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Abstract 

Breast cancer is the most commonly diagnosed female cancer, and kills 1 in 30 Canadian 

women, mostly from metastatic disease. Previous studies showed PPARγ decreases breast cancer 

progression, but due to the many mammary gland-associated cell types expressing PPARγ, each 

with unique signal patterns, the mechanisms required clarification. To define the mammary 

stromal role of PPARγ during breast tumourigenesis, cell-type targeted PPARγ knockout (KO) 

mice were generated, and studied using both chemical carcinogen (DMBA) and multi-risk factor 

DMBA + protumourigenic high fat diet (ProHF) models. PPARγ adipocyte targeted KO mice 

(PPARγ-A KO) were more susceptible to DMBA and DMBA+ProHF-induced mammary 

tumourigenesis than wild-type (PPARγ-WT) controls. In both studies, PPARγ-A KO mice had 

increased mammary tumour incidences and decreased latency. PPARγ-A KOs also developed 

more ovarian tumours when treated with DMBA+ProHF. Dietary supplementation with the 

PPARγ activator rosiglitazone (ROSI) rescued tumourigenic phenotypes in PPARγ-WTs more so 

than PPARγ-A KOs. Mechanistic studies unveiled untreated PPARγ-A KOs had significantly 

decreased BRCA1 expression in mammary stromal adipocytes, decreased circulating IL-2, IL-13 

and MIP-1α, and increased serum leptin. BRCA1 regulates aromatase in adipocytes, IL-2, IL-13 

and MIP-1α stimulate immune surveillance, and leptin promotes tumour cell proliferation and 

angiogenesis. These novel findings suggest that loss of PPARγ in mammary stromal adipocytes 

exerts both local and systemic protumourigenic signaling changes contributing to breast and 

ovarian tumourigenesis, and that use of ROSI may be beneficial to some patients. Since human 

use of ROSI is limited due to peripheral edema, which may stem from vascular endothelial cell 

(VEC) effects, PPARγ-VEC KO mice were used to unravel the mechanisms. In contrast to PPARγ-

WTs, PPARγ-VEC KOs resisted extracellular fluid increases and plasma volume expansion in 
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response to ROSI. FAK and VE-cadherin were also dramatically increased in PPARγ-VEC KO 

endothelial cell junctions compared to PPARγ-WTs. These studies directly unveil the mechanisms 

of TZD-induced edema and identify biomarkers to improve the therapeutic window for PPARγ 

agonists. In the long-term, these studies may help identify susceptible populations, and serve as 

the basis for novel treatments to prevent deaths among the 24,000 Canadians diagnosed with breast 

cancer in 2014. 
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Chapter 1 - Introduction and Literature Review 

1.1 Etiology of Cancer 

Cancer is the leading cause of death in developed countries[1], accounting for 

approximately 30% of all deaths[1]. The Canadian Cancer Society estimates that 191,300 

Canadians will be diagnosed with cancer in 2014 and 76,600 will die from the growth and spread 

(progression) of cancer, which translates to ~500 Canadians newly diagnosed with cancer and 

nearly 200 succumbing to their disease every day[1]. Despite extensive research and notable 

progress in some tumour types and treatments, these statistics reveal the need for new therapeutic 

approaches to reduce the burden of cancer on Canadians. Improved understanding of the etiology 

that underlies cancer onset and progression may aid in identifying populations at risk of cancer 

progression, and lead to novel therapies to prevent cancer-related deaths. 

 In their landmark review in 2000, Hanahan and Weinberg summarized six hallmarks that 

defined the transformation of normal cells into cancer cells. These hallmarks include: sustaining 

proliferative signaling, evading growth suppressors, resisting cell death, enabling reproductive 

immortality, inducing angiogenesis and activating invasion and metastasis[2]. As cancer cells 

proceed through essential milestones in tumour initiation, promotion, and progression they acquire 

many of these hallmarks. In 2011, the authors added two enabling hallmarks, tumour-promoting 

inflammation, and genome instability and mutation, as well as two emerging hallmarks, avoiding 

immune destruction and deregulating cellular energetics[3] (Fig. 1) The hallmarks particularly 

relevant to this project are briefly described below. 

1.1.1 Sustaining Proliferative Signaling 

 In multi-cellular organisms, communication between cells is essential for appropriately 

timed growth, differentiation and cell death, which allows for normal organ/tissue development  
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Figure 1. Hallmarks of Cancer. A summary illustration depicting the ten characteristics essential 

for cancer development and progression, including: sustaining proliferative signaling; evading 

growth suppressors; resisting cell death; enabling reproductive immortality; inducing 

angiogenesis; activating invasion and metastasis; emerging features such as avoiding immune 

destruction and deregulating cellular energetics; and enabling features such as tumour-promoting 

inflammation, and genome instability and mutation. These hallmarks may arise at different times 

or in different combinations for any given tumour, but all are self-sufficient in contributing to 

carcinogenesis.  Adapted from Hanahan and Weinberg, 2011[3]. 
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and function. To accomplish this, cells emit signals such as growth factors that are recognized by 

other cells (paracrine stimulation), or the emitting cell itself (autocrine stimulation), and respond 

to the message. In a typical growth signaling network, the activation of cell-surface receptors 

targeted by extracellular growth-promoting factors triggers branched cytoplasmic protein 

signaling cascades, often through intracellular tyrosine kinase domains. For example, epidermal 

growth factor (EGF) binds to three members of the epidermal growth factor receptor (EGFR) 

family including; ErbB1/EGFR/HER1, ErbB3/HER3 and ErbB4/HER4 but not 

ErbB2/HER2/NEU[4]. Ligand binding induces receptor dimerization which brings the 

cytoplasmic kinase domains of each receptor into close proximity for trans-phosphorylation[5]. 

Once phosphorylated, the cytoplasmic regions recruit effector proteins that activate pathways 

involved in proliferation, migration and survival, such as KRAS-BRAF-MEK-ERK, 

phosphoinositide 3-kinase (PI3K) and signal transducer and activator of transcription (STAT) 

signaling pathways including STAT3 and STAT5, which are constitutively activated in many 

tumours[6, 7].  

This type of signaling network is usually tightly regulated to ensure stability of cell 

numbers which, in turn, maintains tissue architecture[8]. To terminate EGFR signaling, the 

receptor-ligand complex is internalized using clathrin-coated pits that form endocytic vesicles[9]. 

These vesicles fuse with the early endosome, which recycles the receptor back to the plasma 

membrane or directs it for lysosomal degradation, as needed[10]. These mechanisms ensure that 

normal EGFR signaling is transient rather than sustained.  

 In cancer cells, deregulation was reported at all levels of this pathway. First, cancer cells 

may actively secrete their own growth-stimulating molecules, or stimulate their release from 

tumour-associated stromal cells[11, 12], resulting in autocrine or paracrine growth stimulation, 
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respectively. Cancer cells may also overexpress growth factor receptors or express constitutively 

active mutant forms of those receptors. By expressing more receptors, cancer cells increase their 

response to normal ligand concentrations. For example, EGFR is amplified in a subset of cervical 

cancer cases, and associated with shorter overall survival[13]. Truncated or mutated receptors can 

transmit growth-promoting signals in the absence of ligand activation. For example, the 

ectodomain of EGFR is truncated in glioblastomas, and lung and breast carcinomas leading to 

sustained signaling[14]. Since many growth factor receptors require dimerization to become 

activated, cancer cells can also increase growth factor receptor-associated signaling by 

upregulating the expression of dimerization partners. ERBB2, the preferred heterodimerization 

partner of the other EGFR family receptors[15], is upregulated in a subset of breast tumours[16]. 

Finally, the downstream pathways may become altered in cancer cells leading to activation or 

disruption of negative-feedback mechanisms. A classic example of the latter occurs via oncogenic 

RAS mutations that compromise its GTPase activity, critical for GTP hydrolysis, resulting in an 

inability to shutdown RAS growth-promoting signals[17].  

1.1.2 Evading Growth Suppressors 

 In addition to growth-promoting pathways, cells are equipped with programs that 

negatively regulate growth and progress through the cell cycle. This ensures that proliferation only 

occurs when desired. Thus, cancer cells must not only induce and sustain growth-stimulating 

signals, but also circumvent the mechanisms that restrict growth and cell cycle progression largely 

attributed to the activity of tumour suppressor genes. 

 Tumour suppressor genes (TSGs), as their name implies, reduce the incidence or 

progression of tumours. Generally, both TSG alleles must be inactivated, through processes such 

as genomic mutation, promoter methylation or loss of heterozygosity, for a cancer cell to gain a 
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proliferative advantage[18]. TSGs may be stratified into two broad categories: “gatekeepers” that 

govern cellular proliferation; and “caretakers” that maintain genomic integrity[8]. Of the many 

genes involved in gatekeeper or caretaker activities, only those that meet specific criteria will be 

classified as TSGs. Fundamental TSG properties include: 1) lack of gene expression or mutation 

in tumour cells compared to normal cells; 2) reversion of the cancer phenotype when the intact 

wild-type gene is re-introduced; 3) a biochemical rationalization based on the gene product’s 

normal function; and 4) increased susceptibility to tumourigenesis observed in gene knockout 

models[8].    

 Two important TSGs, tumour protein 53 (TP53 or p53) and retinoblastoma (Rb), govern 

complementary cellular circuits that determine whether cells will undergo apoptosis, senescence 

or proliferation. Rb is the critical gatekeeper governing the checkpoint that precedes the G1/S 

phase transition[19]. Rb is phosphorylated by cyclin dependent kinases that cause Rb to release 

E2Fs. E2Fs have many targets including those involved in cell division (best reviewed 

elsewhere[20]; however, high E2F levels induce apoptosis which serves as an internal checkpoint 

against runaway proliferation[21]. In order for cells to pass through G1, Rb becomes 

hyperphosphorylated and inactivated. Growth factors induce the expression of cyclin proteins that 

initiate Rb phosphorylation through cyclin dependent kinases[22], while the TSG transforming 

growth factor (TGF)-β normally dephosphorylates, and thus maintains activated Rb[23]. The Rb 

pathway is so important that it is reportedly perturbed via Rb mutations, loss of heterozygosity and 

promoter methylation in most types of human cancer, including retinoblastomas, osteosarcomas 

as well as bladder, breast, esophageal and lung carcinomas[8, 24].  In addition, although Rb(-/-) 

mice die in utero due to apoptosis induced by rampant E2F signaling, Rb(+/-) mice are more 

susceptible to pituitary tumourigenesis[22, 25]. 
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p53 fulfills multiple tumour suppressor functions; halting cell cycle progression if the 

genome is damaged or nutrient stores are suboptimal, and allowing for DNA repair. If genomic 

damage or nutrient insufficiency is severe enough, or cell death-signals are received by the cell, 

p53 may also trigger apoptosis[26]. p53 is considered the most frequently mutated gene in human 

tumours[8]. Mice lacking both copies of p53 develop lymphomas and sarcomas leading to reduced 

life-spans[27]. To maintain low cellular levels, p53 directs transcription of mouse double minute 

(MDM)2, which initiates p53 ubiquitination and targeted proteasomal destruction[28]. Not 

surprisingly, MDM2 is amplified in many human tumours[29]. 

1.1.3 Resisting Cell Death 

 To populate and maintain a tumour, cancer cells must evade apoptosis, the programmed 

cellular death induced when the cell experiences extreme stress. Apoptosis is regulated by two 

distinct circuits: the extrinsic pathway, which senses and integrates extracellular signals from the 

FAS receptor; and the intrinsic pathway, which receives and processes messages from inside the 

cell. Both pathways activate caspase cascades that activate pro-apoptotic proteins, such as BAX 

and BAK, embedded in the mitochondrial membrane. BAX and BAK disrupt mitochondrial 

membrane integrity, allowing cytochrome c to be released and form the apoptosome complex with 

APAF-1. The apoptosome activates caspase 9, which subsequently activates caspases 3, 6 and 7 

that cleave death substrates leading to apoptosis. Normally, BAX and BAK are down regulated by 

the anti-apoptotic BCL-2 family proteins[8, 30] (Fig. 2). 

Many groups have shown that evasion of apoptosis via diverse mechanisms enables 

tumourigenesis to occur[31, 32]. The first evidence was a chromosomal translocation that activates 

BCL-2 in human follicular lymphoma[33]. More commonly, p53 function is lost through promoter 

methylation, mutation or suppression of upstream regulators[34]. Interestingly, mutated p53 
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confers additional advantages on tumour cells[35]. Normally, p53 functions as a tetramer, 

therefore, a mutant version of p53 affects the function of the entire tetramer, even if intact wild-

type p53 is also present[8]. One way or another, cancer cells increase expression of anti-apoptotic 

regulators or downregulate/deactivate pro-apoptotic proteins in order to prevent apoptosis. 

1.1.4 Enabling Replicative Immortality 

 In order to survive long enough to generate tumours, cancer cells must not only evade 

apoptosis, but also cellular senescence, a non-proliferative state in which the cell remains viable. 

Senescence is largely governed by telomeres, multiple tandem nucleotide repeats that protect the 

ends of chromosomes and progressively shorten as cells proliferate[36]. After many cellular 

generations, telomeres erode to the point that they can no longer protect the chromosomes, 

triggering cellular death through crisis[36]. Many human cancer cells ectopically express 

telomerase, an enzyme that adds telomere repeats to the ends of chromosomes[37]. This, in 

combination with avoiding apoptosis, allows incipient cancer cells to propagate long enough to 

acquire the changes associated with the other hallmarks.  
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Mammary Gland Cell 

 

 

Figure 2. The apoptosis cascade. Intrinsic and extrinsic pro-apoptotic pathways converge to 

stimulate cytochrome c release from the mitochondrial membrane. Cytochrome c complexes with 

APAF-1 to form the apoptosome, which cleaves procaspase-9. Caspase-9 cleaves procaspases-3, 

6 and 7, leading to the activation of various death substrates, and ultimately apoptosis. Modified 

from Weinberg, 2014[8].  
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1.1.5 Inducing Angiogenesis 

 As tumour volume increases, central tumour cells become too far removed to access 

oxygen and exchange nutrients through passive diffusion with existing vasculature networks. To 

meet their intense metabolic needs, cancer cells encourage the development of neovasculature 

through angiogenesis, along with help from inflammatory immune cells[38, 39]. Angiogenesis 

provides tumours with the necessary nutrients and oxygen, as well as a conduit for disseminating 

to distant sites. Vascular endothelial growth factor (VEGF) is a key player in this process, exerting 

its effects by binding to VEGF receptors on the surface of endothelial cells, thereby inducing 

proliferation and differentiation[40]. 

 Expression of VEGF and other angiogenic factors can be induced in several ways. The 

VEGF promoter is activated by STAT3, which reciprocally activates VEGF[8]. Additionally, 

within the tumour cells, RAS and p53 may influence expression of angiogenic factors[41, 42]. 

