and colleagues[333] also noted partial loss of Bax was most potent in impairing cell 

death during involution when combined with bcl-2 gain. Coupled with PTEN loss, decreased 

Bax expression in PPARγ-MSE KO postpregnant breast tissue may further delay involution. 

This effect may have contributed, at least in part, to the enhanced DMBA-mediated breast 

tumourigenesis among PPARγ-MSE KO mice. 

The significant decrease in Cox-1 expression observed in untreated mammary glands of 

PPARγ-MSE KO mice was surprising considering its known involvement in 

tumourigenesis[198]. The contributions of expression and signaling during tumourigenesis may 

depend on timing of expression, similar to the variable early versus late effects of TGF-β[371]. 

Accordingly, it is possible pretumourigenic expression of Cox-1 protein protects target cells, 

whereas posttumourigenic expression enhances progression in DMBA-treated PPARγ-MSE 
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KOs. Though beyond the scope of this report, current work is examining the possibility that early 

decreases in Cox-1 in PPARγ-MSE KO mammary glands increases exposure of target cells to 

carcinogenic DMBA metabolites, and decreases mammary tumour initiation time. Perhaps more 

interestingly, PPARγ activation preferentially attenuated Cox-1 and Cox-2 expression in 

mammary tumours from DMBA+ROSI-treated PPARγ-WT, but not PPARγ-MSE KO mice. 

Inhibition of these enzymatic proteins mediates a reduction in metastatic capacity[198], and 

overexpression of Cox-2 is associated with poor breast cancer prognosis[148]. Thus, mammary 

tumours in DMBA+ROSI-treated PPARγ-WTs may be associated with improved outcomes, 

which may be more apparent in extended studies. Moreover, activation of PPARγ signaling 

attenuated cyclin D1 expression in mammary tumours from both strains, likely contributing to 

the decreased tumour volumes in the DMBA+ROSI group. Suppression of this proliferative 

marker was greater in mammary tumours from DMBA+ROSI-treated PPARγ-WTs, further 

strengthening the argument that these mice might have exhibited more improved outcomes in 

extended studies. 

Although not significant, it was interesting to note that cotreatment with ROSI 

upregulated expression of the p40 subunit of IL-12 in PPARγ-WT mice, despite the fact that the 

biologically active IL-12(p70) cytokine was undetectable by the array. IL-12(p40) is also known 

to heterodimerize with p19, another functionally related subunit, to form IL-23, which is known 

to have late antitumour and antimetastatic properties[134]. This suggests that activation of 

PPARγ in MSE cells leads to the production of IL-23, which may contribute to the suppression 

of breast tumourigenesis, but remains to be confirmed. 
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A summary of proposed mechanisms contributing to the enhanced mammary 

tumourigenesis among postpregnant PPARγ-MSE KO mice is provided (Figure 17C). Briefly, 

loss of MSE-specific PPARγ expression in the mammary gland results in early loss of PTEN and 

Bax expression, and increased production of O2
−, and increased serum eotaxin and RANTES, 

enhancing susceptibility to DMBA-mediated breast tumourigenesis. Activation of MSE-specific 

PPARγ among PPARγ-WT mice further suppresses DMBA-mediated breast tumourigenesis by 

decreasing Cox-1 and Cox-2. Among cells expressing PPARγ, activation of PPARγ-dependent 

signaling suppresses mammary tumour growth, in part by attenuating cyclin D1 levels. 

Previously, PPARγ activation was shown to inhibit cyclin D1 expression in vitro[391]. These 

studies extend the former results, and provide the first in vivo evidence showing PPARγ 

activation suppresses cyclin D1, Cox-1 and Cox-2 in DMBA-mediated breast tumours. 

Attenuation of these targets is more pronounced in PPARγ-WT mice suggesting that MSE-

specific PPARγ-dependent signaling contributes in large part to this effect. 

It remains unclear whether loss of PPARγ alters MSE cell fate during the involution 

process, or how this may contribute improper paracrine signals to other normal and transformed 

cells in the mammary gland. Future studies examining this question, will aid in understanding the 

contributions of MSE cells during breast tumourigenesis. Studies evaluating the contributions of 

other specific PPARγ-expressing mammary gland-associated cell types are ongoing[13]. These 

may aid in dissecting the complexity of epithelial-stromal crosstalk, and the global network and 

timing of protective signaling pathways involved in slowing the growth and spread of breast 

tumours, but are beyond the scope of this study. 
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These studies are the first to highlight the protective role of MSE-specific PPARγ 

expression and signaling in breast tumourigenesis, and suggest loss of MSE-specific PPARγ may 

contribute to the increased breast tumour risk following childbirth. These studies also add further 

support for a chemotherapeutic role of PPARγ activation in breast cancer treatment, and 

highlight a population of at risk women who may benefit from the use of PPARγ activators, in 

either mono- or combination therapy. 
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Figure 12. PPARγ protein expression in untreated mammary glands from PPARγ-WT and 
PPARγ-MSE KO strains: Representative immunofluorescence images illustrates (A and B) 
PPARγ (FITC; green) and (C and D) β-casein (Alexa Fluor 594; red) expression in lactating 
glands from both PPARγ-WT and PPARγ-MSE KO mice. An accompanying composite image 
(E and F) shows PPARγ and β-casein expression together with DAPI-stained nuclei. All photos 
were taken at 600×. (G) Confirmatory expression of PPARγ was analyzed by Western blot in 
untreated mammary glands (MG) from both strains of nulliparous mice and mice three days after 
initiation of involution (Invol). White adipose tissue (WAT) from untreated PPARγ-WT mice 
was included as a positive control for PPARγ. α-actinin served as a loading control. (H) 
Densitometry was performed using ImageJ software. 
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Figure 13. In vivo effects of MSE-specific PPARγ deletion on overall survival, tumour 
incidence and tumour multiplicity: Female PPARγ-WT and PPARγ-MSE KO mice were 
treated with DMBA Only or DMBA+ROSI, and assessed as described in the Methods section. 
Overall survival was expressed as the percentage of mice per genotype per treatment group 
surviving in a given week. Solid lines, PPARγ-WT mice; Dashed lines, PPARγ-MSE KO mice; 
n, number of mice. (A) DMBA Only-treated groups; significantly different compared to 
respective PPARγ-WT controls, p<0.05. (B) DMBA+ROSI-treated groups; biologically different 
compared to respective PPARγ-WT controls, p=0.06. (C) Total tumour incidences were 
calculated as the number of mice with any tumour divided by the total number of mice within a 
given genotype and treatment group, and expressed as percent+standard error (SE). Black bars, 
PPARγ-WT mice; White bars, PPARγ-MSE KO mice; number in parentheses, number of mice. 
(D) Mammary tumour incidences were similarly calculated based on the number of mice with 
mammary tumours within a given genotype and treatment group, and expressed as percent+SE. 
(E) Total tumour multiplicity, expressed as a mean±SE, was defined as the total number of 
lesions per tumour-bearing mice for a given genotype and treatment group. (F) Mammary 
tumour multiplicity was calculated as the number of mammary tumours per mouse afflicted with 
a breast lesion for a given genotype and treatment group, and expressed as a mean+SE. 
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Figure 14. In vivo effects of MSE-specific PPARγ deletion on mammary tumour volume 
and latency: Mammary tumours were measured at necropsy, and volumes calculated using the 
standard formula (L x W2/2) and expressed as mean mm3 for each treatment group (A). Open 
and closed circles, benign and malignant mammary tumours respectively from PPARγ-WT mice; 
Open and closed boxes, benign and malignant mammary tumours respectively from PPARγ-
MSE KO mice; Solid bars represent median values for all mammary tumours; Dashed bars 
represent median values for pooled malignant mammary tumours for a given treatment; number 
in parentheses, number of tumours; *, significantly different from DMBA Only-treated groups, 
p<0.05. Latency of mammary tumours is expressed as the percentage of mice with palpable 
mammary tumours within a given genotype and treatment group for a given week. Solid lines, 
PPARγ-WT mice; Dashed lines, PPARγ-MSE KO mice; n, number of mice. (B) DMBA Only-
treated groups; significantly different compared to respective PPARγ-WT controls, p<0.05. (C) 
DMBA+ROSI-treated groups. n, number of mice. 
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Figure 15. Mammary tumour subtypes among treated PPARγ-WT and PPARγ-MSE KO 
mice: Representative H&E images of: untreated, involuted mammary glands from PPARγ-WT 
(A) and PPARγ-MSE KO (B) strains; adenocarcinomas from DMBA Only-treated PPARγ-WT 
(C) and PPARγ-MSE KO (D) mice and DMBA+ROSI-treated PPARγ-WT (E) and PPARγ-MSE 
KO (F) mice; and squamous cell carcinomas from DMBA-Only-treated PPARγ-WT (G) and 
PPARγ-MSE KO (H) strains and DMBA+ROSI-treated PPARγ-WT (I) and PPARγ-MSE KO (J) 
strains. All photos were taken at 100×. 
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Figure 16. Serum cytokine and in situ superoxide production resulting from MSE-specific 
PPARγ loss: (A) Heat map illustrating serum cytokine expression profiles for genotypes and 
treatment groups. Values are Log2 (mean cytokine concentration, pg/ml) with red, black, and 
green indicated high, median, and low, respectively. DAPI- and EtBr-stained nuclei (orange) are 
shown in representative confocal images of lactating mammary glands from untreated PPARγ-
WT (B) and PPARγ-MSE KO mice (C). Both photos were taken at 600×. (D) EtBr fluorescence 
intensity, expressed as mean+SE, was measured using Metamorph imaging software. ****, 
significantly different from PPARγ-WT controls, p≤0.0001. 
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Figure 17. Molecular analysis from untreated mammary glands and mammary tumours 
from treated PPARγ-WT and PPARγ-MSE KO mice: Representative expression changes 
within untreated mammary glands (MG) and in vivo generated mammary tumours were analyzed 
by Western blot (A) as described in the Methods. PPARγ, 5-LPO, Cox-2, Cox-1, PTEN, cyclin 
D1, and Bax protein levels were analyzed in untreated, involuted (Invol) MG from PPARγ-WT 
and PPARγ-MSE KO mice, as well as representative breast tumour subtypes from both strains of 
mice across both treatment groups. Mammary tumour subtypes include adenocarcinomas (AC), 
and squamous cell carcinomas (SCC). β-actin served as the loading control. (B) Densitometry 
was performed on malignant tumours using ImageJ software, and expressed as mean±SD. Fold 
changes are relative to involuted mammary tissue from untreated WT. *, significantly different 
from DMBA Only-treated groups, p≤0.05. (C) Summary of proposed anti-breast tumour MSE-
specific PPARγ signaling. Deletion of PPARγ in MSE cells promotes a protumourigenic 
environment, characterized by increased superoxide production, elevated eotaxin and RANTES 
circulation, as well as reduced PTEN and Bax protein expression in involuted mammary glands 
of PPARγ-MSE KO mice. Thus, upon exposure to DMBA, PPARγ-MSE KOs are more 
susceptible to breast tumourigenesis compared to similarly treated PPARγ-WT mice. PPARγ 
activation protects against these effects, albeit more so in PPARγ-WT mice, at least in part by 
suppressing Cox-1, Cox-2 and Cyclin D1. 
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Table 8. DMBA-induced tumours in PPARγ-WT and PPARγ-MSE KO mice. The number 
of mammary tumours per mouse (multiplicity) is indicated with the total number of these 
tumours shown in parenthesis. Mammary tumours were also substratified and expressed as 
multiplicity of benign, malignant, and metastatic tumours per genotype and treatment. Examples 
of specific benign tumour subtypes are also indicated. For nonmammary tissue, the numbers of 
each tumour per mouse is also indicated with the total number of each shown in parenthesis. 
Examples of specific tumour subtypes are specified under the title of the tissue type. Finally, 
total tumours were substratified and expressed as the multiplicity of benign, malignant, and 
metastatic tumours per genotype and treatment. 
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 DMBA Only-Treated Mice DMBA+ROSI-Treated Mice 