These factors are also induced by multiple environmental stresses, such as nutrient deprivation, 

reactive oxygen species (ROS)[43], hypoxia[44], cellular acidosis and iron deficiency[39]. 

Further, VEGF is often sequestered in the extracellular matrix of the tumour environment, and 

released when tumour generated proteases are secreted to degrade the matrix[45]. 

1.1.6 Activating Invasion and Metastasis 

The vast majority of human tumours arise from epithelial tissue; however, epithelial-

derived primary tumours are generally not responsible for cancer-induced death. Instead, most 

cancer-related deaths are caused by distant metastasis[8]. Therefore, research into the metastatic 

process is critical to prevent cancer mortality. Unfortunately, in many cases, metastasis has 

occurred by the time patients are diagnosed with cancer[46], suggesting that anti-metastatic 

therapies may be best suited for prophylactic, as opposed to curative treatment. 
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 To metastasize, primary tumour cells must acquire the ability to leave the primary tumour, 

invade nearby tissue regions, intravasate into local blood or lymphatic vessels, avoid immune 

surveillance, extravasate at a distant site, form micrometastatic lesions at the novel site and finally 

grow into macroscopic tumours[3]. Normal epithelial cells are tethered to adjacent epithelial cells 

by E-cadherin[47]. This maintains adherence and prevents migration. E-cadherin is frequently 

inactivated or mutated, while N-cadherin, a protein expressed by wandering mesenchymal cells, 

is expressed in cancer cells[48, 49]. Altered cadherin expression in tumourigenesis occurs as part 

of a process normally reserved for embryogenesis and wound healing, the epithelial-mesenchymal 

transition (EMT)[50]. EMT is orchestrated by multiple transcription factors, including Twist, Snail 

and Slug, which cause altered cellular morphology, adherence and increased motility[51](Fig. 3). 

Once tumour cells gain access to vasculature they can travel throughout the body. 

However, colonizing distant sites and establishing viable metastases is challenging. Several studies 

identified patients with established micrometastases but no metastatic tumours[46, 52, 53]. This 

may be due to multiple factors such as the dependence of tumours on the local microenvironment 

(discussed in section 1.2), so that certain tumours preferentially metastasize to certain sites[8]. For 

example, breast tumours typically metastasize the liver, lungs, brain and/or bones[54-57]. 
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Figure 3. Epithelial Tumour Metastatic Process. Epithelial tumours begin as carcinomas in situ; 

however, they progress to invasive carcinomas as tumour cells undergo EMT, converting from 

epithelial-like to mesenchymal-like. This allows tumour cells to intravasate into nearby lymphatic 

or circulatory vasculature, avoid immunosurveillance and extravasate at distant sites. Once there, 

cancer cells reverse the original transformation, undergoing mesenchymal-epithelial transition 

(MET), and colonize the metastatic site. Modified from Weinberg (2014)[8].  
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1.1.7 Enabling Characteristics: Genomic Instability and Inflammation 

 In order to achieve the many hallmarks described above, incipient cancer cells alter their 

transcriptome. One way to do this is through genetic mutation which, in rare cases, confers survival 

or proliferative advantages upon a cell. Normally, the genome is monitored by several protective 

pathways to ensure the rate of spontaneous mutation is very low[58]; however, cancer cells can 

compromise the genomic surveillance system by altering the caretaker genes that normally ensure 

genome protection[59]. When one of these components is mutated, such as p53, tumour cells can 

rapidly accumulate numerous mutations[60]. 

Damaged DNA can be repaired in several ways depending on the type of damage that has 

occurred. Each repair pathway identifies a specific damage type and either repairs it, or if the 

damage is too severe, initiates apoptosis. Damage to single nucleotides can be fixed by: base 

excision, which uses DNA glycosylase to remove a single base; nucleotide excision, which 

removes DNA adducts[61]; mismatch repair, which removes incorrectly paired nucleotides[62]; 

and double strand break repair, which is accomplished by homologous recombination or non-

homologous end-joining[63]. Homologous recombination involves the exchange of genetic 

information between homologous regions of sister chromatids, while non-homologous 

recombination directly connects the two ends of a DNA double strand break[64] (Fig. 4).  
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DNA 

 

Figure 4. DNA Repair Mechanisms. DNA can be damaged in several ways including 

single/double strand breaks, bulky adducts, mismatches, insertions, deletions and base alkylation. 

These insults can be fixed using a variety of repair pathways, which are carried out by many 

proteins. Examples of the type of damage response found in different types of tumours and 

chemotherapeutic drugs that prevent the damage response are described (bottom). Modified from 

Lord and Ashworth (2012) [63].  
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Tumourigenic pathways are also enabled by infiltrating immune cells which surround most 

tumours[65]. Paradoxically, these immune cells can actually help tumours develop and thrive by 

secreting factors that promote growth, survival, invasion, metastasis and angiogenesis. 

Inflammatory cells also secrete factors such as ROS, which are essential for various endogenous 

signaling pathways at normal concentrations, but damage/alter subcellular macromolecules, such 

as DNA, at high concentrations[66, 67]. Through these diverse mechanisms, ROS exposures can 

increase genomic alterations and drive EMT[68]. The contribution of immune cells in the tumour 

microenvironment is discussed more thoroughly below (section 1.2). 

1.2 Tumour/Stromal Interactions 

To advance our ability to prevent cancer-related deaths, we must understand not only the 

hallmarks that relate to the etiology of this disease at the cancer cell level, but also the biology and 

interactions of cells within and surrounding the tumours themselves. In fact, the cell population 

within tumours is extremely heterogeneous at the genetic and phenotypic level. Solid tumours are 

comprised of many cells types in close proximity, including epithelial, immune, endothelial, 

fibroblasts and pericytes[3]. These cells may therefore interact with each other as well as 

surrounding cell types in the tumour stroma.  

In recent years cancer stem cells, capable of both self-renewal and differentiation into other 

cell types, were identified in diverse cancer types, including hematopoietic malignancies, as well 

as carcinomas of the breast and colon[69, 70]. The theory that cancer stem cells exist within a 

cancer cell population was first elucidated in blood-borne malignancies when researchers found 

that only small fractions of cancer cell subpopulations were able to form colonies in vitro or in 

vivo[71, 72]. Additionally, tumour-associated stem cells may play a role in angiogenesis and 

metastasis[73]. Compared to their normal cell counterparts, stem cell populations isolated from 
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malignant gliomas express higher levels of VEGF, which significantly enhances endothelial cell 

migration and tube formation[74]. Within established tumours, the proportionally larger stem-cell 

populations correlate with more endothelial cell recruitment[75]. 

The fact that only a subset of cancer cells present in tumour are capable of developing and 

propagating tumours, has profound implications for cancer therapy, which typically aims to 

eradicate all cancer cells equally. It is postulated that the inability of existing therapeutics to 

eradicate cancer stem cells may explain the difficulty clinicians have treating metastatic 

tumours[69, 76]. Tumour stem cell populations express common stem-cell genes such as OCT4, 

NOTCH1, ALDH1, FGFR1, and SOX1 that are being studied as potential therapeutic targets[77]. 

Targets from the Hedgehog, Notch and Wnt signaling pathways are also being investigated in light 

of their important role in stem cell propagation[78]. For example, treatment with cyclopamine, an 

agent that antagonizes the Hedgehog pathway by affecting the activation of Smoothened, with or 

without interfering RNA directed against specific Hedgehog pathway members, reduced 

metastasis in xenograft models of prostate and colon cancer[79, 80]. Still, it is not stem cells but 

tumour-initiating epithelial cells that are believed to undergo EMT, a key event in the progression 

of epithelial-derived tumours[8]. Opponents of the cancer stem cell theory argue that these tumour-

initiating cells are the most desirable to target therapeutically. 

Within a tumour, heterotypic interactions between initiated cancer cells and other cell types 

govern all aspects of tumourigenesis, as described above in section 1.1. For instance, innate 

immune cells that infiltrate tumours may release proinflammatory factors that drive 

protumourigenic pathways such as proliferation, migration and angiogenesis. Tumour-associated 

fibroblasts secrete molecules that have similar effects on cancer cells and control extracellular 

matrix remodelling[81]. Endothelial cells express receptors for many of these molecules and are 
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actively recruited to tumour sites[82]. Pericytes, specialized mesenchymal cells, support the 

vascular network within tumours by synthesizing the vascular basement membrane and stabilize 

the integrity of vascular components in tumours[83]. An extensive discussion of the reciprocal 

interactions between all cell types associated with the tumour microenvironment is beyond the 

scope of this review. Instead the focus here will be on the two cell-types that are critical to this 

project, namely adipocytes and endothelial cells.  

Adipocytes are well known for their role in energy storage. Additionally, they function, on 

a systemic level, as an endocrine organ, secreting a number of protein hormones known as 

adipokines[84]. These adipokines include leptin and hepatocyte growth factor which increase 

growth and survival of cancer cells[85]. In contrast, adipocytes also secrete adiponectin, an anti-

tumourigenic factor in multiple types of cancer including breast, colorectal, liver and prostate[86]. 

Given this dichotomy, there is tremendous interest in understanding, and ultimately modulating, 

the processes that govern adipokine secretion. This is especially important because obesity 

increases the risk for several pathological conditions, including many cancer types[84], in part 

because adipocytes in obese individuals are altered in size, total number and secreted levels of 

leptin and/or adiponectin[87]. Co-culture assays show that the presence of mature adipocytes 

promotes cancer cell invasion. Interestingly, in these experiments the adipocytes were also affected 

by the presence of the tumour cells, changing their phenotype and expression profile by increasing 

secretion of proteases and proinflammatory cytokines[88]. These studies provide further evidence 

of the crosstalk that exists between tumour cells and stromal adipocytes. 

Endothelial cells also play key roles during tumour progression as all cells depend on 

oxygen diffusion for survival. If oxygen needs are not met, a condition referred to as hypoxia, then 

HIF-1α and β transcription factors upregulate genes that drive angiogenesis, including VEGF[89]. 
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VEGF stimulates endothelial cell proliferation and differentiation into capillaries, which are able 

to penetrate existing tissue layers[90]. In addition to VEGF, TGF-β, interleukin-8, angiopoietin, 

angiogenin and platelet-derived growth factor (PDGF) are responsible for attracting endothelial 

cells to tumours[8]. Pericytes and smooth muscle cells are also recruited to tumours by 

angiopoietin-1 and 2 where they surround and support the endothelial cells[91]. There is evidence 

that initially some tumours are unable to attract and build neovasculature, and fail to progress until 

they can. Eventually, tumours with survival advantage gain this ability, referred to as the 

‘angiogenic switch’[92]. It is postulated that the angiogenic switch occurs due to the cross-talk 

between cancer cells and infiltrating mast cells and macrophages. These latter cells release matrix 

metalloproteinase (MMP)-9 that degrades the surrounding extracellular matrix, enabling secreted 

VEGF to activate nearby endothelial cells[93]. Interestingly, tumour-associated vasculature is 

assembled more haphazardly, and as a consequence is much leakier, than normal capillary 

networks[94]. 

1.3 Breast Cancer 

Breast cancer is the most common cancer among Canadian women, other than non-

melanoma skin cancers, and is the second leading cause of death[1]. Currently, 1 out of every 9 

Canadian women is diagnosed with breast cancer during her lifetime and 1 in 30 ultimately dies 

from the disease[1]. In 2014, the Canadian Cancer Society estimates that >24,400 Canadian 

women will be diagnosed and 5,000 will die from breast cancer. In addition, although only 210 

Canadian men will be diagnosed with breast cancer in 2014, those who are susceptible suffer even 

worse outcomes, with 60 estimated to die from this disease[1].  

 The vast majority of breast cancers arise from epithelial cells[95] yet mortality due to 

breast cancer is nearly exclusively the result of metastatic disease. Because of this, researchers are 
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particularly interested in understanding, and ultimately modulating, the metastatic process. Breast 

cancer preferentially metastasizes to organs such as the liver[57], lungs[54], brain[55] or 

bones[56]. Patient mortality and response to therapy are affected by the patient’s 

clinicopathological sub-type of breast cancer (discussed below Section 1.3.2) as well as certain 

risk factors (discussed below Section 1.3.3).  

Extensive research efforts have reduced the burden of breast cancer through improved 

targeted therapies and, possibly, advanced early detection. More sensitive screening methods, and 

the prevalence of hormone replacement therapy (HRT), initially increased breast cancer incidence 

in the 1990s, although breast cancer incidence stabilized and has decreased over the past decade. 

Many clinicians and scientists acknowledge that breast cancer treatments are more successful if 

tumours are detected early. Because of this, mammography screening is recommended for 

Canadian women aged 50-69[1]. More recently, some controversy arose over a study suggesting 

that mammography screening of women in their forties was of negligible benefit and leads to 

unnecessary procedures[96]. One study raised the issue of whether or not screening is beneficial 

or, perhaps, harmful. According to the National Cancer Institute, the extent of deaths prevented by 

screening is estimated as low as 3% of all cancer deaths[97]. Even more troubling is the suggestion 

that there are risks that occur due to screening, including those associated with the procedure itself, 

as well as overdiagnosis due to false-positive results. Some large-scale studies suggest that false-

positives are very common in several different types of cancer[98] and that patients are generally 

not aware of the risks of screening[99]. Still, the general consensus is that screening has, and will 

continue to, save lives by detecting breast cancer early. This notion is based on the fact that 

mammograms no longer harm patients and the rate of false positives has been over-

exaggerated[100]. 
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Despite the controversies associated with screening, breast cancer death rates have declined 

in all age groups in the last 20 years[1]. Additionally, women are living longer with breast cancer 

than ever before. The 5-year survival rate for women aged 40-79 is 88%, although the rate is a bit 

lower for women who are between 20 and 39 years of age (81%) and those who are over 80 

(80%)[1]. Even with these improvements, there are still thousands of Canadians dying from breast 

cancer each year and those who survive are subjected to therapeutic regimens that are toxic by 

their very nature, and associated with many short and long-term morbidities[1]. Because of this, 

clinicians still need improved therapeutic options to treat breast cancer patients. These new options 

will likely come from further research into the etiology of breast cancer and the elucidation of 

specific prognostic and predictive molecular targets that can be exploited to reduce patient deaths 

and/or improve quality of life.   

1.3.1 Mammary Gland Physiology 

Breast development begins prenatally, continues with rapid growth at puberty and 

culminates during pregnancy and lactation. During lactation, the gland reaches its fully developed 

and functional state capable of synthesizing, secreting and delivering milk to an infant[101]. 

Interestingly, at this time, the mammary gland consumes approximately 25% of the mother’s daily 

energy intake[102]. Mature breast tissue is comprised of many different epithelial cell types, such 

as luminal, which become mammary secretory epithelial cells during pregnancy/lactation, and 

myoepithelial cells, and is associated with stromal cells including adipocytes, macrophages and 

fibroblasts[95]. This is illustrated in Figure 5. 