 PPARγ-WT 
(n=15) 

PPARγ-MSE KO 
(n=23) 

PPARγ-WT 
(n=17) 

PPARγ-MSE KO 
(n=20) 

Mammary Tumour Type Tumours/Mouse (# Tumours) 
     Benign Tumour 
           Squamous Cyst 
           Fibrosis 
           Other 

0.13 (2) 
0.07 (1) 
− 

0.07 (1) 

0.30 (7) 
− 

0.04 (1) 
0.26 (6) 

0.12 (2) 
− 
− 

0.12 (2) 

0.10 (2) 
− 
− 

0.10 (2) 
     Adenocarcinoma 0.07 (1) 0.22 (5) 0.24 (4) 0.15 (3) 
     Squamous Cell Carcinoma 0.33 (5) 0.39 (9) 0.18 (3) 0.35 (7) 
     Spindle Cell Carcinoma 0.07 (1) 0.04 (1) − − 
     Ductal Carcinoma In Situ − − 0.06 (1) − 
     Angiosarcoma − 0.04 (1) − − 
     Other Carcinoma − 0.30 (7) 0.06 (1) 0.20 (4) 
Total Mammary Tumours 0.60 (9) 1.30 (30) 0.65 (11) 0.80 (16) 
     Benign Mammary 0.13 (2) 0.30 (7) 0.12 (2) 0.10 (2) 
     Malignant Mammary 0.47 (7) 0.87 (20) 0.53 (9) 0.65 (13) 
     Metastatic Mammary − 0.13 (3) − 0.05 (1) 
Non-Mammary Tumour/Tissue Affected Tumours/Mouse (# Tumours) 
     Skin 
            Squamous Cell Carcinoma 
            Spindle Cell Carcinoma 
            Other Carcinoma 
            Carcinoma In Situ 
            Epidermal Inclusion Cyst 
            Hyperkeratosis 
            Hyperplasia 
            Sebaceous Adenoma 
            Other 

0.53 (8) 
0.07 (1) 
− 

0.07 (1) 
− 
− 

0.20 (3) 
− 
− 

0.20 (3) 

0.61 (14) 
0.17 (4) 
0.04 (1) 
0.04 (1) 
− 

0.04 (1) 
0.13 (2) 
− 

0.04 (1) 
0.17 (4) 

0.76 (13) 
0.41 (7) 
− 
− 

0.06 (1) 
0.06 (1) 
− 

0.06 (1) 
− 

0.18 (3) 

0.75 (15) 
0.25 (5) 
− 

0.15 (3) 
− 
− 

0.05 (1) 
0.05 (1) 
0.05 (1) 
0.20 (4) 

     Ovarian/Uterine 
            Metastasis 
            Adenocarcinoma 
            Other Carcinoma 
            Angiosarcoma 
            Hyperplasia 
            Other 

0.27 (4) 
0.07 (1) 
− 
− 

0.07 (1) 
− 

0.13 (2) 

0.09 (2) 
− 
− 
− 
− 

0.04 (1) 
0.04 (1) 

0.24 (4) 
− 

0.06 (1) 
0.06 (1) 
− 
− 

0.12 (2) 

0.20 (4) 
− 
− 

0.10 (2) 
− 
− 

0.10 (2) 
     Thymus 0.13 (2) 0.13 (3) − 0.15 (3) 
     Spleen 0.13 (2) − − − 
     Liver 
            Adenoma 
            Steatosis 
            Other 

0.07 (1) 
− 
− 

0.07 (1) 

− 
− 
− 
− 

0.06 (1) 
0.06 (1) 
− 
− 

0.05 (1) 
− 

0.05 (1) 
− 

     Lung 
            Hyperplasia 

− 
− 

0.04 (1) 
0.04 (1) 

− 
− 

− 
− 

     Gastrointestinal 
            Squamous Cell Carcinoma 

− 
− 

0.09 (2) 
0.09 (2) 

− 
− 

− 
− 

     Lymphoma 
            Localized 
            Infiltrating 

0.20 (3) 
0.13 (2) 
0.07 (1) 

0.13 (3) 
0.09 (2) 
0.04 (1) 

0.29 (5) 
0.06 (1) 
0.24 (4) 

0.25 (5) 
0.15 (3) 
0.10 (2) 

Total Tumours 1.93 (29) 2.39 (55) 2.00 (34) 2.20 (44) 
     Benign Total 0.6 (9) 0.74 (17) 0.47 (8) 0.65 (13) 
     Malignant Total 1.27 (19) 1.52 (35) 1.53 (26) 1.50 (30) 
     Metastatic Total 0.07 (1) 0.13 (3) − 0.05 (1) 
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Table 9. Serum concentrations of cytokines from untreated, DMBA Only and 
DMBA+ROSI-treated strains.  
 
 

 
Concentrations reported as mean±standard deviation (SD) and expressed as pg/ml. Except for 
PGE metabolites, which were analyzed with a separate ELISA kit, all cytokine concentrations 
were obtained by a multiplex array. *, significantly different compared to Untreated PPARγ-WT, 
p<0.05; #, significantly different compared to Untreated PPARγ-MSE KO, p<0.05; i, interaction 
different, p<0.05; t, treatment different, p<0.05; g, genotype different, p<0.05; ggg, genotype 
different, p<0.001.  

 

 
PPARγ-WT PPARγ-MSE KO 

 

Untreated 
(n=6) 

DMBA Only 
(n=4) 

DMBA+ROSI 
(n=4) 

Untreated 
(n=6) 

DMBA Only 
(n=4) 

DMBA+ROSI 
(n=4) 

Cytokine [signif] mean ± SD; all values expressed as pg/ml 
IL-1α [t] 237.6 ± 218.8 50.9 ± 39.5 31.3 ± 21.3 98.4 ± 78.5 56.5 ± 79.1 25.5 ± 26.5 
IL-1β 185.2 ± 45.4 349.1 ± 213.0 258.3 ± 44.1 230.5 ± 27.6 221.5 ± 37.1 208.3 ± 99.0 
IL-2 65.4 ± 74.1 33.0 ± 39.4 14.9 ± 17.4 20.9 ± 11.0 14.7 ± 15.0 32.1 ± 12.4 
IL-3 2.7 ± 6.6 ND 9.0 ± 17.9 5.4 ± 1.8 3.5 ± 5.0 29.9 ± 49.6 
IL-4 [t] 10.4 ± 1.1 13.0 ± 2.9 10.7 ± 1.5 10.7 ± 1.9 12.1 ± 1.5 11.3 ± 0.6 
IL-5 [g] 13.6 ± 12.1 9.3 ± 13.5 32.2 ± 27.9 3.4 ± 6.0 ND 12.3 ± 18.4 
IL-6 [t] 4.9 ± 2.3 25.5 ± 26.0 13.4 ± 9.7 5.9 ± 1.1 22.0 ± 11.2 60.4 ± 54.6 # 
IL-9 ND ND ND ND ND ND 
IL-10 29.8 ± 23.7 109.1 ± 131.1 83.0 ± 54.2 9.3 ± 18.8 35.3 ± 20.2 66.4 ± 7.3 
IL-12(p40) [i,t,g] 502.7 ± 97.6 1482.0 ± 910.8 1804.0 ± 958.1 * 694.6 ± 402.5 1001.0 ± 284.3 728.2 ± 215.8 
IL-12(p70) ND ND ND ND ND ND 
IL-13 95.8 ± 88.0 157.5 ± 115.4 125.4 ± 99.0 80.2 ± 52.2 75.5 ± 29.4 86.5 ± 54.4 
IL-17A 3.5 ± 8.6 12.2 ± 14.4 11.89 ± 13.84 4.7 ± 6.8 6.6 ± 2.9 12.9 ± 12.5 
Eotaxin [g] 174.0 ± 271.3 379.3 ± 414.7 417.8 ± 835.7 406.8 ± 116.1 1207.0 ± 872.2 979.2 ± 815.2 
G-CSF [t] 153.5 ± 105.6 2901.0 ± 4540.0 2269.0 ± 1963.0 106.0 ± 51.1 3071.0 ± 2484.0 1706.0 ± 1310.0 
GM-CSF 94.4 ± 135.1 241.7 ± 153.2 126.3 ± 51.0 187.9 ± 73.8 174.8 ± 40.0 164.6 ± 32.4 
IFN-γ 11.2 ± 9.4 15.3 ± 12.2 6.3 ± 1.9 10.7 ± 5.1 16.5 ± 5.4 17.2 ± 5.7 
KC [t] 10.7 ± 4.3 27.5 ± 27.6 10.0 ± 8.9 7.0 ± 2.4 26.5 ± 13.5 17.1 ± 7.5 
MCP-1 382.2 ± 822.0 541.0 ± 847.1 138.5 ± 69.4 80.0 ± 40.0 173.7 ± 103.1 698.3 ± 1192.0 
MIP-1α [t] 32.8 ± 20.1 65.7 ± 50.1 36.3 ± 15.1 34.0 ± 2.8 53.4 ± 9.3 66.0 ± 8.7 
MIP-1β [t] 12.9 ± 9.3 33.0 ± 25.9 19.9 ± 6.0 19.4 ± 8.0 47.9 ± 40.7 17.5 ± 6.3 
RANTES [ggg] 24.7 ± 16.4 23.6 ± 13.2 15.8 ± 10.0 51.8 ± 6.2 * 29.8 ± 14.4 39.7 ± 14.0 
TNF-α 191.3 ± 149.4 448.5 ± 247.3 237.9 ± 80.0 203.7 ± 67.2 243.3 ± 81.3 379.4 ± 206.3 