Hormonal regulation of mammary gland development is important at all stages. During 

fetal development, growth hormones play a critical role in mammary expansion[101]. At puberty, 

the same hormones that induce ovulation and the menstrual cycle drive breast growth and 
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development. Breast growth is mostly due to increases in adipose tissue while development is 

fueled by changes to mammary stem cell populations that result in duct elongation, branching and 

lobule formation[103]. During each menstrual cycle, the mammary gland undergoes slight 

remodeling; however, the majority of differentiation occurs at pregnancy. Ductal branching and 

differentiation of epithelial cells into secretory and alveolar lobules are driven by estrogen, 

progesterone and prolactin[104] although several other hormones are involved, including placental 

lactogen, epidermal growth factor, TGFα, insulin, glucocorticoids and fibroblast growth 

factors[101]. During pregnancy, there is extensive proliferation of mammary stem cells[105]. 

Prolactin is primarily responsible for directing milk production, while another hormone, oxytocin, 

is stimulated by suckling and signals contraction of the myoepithelial smooth muscle cells that line 

the ducts to facilitate milk ejection[101]. 
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Figure 5. Mammary gland-associated cell types. A terminal end bud is depicted with luminal 

epithelial cells and myoepithelial cells surrounded by basement membrane and stromal fibroblasts 

and adipocytes. Modified from Visvader (2009)[95]. 
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The human mammary gland undergoes extensive structural and functional changes 

throughout puberty, pregnancy, lactation and involution[95]. These changes are predominantly 

associated with epithelial compartments that include both stem and progenitor cells[106]. To meet 

the timing requirements of puberty or pregnancy, mammary epithelial cells have an inherent 

potential to go through phases of proliferation, differentiation or apoptosis as required. Given the 

complexity of these processes, it is foreseeable that any disruptions to these tightly controlled 

signaling pathways may lead to enhanced risk of breast tumourigenesis. 

1.3.2 Clinical Subtypes and Treatments 

 At the time of diagnosis, biopsy or surgically removed breast tumour samples are staged, 

graded and evaluated clinicopathologically. Tumours are staged using the TNM system in which 

the T describes the size and invasiveness of the original tumour, N refers to whether or not the 

tumour has infiltrated nearby lymph nodes and M reports distant metastases[107]. Tumour grading 

is based on the microscopic appearance of the cancer cells from a biopsy or surgical sample. The 

biopsy is reviewed by pathologists who assign a grade based on the level of differentiation of the 

tumour cells[108]. Breast tumour biopsies and surgically removed tumours are also evaluated for 

three prognostic markers: estrogen receptor (ER); progesterone receptor (PR); and ERBB2[1]. 

Collectively, this information is combined with patient history and used to develop an appropriate 

treatment plan.   

Based on gene expression profiling, breast tumours are further classified into five distinct 

subtypes: normal-like, luminal A, luminal B, HER2-enriched and basal-like[109, 110] (Table 1). 

These molecularly defined subtypes represent differences in clinical outcomes that closely 

correspond with expression of the prognostic ER, PR and HER2 biomarkers. The most common 

breast cancer subtype is luminal A, which develops from cells that line the lumen of mammary 
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ducts and comprises about 45% of all breast cancer cases. Luminal A breast tumours express ER 

and PR, meaning that they can be treated with anti-estrogen signaling therapies such as 

Tamoxifen[111] or aromatase inhibitors[112]. They often present as low-grade, well-differentiated 

tumours and survival is generally favourable[113]. Luminal, hormone receptor positive breast 

cancer represents approximately two thirds of all breast cancer cases. However, within this group 

there are patients who are at a high risk for recurrence, and those who are not. This distinction is 

important because it determines whether or not the patient should be treated with adjuvant 

chemotherapy[114]. The at-risk subgroup is referred to as luminal B and often relapses with 

endocrine therapy alone[115]. Luminal B tumours highly express genes involved in proliferation 

such as MKI67, CCNB1 and MYBL2 as well as genes associated with enhanced HER2 expression, 

GRB7[114].  

In another breast tumour subtype, approximately 15-30% overexpress HER2, but do not 

overexpress ER or PR. These tumours are associated with an increased risk of recurrence and/or 

poor prognosis[116]. Patients who test positive for HER2 are treated with monoclonal antibodies, 

Trastuzumab or Lapatinib, that target and inhibit HER2 signaling at the extracellular or 

intracellular domain respectively, with or without adjuvant chemotherapy[117]. 
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Table 1. Breast Tumour Subtypes. 

Breast 

Cancer 

Subtype 

Frequency 

(%) 

Receptor Status Presentation 

and Prognosis 

Treatment 

Luminal A 45% ER+, PR+, HER2- Low grade, well 

differentiated, 

favourable 

survival[89] 

Tamoxifen, 

aromatase 

inhibitors[118] 

Luminal B 15% ER+ and/or PR+, 

HER2+ (or HER2- 

with high Ki67)  

Higher risk of 

relapse than 

luminal A[115] 

Endocrine therapy 

[119] 

Her2+ 15-30% ER-, PR-, HER2+  

 

 

Increased risk of 

recurrence and 

poor 

prognosis[94] 

Monoclonal 

antibodies targeting 

HER2 and adjuvant 

chemotherapy[114, 

120]  

Triple 

negative/  

Basal-like 

15% ER-, PR-, HER2-  Poor prognosis 

high risk of 

recurrence[121] 

Anthracycline and/or 

taxane-based[121] 

 

Information regarding the frequency, receptor status, presentation, prognosis and treatment for 

each breast cancer subtype. 
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Basal-like breast tumours constitute approximately 15% of breast cancer cases, and are 

typically diagnosed at a high grade that correlates with poor outcomes. Basal-like breast tumours 

are comprised of myoepithelial cells that are extremely proliferative and invasive. These cells do 

not express ER, PR or HER2 so the subtype is often referred to as “triple negative breast cancer” 

(TNBC). It should be noted that even within subtypes, there is heterogeneity. For example, there 

is evidence that TNBCs themselves may be further subdivided into basal and non-basal subtypes. 

Basal-like TNBCs are typically diagnosed on the basis of expression of EGFR and/or cytokeratin 

5/6 expression (ER-/PR-/HER2-/EGFR+ or CK5/6+), and are associated with particularly poor 

patient outcomes[122-124]. Basal-like breast tumours are primarily treated with anthracycline 

and/or taxane-based chemotherapeutics[121]. 

1.3.3 General Breast Cancer Risk Factors  

Many risk factors contribute to breast cancer susceptibility and mortality. These risk factors 

are classified into three main groups: lifestyle, environmental and genetic. Ultimately, in order to 

drive breast tumourigenesis, lifestyle and environmental risk factors influence molecular targets 

which affect cellular phenotypes such as proliferation, migration/invasion and survival[8]. 

Some risk factors cannot be changed, including age, gender, onset of menarche and 

menopause, while other risk factors fall into the category of lifestyle, including reproductive 

history, use of hormone replacement therapy or oral contraceptives, obesity, diet and alcohol 

intake[1]. The number one risk factor for most solid tumours is increasing age, likely due to the 

length of time required for cancer cells to acquire the requisite genomic mutations and alterations. 

Nevertheless, it should be noted that breast tumours presenting in younger women tend to be 

especially aggressive and difficult to treat, and underlying genetic abnormalities are often 

involved[125]  
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Many of the lifestyle risk factors share a common theme, and increase a woman’s exposure 

to estrogen. Several studies have demonstrated that increased estrogen exposure increases the risk 

of breast and endometrial cancer[126]. In premenopausal women, estrogen is predominantly 

produced and secreted by the ovaries during the menstrual cycle. Therefore it is not surprising that 

early menarche (<12 years old) and/or late menopause (>54 years old) increase the risk of breast 

cancer[127]. HRT, often prescribed prior to 2002 to abrogate the effects of menopause and 

osteoporosis, significantly increases risk as demonstrated by several groups[128-130]. 

A woman’s reproductive history also affects her risk of breast cancer. Generally, breast 

cancer risk decreases with pregnancies, especially if the woman was young when she had her first 

child[131]. However, there is a transient increase in breast cancer risk immediately following 

pregnancy which may be linked to alterations in the normal involution process[132]. Nulliparous 

women are more likely to develop breast cancer, as are women who have their first full term 

pregnancy later in life[133]. This may be due to the fact that circulating estrogen levels are lower 

in multiparous women[127]. Breast-feeding also protects against breast cancer likely because, 

following a full-term pregnancy, lactation delays ovulation and the menstrual cycle[134]. The use 

of oral contraceptives may also increase breast cancer risk, although this is an area of debate. 

Notably, once a woman stops taking oral contraceptives, her breast cancer risk returns to normal 

within 10 years[135]. 

An overwhelming amount of evidence demonstrates that obesity and the consumption of a 

high fat diet are major risk factors for postmenopausal breast cancer[136, 137]. This is especially 

problematic because obesity has become epidemic in many parts of the world[138, 139]. It is 

estimated that 20% of all postmenopausal breast cancer cases[140] and 50% of breast cancer 

related deaths are due to obesity[141]. Compared to non-obese women, obese women have 35% 
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more circulating estrogen and 130% more circulating estradiol, the predominant form of estrogen 

found in the body[142]. This is due to the fact that the major source of estrogen in postmenopausal 

women is adipose tissue as opposed to the ovaries[143]. 

Obesity is also associated with lower levels of sex-hormone-binding globulin (SHBG) 

which normally binds to estrogens and androgens reducing their bioavailability[144]. Obese 

individuals also experience increased levels of growth factors such as insulin, insulin-like growth 

factor and leptin, as well as reduced adiponectin[145]. Interestingly, exercise increases SHBG 

levels, thus lowering circulating estrogen and androgen levels[146]. Physical activity also reduces 

the risk of death after a breast cancer diagnosis and women who exercise for an equivalent of 

walking 3-5 hours per week experience the greatest benefit[147].  

Epidemiological data suggest that diet strongly affects breast cancer risk. Interest in this 

area stems from the observation that breast cancer rates differ significantly between populations 

despite the fact that many other risk factors, including receptor status and body weight, do not.  

For example, Japanese women enjoy a low breast cancer incidence compared to North American 

women. However, women who migrate from Japan to North America experience comparable 

breast cancer incidences to North American women[148]. This increased risk has been partially 

attributed to dietary changes, particularly to the increased consumption of fat[149].  

In addition to the amount of fat consumed, the type of fat is a critical risk factor. The 

momomeric unit of fat is the fatty acid which is composed of a carboxylic acid and a long tail of 

carbons and hydrogens. If the fatty acid contains a carbon to carbon double bond, it is referred to 

as unsaturated, while saturated fatty acids contain no carbon to carbon double bonds[150]. 

Unsaturated fatty acids are classified based on the location of the double bond. For example, n-6 

polyunsaturated fatty acids (PUFAs) have a double bond at carbon-6[150]. In most cases, n-6 
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PUFAs promote the growth of tumours[151], while the other major family of PUFAs (n-3s), are 

anti-tumourigenic[152]. Furthermore, the consumption of a HF diet may promote initiated 

tumours, but does not spontaneously induce tumours[151]. 

1.3.3.1 Environmental Risk Factors - DMBA 

Exposure to environmental chemicals may also contribute to breast cancer risk. The 

polycyclic aromatic hydrocarbons (PAHs) are a class of environmental chemicals that result from 

incomplete carbon combustion, and are found in tobacco smoke, industrial emissions and 

charbroiled foods. 7,12-dimethylbenz(a)anthracene (DMBA) is one such PAH that has multiple 

carcinogenic effects including direct/indirect effects on the genome[153, 154].  

DMBA is classified as a pro-carcinogen because it requires metabolic activation by several 

enzymes in order to drive tumourigenesis. The cytochrome P450s (CYPs), a large class of enzymes 

that oxidize organic substances to promote their excretion[155], are critical to DMBA activation. 

DMBA is first oxidized by CYP1B1 to its 3,4-epoxide then hydrolyzed by microsomal epoxide 

hydrolase (mEH) to a 3,4-diol. The diol can be oxidized again by CYP1A1 and CYP1B1 to form 

a 3,4-diol-1,2-epoxide which is capable of forming DNA adducts[156]. Alternatively, the diol can 

be converted into a catechol by aldo-ketoreductases. The catechol can form o-semiquinones and 

DMBA o-quinones, which are both able to induce oxidative stress on cellular macromolecules 

such as DNA[157].  

In a separate pathway, DMBA can be metabolized by CYP peroxidases leading to the 

formation of radical cations. These radical cations can spontaneously rearrange, resulting in the 

formation of unstable DNA adducts, which drive depurination and thus, carcinogenic 

initiation[158]. Two other enzymes that may play a role in DMBA metabolism are cyclooxygenase 

(COX)-2 and 5-lipoxygenase (5-LPO), as transgenic mice that overexpress these enzymes are 
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more susceptible to DMBA-induced tumourigenesis[159]. DMBA can also promote production of 

ROS, and co-administration of antioxidants reduces DMBA-mediated oxidative stress in mouse 

models[160, 161]. Thus, DMBA-mediated tumourigenesis may be initiated via DNA adducts and 

promoted by oxidative stress pathways (Fig. 6).  

Due to its non-polar structure, DMBA is highly lipophilic and is stored in adipocytes. 

Given the prevalence of adipocytes in the mammary fat pad, it is not surprising that DMBA is used 

extensively in laboratories to both initiate and promote rodent mammary tumours. Additionally, 

DMBA is likely the best characterized environmental carcinogen with several well-defined 

pathways implicated in carcinogenesis, including those leading to DNA adducts as well as 

oxidative damage[162, 163].  Accordingly, DMBA was used as the preferred breast tumour 

initiating agent in my studies.  
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Figure 6. Summary of DMBA Metabolic Pathways and Their Relation to Carcinogenesis. 

DMBA is metabolized in multiple ways. When DMBA is oxidized by CYP 1B1 to a 3,4-epoxide, 

it is then hydrolyzed by mEH to a 3,4-diol. This 3,4-diol is further oxidized by CYP1A1 and 

CYP1B1 to form a 3,4-diol-1,2-epoxide which may form DNA adducts[156]. Alternatively, 

DMBA is converted to radical cations by CYP peroxidases, which spontaneously rearrange 

resulting in unstable DNA adducts that drive depurination and thus, carcinogenic initiation. Aldo-

ketoreductases are also able to bioactivate DMBA-3,4-diol to a catechol, that undergoes 

spontaneous rearrangement to form DMBA-semiquinone and –quinone redox cycling radicals and 

ROS[157]. These metabolites are capable of both initiating as well as promoting carcinogenesis. 

COX and LPO enzymes may also act in the same manner as the aldo-ketoreductases, contributing 

to DMBA-mediated carcinogenesis. Adapted from Miyata et. al. (1999) and Park et. al. 