PGE Metabolites 425.6 ± 235.7 
(n=5) 

1953.3 ± 3544.6 
(n=4) 

278.3 ± 102.0 
(n=4) 

713.0 ± 889.1 
(n=4) 

1350.7 ± 1865.2 
(n=4) 

484.3 ± 447.6 
(n=4) 
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Chapter 4: The Mammary Secretory Epithelial-Specific Role Of PPARγ During Multi-Risk 
Factor-Induced Breast Tumourigenesis 
 
4.1 Abstract 
 
 Breast cancer remains the second leading cause of cancer-related deaths among women. 

New biomarkers for diagnosis and treatment are needed to further reduce the number of breast 

cancer-related deaths. Previously, we showed PPARγ in postlactional mammary secretory 

epithelial (MSE) cells suppresses environmental chemical (7-12-dimethylbenz[a]anthracene; 

DMBA)-mediated breast tumour progression. Given protumourigenic high fat (ProHF) diets are 

also linked to increased breast cancer risk, MSE-targeted PPARγ knockout (PPARγ-MSE KO) 

mice were used to evaluate whether PPARγ expression in MSE cells is protective during multi-

risk factor (DMBA+ProHF)-mediated breast tumourigenesis. Here, it is shown that 

DMBA+ProHF treatment significantly increased primary breast tumourigenesis in PPARγ-WTs 

but not PPARγ-MSE KOs. In contrast, lung metastases were significantly increased among 

PPARγ-MSE KOs. Cotreatment with a PPARγ activator (rosiglitazone) was protective only 

among PPARγ-WTs due, at least in part, to PPARγ-dependent activation of PTEN and Bax. Our 

novel data reveal MSE-specific PPARγ may serve as a candidate predictive biomarker for a 

subset of breast cancer patients, and adds further evidence supporting a novel breast cancer 

chemotherapeutic role for PPARγ activators. 

 

4.2 Introduction 

 Breast cancer remains a major worldwide health concern with over 500,000 breast 

cancer-related deaths in 2012. This year in Canada, an estimated 24,600 women and men will be 

diagnosed with breast cancer, and 5,000 will die from this disease[52]. Although detection and 
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treatment modalities have improved over time, predicting which patients will suffer from 

aggressive forms of disease or respond poorly to current therapies remains a challenge today. 

Therefore, the identification of biomarkers that may reduce breast cancer-related mortalities and 

improve quality of life for patients is critical. 

 The mammary gland undergoes several dynamic changes throughout a woman’s lifetime, 

especially during pregnancy, when mammary adipocytes undergo reversible transdifferentiation 

into milk-producing mammary secretory epithelial (MSE) cells, which revert back to fat cells 

during involution[260]. Disruptions in the involution process are linked to the recently 

established transient increased risk of breast cancer in the postpartum period[305], and may 

result from abnormal interactions between environmental and genetic risk factors of breast 

cancer. Improved understanding of these interactions may help to more effectively diagnose, 

treat and prevent breast tumours, including those arising during the postpartum period. 

 Environmental breast cancer risk factors include, but are not limited to, dietary lifestyle 

choices, such as consumption of a protumourigenic high fat (ProHF) diet enriched with n-6 

PUFAs[64, 340]; and chemical exposures to cancer-causing agents, such as polycyclic aromatic 

hydrocarbons like DMBA found ubiquitously in vehicle/industrial emissions, tobacco smoke, 

and charbroiled foods[92, 127]. Genetic breast cancer risk factors may include imbalances in 

gain of oncogenes, such as Her-2[321], and loss of tumour suppressors, such as BRCA1/2[250], 

or alterations in the hallmark pathways involved in tumourigenesis[133]. Recent evidence 

suggests that loss of PPARγ may represent an important breast cancer risk factor. 

 PPARγ is a ligand-activated transcription factor expressed in stromal adipocytes[41], as 

well as most major mammary gland epithelial[161] and breast cancer cell subtypes[99, 262]. 
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PPARγ regulates the expression of genes involved in sugar and fat metabolism and 

adipogenesis[206]; however, recent studies suggest PPARγ and its agonists also have anti-breast 

cancer properties[99, 271]. We previously showed that MSE-specific PPARγ expression protects 

against DMBA-induced breast tumour progression using MSE-targeted PPARγ knockout 

mice[14]. Here, we assessed the MSE cell-specific role of PPARγ in multi-risk factor 

(DMBA+ProHF)-mediated breast tumourigenesis. 

 

4.3 Materials & Methods 

4.3.1 Animals 

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

(CCAC) guidelines under Queen’s University Animal Care Committee (UACC)-approved 

protocols. PPARγ-MSE knockout (PPARγ-MSE KO) mice and their congenic wildtype (PPARγ-

WT) controls were generated and genotyped as previously described[14]. 

 

4.3.2 In Vivo Breast Tumourigenesis 

 Postpregnant PPARγ-MSE KO and PPARγ-WT female mice, established as before, were 

entered into tumourigenic studies. All mice were provided an AIN-93G-based ProHF (n-6 

PUFA: 35% lard) diet (Bioserv)[282] for the duration of the 25-week study. Mice received a 1 

mg DMBA (Sigma-Aldrich, D3254) dose by oral gavage once per week for six weeks. At week 

seven, randomized mice either continued on ProHF diet (DMBA+ProHF) or received a PPARγ 

ligand (rosiglitazone, ROSI; 4 mg/kg/day)-supplemented ProHF diet (DMBA+ProHF+ROSI) for 
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the study duration. Mice were monitored for tumourigenic changes throughout the study, and 

tumour samples were harvested and assessed as previously described[14]. 

 

4.3.3 Immunoblotting 

 Whole-cell extracts were prepared from normal and tumour tissue samples from PPARγ-

WT and PPARγ-MSE KO mice and protein concentrations were quantified as previously 

described[14]. Proteins were detected with primary antibodies for PPARγ (sc-7273; 1:500; Santa 

Cruz), cyclin D1 (sc-753; 1:500; Santa Cruz), Bax (sc-526; 1:500; Santa Cruz), perilipin (sc-

67164; 1:500; Santa Cruz), β-actin (sc-47778; 1:1,000; Santa Cruz), α-actinin (sc-15335; 

1:1,000; Santa Cruz), PTEN (#9559; 1:1,000; Cell Signaling), Cox-1 (#160109; 1:500; Cayman 

Chemical), Cox-2 (#160126; 1:500; Cayman Chemical), and 5-LPO (#160402; 1:500; Cayman 

Chemical) followed by appropriate HRP-conjugated secondary goat α-mouse (sc-2005; Santa 

Cruz) or goat α-rabbit (sc-2004; Santa Cruz) antibodies (1:10,000). Protein expression was 

assessed using ImageJ analysis software (rsbweb.NIH.gov). 

 

4.3.4 Statistical Analyses 

 Data were evaluated for statistical differences using Prism 6.0 software (GraphPad). 

Comparisons of multiple groups were performed using a Two-Way Analyses of Variance 

(ANOVA) followed by Tukey’s post-hoc tests. Incidences were analyzed by Fisher’s exact tests. 

Survival proportions were analyzed by log-rank tests. A p-value of ≤0.05 was accepted as 

statistically significant during analysis. 
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4.4 Results 

 Lactating dams had their pups removed 3 days postpartum and were entered into study 

one week later. Tumours were initiated by DMBA administration in postpregnant female mice 

from each strain. At week seven, mice were randomized to either continue receiving a ProHF 

diet (DMBA+ProHF: PPARγ-WT, n=27 and PPARγ-MSE KO, n=45) or one supplemented with 

ROSI (DMBA+ProHF+ROSI: PPARγ-WT, n=28 and PPARγ-MSE KO, n=25), and followed for 

25 weeks for tumour outcomes. Unexpectedly, one PPARγ-WT and ten PPARγ-MSE KO mice 

treated with DMBA+ProHF were euthanized based on humane endpoints prior to receiving the 

full six-week DMBA dose regimen. Additionally, one DMBA+ProHF-treated PPARγ-MSE KO 

mouse and three DMBA+ProHF+ROSI-treated PPARγ-MSE KO mice were found dead in cage 

due to undetermined circumstances. As such, these mice were included but censored in survival 

analyses, and their tissues and tumours were excluded from further study due to possible 

differential effects of variable DMBA doses and sample degradation. 