(2005)[164, 165]. 
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1.3.3.2 Genetic Risk Factors  

Genetic risk factors include the functional loss of protective tumour suppressor genes, such 

as BRCA1[166] and PTEN (Phosphatase and Tensin Homolog)[167], as well as the over-

expression of oncogenes, such as HER2[116]. BRCA1 was the first gene associated with 

hereditary breast cancer and is mutated in 1 in 250 women[168]. BRCA1 protects against breast 

cancer in multiple ways including DNA repair, cell cycle checkpoint control and maintenance of 

genomic stability. As a component of the BRCA1-Associated Genomic Surveillance Complex, 

BRCA1 recognizes and responds to damaged DNA through homologous recombination and 

nucleotide excision repair pathways[169]. BRCA1 is also a transcription factor, capable of 

upregulating DNA damage response proteins such as GADD45[170], and binding to other critical 

transcription factors including p53[171]. By interacting with checkpoint kinase (CHK)1 and Polo-

Like Kinase-1, BRCA1 may also regulate cell cycle checkpoints[172]. Loss of BRCA1 profoundly 

affects chromosomal stability including chromosome breakage and sensitivity to DNA 

damage[173](see Fig. 7). 
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Figure 7. The many functions of BRCA1. BRCA1 responds to DNA damage through damage 

sensors such as ataxia telangiectasia mutated (ATM)-ATR and initiates homologous 

recombination via the BRCA1-associated surveillance complex (comprised of BLM, MSH2–

MSH6 and MRE11–RAD50–NBS1). Additionally, BRCA1 can activate p53, CHK-1 and Rb 

through which it can regulate cell cycle progression and apoptosis. Modified from Narod and 

Foulkes (2004)[168]. 
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Similar to BRCA1, PTEN is another critical tumour suppressor gene and one of the most 

frequently mutated genes in human cancer. PTEN dephosphorylates both proteins and lipids, 

including the phosphoinositides, which antagonizes PI3K activation. PI3K, via AKT, is able to 

promote cell survival, proliferation and migration[174, 175]. When necessary, PTEN may induce 

apoptosis or cell cycle arrest as required by the cell[176]. PTEN also prevents cellular migration 

by dephosphorylating Focal Adhesion Kinase (FAK) and SHC. FAK normally coordinates actin 

cytoskeleton rearrangement and focal adhesions to facilitate motility while SHC activates the 

RAS/RAF growth stimulatory pathway[177]. More importantly, PTEN stabilizes p53 and protects 

it from MDM2-mediated degradation, which in turn leads to p53-dependent PTEN 

upregulation[178].  

1.4 Peroxisome Proliferator-Activated Receptor (PPAR)γ 

1.4.1 PPARs 

The Peroxisome Proliferator-Activated Receptors (PPARs) are ligand-inducible 

transcription factors that belong to the nuclear receptor superfamily, of which there are three 

isoforms (α, β/δ and γ). They were originally discovered as the receptors for a class of molecules 

that caused proliferation of peroxisomes, although this is only true for the first isoform discovered, 

PPARα. To regulate gene expression, PPARs associate with the Retinoid X Receptor (RXR) and 

bind to peroxisome proliferator response elements (PPREs) which contain DR-1 motifs (a direct 

repeat of AGGTCA separated by a single nucleotide) in the promoter regions of target genes[179]. 

The PPAR:RXRα complex physically associates with co-repressor molecules, such as the nuclear 

receptor corepressor (NCoR) and the silencing mediator of retinoid and thyroid hormone receptors 

(SMRT)[180], that silence transcription of target genes in the absence of ligand binding. In fact, 

activating ligands induce a conformational change that causes the release of co-repressors and 
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recruitment of co-activators, such as the histone acetyltransferase p300 (CBP) and steroid receptor 

coactivator-1 (SRC-1), collectively promoting target gene transcription[179]. Ligand-activated 

PPARγ may also transrepress gene signaling by directly interacting with other transcription factors 

and/or competing for available co-regulators[181]. In this fashion, PPARs play a role in many 

biological processes and diseases including inflammation, lipid and glucose metabolism, diabetes 

and cancer[182-184]. 

PPAR α, β/δ and γ each have unique tissue distributions, activating ligands, and effects. 

PPARα is highly expressed in tissues such as liver, heart, muscle and kidney. Specifically, it is 

found in cells such as macrophages, smooth muscle cells and endothelial cells, all of which have 

high rates of fatty acid oxidation. PPARα is activated by fatty acids, eicosanoids, prostaglandins 

and fibrates, a class of drugs prescribed to treat metabolic disorders such as 

hypercholesterolemia[185, 186]. PPARβ/δ is involved in wound healing, extracellular matrix 

homeostasis and vascular smooth muscle cell apoptosis by inducing expression of TGFβ[187, 

188]. It is expressed ubiquitously, and weakly activated by fatty acid metabolites. Notably, 

PPARβ/δ may also play a role in inflammation[189] and colon, breast and lung cancer[190]. 

PPARα and β/δ are best reviewed elsewhere[191, 192]. My thesis is focused on PPARγ. 

1.4.2 PPARγ  

 The PPARγ gene was discovered in the early 1990s[193]. In humans, PPARγ is localized 

on the short arm of chromosome 3 at position 3p25 and, through alternative splicing and promoter 

usage, produces four different mRNAs[179, 194]. Of the four mRNAs, three encode the same 

protein therefore PPARγ has two protein isoforms which differ in the N-terminal amino acids and 

are referred to as PPARγ1 and 2, respectively. PPARγ2 is predominantly expressed in cells 

committed to the adipocyte lineage, while PPARγ1 is expressed in a variety of cell types[195]. 
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The structure of PPARγ is very similar to other nuclear receptors and includes, from N-terminus 

to C-terminus, an activation function domain, a DNA-binding domain, a hinge-region, a ligand-

binding domain and, finally, a second activation function domain used to dimerize with RXRα and 

bind co-activators[196] (Fig. 8). 

  



 

 

36 

 

 

 

 

 

Figure 8. Functional Domains of PPARγ. Modified from Boitier Comparative, 2003[196].  
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PPARγ activating ligands include synthetic thiazolidinediones (TZD) such as rosiglitazone 

(ROSI)[197], used widely for more than 15 years to treat and prevent Type II diabetes[198], and 

many natural fatty acids and fatty acid metabolites, such as linoleic acid, palmitic acid, oleic acid 

and arachidonic acid[199, 200]. Treatment of type II diabetics with ROSI results in adipocytes, 

and other cell types, being more responsive to insulin signaling[198]. Based on its ability to 

activate PPARγ, ROSI is considered the ‘gold-standard’ synthetic PPARγ ligand. Numerous 

groups report that ROSI protects against tumourigenesis (discussed below section 1.4.3); however, 

ROSI is also linked with an increased risk of heart disease[201]and edema[202]. The Rosiglitazone 

Evaluated for Cardiovascular Outcomes and Regulation of Glycemia in Diabetes (RECORD) 

clinical trial evaluated this claim and found that patients treated with ROSI did not experience any 

elevated risk of heart attack or death[203]. Pioglitazone (PIO), another PPARγ agonist, may 

increase the risk of congestive heart failure, bone fractures and bladder cancer[204-206]. 

Currently, the FDA requires black box warning labels on both ROSI and PIO[207]. 

Of all cell types, PPARγ2 is predominantly expressed in cells committed to becoming 

adipogenic[208]. While the vast majority of breast tumours that present in the clinic are of 

epithelial origin, stromal cells, particularly adipocytes, have a profound effect on tumour 

progression[8]. As noted above (section 1.2), adipose tissue secretes several adipokines including 

protumourigenic leptin and aromatase, which catalyzes the rate-limiting step in estrogen 

biosynthesis, as well as the anti-tumourigenic factor adiponectin. These adipokines contribute to 

the increased susceptibility that obese individuals have to breast tumour development[209]. 

 

 

1.4.3 PPARγ in Cancer 
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To evaluate whether or not PPARγ is a tumour suppressor gene, Ikezoe and colleagues 

investigated the expression and mutational status of PPARγ in a variety of human malignancies 

and cancer cell lines. They found that PPARγ is expressed in the vast majority of cases and that 

mutations of PPARγ in tumours are very rare[210]. Thus far, the mutational/expression status of 

PPARγ in breast tumour stromal adipocytes has not been analyzed. The observation by Ikezoe et. 

al. is somewhat surprising given that PPARγ exhibits several other qualities of a classic tumour 

suppressor. PPARγ expression decreases as incipient colon, breast and bladder cancer cells 

progress from benign to malignant[211]. Also, in human ductal carcinoma in situ (DCIS), PPARγ 

expression is associated with a decreased risk of progression to an invasive state[212]. 

Additionally, PPARγ agonists decrease tumourigenic phenotypes of cancer cells lines, and the 

introduction of wild-type PPARγ into immortalized human fibroblasts induces differentiation into 

adipocytes[179]. Several in vitro studies also suggest PPARγ upregulates a variety of tumour 

suppressor genes and downregulates multiple oncogenes (section 1.4.3.1). Furthermore, loss of 

PPARγ in mouse models increases their susceptibility to tumourigenesis (discussed below section 

1.4.3.2). 

1.4.3.1 In Vitro PPARγ Studies  

In vitro assays have been used to identify putative genetic targets of PPARγ that may be 

relevant to its role in cancer. Natural and synthetic ligands of PPARγ reduce the expression of the 

potent inducer of angiogenesis VEGF, and a PPRE is located upstream of the VEGF transcriptional 

start site[213]. Another PPRE was found in the promoter of Na(+)/H(+) transporter gene (NHE1) 

which drives carcinogenesis when overexpressed. PPARγ ligands downregulate NHE1 expression 

and reduce breast tumour colony formation[214]. Synthetic ligands of PPARγ also reduce 

secretion of pro-tumourigenic leptin by adipocytes[215, 216]. Further, PPARγ activation decreases 
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cyclin D1 activity by directly competing for shared coactivators and lowers cyclin D1 protein 

levels by promoting ubiquitination for proteosomal degradation[217-219]. Similarly, PPARγ 

ligands induce ubiquitin-mediated destruction of ERα, collectively reducing growth of MCF-7 

breast cancer cells[219].  

In addition to reducing expression of oncogenes, PPARγ also increases expression of 

tumour suppressor genes. Multiple ligands of PPARγ increase expression of the critical tumour 

suppressor PTEN in MCF-7 breast cancer cells, and two PPREs were found within the PTEN 

promoter[220]. Endogenous PPARγ ligands also increase expression of BRCA1 in MCF-7 cells, 

and site directed mutagenesis revealed a PPRE in the BRCA1 promoter[221]. 

Many in vitro studies have demonstrated that the presence and activation of PPARγ 

protects against tumourigenic phenotypes. PPARγ is critical to adipocyte development and 

transfection of PPARγ into fibroblasts induces differentiation into adipocytes[222]. This is not 

surprising given that PPARγ, in combination with CCAAT/enhancer binding proteins (C/EBPs), 

plays a central role in adipogenesis[223]. Together, these transcription factors function to regulate 

genes that are critical to the adipocyte phenotype including insulin-responsive glucose transporter 

(GLUT4), stearoyl CoA desaturase 1 (SCD1), and adipocyte fatty acid binding protein (AP2)[224]. 

PPARγ ligands decrease proliferation, cell cycle progression and induce apoptosis in both ER+ 

and ER- breast cancer cell lines[216, 219, 225]. PPARγ-activating therapy, which is often 

cytostatic[226], may be most efficacious when combined with cytotoxic chemotherapeutic agents. 

Several examples of synergism between PPARγ-ligands and conventional chemotherapeutics have 

been demonstrated and are discussed below (section 1.4.3.3). 

1.4.3.2 In Vivo PPARγ Studies 
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The evaluation of PPARγ in rodent models has not been as extensive as in cell lines, still, 

there is significant evidence that the presence and activation of PPARγ is protective in multiple 

types of cancer. The first direct in vivo evidence that PPARγ was protective against breast 

tumourigenesis was provided by Nicol et. al. (2004). PPARγ(-/-) mice die in utero around gestation 

day 10.5 so a PPARγ(+/-)
 haploinsufficient mouse model was used to show that PPARγ normally 

protects against DMBA mediated breast, ovarian and skin tumourigenesis. In this experiment, 

PPARγ(+/-) mice exhibited significantly increased mammary tumour multiplicity and progression 

to advanced states compared to PPARγ-WT controls[227].  

PPARγ also plays a protective role in colon, liver and gastric cancer. In mouse colon cells, 

PPARγ, which is highly expressed, inhibits β-catenin-mediated cell proliferation pathways and 

thus protects against colon cancer[228]. A PPARγ-deficient mouse model showed that the 

presence of PPARγ protects against hepatocellular carcinoma as PPARγ(+/-) mice were more 

susceptible to diethylnitrosamine (DEN) carcinogen-induced tumourigenesis. Additionally, ROSI 

was able to protect wild-type mice, but not PPARγ(+/-) mice, from DEN-induced liver 

tumours[229]. A similarly designed study showed that PPARγ activation with another TZD, 

Troglitazone (TRO), protected wild-type but not PPARγ(+/-) mice from gastric cancer[230]. 

Our research group is not the only one to demonstrate the in vivo protective effect of PPARγ 

in breast cancer. Others have shown that PPARγ ligands delay death due to mammary tumour 

growth and mammary tumour onset in a mouse mammary adenocarcinoma derived from SV40 

tumour antigen mice[231]. PPARγ ligands also counteract leptin-induced stimulatory effects on 

mammary tumour xenografts[216]. Even novel PPARγ ligands, such as GW785, have 

demonstrated the ability to reduce DMBA-induced mammary tumour incidence and tumour 

number[232]. 
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Collectively, this work indicates that PPARγ signaling is protective, however, PPARγ is 

expressed in epithelial and stromal (including adipocyte and endothelial) mammary gland 

associated cell types[208]. Therefore, in this thesis, further studies were performed to dissect the 

in vivo cell-types and cell-specific mechanisms by which PPARγ protects against the growth and 

spread of breast tumours. Our in vivo PPARγ-adipocyte knockout (PPARγ-A KO) model was the 

first to suggest that PPARγ expression in stromal adipocytes stops the growth and spread of 

DMBA-mediated breast tumours[233]. Our group has also demonstrated that PPARγ in mammary 

secretory epithelial cells plays a protective role in breast cancer[234]. 

1.4.3.3 PPARγ Ligands in Combination 

1.4.3.3.1 Platinum Compounds 

 Platinum-based compounds have been widely used as chemotherapeutics since the 1970s 

to treat cancers of the breast, lung, ovary, testis, head and neck[235]. These agents exert their 

cytotoxic effects by cross-linking DNA, which impairs DNA transcription and replication[236]. 

This damages cells which invoke DNA repair mechanisms and, when those fail, apoptosis[237]. 