 Throughout the study duration, no significant weight changes were observed across both 

genotypes and treatment groups (Appendix A – Figure 25). Likewise, food weight consumption 

was not different across all study groups (Appendix A – Figure 25). Interestingly, mean 

mammary gland mass as a percentage of body mass (BM) (Figure 18A) was significantly lower 

among PPARγ-MSE KOs versus PPARγ-WTs regardless of treatment (p<0.0001). Among 

DMBA+ProHF-treated mice, PPARγ-MSE KOs had a significant reduction in mammary gland 

mass compared to PPARγ-WTs (respective mean±SD: 0.8±0.5% vs. 1.3±0.7%; p<0.01), and 

even more so when cotreated with the PPARγ activator ROSI (respective mean±SD: 0.5±0.3% 

vs. 1.4±0.5%; p<0.0001). Cotreatment with ROSI also significantly increased mean heart mass 
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as a percentage of BM (Figure 18B) among both genotypes compared to their respective 

DMBA+ProHF-treated controls (p<0.001). 

 Analysis of overall survival (OS) yielded no significant difference between 

DMBA+ProHF treated PPARγ-WT and PPARγ-MSE KO mice (respective median OS: 19.5 vs. 

18.0 weeks) (Figure 18C); however, DMBA+ProHF+ROSI-treated PPARγ-MSE KOs exhibited 

decreased OS when compared to either similarly treated PPARγ-WTs (respective median OS: 17 

vs. 14 weeks; p<0.05) (Figure 18D), or DMBA+ProHF-treated PPARγ-MSE KO mice (p<0.01). 

 Tumours generated in this study were consistent with the pattern of DMBA-mediated 

tumourigenesis (Table 10). Total tumour incidence was not different among PPARγ-MSE KO 

and PPARγ-WT mice treated with DMBA+ProHF (respective incidence±SE: 94±4.0% vs. 

96±3.4%) or DMBA+ProHF+ROSI (77±8.9% vs. 93±4.9%, respectively) (Figure 18E). In the 

DMBA+ProHF group, a nonsignificant trend toward reduced mammary tumour incidences was 

observed among PPARγ-MSE KOs compared to control mice (26±7.6 vs. 38±9.5%, 

respectively), and this trend was conserved among DMBA+ProHF+ROSI-treated groups 

(9.1±6.1% vs. 25±8.2%, respectively). 

 Among DMBA+ProHF-treated mice, ovarian tumour incidence was significantly 

decreased among PPARγ-MSE KOs versus PPARγ-WTs (15±6.1% vs. 42±9.7%, respectively; 

p<0.05). ROSI cotreatment significantly reduced the incidence of ovarian tumours in PPARγ-

WTs (11±5.9%; p<0.05), and although not statistically significant, there were no ovarian 

tumours observed in ROSI-treated PPARγ-MSE KO mice (0±0%). There were also no 

differences in skin tumour incidences among DMBA+ProHF-treated PPARγ-MSE KO mice 

compared to similarly treated PPARγ-WTs (56±8.5% vs. 69±9.1%, respectively); however, 
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ROSI cotreatment significantly decreased skin tumour incidences in PPARγ-WT mice 

(39±9.2%; p<0.05), but not PPARγ-MSE KOs (41±10%) compared to their respective 

DMBA+ProHF controls. 

When mammary tumours were pathologically staged (Figure 19A), DMBA+ProHF-

treated PPARγ-MSE KO mice exhibited a significant increase in benign tumour incidence 

(18±6.5%; p<0.05) and a significant decrease in malignant tumour incidence (8.8±4.9%; p<0.01) 

compared to PPARγ-WT controls (0±0% and 38±9.5%, respectively). Similarly, ROSI treatment 

modestly decreased the incidence of malignant mammary tumours in PPARγ-MSE KOs versus 

PPARγ-WT mice (4.6±4.4% vs. 25±8.2%, respectively; p=0.06); however, it produced no 

difference with respect to benign mammary tumour incidence (4.6±4.4% vs. 0±0%, 

respectively). Although not statistically significant, an analysis of individual mammary tumour 

volumes by group (Figure 19B) suggests the majority of DMBA+ProHF-induced PPARγ-WT 

tumours cluster in the top-left quadrant of the graph, suggesting larger volumes were extracted at 

early time points in this group. On the other hand, DMBA+ROSI-induced PPARγ-WT tumours 

cluster in the lower-right quadrant (Figure 19C), suggestive of smaller tumours being extracted 

at later time points in this group. 

 Regardless of treatment, liver and lung tumour incidences were consistently elevated 

among PPARγ-MSE KO mice (Figure 18E). In the DMBA+ProHF group, liver tumour 

incidences were significantly higher among PPARγ-MSE KOs compared to control mice 

(respective incidence±SE: 46±8.6% vs. 12±6.3%; p<0.01). Among ROSI cotreated mice, the 

incidence of liver tumours was significantly elevated among PPARγ-MSE KOs versus PPARγ-

WTs (respective incidence±SE: 32±9.9% vs. 7.1±4.9%; p<0.05). Moreover, in the 
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DMBA+ProHF group, lung tumour incidences were significantly higher among PPARγ-MSE 

KOs compared to PPARγ-WT mice (47±8.6% vs. 0±0%, respectively; p<0.0001). Lung tumour 

incidences were also significantly increased among DMBA+ProHF+ROSI-treated PPARγ-MSE 

KOs versus similarly treated PPARγ-WTs (45±11% vs. 7.1±4.9%, respectively; p<0.05). In the 

DMBA+ProHF group, PPARγ-MSE KOs had significantly more liver tumours per mouse 

(Figure 19D) compared to PPARγ-WTs (respective mean±SD: 0.47±0.51 vs. 0.12±0.33; 

p<0.01), although there were no differences among ROSI cotreated mice (respective mean±SD: 

0.32±0.48 vs. 0.07±0.26). Intriguingly, DMBA+ProHF-treated PPARγ-MSE KOs had a trend 

toward a modest increase in the number of lung tumour metastases per mouse (Figure 19E) 

compared to none observed in control mice; whereas, ROSI cotreatment significantly increased 

the multiplicity of lung tumour metastases among PPARγ-MSE KOs versus PPARγ-WTs 

(respective multiplicity±SD: 2.5±4.0 vs. 0.07±0.26; p<0.001). PPARγ-MSE KO mice also 

showed significantly more liver (p<0.001) and lung (p<0.0001) tumours per genotype compared 

to controls irrespective of treatment group. Further pathological assessment revealed that among 

PPARγ-MSE KO mice, the majority of liver tumours were classified as bile duct hamartomas 

(87%), while the majority of lung tumours were classified as adenocarcinomas (51%) (Figure 20 

& Table 10). Moreover, of the 28 mice that developed metastatic lung tumours in these studies, 

17 (61%) had an accompanying skin tumour, 3 (11%) had an accompanying mammary tumour, 

and 1 (4%) had an accompanying ovarian tumour, while 7 (25%) mice had no accompanying 

primary tumour observed. 

 Finally, immunoblotting was performed on malignant mammary tumours from both 

mouse strains across both treatment groups to assess expression changes resulting from MSE-
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targeted PPARγ loss (Figure 21A). Densitometry (Figure 21B) revealed significant ~2-fold 

increases in PPARγ (p<0.05) and the adipocytic marker perilipin (p<0.001), and a ~6-fold 

increase in the proapoptotic protein Bax (p<0.001), among DMBA+ProHF-treated PPARγ-MSE 

KOs compared to similarly treated PPARγ-WT mice. Furthermore, ROSI cotreatment of PPARγ-

WTs significantly increased Cox-2 by ~10-fold (p<0.01), Cox-1 by ~7-fold (p<0.01), PTEN by 

~3-fold (p<0.0001), perilipin by ~2-fold (p<0.05), cyclin D1 by ~3-fold (p<0.05), and Bax by 

~6-fold (p<0.0001), compared to PPARγ-WTs treated with DMBA+ProHF alone. 

 

4.5 Discussion 

 The role of MSE cell-specific PPARγ during multi-risk factor (DMBA+ProHF)-mediated 

breast tumourigenesis was evaluated and showed PPARγ-MSE KO mice had significantly fewer 

primary mammary tumours but more metastatic pulmonary lesions compared to PPARγ-WT 

controls. Cotreatment with ROSI phenotypically rescued PPARγ-WTs but had no effect on 

tumourigenic outcomes among PPARγ-MSE KO mice. The ROSI dose and regimen used 

throughout these studies are effective in activating PPARγ signaling in mice[4, 121, 270] and 

achieving murine serum profiles in the human therapeutic range[93, 319]. Accordingly, these 

studies implicate activation of PPARγ signaling in subpopulations of mammary gland-specific 

cells as critical during DMBA+ProHF-induced breast tumour progression, consistent with our 

and other studies[99, 271, 344]. 

 Given our previous report highlighting the protective nature of MSE-specific PPARγ 

during environmental (DMBA)-induced breast tumourigenesis[14], the addition of a ProHF diet 

produced very unusual results with respect to PPARγ expression and activation. Independent of 
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treatment, PPARγ-MSE KO mice exhibited a reduction in mammary tumour multiplicity and 

malignant mammary tumour incidence compared to PPARγ-WTs; but interestingly, this 

knockout strain had a higher proportion of multifocal lung tumours. In our experience using 

DMBA to generate tumours in mouse models by oral gavage, the pattern of carcinogenesis we 

have observed does not generally result in primary lung lesions. It is thus possible that these 

tumours represent metastatic tumours. 

 The conundrum here lies in determining which primary tumour (whether mammary or 

other tissue-derived) produced such secondary lesions. Interestingly, in some PPARγ-MSE KOs 

that developed lung nodules, an accompanying primary tumour was not detected at the time of 

necropsy. In the remaining PPARγ-MSE KO mice, skin tumours were often found in conjunction 

with lung lesions; however, the identified skin tumour pathological type did not often coincide 

with lung nodule type. It is possible that malignant tumours of the skin produced secondary 

metastases to the lung, a process that could be accelerated by DMBA+ProHF treatment and 

MSE-specific PPARγ loss in PPARγ-MSE KOs. This is not unreasonable considering our 

previous DMBA studies showed serum cytokine changes resulting from PPARγ loss in MSE[14] 

and mammary epithelial (MG) cells[13]. It also cannot be discounted that these lung metastases 

were generated from primary mammary tumours that subsequently regressed, during the course 

of the study, to become visually undetectable at necropsy. It is also possible that these lung 

lesions represent primary multifocal lesions. 

 Although beyond the scope of these studies, understanding where these lung nodules 

originated has therapeutic implications, since primary lung tumours are treated differently from 

breast and other cancer metastases[385]. A recently suggested probabilistic approach using a 
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barrage of immunohistochemical stains, including thyroid transcription factor (TTF)-1, 

mammoglobin (MAM), p63 and ER, may help to differentiate between primary lung and 

metastatic breast cancer as described here[385]. Briefly, based on combined epidemiological 

data, TTF-1 and p63-positivity, or MAM and ER-positivity, may be indicative of primary lung 

cancer versus breast metastasis, respectively. MSE cell-specific reporter mice may also assist in 

determining whether the lung lesions are secondary to a primary breast cancer. 

 It was also surprising to note that irrespective of treatment group, mean MG/BM of 

normal mammary tissue from PPARγ-MSE KO mice was significantly decreased compared to 

controls. This was not something observed among these strains in our previous DMBA 

studies[14], suggesting that the addition of the ProHF diet here may be responsible for this 

phenomenon. In relation to this, PPARγ reportedly protects some breast cancer epithelial cells, 

particularly those that are Her-2-positive, from palmitate cytotoxicity[195]. Palmitate is a 

saturated fatty acid (FA) that is also a component of the ProHF diet administered during these 

studies. It is known that consumption of a ProHF diet often leads to the accumulation of FAs in 

nonadipose tissue, which can be cytotoxic[195]. To protect against this lipotoxicity, FAs are 

converted to triglycerides (TGs) that can be safely stored in a nonadipose compartment[215]. 

Given PPARγ is a FA sensor, and has a primary role in fat metabolism[220], it is possible that 

MSE cells lacking normal PPARγ expression cannot fully convert palmitate (and other fatty 

acids) to TGs, causing massive epithelial cell death, and thus reducing the number of available 

cells that could be potential targets of tumourigenesis. This may account for the reduction in 

normal mammary gland volume and incidence of mammary tumours observed among PPARγ-

MSE KO mice in these studies. Another possibility is that inflammation arising from cytotoxicity 
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in PPARγ-MSE KOs fuels tumour cell invasion and metastasis providing a mechanism that may 

explain the increased incidence and multiplicity of lung metastatic lesions that were observed. 

 Protein expression changes observed among PPARγ-MSE KOs may also provide clues 

about the fate of the MSE cell following PPARγ deletion in these studies. PPARγ, perilipin and 

Bax levels were all significantly upregulated among DMBA+ProHF-treated PPARγ-MSE KO 

mice compared to similarly treated PPARγ-WTs. Increased expression of Bax, a proapoptotic 

marker, may be indicative of cell death occurring as a result of palmitate toxicity in PPARγ-null 

MSE cells within mammary tumours. The increased expression of PPARγ and perilipin, both 

markers of mature fat cells, may be indicative of increased neoadipogenesis, a process which 

may be ongoing in the PPARγ-MSE KO mammary gland (surrounding the tumour) as a 

homeostatic response to PPARγ-null MSE cells undergoing apoptosis. 

 Finally, DMBA+ProHF+ROSI treatment upregulated expression of Cox-1/2, PTEN, Bax, 

cyclin D1 and perilipin among PPARγ-WT mice, suggesting that this occurs through a MSE-

specific PPARγ-dependent mechanism. Upregulation of Bax and PTEN, the latter a known 

tumour suppressor gene, may protect PPARγ-WT mammary tumours from breast tumour 

progression. This may explain why mammary tumours from PPARγ-WT mice were shifted 

toward lower volumes at necropsy in the DMBA+ProHF+ROSI group versus the DMBA+ProHF 

group. Further studies are needed to clarify why Cox-1/2 and cyclin D1 expression are 

upregulated among ROSI cotreated PPARγ-WT mammary tumours, given that these are 

protumourigenic. As a possibility, it may reflect residual early DMBA+ProHF-mediated 

tumourigenic changes that have led to compensatory increases in PPARγ-dependent PTEN and 

Bax expression, given that the latter are antitumourigenic. Perilipin expression was also elevated 
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among DMBA+ProHF+ROSI-treated PPARγ-WT mammary tumours, but should not be 

unexpected given that preadipocyte-specific activation of PPARγ in the mammary stroma (again 

surrounding the tumour) drives adipogenesis yielding more mature adipocytes that are known to 

express this target protein.  

Taken together (Figure 22), these data provide the first evidence to suggest PPARγ-MSE 

KOs are more susceptible to DMBA+ProHF-induced breast tumourigenesis, via a reduction of 

primary breast tumour formation but an increase in secondary metastases to the lung. PPARγ-

MSE KO mammary tumours are characterized by increased expression of Bax compared to 

similarly treated PPARγ-WTs. On the other hand, cotreatment with a PPARγ activator 

phenotypically rescues PPARγ-WTs, due to PPARγ-dependent increases in PTEN and Bax 

protein expression; whereas, PPARγ-MSE KOs experience no benefit from a PPARγ activator. 

Thus, loss of PPARγ expression in MSE cells may provide some rationale for the transient 

increased breast tumour risk observed in some women postpartum, and serve as a clinically 

useful predictive biomarker of breast tumour progression. Finally, these studies suggest PPARγ 

activators may be beneficial as novel therapeutic options, alone or in combination therapy with 

existing clinical treatments, to reduce deaths among, at least a subset of, breast cancer patients. 
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Figure 18. In vivo effects of MSE-specific PPARγ deletion on organ mass, overall survival 
and tumour incidence resulting from multi-risk factor-mediated breast tumourigenesis: 
Postpregnant PPARγ-WT and PPARγ-MSE KO female mice were maintained on a 
protumourigenic high fat (ProHF) diet and treated with DMBA alone (DMBA+ProHF) or 
DMBA plus a PPARγ activator (DMBA+ProHF+ROSI), and assessed as described in the 
Methods section. Average mammary gland mass (A) and heart mass (B) were expressed as 
percent body weight ± standard deviation (SD) per genotype per treatment group. Black bars, 
PPARγ-WT mice; white bars, PPARγ-MSE KO mice; number in parentheses, number of mice; 
**, significantly different from DMBA+ProHF-treated PPARγ-WT mice, p<0.01; ****, 
significantly different from DMBA+ProHF+ROSI-treated PPARγ-WT mice, p<0.0001; *, 
significantly different from DMBA+ProHF-treated PPARγ-MSE KOs, p<0.05. Overall survival 
was expressed as the percentage of mice per genotype per treatment group surviving in a given 
week. Solid lines, PPARγ-WT mice; dashed lines, PPARγ-MSE KO mice; n, number of mice. 
(C) DMBA+ProHF-treated groups. (D) DMBA+ProHF+ROSI-treated groups; significantly 
different compared to respective PPARγ-WT controls, p <0.05. (E) Tumour incidence ± standard 
error (SE) is shown for each strain across each treatment group for total, mammary, ovarian, 
liver, lung, and skin tumours. Black bars, DMBA+ProHF-treated PPARγ-WTs; white bars, 
DMBA+ProHF-treated PPARγ-MSE KOs; dark grey boxes, DMBA+ProHF+ROSI-treated 
PPARγ-WTs; light grey boxes, DMBA+ProHF+ROSI-treated PPARγ-MSE KOs; *, 
significantly different from DMBA+ProHF-treated PPARγ-WT mice (unless otherwise 
indicated), p<0.05; **, significantly different from DMBA+ProHF-treated PPARγ-WT mice 
(unless otherwise indicated), p<0.01; ****, significantly different from DMBA+ProHF-treated 
PPARγ-WTs, p<0.0001. 
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Figure 19. In vivo effects of MSE-specific PPARγ deletion on mammary tumour incidence 
and volume, and liver and lung tumour outcomes: (A) Mammary tumour incidences ± SE are 
shown for each strain across each treatment group. Black boxes, overall mammary tumours; 
white boxes, malignant mammary tumours; grey boxes, benign mammary tumours; *, 
significantly different from DMBA+ProHF-treated PPARγ-WT mice, p<0.05; **, significantly 
different from DMBA+ProHF-treated PPARγ-WT mice, p<0.05. Mammary tumour volumes at 
necropsy were calculated using the standard formula (L×W2/2) and are expressed as mm3 on a 
log scale. (C) DMBA+ProHF-treated groups. (D) DMBA+ProHF+ROSI-treated groups. Solid 
shapes, PPARγ-WTs; open shapes, PPARγ-MSE KOs; circles, benign mammary tumours; 
squares, malignant mammary tumours. Liver tumours (D) and lung tumours (E) per genotype ± 
SD are reported for each treatment group. Black bars, PPARγ-WTs; white bars, PPARγ-MSE 
KOs; **, significantly different compared to DMBA+ProHF-treated PPARγ-WTs; ***, 
significantly different compared to ProHD+DMBA+ROSI-treated PPARγ-WTs. 
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Figure 20. Pathological effect of MSE-specific PPARγ deficiency on multi-risk factor-
induced liver and lung tumours: Mice were treated as described in the Methods section. 
Untreated liver and lung sections, as well as representative liver and lung tumours from 
DMBA+ProHF- and DMBA+ProHF+ROSI-treated PPARγ-WT and PPARγ-MSE KO mice, are 
shown. All photos taken at ×100. 
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Figure 21. Molecular analysis from untreated mammary glands and mammary tumours 
from treated PPARγ-WT and PPARγ-MSE KO mice: Representative expression changes 
within untreated involuted (Invol) mammary glands (MG) and in vivo generated mammary 
tumours were analyzed by (A) Western blot as described in the Methods section. PPARγ, 5- 
LPO, Cox-2, Cox-1, PTEN, perilipin, cyclin D1 and Bax protein levels were analyzed in 
untreated, Invol MG from PPARγ-WT and PPARγ-MSE KO mice, as well as representative 
breast tumour subtypes from both strains of mice across both treatment groups. β-actin served as 
the loading control. (B) Densitometry was performed on malignant tumours using ImageJ 
software, and expressed as mean ± SD. Fold changes are relative to untreated PPARγ-WT Invol 
MG. *, significantly different from DMBA+ProHF-treated groups, p<0.05; **, significantly 
different from DMBA+ProHF-treated groups, p<0.01; ***, significantly different from 
DMBA+ProHF-treated groups, p<0.001; ****, significantly different from DMBA+ProHF-
treated groups, p<0.0001. 
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Figure 22. Summary of proposed antibreast tumour MSE-specific PPARγ signaling during 
multi-risk factor-mediated breast tumour progression: We previously determined that MSE-
specific PPARγ loss in MSE cells creates a protumourigenic mammary microenvironment[14, 
344] that may cause the PPARγ-MSE KO mice to be more susceptible to DMBA+ProHF-
induced mammary tumourigenesis compared to similarly treated wild-type mice. PPARγ-MSE 
KOs develop fewer primary breast tumours but may be overtly prone to lung tumour metastases 
compared to PPARγ-WTs. Although ROSI treatment protected PPARγ-WT mice via MSE-
specific PPARγ activation of PTEN and Bax, it produced no rescue effect in PPARγ-MSE KOs. 
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Table 10. DMBA+ProHF-induced tumours in PPARγ-WT and PPARγ-MSE KO mice.  
 