Cisplatin, the first such compound available, is an extremely effective chemotherapeutic, although 

dosing is limited due to the associated risk of nephrotoxicity[238, 239]. Second and third 

generation drugs, carboplatin and oxaliplatin, are less damaging to kidneys but are associated with 

severe neuropathies[240]. PPARγ ligands in combination with platinum-based compounds have 

increased therapeutic efficacy, overcome resistance and decreased toxicity in multiple cancer 

models (Tables 2 and 3). 

Several cancer cell lines, including A549, Calu1, H23, H596 and H1650 non-small-cell lung 

cancer (NSCLC), Mosher colon cancer and OVCA420, OVCA429 and ES2 ovarian cancer cells 

have demonstrated the synergy of combination treatment with platinum-based compounds and 



 

 

42 

 

therapeutic doses of ROSI. These cells exhibited greater growth reduction, G2-M arrest and 

increased apoptosis when treated with the combination than either agent, ROSI or 

chemotherapeutic, alone. In vivo xenograft mouse models using A549 lung cancer cells also 

suggest synergy, as low doses of ROSI and carboplatin reduced xenografted tumours to one-third 

the size of tumours from monotherapy controls[241]. In a separate study, ROSI pretreatment 

resulted in maximum reduction in mammary tumour volume when combined with cisplatin 

compared to treatment with cisplatin alone. The mammary tumours from co-treated mice also 

exhibited more glandular structures suggesting improved differentiation, an indication of less 

aggressive tumours which, clinically, would have a better prognosis[242]. Interestingly, another 

study, using TRO in combination with cisplatin in A549 and H522 non-small cell lung cancer 

cells, found synergistic effects when TRO treatment followed cisplatin treatment but not vice 

versa. This suggested that the beneficial effects of PPARγ activation might depend on the sequence 

of drug administration[243]. The combinational regimen may also be effective to treat malignant 

pleural mesothelioma as TRO and cisplatin have an additive effect on EHMES-10 cells in vitro as 

well as, tumour growth reduction and overall survival in xenograft mouse models, compared to 

montherapy with either agent alone in an animal model[244]. 
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Table 2. Synergistic effects between PPARγ ligands and other agents In Vitro. 

 

Descriptions reflect most noteworthy finding of each study[245]. 

 

 

 

 

 

 Platinum-Based 

Compounds 

Taxanes Topoisomerase 

Inhibitors 

Anti-metabolites 

Rosiglitazone  ↓cell growth in 

A549, Calu1, H23, 

H596 and H1650 

NSCLC, Mosher 

colon cancer and 

OVCA420, 

OVCA429 and ES2 

ovarian  cancer 

(Girnun, 2007) 

   ↓ cell viability in 

BEL-7402 and Huh-7 

hepatocellular 

carcinoma (Coa, 

2009) 

 ↑ apoptosis in HT-29 

colon cancer (Zhang, 

2007) 

Troglitazone  ↑ growth inhibition in 

A549 and H522 

NSCLC (Reddy, 

2008) *post-

treatment 

 ↑ growth inhibition 

EHMES-10 

mesothelioma 

(Hamaguchi, 2010) 

 ↑ growth inhibition in 

A549 and H522 

NSCLC (Reddy, 2008) 

*post-treatment 

 

  

Pioglitazone   ↑ growth inhibition in 

A549 and H522 

NSCLC (Reddy, 2008) 

*post-treatment 

  

RS5444   ↑ antiproliferative 

effects in DRO90-1 

and ARO81 anaplastic 

thyroid carcinoma 

(Copeland, 2006) 

 

   

15d-PGJ2   ↑ cytotoxicity in A549 

and H460 NSCLC 

(Fuzele, 2007) 

 

 ↑ cytotoxicity in Cak-2 

renal cell carcinoma 

(Yamamoto, 2011) 

 

 

LY 293111    ↑ cytotoxicity in MCF-

7, MCF-7/adr and SK-

BR-3 breast cancer; 

H460 lung cancer; 

SW480 and RT4 colon 

cancer; HT1197 bladder 

cancer (Budman, 2004) 
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Table 3. Synergistic effects between PPARγ ligands and other agents In Vivo. 
 Platinum-Based 

Compounds 

Taxanes Topoisomerase 

Inhibitors 

Anti-metabolites 

Rosiglitazone  ↓ volume of A549 

NSCLC xenografted 

tumours (Girnun, 

2007) 

 ↓ volume in lung 

tumours without 

disrupting IS 

(Girnun, 2008) 

 ↓ volume and ↑ 

differentiation of 

breast tumours while 

↓ nephrotoxicity 

(Tikoo, 2009) 

   

Troglitazone  ↓ volume and ↑ 

overall survival of 

EHMES-10 

malignant pleural 

mesothelioma 

xenografted tumours  

(Hamaguchi, 2010) 

   

Pioglitazone     30% of patients 

with high-grade 

gliomas 

experienced 

disease 

stabilization, 

well tolerated 

(Hau, 2007) 

RS5444   ↓ volume  of DRO90-

1 and ARO81 

anaplastic thyroid 

carcinoma 

xenografted tumours 

(Copeland, 2006) 

   

15d-PGJ2   ↓ volume  of A549 

and H460 NSCLC 

xenografted tumours 

NSCLC (Fuzele, 

2007) 

 

 

 

LY 293111    ↓ GI toxicity in 

patients with advanced 

solid tumours (Baetz, 

2007) 

 ↓ volume of S2-

013 pancreatic 

xenografted 

tumours, ↓ side 

effects (Hennig, 

2005) 

Descriptions reflect most noteworthy finding of each study. IS = immune system[245]. 



 

 

45 

 

Many tumours, including ovarian and non-small-cell lung, that are initially responsive to 

platinum-based compounds, eventually develop resistance[246]. The accruing resistant tumours 

grow unabated and are associated with poor prognosis[247]. Resistant tumours use multiple 

survival strategies including altered drug-uptake pathways, which prevent platinums from 

reaching DNA, or decreased DNA damage recognition and apoptosis network signaling [236]. 

Interestingly, combination treatment with PPARγ activators may be able to overcome this 

resistance. In one study, mice with EGFR and K-Ras driven lung adenocarcinomas, a model of 

platinum-resistant lung cancer, were treated with carboplatin, ROSI or both. Neither monotherapy 

reduced tumour burden, however, combination therapy resulted in 80% reduction in tumour 

volume[248]. Microarray analysis from a separate study revealed that ROSI treatment reduces 

expression of five members of the metalothionein gene family[241]; metal-binding proteins that 

have been shown to play a crucial role in platinum-drug resistance by sequestering platinum 

compounds outside the cell[249].  

  In addition to developed resistance, platinum-based compounds are associated with several 

morbidities, including nephrotoxicity, myelosuppression and GI complications[236]. Given this, 

and the potential for an additional drug, in this case a PPARγ ligand, to exacerbate the inherent 

toxicity of platinums, the authors of the aforementioned lung adenocarcinoma study conducted 

extensive toxicological analysis on their treated mice. Fortunately, compared to monotherapy, 

combination therapy did not decrease markers of immune function, white blood cell counts or 

hematocrit, and BUN and creatinine levels, indicative of kidney damage, were similarly 

unaffected[248].  

Nephrotoxicity, experienced by 28-36% of patients after a single injection of cisplatin[250] 

may be, in part, exacerbated by TNF-α a well-known mediator of inflammation[251]. Interestingly, 
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PPARγ activators reduce inflammatory responses[252, 253]. Therefore, Tikoo et. al. used a 

DMBA-induced murine breast cancer model to evaluate the ability of ROSI to decrease 

nephrotoxicity. They found that ROSI pre-treatment significantly decreased circulating BUN, 

creatinine and TNF-α, and minimized tubular damage, suggesting that PPARγ activation 

ameliorated the nephrotoxicity associated with cisplatin treatment[242]. If this holds true in 

humans, ROSI treatment may allow physicians to use platinum-based compounds at higher, 

previously toxic, doses that may confer additional therapeutic benefit. 

1.4.3.3.2 Taxanes 

 Taxanes, including paclitaxel and docetaxel, are commonly used chemotherapy agents for 

a large array of cancers which include; ovarian, lung, head and neck, esophageal, breast, prostrate, 

and gastric cancers. Taxanes exert their effects by binding and immobilizing microtubules which 

prevents cell division[254]. There are multiple side effects associated with taxanes including 

reduced hematocrit, neuropathy and myalgias/arthralgias[255]. 

A novel high-affinity PPARγ agonist, and thiazolidinedione derivative, RS5444 

demonstrated additive antiproliferative activity on DRO90-1 and ARO81 anaplastic thyroid 

carcinoma cells, a particularly aggressive and dedifferentiated cancer[256]. RS5444 did not induce 

apoptosis by itself, however, when combined with paclitaxel, the apoptotic fraction of cells 

doubled. Using IC25 values experimentally derived from in vitro experiments, the group found that 

combination treatment with RS5444 and paclitaxel significantly reduced xenograft tumour 

volumes compared to either monotherapy alone[257]. 

 Non-small cell lung cancer is a leading cause of death from malignant disease in 

industrialized nations with a 5-year survival rate of approximately 15%[258]. Novel therapeutic 

regimens involving PPARγ activators and traditional chemotherapeutics have shown some 
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promise that they may someday improve this rate. An in vitro study indicated synergy between 

multiple PPARγ ligands (TRO and PIO) and paclitaxel in A549, H522 non-small cell lung cancer 

cells that was dependent upon treatment order, with paclitaxel preceding TRO treatment[243]. 

Another group confirmed the synergistic effect of combining PPARγ activation with, this time, 

docetaxel. In this study, 15-Deoxy-D12,14-prostaglandin J2 (15d-PJ2), a PPARγ ligand, increased 

cytotoxicity in A549 and H460 cells in vitro. Extending this, they found that 15d-PJ2 and docetaxel 

reduced A549 and H460 xenografted tumour volumes by 72%, nearly double the effect of 

docetaxel alone[259]. 

1.4.3.3.3 Topoisomerase Inhibitors 

Both classes of Topoisomerase Inhibitors, Type I (including irinotecan) and Type II, work 

by binding and incapacitating topoisomerases; enzymes that are critical for DNA supercoiling and 

strain relief[260]. Ultimately, this binding prevents movement of the DNA replication fork which 

induces stress-responses that can lead to apoptosis or the involvement of DNA damage repair 

mechanisms[261]. A topoisomerase I inhibitor, irinotecan, has demonstrated activity against a vast 

range of cancers[262] but is associated with significant GI toxicity and myelosuppression[263].  

Budman et al. have shown synergistic cytotoxic increases in a variety of cell lines (MCF-7, MCF-

7/adr and SK-BR-3 breast cancer; H460 lung cancer; SW480 and RT4 colon cancer; HT1197 

bladder cancer) between irinotecan and the PPARγ ligand LY293111 at clinically attainable 

doses[264], prompting human studies with this drug combination. To date, a phase one clinical 

trial has established a dosing schedule that minimized adverse GI events associated with 

LY293111 and irinotecan[265]. Another topoisomerase I inhibitor, camptothecin, enhanced the 

cytotoxicity of 15d-PGJ2 in Cak-2 renal cell carcinoma cells. Interestingly, the authors did not find 

synergy when 15d-PGJ2 was combined with other chemotherapeutics including doxorubicin, 5-FU 
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and cisplatin[266]. This synergism may allow clinicians to reduce the dose of topoisomerase 

inhibiting agents, and thereby reduce associated toxicity, by combining treatment with PPARγ 

ligands. 

1.4.3.3.4 Antimetabolites 

 Antimetabolites, including 5-fluorouracil (5-FU), methotrexate and others, are structurally 

similar compounds to vitamins, amino acids or nucleic acid precursors which become incorporated 

into cellular macromolecules with disastrous consequences for cells such as inhibition of cell 

growth and division[267]. They have been used to treat several types of cancer including leukemia, 

breast and ovarian but have been associated with myelosuppression, dermatitis and diarrhea[268]. 

A phase II clinical trial was undertaken to evaluate the role of capecitabine, a precursor to 5-FU, 

in combination with PIO to treat recurrent high-grade gliomas. Only 29% of patients experienced 

disease stabilization after three months, however, the regimen was well-tolerated by patients 

indicating potential for future therapeutic utility[269].  

 Hepatocellular carcinoma (HCC) and colorectal tumours are among the leading forms of 

cancer contributing to cancer-related deaths[1, 270]. HCC usually requires chemotherapy because 

tumours are often surgically unresectable due to advanced stage at diagnosis[271]. Treatment of 

both diseases often involves 5-FU; however, patients often respond poorly as tumours develop 

multiple drug resistance[272, 273] due to multiple mechanisms including increased drug 

efflux[274]. Interestingly, PPARγ may regulate ABC transporters, key proteins involved in drug 

efflux[275]. Accordingly, activation of PPARγ with ROSI, in combination with 5-FU treatment, 

was evaluated in HCC and colon cancer, and decreased cell viability in two HCC cell lines (BEL-

7402 and Huh-7) by 4- and 2-fold, respectively, compared to 5-FU alone. The authors also used 

siRNA to show that this effect was dependent on PPARγ[276]. Another group evaluated ROSI 
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treatment with 5-FU in HT-29 colon cancer cells and found that low-dose ROSI did not affect 

proliferation or cell growth, but did enhance 5-FU induced apoptosis. Again, this effect was 

PPARγ-dependent as it was ameliorated by the PPARγ antagonist GW9662[277]. 

Another antimetabolite, gemcitabine, is a useful chemotherapeutic that arrests cell growth 

in multiple ways including incorporation into DNA and impeding cell division[278]. Gemcitabine 

is standard therapy for pancreatic cancer, a disease with a strikingly poor prognosis as most patients 

die within six months of diagnosis[279]. Gemcitabine only modestly prolongs survival but is 

palliative for several cancer-related morbidities. Hennig et. al. evaluated the ability of the PPARγ 

activator LY293111 to enhance gemcitabine activity in an orthotopic pancreatic cancer model. 

Consistent with previous models, both gemcitabine and LY293111 significantly inhibited tumour 

growth and reduced the incidence of liver metastasis; however, the combination was more 

effective than either therapy alone. Combination treatment also maintained stable body weights, 

relieved tumour-induced cachexia and decreased bowel obstruction[280]. Thus, this combination 

may effectively treat aggressive pancreatic adenocarcinomas and relieve monotherapy associated 

side effects[281]. 

1.4.4 PPARγ Mouse Models 

 The mammary glands of humans and mice share many similarities, making mouse models 

useful for the study of human diseases of the breast. In general, the cell types present in human 

and mouse mammary glands are similar. In both species, luminal epithelial cells form ducts, 

surround a central lumen and express similar cytokeratins[282, 283]. Myoepithelial cells express 

similar markers in mice and humans. They also form a basement membrane layer surrounding the 

luminal epithelial cells that separate the ducts from stromal tissue in both humans and mice[284]. 
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Nevertheless, there are important differences that should be considered when interpreting the 

results of in vivo studies. 