  

The number of breast tumours per mouse (multiplicity) is indicated with the total number in 
parenthesis. Mammary tumours were also substratified and expressed as multiplicity of benign, 
malignant, and metastatic tumours per genotype and treatment. Examples of benign mammary 
tumour subtypes are also indicated. For nonmammary tissue, the numbers of each tumour per 
mouse is also indicated with the total number in parenthesis. Finally, total tumours were 
substratified and expressed as the multiplicity of benign, malignant, and metastatic tumours per 
genotype and treatment. 

 DMBA+ProHF Only 
-Treated Mice 

DMBA+ProHF+ROSI 
-Treated Mice 

 PPARγ-WT 
(n=26) 

PPARγ-MSE KO 
(n=34) 

PPARγ-WT 
(n=28) 

PPARγ-MSE KO 
(n=22) 

Mammary Tumour Type Tumours/Mouse (# Tumours) 
     Benign Tumour 
           Mastitis 
           DCIS 
           Adenoma 
           Lipoma 
           Other 

− 
− 
− 
− 
− 
− 

0.18 (6) 
0.06 (2) 
0.03 (1) 
− 
− 

0.09 (3) 

− 
− 
− 
− 
− 
− 

0.05 (1) 
− 
− 
− 
− 

0.05 (1) 
     Angiosarcoma 0.04 (1) − − − 
     Squamous Cell Carcinoma 0.31 (8) 0.09 (3) 0.43 (12) 0.05 (1) 
     Adenocarcinoma 0.12 (3) 0.03 (1) 0.04 (1) − 
     Spindle Cell Carcinoma 0.08 (2) − − − 
     Other Carcinoma − − 0.07 (2) − 
Total Mammary Tumours 0.54 (14) 0.29 (10) 0.54 (15) 0.09 (2) 
     Benign Mammary − 0.18 (6) − 0.05 (1) 
     Malignant Mammary 0.54 (14) 0.12 (4) 0.54 (15) 0.05 (1) 
Non-Mammary Tumour/Tissue Affected Tumours/Mouse (# Tumours) 
     Skin 1.04 (27) 0.97 (33) 0.61 (17) 0.50 (11) 
     Ovarian/Uterine 0.46 (12) 0.15 (5) 0.11 (3) − 
     Thymus 0.04 (1) 0.03 (1) 0.07 (2) 0.05 (1) 
     Spleen − − 0.11 (3) 0.05 (1) 
     Liver 
          Biliary Hamartoma 
          Hepatocellular Carcinoma 
          Other 

0.12 (3) 
0.12 (3) 
− 
− 

0.47 (16) 
0.41 (14) 
0.03 (1) 
0.03 (1) 

0.07 (2) 
0.04 (1) 
− 

0.04 (1) 

0.32 (7) 
0.27 (6) 
− 

0.05 (1) 
     Lung 
          Carcinoid Tumour 
          Adenocarcinoma 
          Papillary Carcinoma 
          Squamous Cell Carcinoma 
          Other Carcinoma 
          Atypical Adenomatous Hyperplasia 
          Lipomatous Tumour 
          Other 

− 
− 
− 
− 
− 
− 
− 
− 
− 

1.32 (45) 
0.03 (1) 
0.94 (32) 
0.09 (3) 
0.03 (1) 
− 

0.12 (4) 
0.03 (1) 
0.09 (3) 

0.07 (2) 
− 

0.04 (1) 
− 
− 
− 
− 
− 

0.04 (1) 

2.55 (56) 
− 

0.91 (20) 
− 

0.05 (1) 
1.23 (27) 
0.05 (1) 
− 

0.32 (7) 
     Lymphoma 0.35 (9) 0.44 (15) 0.50 (14) 0.50 (11) 
Total Tumours 2.54 (66) 3.68 (125) 2.18 (61) 4.05 (89) 
     Benign Total 0.81 (21) 1.41 (48) 0.89 (25) 1.36 (30) 
     Malignant Total 1.73 (45) 2.26 (77) 1.29 (36) 2.68 (59) 
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Chapter 5: Final Discussion 
 
 
5.1 Project Summary & Novelty 

 This project encompasses the use of targeted cell-specific knockout mice to address the 

role of PPARγ in mammary epithelial cells, more specifically, within nulliparous luminal and 

myoepithelial (MG), as well as parity-induced milk-producing secretory epithelial (MSE), cells. 

It was found that MG-specific PPARγ expression enhanced susceptibility to environmental 

carcinogen (DMBA)-mediated breast tumourigenesis, which was rescued via activation of 

PPARγ in MG cells. On the other hand, when MG-specific PPARγ is lost, PPARγ ligand 

treatment significantly worsened outcomes. MSE cell-specific PPARγ signaling and activation 

was protective against both DMBA- and multi-risk factor (DMBA+ProHF)-mediated breast 

tumourigenesis. Collectively, these exciting results are the first to show an in vivo anti-breast 

cancer protective role for PPARγ signaling in MSE cells, and PPARγ activation in MG and MSE 

cells. 

 Prior to this work, the prevailing understanding of the field was mainly limited to in vitro 

studies, with few exceptions. Much of the understanding of PPARγ’s role in cancer has been 

muddled by contradictory studies showing either antitumourigenic or protumourigenic effects. In 

the current project, the opposing findings that MG-specific PPARγ loss and MSE-specific 

PPARγ are both protective may help reconcile some of the controversies in the literature. At the 

very least, these studies highlight the importance of cell- and environment-specific contexts, 

suggesting merit for followup studies that evaluate PPARγ in other mammary gland-associated 

cell types during breast tumourigenesis. In MG cells, PPARγ regulated expression of BRCA1, 

VEGF, and Cox-2; while in MSE cells, it regulated PTEN, Bax, Cox-1, Cox-2, and cyclin D1. 
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Many of these targets contain putative PPREs within their gene promoter, and were previously 

shown to be directly targeted by PPARγ in vitro; however, the current project has demonstrated 

these relationships for the first time in vivo. It is interesting to note that no one has previously 

demonstrated an association between PPARγ activation and Bax upregulation in vitro. Although 

the Bax gene promoter does possess a PPRE, the link with PPARγ may occur via the latter’s 

direct upregulation of PTEN, which opposes the PI3K/AKT pathway that normally silences Bax 

expression. 

 Other groups have also assessed the MG-specific role of PPARγ in breast cancer with 

various results. Saez et al. showed that constitutively active expression of the PPARγ1 isoform in 

MG cells exacerbates polyoma middle-T (PyMT)-induced mammary tumourigenesis[328]. In 

another study, Yin and colleagues demonstrated that MG-specific silencing of PPARγ, using a 

dominant-negative approach, resulted in an enhanced susceptibility to progestin/DMBA-

mediated breast tumour progression[413]. These findings are very different from those described 

in Chapter 2, which may be due to the context in which PPARγ is studied in each case. Saez and 

colleague’s choice to study the constitutively active form of PPARγ1 may not be completely 

representative of the true MG cell context, given that PPARγ2 expression is also present, albeit 

to a lesser extent, in this cell type. Furthermore, the constitutively activated form of PPARγ1 

may prevent its normal interaction with corepressors and coactivators, many of which are shared 

among other MG cell transcription factors, thus altering the normal landscape of cell signaling. 

Yin et al.’s dominant-negative approach to silencing PPARγ may also have completely altered 

the interactions between transcription factors and available cofactors. The studies described in 

Chapter 2 employed Cre/loxP transgenic mice whereby exon 2 of the PPARγ gene, common to 
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both isoforms of PPARγ, was targeted for deletion. The result is deletion of all PPARγ, without 

possibility of compensatory upregulation of one isoform for another, and a clearer picture of 

what is happening when expression of both PPARγ1 and PPARγ2 are deleted from the same cell 

type. 

 

5.2 Limitations & Future Studies 

 There are some limitations regarding the animal model and methodology utilized 

throughout the course of these studies. With respect to the mouse mammary tumour outcomes 

observed in Chapter 2, both MG-specific PPARγ deficiency and PPARγ activation produced 

similar results. Although paradoxical, these comparable outcomes may reflect similar signaling 

pathways resulting from cofactor mobility. For example, in the PPARγ-MG KO model, 

coactivators and/or corepressors normally bound by the PPARγ/RXRα complex may be released 

to interact with their downstream signaling targets and exert their intended effects similar to 

when PPARγ is activated. This may partially explain why DMBA Only-treated PPARγ-MG KOs 

have better OS compared to DMBA Only-treated PPARγ-WTs, but comparable to PPARγ-WTs 

treated with DMBA+ROSI. A similar mechanism has been reported in a PPARβ KO mouse 

model, whereby an antiinflammatory corepressor (Bcl-6) is free to exert its effects in both 

PPARβ-deficient and PPARβ-activated cell contexts[366]. To clarify if this mechanism is 

relevant to the current studies, RNAseq and ChIPseq assays evaluating global PPARγ/RXRα 

interactions with specific cofactors and gene targets should be carried out in the context of breast 

tumourigenesis. 
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 One of the leading questions concerning these studies is whether the cells in which 

PPARγ is deleted constitute the mammary tumour proper or subsist in the microenvironment 

providing stromal signals to the tumour itself. The Nicol lab has recently generated MSE-specific 

PPARγ wildtypes and targeted knockouts, crossed onto the background of enhanced yellow 

fluorescent protein (eYFP) reporter mice (Appendix B). In PPARγ(+/+);eYFP mice, transient 

milk-producing MSE cells that appear during pregnancy and lactation remain in the mammary 

gland for at least up to 10 days following initiation of involution. Previous studies using 

comparable reporter mice have demonstrated that the MSE cell type reverts to a pseudo-

adipocyte, which remains in the mammary gland for up to 180 days after involution[260]. 

Whether or not loss of MSE-specific PPARγ produces a similar phenotype remains to be 

explored, but the PPARγ-MSE KO;eYFP mouse model will be useful to address this question. 

Tumour studies involving these mice would allow one to identify if eYFP-positive cells 

constitute the tumour proper or the tumour microenvironment. Furthermore, eYFP-expressing 

cells from each reporter strain can be prospectively isolated and assessed by NanoString 

technology to identify novel PPARγ-targets from the transcriptional changes resulting from MG 

and MSE cell-specific PPARγ loss. 

 Immunofluorescent approaches were perhaps underutilized throughout the course of 

these studies. Much of the molecular characterization of tumours was carried out using 

immunoblotting to assess protein expression changes in portions of whole normal mammary 

gland and tumour tissue. Although best efforts were made to query representative portions of 

whole tumours, it cannot be discounted that protein levels in contaminating stromal cells skewed 

or clouded the observed outcomes. It is also not often clear whether protein expression changes 
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are the result of cancer or stromal cell signaling. For example, Cox-2 was differentially 

expressed among mammary tumours in the three objectives pursued here. Since this gene is also 

expressed in other cell types, most notably in macrophages, it is not clear if the observed changes 

in Cox-2 expression occurs solely within cancer cells themselves. While immunoblotting is still 

meaningful, future studies should employ IF methods to explore protein expression across the 

tumour landscape. In this manner, tumour and stromal cells could be easily identified based on 

cell-specific marker expression. In addition, the connections made between PPARγ and its 

targets identified in these studies could be strengthened by IF colocalization in cells within and 

around the tumour, providing a more complete understanding of the mechanistic role of MG- and 

MSE-specific PPARγ throughout breast tumour progression. 

 Another limitation related to this work involves the use of DMBA to initiate 

tumourigenesis in study mice. DMBA is a potent carcinogen with the ability to initiate and 

promote tumour growth. Its downstream metabolites tend to pool in lipid-rich tissues and cells, 

found in close proximity to mammary glands and ovaries, where they can then become activated 

to produce tumours in these organs. Thus, DMBA is often used to generate mammary tumours in 

study animals in many breast cancer research laboratories. The problem with this potent 

carcinogen is that its pattern of tumourigenesis pervades beyond nonmammary tissue. For 

example, throughout these studies, lymphomas and tumours of the skin, thymus, spleen, liver, 

lung, ovary, and uterus were often observed. Some of these nonmammary tumours may have 

progressed quickly, resulting in humane endpoints that required early euthanization, and thus 

affecting survival and mammary tumour outcomes. It is also possible that rapid growth of 
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nonbreast tumours in some mice precluded the development of detectable mammary lesions, also 

affecting observed outcomes. 

 Another shortcoming of breast tumour induction via DMBA is the different subtypes that 

may be randomly generated. Throughout these studies, DMBA treatment produced breast 

adenocarcinomas (ACs), squamous cell carcinomas (SCCs), spindle cell carcinomas, 

angiosarcomas, and a number of nondescript carcinomas (NDCs). Although ACs and SCCs 

comprised the majority of the tumours observed, their numbers were often not high enough for 

statistical analyses; therefore, analyses of data relating to tumour and molecular outcomes could 

only be applied to mammary tumours as a whole rather than to the distinct histological subtypes. 

Thus, it would be worthwhile to further substratify tumours in this study by 

immunohistochemistry (IHC), which may reveal ACs and SCCs present in the NDC group. 

DMBA also typically produces ER-positive breast tumours[248]. Although the tumours in this 

study were not classified according to the current molecular subtypes of breast cancer (i.e. ER, 

PR and Her-2 status), substratification via IHC may identify distinct entities resulting from MG 

or MSE cell-specific PPARγ loss, and which of these were more responsive to PPARγ ligand 

therapy. Given that the molecular breast cancer subtypes are managed differently in the clinic, 

these findings would be more valuable and translatable to human patients. 

 To circumvent some of the aforementioned limitations of the DMBA breast cancer 

system used here, spontaneous tumour models could be employed. These systems involve the 

cell-specific overexpression of oncogenes, which transform normal cells in vivo in a pattern 

characteristic of the target gene selected. Generally, this manner of spontaneous tumourigenesis 

leads to 100% disease incidence. Furthermore, breast cell-specific transformation enables one to 
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study the effect of breast cancer in isolation, without the influence of nonmammary malignancies 

that could inevitably confound survival and tumour outcomes. 

 Depending on the oncogene selected in the spontaneous model, one can study multiple 

breast cancers, particularly with respect to the clinically relevant molecular subtypes. For 

example, mouse models that mimic ER-positive[257], ER-negative[214], and triple negative 

breast cancers[140] have been described. The Nicol lab has also accessed the MMTV-driven 

Her-2/Neu-overexpressing mouse model, which mimics the Her-2-positive breast cancer 

subtype[379]. This strain may lead to novel insights critical to PPARγ’s role in the pathogenesis 

of these clinically relevant, poor prognosis breast cancer subtypes (see also Appendix C). 

 As mentioned earlier, studies that assess the role of PPARγ in other mammary gland-

associated cell types will further strengthen our knowledge base. Ongoing studies in the Nicol 

lab have reported on the role of PPARγ in stromal adipocytes and endothelial cells. The former 

suggests that adipocyte-specific PPARγ is also protective against both DMBA- and 

DMBA+ProHF-mediated breast tumour progression[344], while the latter suggests endothelial-

specific PPARγ may also play a role in thymic tumourigenesis (unpublished). With the 

identification of cancer stem cells (CSC) in breast tumours, and their in vivo regenerative 

ability[98], it will be worthwhile to explore PPARγ in mammary stem cells. Unfortunately, 

definitive markers of breast CSCs have yet to be identified, but studies using a PPARγ-CSC 

knockout mouse would be of interest to the breast cancer field. On the other hand, among the 

established knockout strains that are available, it would also be interesting to explore the role of 

PPARγ in DMBA-mediated breast carcinogenesis during different stages of mammary gland 
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development, such as in utero or postmenopause. The latter is particularly intriguing given that 

the majority of breast cancers (~80%) occur in postmenopausal women[52]. 