 Even though they have similarities, the organization of human and mouse mammary glands 

is very different. Mice have five sets of mammary glands that are distributed between the inguinal 

and thoracic regions while humans have only two glands. The terminal ductal lobular unit in 

humans is composed of a group of lobules; however, in the mouse the individual ducts end in a 

single terminal end bud called a terminal ductal lobuloalveolar unit[282]. In the surrounding 

stroma, once again, the same cell types are present but in very different proportions. Human 

mammary glands contain adipose tissue, but luminal epithelial cells are more proximally 

associated with fibrous tissue. In mice, the ducts are much more exposed to the mammary fat pad 

due to the relatively small amount of fibrous tissue[285]. 

 The development of human and mouse mammary glands follows a similar course but the 

timelines are different. In both cases, the majority of development occurs postnatally. During the 

embryonic stage, epithelial bud penetration of the fat pad occurs around gestational day (GD) 10 

in mice versus 35 in humans. In both cases this is followed by proliferation to develop ductal 

structures. After birth, the mouse mammary gland is dormant for approximately 3 weeks until 

rapid ductal expansion begins due to hormonal stimulation from the ovaries. By 12 weeks of age, 

the branching is complete. This process is analogous to changes that occur in humans at puberty. 

In both species, pregnancy causes extensive proliferation, branching and differentiation to produce 

milk for infants[286]. Despite the differences, the similarities in mammary cell types and function 

have proven that mouse models are an invaluable tool for evaluating human breast disease and 

biology. 
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 Mice lacking both functional copies of PPARγ die at GD 10.5 due to inadequate placental 

vascular development[287]; however, using the Cre/LoxP system, cell-specific PPARγ knockout 

mice were generated and develop normally. In the Cre/LoxP system, constructs homologous to 

the transcriptional start site or an essential functional portion of a gene of interest are created with 

flanking upstream and downstream loxP recognition sites. Following validation of homologous 

recombination of the construct into embryonic stem cells and implantation into recipient females, 

the resulting “floxed” progeny mice are identified by genotyping, expanded into a colony, and are 

crossed with transgenic mice that express the bacterial enzyme Cre recombinase (Cre) under the 

control of the appropriately chosen cell- or tissue-specific promoter. As a result, mice are obtained 

in which floxed cells that do not express Cre retain their wildtype phenotype; whereas, in cells that 

express Cre, direct excision of the genetic region between the loxP sites occurs causing functional 

disruption of the gene within all cells that express Cre[288].  

 In my studies, adipocyte-targeted PPARγ deletion was directed by placing Cre expression 

under the control of the Ap2 promoter as the most effective strategy for adipocyte-specific gene 

deletion[289]. Similarly, endothelial-specific PPARγ deletion was directed by placing Cre 

expression under the control of the angiopoietin 2 (Tie2) promoter, expressed in all endothelial 

cells[290]. Henceforth PPARγ(fl/fl);Ap2-Cre+ and PPARγfl/fl);Tie2-Cre+ mice will be referred to as 

PPARγ-A KO and PPARγ-E KO, respectively. Congenic PPARγ(fl/fl);Cre- mice were used as 

controls, since they do not undergo PPARγ deletion and are phenotypically identical to wild-types, 

and will be referred to as PPARγ-WT.  
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1.5 Hypotheses and Objectives  

I hypothesized that PPARγ in mammary stromal cells protects against DMBA-mediated 

breast tumourigenesis.  

To test this hypothesis, I pursued three objectives: 

1) To elucidate the in vivo role of mammary stromal adipocyte-specific PPARγ in DMBA-

mediated breast tumourigenesis. 

2) To assess the importance of mammary stromal adipocyte-specific PPARγ during multi-risk 

factor (DMBA+proHF diet)-mediated breast tumourigenesis. 

3) To determine the role of vascular endothelial-specific PPARγ in TZD-induced edema.  
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Chapter 2: Stromal Adipocyte PPARγ Protects Against Breast Tumourigenesis  

2.1 Abstract 

PPARγ regulates the expression of genes essential for fat storage, primarily through its 

activity in adipocytes. It also has a role in carcinogenesis. PPARγ normally stops the in vivo 

progression of DMBA-mediated breast tumours as revealed with PPARγ haploinsufficient mice. 

Since many cell types associated with the mammary gland express PPARγ, each with unique signal 

patterns, the present study aimed to define which tissues are required for PPARγ-dependent anti-

tumour effects. Accordingly, PPARγ-A KO mice and their wild-type (PPARγ-WT) controls were 

generated, and treated with DMBA for six weeks to initiate breast tumourigenesis. On week 7, 

mice were randomized to continue on normal chow diet or one supplemented with ROSI, and 

followed for 25 weeks for tumour outcomes. In PPARγ-A KOs, malignant mammary tumour 

incidence was significantly higher and mammary tumour latency was decreased versus PPARγ-

WT mice. DMBA+ROSI treatment reduced average pooled mammary tumour volumes by 50%, 

irrespective of genotype. Gene expression analyses of mammary glands by qRT-PCR and 

immunofluorescence indicated that untreated PPARγ-A KOs had significantly decreased BRCA1 

expression in mammary stromal adipocytes. Compared to PPARγ-WT mice, serum leptin levels 

in PPARγ-A KOs were also significantly higher throughout the study. Together, these data are the 

first to suggest that in vivo PPARγ expression in mammary stromal adipocytes attenuates breast 

tumourigenesis through BRCA1 upregulation and decreased leptin secretion. This study supports 

a protective effect of activating PPARγ as a novel chemopreventive therapy for breast cancer. 
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2.2 Introduction 

 Currently, one out of every eight North American women is diagnosed with breast cancer 

during her lifetime, and it is estimated that one in 35 will ultimately succumb to the disease[1, 

270]. In 2011, the American Cancer Society estimated that 230,480 American women would be 

diagnosed with breast cancer and 39,520 would die from disease progression, with even worse 

prognosis among the smaller number of men who are also susceptible[270]. Improving our 

understanding of the interactions between genetic and environmental risk factors will enhance the 

therapeutic options and outcomes for breast cancer patients.  

Several genetic factors are known to contribute to breast cancer including the functional 

loss of tumour suppressor genes, such as BRCA1[166] and PTEN[167], as well as the over-

expression of oncogenes, such as HER2[116]. The candidate tumour suppressor gene PPARγ was 

discovered in the early 1990s[193]. It is a member of the nuclear receptor superfamily, and encodes 

two isoforms, PPARγ1 and PPARγ2, derived from alternative splicing. PPARγ is predominantly 

expressed in adipose tissue and is found at lower levels in epithelial cells of the colon, breast, 

bladder, prostate, liver, heart, and lymphoid tissues, and macrophage cell types[291-293]. PPARγ1 

is preferentially expressed in non-adipogenic cell types, whereas PPARγ2 is expressed in cells 

committed to the adipocyte lineage, although both isoforms are often detectable in all PPARγ-

expressing cells.  

PPARγ heterodimerizes with RXRα and the complex recognizes direct-repeat (DR)-1 

motifs, referred to as PPREs, in the promoters of target genes. In the unactivated state, this 

PPARγ;RXR complex associates with co-repressors, and may rest on PPREs, physically 

blocking transcriptional machinery or other transcription factors from transcribing target genes 

and, indirectly influencing gene transcription[179]. In contrast, when activating ligands bind, the 

PPARγ;RXR complex undergoes a conformational change that allows it to release co-repressors 
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and bind co-activators, resulting in direct transcriptional upregulation of gene expression[179]. 

PPARγ activating ligands include synthetic TZD such as the gold standard activator ROSI[197], 

used widely for >10 years to treat and prevent Type II diabetes[198], and many natural fatty acids 

and fatty acid metabolites, such as linoleic acid[199].  

PPARγ ligands are also reported to exert anti-breast tumourigenic properties in vitro and 

induce tumour growth arrest or shrinkage in rat models in vivo[232, 294-297]. In addition, PPARγ 

agonists have been used in combination with chemotherapeutic agents such as cisplatin, to 

synergistically reduce breast tumour growth and nephrotoxicity in a DMBA-treated mouse 

model[242]. Despite the numerous in vitro-based PPARγ-dependent pathways proposed to explain 

these findings, more work is needed to clarify the cell-specific contributions of activating PPARγ 

signalling relevant to inhibiting breast tumourigenesis in vivo. 

 PPARγ signalling is well characterized for regulating gene expression important for 

maintaining normal fat and glucose metabolism[179]. In vitro assays have also identified several 

putative genetic targets of PPARγ that may be relevant to its role in cancer. For example, PPARγ 

activation reduces leptin secretion[215] and increases expression of BRCA1 through direct 

transcriptional activation via a PPRE in its promoter region[221]. In vivo evidence revealed that 

PPARγ was directly protective against breast tumourigenesis[227]. PPARγ(-/-) mice die in utero 

around gestation day 10.5 so a PPARγ(+/-)
 haploinsufficient mouse model was used to show that 

PPARγ normally protects against DMBA mediated breast, ovarian and skin tumourigenesis.  In 

this experiment, PPARγ(+/-) mice exhibited significantly increased mammary tumour multiplicity, 

and more interestingly, tumour progression to malignant and metastatic states was also 

significantly increased compared to PPARγ-WT controls[227], thus suggesting that normal 

PPARγ signalling stops breast tumourigenesis. Given that PPARγ is expressed in multiple 
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epithelial and stromal mammary gland associated cell types[208], further in vivo studies are 

required to dissect the cell-type specific contributions of PPARγ expression and signaling that 

stops the growth and spread of breast tumours.  

 As discussed earlier, PPARγ is most highly expressed in adipocytes[208]. PPARγ is 

required for adipogenesis; forced expression of PPARγ induces 3T3L1 cells and mouse embryo 

fibroblasts to differentiate into adipocytes[222]. While the vast majority of breast tumours that 

present in the clinic are of epithelial origin, stromal cells, particularly adipocytes, have a profound 

effect on tumour progression[8]. Adipose tissue secretes several adipokines including 

protumourigenic leptin and aromatase, the latter catalyzing the rate-limiting step in estrogen 

biosynthesis, as well as the anti-tumourigenic adiponectin. The influence of these adipokines is 

believed to contribute to the increased susceptibility of obese individuals to breast tumour 

development[209]. Given the prevalence of PPARγ in adipose tissue and its demonstrated role in 

adipokine secretion, the role of adipocyte-specific PPARγ signalling in breast tumourigenesis was 

evaluated.   

DMBA is a PAH widely used in the lab to both initiate and promote a variety of chemical-

induced cancer models, including animal models of hormone-dependent breast cancer[162, 163, 

298]. DMBA is probably the most extensively characterized procarcinogen representative of other 

PAHs found in the environment. It requires metabolic activation to electrophiles that can lead to 

DNA adducts, gene mutations and oxidative damage[162, 163].  Due to the fact that DMBA is a 

lipophilic procarcinogen, accumulation of parent and/or proximal carcinogenic metabolites within 

adipocytes may also extend exposure times for surrounding tissues. 

Here, in vivo PPARγ-A KO models, where PPARγ expression and signaling is disrupted 

in mammary stromal adipocytes results in exacerbation of DMBA-mediated breast tumours. This 



 

57 

 

suggests the presence of stromal-epithelial crosstalk mediated by PPARγ, and is supported by 

findings of an increased survival advantage conveyed by loss of PPARγ in mammary stromal 

adipocytes associated with decreased BRCA1 levels, and enhanced circulating leptin. 

2.3 Materials and Methods 

Chemicals and reagents 

DMBA, 10% phosphate-buffered formalin, glycerol, ammonium persulfate were 

purchased from Sigma (St Louis, MO). Tris, SDS were purchased from Fisher (Whitby, ON). 

iScript cDNA synthesis kit, iQ SYBR Green Supermix, and acrylamide were purchased from Bio-

Rad (Hercules, CA). Trizol and RNAse away were obtained from Invitrogen (Carlsbad, CA). ROSI 

(Avandia) was purchased from GlaxoSmithKline (Mississauga, ON). Primary and secondary 

antibodies to detect PPARγ, BRCA1 and -actin were obtained from Santa Cruz Biotechnology 

(San Diego, CA). 

Animals 

All mice were treated in accordance with protocols approved by the Queens University 

Animal Care Committee, and housed in microisolator cages to ensure pathogen-free status. The 

cages were maintained on a 12h light/dark cycle, with food and water provided ad libitum. PPARγ-

WT and PPARγ-A KO females were generated from crosses of previously described PPARγ-

floxed mice[275]with transgenic mice expressing Cre under the control of the adipocyte lipid-

binding promoter 2 (Ap2) [299]  generously provided by Dr. Barbara Kahn. The mice used in this 

study are of mixed C57Bl/6N;Sv129/N;FVB/NCr background and were bred using sibling matings 

for at least 15 generations prior to the start of the study. 

In vivo tumourigenesis studies 



 

58 

 

In vivo mammary tumourigenesis was generated as previously described[227]. Briefly, 8-

12 week-old female mice were gavaged p.o. with 0.1 ml (total 1 mg) DMBA (dissolved in corn 

oil) once a week for 6 weeks. On week 7, mice were randomized to continue on a normal chow 

diet or one supplemented with the gold standard PPARγ activator, ROSI (4mg/kg/day). 

Gross/clinical examinations of mice were performed biweekly, for a total of 25 weeks, to monitor 

body weights, tumour progression and overall health. Mice were humanely killed by cervical 

dislocation either at the end of the study or earlier if they lost 15% body weight, showed signs of 

distress or presented with tumours >2cm in diameter. All mice were necropsied, and following 

recording of macro- and microscopic assessments of total tumour burdens, samples were measured 

with calipers and weighed. Normal and tumour tissues were then divided and either fixed in 10% 

phosphate-buffered formalin and embedded in paraffin, or snap frozen in liquid nitrogen and stored 

at -80˚C for future analyses. 

Pathology 

Formalin fixed, paraffin embedded tumour sections were cut into 5 µm sections and stained 

with hematoxylin and eosin. These samples were then subjected to a blind review for classification 

and stage by our collaborating pathologists. 

Mouse Genotyping and Southern Analysis 

Homozygous PPARγ floxed mice expressing the Ap2Cre+ transgene were identified using 

PCR screening as previously described[227]. Genomic DNA was isolated from several PPARγ 

expressing tissues, including white adipose (WAT) from epididymal (Epi) and inguinal (Ing) sites 

as well as brown adipose (BAT), and skeletal muscle, from male and female PPARγfl/fl;Ap2-Cre+ 

(PPARγ-A KO) and congenic PPARγfl/fl;Cre- (PPARγ-WT) mice and digested overnight using 
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BamH1. Samples were then assessed, using our 3’-probe, by Southern blot hybridization to detect 

the extent of Cre-mediated recombination of floxed PPARγ alleles as described elsewhere[275]. 