 In order to better translate these findings to the clinic, tissue microarrays (TMAs) should 

be employed to assess the role of PPARγ in human breast cancer. TMAs enable high-throughput 

profiling of molecular targets by IHC in a large number of human tumours, each matched with 

clinical outcome data. As such, TMAs have become an invaluable asset in translational research 

enabling one to assess the clinical relevance of novel biomarkers. These tools should be used to 

assess the relevance of PPARγ loss in a cohort of breast cancer patients, across all molecular 

subtypes. Contextually speaking, the function of MG-specific PPARγ should be examined in 

nulliparous patients; however, the MSE-specific role could be explored in postpregnant patients, 

given that MSEs are only relevant in this cohort. With respect to the former, this analysis may 

confirm the clinical value of MG-specific PPARγ during breast tumour progression. In the latter, 

analysis may reveal important implications for clarifying the role of PPARγ in postpartum breast 

cancer. To enable the assessment of PPARγ activation in human breast cancer, TMAs should 

include tumours from diabetic patients who were treated long-term with or without TZDs to 

control their diabetic symptoms. The assessment of PPARγ expression and its downstream 

targets identified in this project would also be extremely useful to determine if the mechanisms 

elucidated here are relevant in human breast cancer. These experiments may also identify 

whether stromal or tumour expression of PPARγ, and its targets, correlate with clinical overall 

survival and recurrence/metastasis outcomes; thus providing the basis for generating new 

biomarkers to guide clinical management of, and develop novel treatments for, breast cancer 

patients. 
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 Finally, with the stigma surrounding diabetic patient use of rosiglitazone and its link to 

elevated cardiovascular risk, the development and use of safer PPARγ activating compounds is 

necessary if these drugs are to make their way into the breast cancer clinic. At the moment, 

natural ligands for PPARγ represent excellent lead compounds for assessment of their efficacy in 

preclinical trials. Cis-9, trans-11 conjugated linoleic acid (CLA), found in ruminant-derived meat 

and dairy products, is one such naturally-occurring fatty acid compound and PPARγ ligand[418] 

that is not known to be associated with any major health risks. Excitingly, studies have shown 

that CLA has antiinflammatory and antiestrogenic properties that may account for its ability to 

stop human breast cancer cell growth in vitro[368, 418] and murine breast tumours in vivo[30, 

158]. Curcumin, a component of turmeric, is another safe and naturally-occurring ligand that 

exerts antiinflammatory effects via PPARγ activation[160]. Given the results of this project, it 

may be worthwhile to pursue clinical studies with these compounds, which could eventually lead 

to the safe use of PPARγ ligand therapy, alone or in combination with current chemotherapeutic 

agents, in the management of breast cancer patients. 

 

5.3 Conclusions 

 The studies outlined in this thesis advance the current understanding of the field in terms 

of the role of PPARγ in both nulliparous and postpartum mammary epithelial cells during breast 

cancer risk factor-mediated tumourigenesis. They also add further evidence supporting a novel 

use for PPARγ activators in treating, at least a subset, of breast cancer patients. Finally, as a 

whole this thesis provides the first evidence that mammary epithelial specific expression of 

PPARγ may be useful as a predictive biomarker for breast tumour progression.  
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Appendices 
 
Appendix A 
 
 The following supplementary figures described in this appendix section are meant to 

accompany the research chapters of this thesis. 

 
 
Figure 23. Weekly mouse weights and dietary consumption of PPARγ-WT and PPARγ-
MSE KO mice during DMBA studies. Average mouse body weights recorded among DMBA 
Only-treated strains of mice (A) and DMBA+ROSI-treated strains (B) throughout the 25-week 
study. Closed circles, PPARγ-WT mice; open circles, PPARγ-MSE KO mice; n, number of mice. 
The average amount of ROSI diet consumed during weeks 7 to 25 for DMBA+ROSI-treated 
strains (C). 
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Figure 24. In vivo effects of MSE-specific PPARγ deletion on mammary tumour onset. For 
each strain and treatment group, mean tumour onset was calculated by finding the average week 
in which mammary tumours were discovered by palpation or upon necropsy, and are reported 
here as mean±SD. Black bars, PPARγ-WT mice; white bars, PPARγ-MSE KO mice; number in 
parentheses, number of mice; **, significantly different from PPARγ-WT mice, p<0.01. 
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Figure 25. Weekly mouse weights and dietary consumption of PPARγ-WT and PPARγ-
MSE KO mice during protumourigenic high fat (ProHF) and DMBA studies. Average 
mouse body weights recorded among ProHF+DMBA-treated strains of mice (A) and 
DMBA+ProHF+ROSI-treated strains (B) throughout the 25-week study. Closed circles, PPARγ-
WT mice; open circles, PPARγ-MSE KO mice; n, number of mice. The average amount of ROSI 
diet consumed during weeks 7 to 25 for ProHF+DMBA-treated strains (C) and 
DMBA+ProHF+ROSI-treated strains (D). 
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Appendix B 
 
 Given that the evidence in Chapter 3 indicates that MSE cells lacking functional PPARγ 

are not the cell of origin during DMBA-mediated mammary tumourigenesis, a better 

understanding of MSE cell fate during involution and breast tumour progression is critical. This 

is complicated by the fact that MSE cells lack distinguishable cell surface markers that could be 

used to isolate this dynamic subpopulation for further study. To track the MSE lineage during 

involution, transgenic mice carrying an eYFP reporter gene containing a floxed termination 

sequence were crossed with PPARγfl/fl;WAP-Cre+ (PPARγ-MSE KO) and PPARγ+/+;WAP-Cre+ 

control mice to generate PPARγ-MSE KO;eYFP and PPARγ(+/+);eYFP strains, respectively. In 

both strains, WAP-Cre expression is active during pregnancy and lactation and Cre-mediated 

deletion of the floxed stop sequence in the eYFP reporter gene drives MSE cell-specific eYFP 

expression. The PPARγ(+/+);eYFP strain is useful for studies determining the normal fate of the 

MSE cells during involution, and provide a baseline comparison for tracking physiological 

changes in MSE cells among PPARγ-MSE KO;eYFP mice. Spinning disc images of 

PPARγ(+/+);eYFP mammary tissue during lactation and involution, displayed in Figure 23A, 

show the retention of MSEs after involution suggesting these remaining cells could influence 

breast tumourigenesis postinitiation. Figure 23B shows the successful isolation of eYFP-positive 

MSE cells in PPARγ(+/+);eYFP mammary tissue versus negative control lung tissue. Preliminary 

work will also be carried out in PPARγ-MSE KO;eYFP when this strain is ready. Studies in 

these PPARγ mouse strains assessing the fate of MSE cells lacking functional PPARγ at early 

and late stages of involution will provide clues as to the composition of the mammary gland at 

the time of tumour initiation.
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Figure 26. Visualization of mammary secretory epithelial cells: Spinning disc images of 
PPARγ-WT;eYFP mouse mammary tissue (A) at the indicated times during lactation and 
involution. Flow cytometry sorting (B) of eYFP-positive MSE cells from PPARγ-WT;eYFP 
mouse mammary glands. Negative control lung tissue (left) and mammary glands (right). 
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Appendix C 

 To examine the interactions of PPARγ and Her-2, PPARγ-MG KO mice were crossed 

with previously established MG-specific Her-2/Neu-overexpressing (NIC) mice[378] to generate 

the NIC/PPARγ-MG KO strain. Although preliminary studies with this strain have just begun in 

the Nicol lab, several spontaneous tumours and secondary metastatic lesions have been observed. 

Serendipitously, a metastatic tumour cell line was established from a NIC/PPARγ-MG KO 

mouse. Normal mammary and tumour tissues, as well as lung tumour metastases, were assessed 

by Western blot for changes in PPARγ, Y877 pHer-2 and total Her-2 expression (Figure 24). 

Tumour cell lines, including the NIC/PPARγ-MG KO-derived metastatic lung tumour cell line, 

were similarly assessed for these targets (Figure 25). These preliminary findings demonstrate 

that the metastatic lung tumour cell line expresses similar PPARγ and pHer-2/Her-2 levels as the 

original lung metastases from which it was derived. 
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Figure 27. NIC/PPARγ-MG KO mouse mammary tumour characterization: Immunoblot 
(A) showing PPARγ, Y877 pHer-2 and total Her-2 protein expression in normal mammary 
glands (MG), primary mammary tumours and lung metastases from PPARγ-WT (WT) and 
Nic+/PPARγ-MG KO mice. β-actin served as loading control. (B) Densitometry for PPARγ, 
Y877 pHer-2 and total Her-2 were performed using ImageJ software. Log fold changes are 
relative to WT MG. Black boxes, PPARγ; checkered boxes, Y877 pHer-2; white boxes, total 
Her-2. 
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Figure 28. NIC/PPARγ-MG KO metastatic lung tumour cell line characterization: 
Immunoblot (A) showing PPARγ, Y877-pHer-2 and total Her-2 protein expression in tumour 
cell lines, including a NIC+/PPARγ-MG KO-derived metastatic lung tumour cell line (NIC). α-
actinin served as loading control. Densitometry for PPARγ, Y877 Her-2 and total Her-2 were 
performed using ImageJ software. Protein fold changes are relative to loading control. Black 
boxes, PPARγ; checkered boxes, Y877 pHer-2; white boxes, total Her-2.
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Appendix D 

 To further explore the consequences of PPARγ loss in MSE cells on the mammary 

microenvironment, protein expression changes in several targets related to DMBA metabolism 

were assessed by Western blot. These include the cytochrome P450 (CYP) enzymes, CYP1A1, 

CYP1A2 and CYP1B1, as well as the cyclooxygenases, Cox-1 and Cox-2, and the 

lipooxygenase, 5-LPO. Briefly, immunoblot analysis (Figure 26) of these targets in untreated 

involuted mammary tissue from both strains of mice showed significantly increased Cox-1 

expression among PPARγ-MSE KOs versus PPARγ-WT mice. This suggests that PPARγ 

signaling in MSE cells normally suppresses Cox-1 expression, and that PPARγ-MSE KO mice 

may be more susceptible to DMBA-mediated carcinogenesis via Cox-1-mediated bioactivation 

of this carcinogen or its metabolites, although this remains to be proven.  
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Figure 29. Molecular analysis of mammary microenvironmental changes resulting from 
MSE-specific PPARγ loss: Representative protein expression changes in PPARγ, 5-LPO, Cox-
2, Cox-1, CYP1A1, CYP1B1 and CYP1A2 within untreated involuting mammary glands (Invol 
MG) from PPARγ-WT and PPARγ-MG KO mice were analyzed by (A) immunoblot. β-actin 
served as loading control. (B) Densitometry for PPARγ, 5-LPO, Cox-2, Cox-1, CYP1A1, 
CYP1B1 and CYP1A2 were performed using ImageJ software, and expressed as mean±SD. Fold 
changes are relative to loading control. Black boxes, PPARγ-WT; white boxes, PPARγ-WT; *, 
significantly different from PPARγ-WT, p<0.05. 
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