Immunoblot analysis 

Nuclear protein preparations of frozen whole mammary glands including fat pads from 8-

week-old PPARγ-WT and PPARγ-A KO virgin females were prepared according to 

manufacturer’s protocols (BioRad, Hercules, CA) and quantitated for protein concentration using 

the BCA protein assay (Pierce Chemical Co., Rockford, Ill.). Equal amounts of protein for each 

sample were then separated on SDS-PAGE and transferred onto nitrocellulose membranes. Blots 

were then incubated with primary antibodies for PPARγ (sc-7273; 1:500) and Histone H1 (sc-

10806; 1:1000), followed respectively by horseradish peroxidase conjugated goat -mouse (sc-

2005) and goat -rabbit (sc-2004) secondary antibodies (1:10,000) purchased from Santa Cruz 

Biotechnology (Santa Cruz, CA). Immunoreactive protein detection was performed using the 

enhanced chemiluminescence detection kit (Amersham Biosciences, Piscataway, NJ). Relative 

protein levels were quantified using ImageJ analysis software. 

Analysis of gene expression by quantitative real-time PCR 

Total RNA was isolated from untreated tissues as well as tumours from PPARγ-WT and 

PPARγ-A KO mice according to the TRIZOL method. Spectrophotometric analysis was 

performed to monitor RNA purity and concentration. RNA samples were then converted to cDNA 

using the iScript cDNA synthesis kit (Bio-Rad). cDNA was quantified similar to RNA samples, 

and combined with iQ SYBR Green mix, autoclaved water and the necessary primers to evaluate 

expression of four PPARγ targets: PPARγ1, PPARγ2, BRCA1 and PTEN. Primers were purchased 

from Invitrogen (San Diego, CA), mPPARγ1F; CCT GAC GGG TCT CGG TTG, mPPARγ1R; 

TGT CCT GAA TAT CAG TGG TTC ACC, mPPARγ2F; TGG GTG AAA CTC TGG GAG ATT 
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C, mPPARγ2R; AAT TTC TTG TGA AGT GCT CAT AGG C, mBRCA1F; GCA GCT GTG 

TGG GGC TTC CGT G, mBRCA1R; GTT GCT GTC TTC TGT CCA GGC GC, mPTENF; TGA 

CAG CCA TCA TCA AAG AGA, mPTENR; CTG CAG TTA AAT TTG GCG GT, mGAPDHF; 

TCA TGA CCA CAG TGG ATG CC, mGAPDHR; GGA GTT GCT GTT GAA GTC GC. The 

Bio-Rad thermocycler was programmed to perform a 5 min 95˚C hot-start followed by 50 cycles 

of 95˚C for 15s, 65˚C for 15s and 72˚C for 30s. 

Serum Leptin ELISA 

 Blood collected from mice pre-treatment, at week 13 and upon necropsy was spun down 

to obtain serum, flash frozen in liquid nitrogen and stored in -80˚C. Plates and standards to detect 

mouse/rat serum leptin were set up according to manufacturer’s (Cayman Chemical) instructions 

and read at 450nm. 

Immunofluorescence Staining 

 Formalin fixed, paraffin embedded tissue blocks were sectioned into 5µm slices, mounted 

on slides, and incubated at 55°C overnight. Samples were deparaffinized and rehydrated by 

washing in: xylene, 4 min; xylene, 4 min; xylene, 4 min; 100% ethanol, briefly; 85% ethanol, 

briefly; 70% ethanol, briefly; and ddH2O, 4 min. Slides were placed in 1:10 sodium citrate buffer 

solution at 95°C for 20 min, then trypsinized with 1×trypsin (Sigma) for 20 min at 37°C. After 

washing, the slides were placed in Triton X/TBS buffer solution, followed by a 30 min incubation 

period in 5% BSA block in TBS. After washing, primary antibodies (Santa Cruz) for PPARγ (sc-

7196, 1:500) and -casein (sc-166520, 1:500) were applied in a 5% BSA solution for 60 min at 

room temperature. Slides were rinsed with TBS, and then incubated in FITC (Santa Cruz, 1:500) 

and Alexa Fluor 594 (Invitrogen, 1:500) conjugated secondary antibodies in 5% BSA for 15 min 

at room temperature. After a final rinsing regimen, tissues were cover-slipped with mounting 
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medium containing DAPI stain (Vectashield). Fluorescence was detected and quantitated using an 

Olympus BX51 fluorescence microscope, and QCapture Pro (Version 5) and ImagePro Plus 

(Version 6) software. 

Statistical analysis 

All values are expressed as the meanSE or meanSD as indicated. Statistical significance 

for multiple group comparisons was determined using a two-way or one-way ANOVA as 

appropriate followed by Bonferroni post hoc analyses. Overall and tumour-free survival was 

analyzed using a Log Rank test, and proportions were assessed using Chi-Square analysis. 

Significance was accepted for p values <0.05. 

2.4 Results 

Confirmation of PPARγ recombination 

The PPARγ-A KOs generated here had decreased WAT and BAT weights as a percentage 

of total body weight, as well as some hepatomegaly although other tissues examined, such as 

spleen and skeletal muscle, were unaffected (Fig. 9A-D). PPARγ-A KOs showed some 

lipodystophy at a young age, reflected in lower adipose tissue and body weights compared to 

PPARγ-WT mice (Fig. 9E,F), consistent with other adipocyte-targeted PPARγ KO models[300, 

301].  

To confirm the efficacy of Ap2Cre+ transgene in this floxed mouse model, a southern blot 

was performed. About ~70-90% PPARγ recombination occurred in all adipose tissue stores 

examined, with the highest levels in brown adipose, in both sexes (Fig. 10A). Western analysis of 

untreated whole mammary gland tissue from 8-week-old virgin females from each genotype 

revealed that less than 2% relative PPARγ protein expression remained in female PPARγ-A KO 

mice compared to congenic PPARγ-WT controls (Fig. 10B, C). Untreated PPARγ-A KO mice had 
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no significant spontaneous increase in lethality or tumourigenesis when followed for up to 15 

months (data not shown). 

PPARγ deletion in stromal adipocytes enhances breast tumourigenesis 

Tumourigenic studies were initiated in female virgin mice from each genotype by treating 

with 1mg DMBA once/week for six weeks. At week 7, mice were randomized into continuing on 

a normal chow diet (DMBA Only: PPARγ-WT, n=25 and PPARγ-A KO, n=29) or one 

supplemented with ROSI (DMBA+ROSI: PPARγ-WT, n=34 and PPARγ-A KO, n=35) and 

followed for 25 weeks for tumour outcomes. Two PPARγ-A KO mice being treated with DMBA 

were found dead in their cage on weeks 10 and 12 respectively, due to unrelated causes, and were 

excluded from further analyses. Disruption of both PPARγ alleles in adipocytes did not 

significantly affect overall survival of mice treated with DMBA alone or DMBA+ROSI compared 

to PPARγ-WT controls. Mice from both genotypes treated with DMBA reached 50% survival at 

week 16 (Fig. 11A). There was a trend towards increased overall survival in PPARγ-WT mice 

treated with DMBA+ROSI (median survival week 21) compared to similarly treated PPARγ-A 

KO mice (median survival week 18), although this difference was not statistically significant (Fig. 

11B). The lack of a beneficial survival effect conferred by stromal adipocyte PPARγ is not entirely 

surprising given that stromal adipocytes do not constitute the tumour proper; thus, they are not 

likely to be source of the tumour initiating cells. 

 Total tumour incidence was not significantly different for DMBA-treated PPARγ-WTs 

(84%) compared to similarly treated PPARγ-A KO (100%) mice. The pattern of DMBA-mediated 

tumour types was consistent with those previously associated with administration of this chemical 

carcinogen, and comprised mainly mammary tumours, as well as ovarian, uterine, skin tumours 

and lymphomas. Co-treatment with ROSI did not significantly alter the types or total tumour 



 

63 

 

incidences observed at necropsy among DMBA+ROSI-treated PPARγ-WT (91%) or PPARγ-A 

KO (100%) mice. However, PPARγ expression in adipocytes showed a strong biologic trend 

towards reduced overall mammary tumour incidence with DMBA-treated PPARγ-WT controls 

compared to PPARγ-A KO mice (respective mean: 32% versus 48%, p<0.08). More interestingly, 

PPARγ-A KO mice had a >2-fold significantly increased incidence of malignant mammary 

tumours versus PPARγ-WT mice (mean±SD respectively: 44±10% vs 20±9%, p<0.01). In 

DMBA+ROSI co-treatment studies, activation of PPARγ signalling significantly reduced DMBA-

mediated mammary tumour incidence among PPARγ-WTs more so than in PPARγ-A KO mice 

(mean±SD: 29±8% vs 46±8% respectively, p<0.05). In addition, DMBA+ROSI-treated PPARγ-A 

KO mice had significantly more malignant mammary tumours than similarly treated PPARγ-WT 

mice (mean±SD, respectively: 40±8% vs 26±8%, p<0.01) (Fig. 11C). 

We next evaluated the role of adipocyte-specific PPARγ expression on mammary tumour 

multiplicity (Fig. 11D). Endogenous PPARγ expression significantly decreased total mammary 

tumours/mouse by ~60% among DMBA Only-treated PPARγ-WTs compared to PPARγ-A KO 

mice (respective mean±SD: 0.44±0.15 versus 0.70±0.17 tumours/mouse, p<0.05). Interestingly, 

compared to DMBA-treated PPARγ-WT mice, mean malignant mammary multiplicity was 

significantly increased 2.5-fold among PPARγ-A KO mice, (mean±SD, respectively 0.59±0.14 

versus 0.24±0.10 tumours/mouse, p<0.05). This pattern was consistent in mice co-treated with 

ROSI as mean malignant multiplicity was also significantly increased nearly 2-fold in PPARγ-A 

KOs compared to PPARγ-WT mice (mean±SD, respectively 0.65±0.15 versus 0.38±0.13 

tumours/mouse, p<0.05).  

Beyond reductions in mammary tumour incidence, PPARγ signalling delayed mammary 

tumour onset (Fig. 12A, B). Latency was not affected in mice treated with DMBA regardless of 
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genotype. In contrast, there was significantly increased latency among DMBA+ROSI-treated 

PPARγ-WTs compared to PPARγ-A KO mice (p=0.05). Notably, adipocyte PPARγ signalling did 

not affect mammary tumour volume (Fig. 12C). Co-treatment studies with DMBA+ROSI reduced 

mammary tumour volume. PPARγ-WTs developed confirmed mammary tumours with an average 

volume ~3-fold larger than the average mammary tumours in PPARγ-WT mice treated with 

DMBA+ROSI (respective volume±SD, 1.84±1.75cm3 versus 0.77±0.74cm3, p<0.05). PPARγ-A 

KO mice also benefited from ROSI treatment, with average necropsy mammary tumours of nearly 

half the size of the average mammary tumours in DMBA-treated PPARγ-A KO mice, (respectively  

0.56±0.71cm3 versus 0.95±1.25cm3, p<0.05).  

Mammary tumours were classified by our collaborating pathologists as benign or 

malignant, and subtyped as adenocarcinomas, squamous cell carcinomas, spindle cell carcinomas 

or small cell carcinomas (Fig. 13A-D). PPARγ-A KO mice presented with significantly more 

adenocarcinomas (p<0.05), the most common type of mammary tumour found in the clinic, 

compared to PPARγ-WT mice treated with or without ROSI co-treatment (Fig. 13E). 

Stromal adipocyte-specific PPARγ Upregulates BRCA1 

QRT-PCR was performed to evaluate breast tumour relevant targets (PPARγ1, PPARγ2, 

BRCA1, PTEN) using RNA isolated from (n=3) untreated normal mammary gland samples from 

PPARγ-WT and PPARγ-A KO mice (Fig. 14A). GAPDH was used as an internal standard with 

which to compare changes in target transcription levels and all data are presented relative to 

GAPDH expression. Relative PPARγ1 and PPARγ2 transcript levels were significantly decreased 

in untreated PPARγ-A KO compared to PPARγ-WT mice by five and twenty-fold (mean target 

gene transcriptional expression±SE: 22.2±11% for PPARγ1, and 4.4±2% for PPARγ2, p<0.05). 

BRCA1 expression was also significantly reduced by twenty-fold to 5.8±2% in PPARγ-A KO 
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mammary glands compared with PPARγ-WT control mammary glands (p<0.05). Comparably, 

PTEN transcription was not affected by PPARγ signalling in adipocytes. 

In order to evaluate BRCA1 expression changes resulting from loss of adipocyte-specific 

PPARγ, IF imaging for PPARγ and BRCA1 expression was performed and quantitated (Fig. 14B) 

on (n=3) untreated mammary glands from PPARγ-WT (respectively Figs. 14C, E) and PPARγ-A 

KO (respectively Figs. 14D, F) mice. IF analysis indicated that loss of PPARγ expression was 

specific to mammary stromal adipocytes in PPARγ-A KO mice (Fig. 14C-D). Images from 

PPARγ-WT glands indicate that BRCA1 is expressed in epithelial (pan-cytokeratin positive) cells 

as well as stromal (pan-cytokeratin negative) cells. Bright field images confirm that these stromal 

cells are predominantly adipocytes (data not shown). Images from PPARγ-A KO mammary glands 

show that BRCA1 expression is no longer present in adipocytes while it is retained in epithelial 

cells. 

Stromal Adipocyte-specific PPARγ Expression Decreases Leptin Secretion 

Adipocyte-specific PPARγ signalling decreased pre-study serum leptin secretion in 

untreated PPARγ-WT mice compared to PPARγ-A KO mice (respective mean±SE: 22.3±2ng/ml 

versus 27.9±5ng/ml, p<0.05) (Fig. 15A). Similarly, serum leptin levels measured throughout the 

tumourigenic study followed the same pattern with DMBA Only-treated PPARγ-A KO mice 

having higher serum leptin levels than PPARγ-WT mice at mid-study (respectively, 26.9±4.4 vs 

15.6±3.3 ng/ml, p<0.05) and necropsy (respectively, 10.0±0.8 vs 8.0±0.6 ng/ml, p<0.05). Co-

treatment with DMBA+ROSI did not significantly alter serum leptin levels among any of the 

groups examined. 

PPARγ Activity is Dysregulated In Tumourigenesis   
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 Representative tumours from PPARγ-WT and PPARγ-A KO mice treated with DMBA or 

DMBA+ROSI were evaluated for expression changes in genes described previously (Fig. 15B-E) 

as well as leptin and estrogen receptor (ER)α (Fig. 16A, B). A trend was observed towards 

increased PPARγ1, PPARγ2 and PTEN transcription in tumours from PPARγ-WT, but not from 

PPARγ-A KO, mice treated with DMBA+ROSI compared to respective DMBA alone controls, 

although this pattern was not statistically significant. BRCA1 mRNA expression varied between 

tumours collected from mice in the same group as well as between groups, but favoured reduced 

expression in all but one sample from PPARγ-A KO mice compared to PPARγ-WT controls. 

Leptin receptor RNA levels within mammary tumours were similarly evaluated, and 

expressed to the same extent irrespective of genotype or treatment group (Fig. 16A). More 

interestingly, mammary tumours from PPARγ-A KO mice in either treatment group expressed ~3-

fold more ERα levels compared with their, respectively, treated PPARγ-WT controls (p < 0.05) 

(Fig. 16B). DMBA + ROSI treatment significantly reduced ERα levels in both genotypes (p < 

0.05) (Fig. 16B). 

2.5 Discussion 

We generated PPARγ-A KO mice that are as viable as their congenic PPARγ-WT 

littermates, and had no significant spontaneous increase in lethality or breast tumourigenesis by 15 

months of age (data not shown). The present study provides the first direct in vivo evidence that 

PPARγ signalling in stromal adipocytes attenuates DMBA-mediated breast tumourigenesis. This 

is consistent with other studies suggesting that PPARγ plays a protective role in the progression of 

tumourigenesis[302]. Analysis of the PPARγ-A KO mouse model revealed the Ap2Cre+ transgene 

produced between 70-90% PPARγ recombination depending on the adipose store examined, with 

BAT representing highest recombination levels. This translated into significant reduction in 
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PPARγ protein expression in whole mammary glands including their fat pads, which was 

subsequently revealed by IF analysis as specific to mammary stromal adipocytes. Gross body and 

adipose store weights, were decreased in PPARγ-A KO mice which is consistent with other 

adipocyte targeted PPARγ KO mouse models[300]. However, disruption of PPARγ in the present 

model, subsequent to adipogenesis, did not alter serum glucose levels (data not shown), which may 

have otherwise produced a diabetic phenotype and confounded the tumourigenic findings. 

We and others have reported on the role of PPARγ expression within mammary epithelial 

cells in DMBA-mediated breast tumourigenesis[303]. Here, the role of PPARγ in mammary 

stromal adipocytes, as well as the effect of PPARγ activation, during breast tumourigenesis was 

also clarified. PPARγ-A KO mice were twice as likely to develop DMBA-mediated mammary 

tumours and the tumours formed were significantly more likely to be malignant than identically 

treated PPARγ-WT control mice. In light of the other statistically significant data between these 

groups, this trend is probably a real biologic effect and would be significant with greater numbers 

of treated mice. These data strongly suggest that PPARγ signalling within adipocytes inhibits the 

onset of mammary tumours. While changes in tumour incidence did not correlate with an effect 

on overall survival during the course of this study, a longer duration of observation may have 

revealed that other measures of breast tumourigenesis were affected. PPARγ-A KO mice 

developed significantly (p<0.001) more squamous cell carcinomas and adenocarcinomas, the type 

of breast tumour that presents most frequently in the clinic[1]. 

Molecular tissue evaluation has revealed several important PPARγ targets. Specifically, 

Pignatelli et. al. found that endogenous PPARγ ligands increase expression of the critical tumour 

suppressor, BRCA1, in MCF-7 breast cancer cells and used site directed mutagenesis to find a 

PPRE in the BRCA1 promoter[221].  Patel and colleagues demonstrated that multiple ligands of 
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PPARγ increase expression of another tumour suppressor gene, PTEN, in MCF-7 cells and found 

two PPREs within the PTEN promoter[220].  PPARγ is also capable of autoregulation[179].  

However, to date, no one has examined the cell-specific transcription and expression of these 

PPARγ targets in breast tumours.   

The present study revealed that normal PPARγ activity in adipocytes upregulates 

expression of PPARγ1, PPARγ2 and BRCA1 expression within these cells. Even though BRCA1 

is most well-known for its role in DNA damage repair, adipocyte-specific BRCA1 expression 

downregulates aromatase, preventing the conversion of androgens to estrogen[304]. In addition to 

providing a molecular rationale for the protective effects of PPARγ in adipocytes, the association 

with BRCA1 also suggests another predictive biomarker for PPARγ-activating therapy.  If, in fact, 

the protective effects of PPARγ are dependent on functional BRCA1, clinicians could use BRCA1 

to predict response. Other mechanisms have been proposed to increase BRCA1 expression 

including autoregulation and response to DNA damage[305]. This may explain the varying levels 

of BRCA1 transcription in the tumours, since each tumour was subdivided into fixed and frozen 

samples. However, the role of tumour heterogeneity as a contributing factor cannot be eliminated. 

Nevertheless, given the important role played by BRCA1 in familial and sporadic breast cancer, 

continued clarification of BRCA1 regulatory mechanisms would seem appropriate.   

He et al. previously reported that their adipocyte-targeted PPARγ KO mice have reduced 

circulating leptin[301]. However, their mice were not stressed with chemical carcinogens, and 

serum analysis was done with 14 month old mice, nearly 8 months after our mice completed 

tumourigenic study. These differences in study parameters may explain the suggested discrepancy 

between leptin levels observed in our respective untreated mice. Nevertheless, in support of our 

findings, Catalano et. al. published in vitro and in vivo evidence that PPARγ ligands inhibited 
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leptin-induced upregulation of leptin and the leptin receptor[216] while our manuscript was in 

preparation. Leptin enhances mammary tumourigenesis by stimulating cell growth and survival in 

addition to increasing the effects of estrogen on mammary epithelial cells[306]. Here we refine the 

model by showing that PPARγ within adipocytes affects leptin secretion in vivo. The present data 

also suggest that PPARγ in adipocytes does not directly regulate PTEN transcription, however, 

other factors are involved in PTEN regulation including autoregulation and expression through the 

stabilization of p53[178]. This is the first direct in vivo evidence that endogenous PPARγ signalling 

within adipocytes protects against DMBA-mediated breast tumour progression.   

In addition to suggesting that PPARγ signalling within adipocytes confers a protective in 

vivo role in mammary tumourigenesis, the present study indicates that PPARγ activation with 

ROSI is also protective. Others have shown that activating PPARγ with various natural and 

synthetic ligands protects against tumourigenesis[225]. A short pilot study was performed using 

ROSI on human patients diagnosed with breast cancer. After a few weeks, the ROSI treatment did 

not affect Ki67 levels, a marker of proliferation, however it did increase serum adiponectin[307]. 

In order to justify further clinical trials using PPARγ-activating mono- or combination-therapy, 

over longer timelines, more pre-clinical work needs to be done to elucidate the protective 

mechanisms and identify which patients and breast tumour subtypes are most likely to respond to 

therapy. 

Here strong evidence is provided that activation of PPARγ with ROSI protects against 

DMBA-mediated breast tumourigenesis, and that this protection is dependent on the presence of 

PPARγ in adipocytes. For more than a decade, ROSI has been used clinically to treat and prevent 

type II diabetes[198], a disease which is associated with several cancers including breast[308]. 

ROSI co-treatment decreases mammary tumour volume upon necropsy, and significantly increases 
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mammary tumour latency in PPARγ-WT, but not PPARγ-A KO, mice. This implies that PPARγ 

activation slows or attenuates mammary tumour growth in an adipocyte-specific manner. In 

contrast, ROSI co-treatment decreases mammary tumour volume, evaluated at necropsy, in both 

mouse genotypes.  Given all mammary tumours irrespective of genotype are of epithelial cell 

origin, which are not affected by the targeted PPARγ deletion approach used here, activation of 

PPARγ signalling would be expected to exert similar effects on the mammary tumours in both 

genotypes. Taken together, ROSI co-treatment provides significant direct and indirect protective 

effects on DMBA-mediated mammary tumour growth in our model. 

PPARγ activation also increases PPARγ1, PPARγ2 and PTEN transcription in tumours 

from PPARγ-WTs but not PPARγ-A KO mice. Importantly, this suggests that the protective effect 

of PPARγ activation requires the presence of PPARγ in adipocytes. The variability between 

samples is likely due to the inherent heterogeneity within tumours. One mammary tumour from a 

PPARγ-WT mouse treated with DMBA+ROSI exhibited unusually high levels of BRCA1 

transcription. Interestingly, this tumour was confirmed to be more de-differentiated and aggressive 

compared to the others in its matched group. It also cannot be excluded that there may be tumour-

specific translational inhibition preventing expression of BRCA1 protein, thus causing mRNA 

accumulation. 

Mammary tumours from all groups expressed the leptin receptor suggesting that those from 

PPARγ-A KO mice would be responsive to the significantly elevated serum leptin levels observed 

in those animals. As described above, it was independently reported that PPARγ activation 

counteracted leptin stimulatory effects on breast tumourigenesis in vitro and in vivo[216]. Here we 

show more directly that loss of PPARγ increases mammary stromal adipocyte-specific secretion 

of leptin, and PPARγ activation with ROSI decreases serum leptin levels contributing to the 
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protective effect against mammary tumourigenesis. Leptin has multiple biological actions 

including the regulation of endothelial cell proliferation and apoptosis through which it can 

promote angiogenesis[309-311]. It was also reported that high levels of circulating leptin, similar 

to those found in obese individuals, can drive breast tumourigenesis[312]. The data here suggest 

that serum leptin levels may be useful as a biomarker for at least a subset of breast cancer patients 

who may warrant combination therapies, including PPARγ activators, to aid in the management 

of the growth and spread of breast tumours. More strikingly, ERα levels were almost 3-fold higher 

among mammary tumours from PPARγ-A KO mice compared with their, respectively, treated 

PPARγ-WT controls, and while significantly reduced by co-treatment with ROSI, this fold 

difference was maintained between genotypes. This suggests that mammary tumours from PPARγ-

A KO mice are especially capable of responding to estrogen signalling. Ghosh et al. (2007) [304] 

reported that BRCA1 signalling in adipocytes reduces expression of aromatase and limits estrogen 

synthesis. Taken together, in our PPARγ-A KO model with reduced BRCA1 expression, aromatase 

is probably increased, enhancing estrogen secretion which, alone or in combination with increased 

leptin secretion, may drive DMBA-mediated growth and progression of ERα expressing mammary 

tumours. Ongoing studies are further examining the enhanced susceptibility of PPARγ-A KO mice 

to DMBA-mediated breast tumourigenesis, and how the expression and activated signalling of 

PPARγ within other mammary-associated cell types interact in vivo, but is beyond the scope of 

this article.  

Ultimately, the long-term aims of these studies are to reduce breast cancer-related deaths 

by not only elucidating how genetic and environmental risk factors interact in vivo, but also 

discerning the genetic signature of patients who may benefit from PPARγ-targeted therapy. The 

data here provide the first direct evidence that mammary stromal adipocyte-specific PPARγ 
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signalling locally maintains BRCA1 expression and systemically reduces leptin levels. It also 

provides further evidence that PPARγ-activating drugs, alone or in combination therapy, may be 

efficacious in treating at least a subset of breast cancer patients 
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2.8 Figures 

Figure 9. Effects of adipocyte-specific 

PPAR deletion on tissue and body 

weights of untreated mice. Morphological 

assessments at necropsy of untreated 12 

week old A) normal PPAR-WT compared 

to B) lipodystropic PPAR A-KO mice. 

Representative resected livers and spleens 

from C) PPAR-WT and D) PPAR A-KO 

mice. E) Tissue weights as a percentage of 

body weight (BW) expressed as a 

mean+SD. WATe, epididymal white 

adipose tissue; WATi, inguinal white 

adipose tissue; BAT, brown adipose tissue; 

Skel Mus, skeletal muscle. F) Mean BW for 

male (M) and female (F) PPAR-WT and 

PPAR A-KO mice expressed as a 

mean+SD. n=4 for each group. **, 

significantly different from PPAR-WT 

male mice, p<0.01; *, significantly different 

from PPAR-WT female mice, p<0.05. 

Performed by CJN. 
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Figure 10. Characterization of adipocyte-specific PPARγ-A KO mice.  A) Southern blot 

analysis of BamH1-digested genomic DNA from indicated tissues of untreated PPARγ-WT and 

PPARγ-A KO mice. WAT, white adipose tissue; Epi, epididymal; Ing, inguinal; BAT, brown 

adipose tissue; Muscle, skeletal muscle; FL/FL Control, positive control DNA for homozygous 

floxed PPARγ alleles; FL/Null Control, positive control DNA for recombined floxed and null 

PPARγ alleles. B) Nuclear PPARγ protein expression in whole mammary glands from 8 week old 

virgin female PPARγ-A KO and PPARγ-WT mice. C) Quantitation of PPARγ expression. Relative 

densitometry levels of PPARγ to Histone H1 protein among PPARγ-A KO and PPARγ-WT mice, 

as determined by western blot, were evaluated using Image J analysis software. Southern blot 

performed by CJN, immunoblot and quantitation performed by ALR. 
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Figure 11. In vivo effects of adipocyte-specific PPARγ deletion on DMBA-mediated breast 

tumourigenesis. Female PPARγ-WT and PPARγ-A KO mice were treated and assessed as 

described. A and B) Overall survival. Overall survival was expressed as the percentage of mice 

per genotype per treatment group surviving in a given week. Solid lines, PPARγ-WT; and dashed 

lines, PPARγ-A KO mice; n=number of mice. C) Mammary Tumour Incidences. The incidence of 

total mammary tumours (Overall) were expressed as the percentage of mice with any mammary 

tumours out of the total number of mice within a given genotype and treatment group. Mean 

malignant and benign mammary tumour incidences were similarly calculated based on the number 

of each within a given genotype and treatment group, and expressed as a percentage+standard 

deviation (SD). n=number of mice; ***, significantly different compared to respective PPARγ-

WT controls, p<0.001. D) Mammary tumours per mouse. The total number of mammary tumours 

(Overall), as well as malignant or benign mammary tumour subtypes, per mouse for a given 

genotype and treatment group are expressed as a mean+SD. n=number of mice; *, significantly 

different compared to respective PPARγ-WT controls, p<0.05. Mouse studies performed by ALR 

and GSG, analysis by GSG. 
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Figure 12. In vivo effects of adipocyte-specific PPARγ deletion on DMBA-mediated breast 

tumour onset and growth. Female PPARγ-WT and PPARγ-A KO mice were treated and assessed 

as described. A and B) Mammary tumour latency. Latency of mammary tumours is expressed as 

the percentage of mice with palpable mammary tumours within a given genotype and treatment 

group. Solid lines, PPARγ-WT; and dashed lines, PPARγ-A KO mice; n=number of mice. 

Mammary tumour latency is significantly different between DMBA+ROSI treated PPARγ-WT 

and PPARγ-A KO mice, p=0.05. C) Mammary tumour volumes. Mammary tumours were 

measured at necropsy, and volumes calculated using the standard formula (L x W2/2) and 

expressed as mean cm3 for each treatment group. Open circles and squares, mammary tumours 

from DMBA Only treated PPARγ-WT and PPARγ-A KO mice respectively; Closed circles and 

squares, mammary tumours from DMBA+ROSI treated PPARγ-WT and PPARγ-A KO mice 

respectively. n=number of mice per group. Mouse studies performed by ALR and GSG, analysis 

by GSG. 
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Figure 13. In vivo effect of adipocyte-specific PPARγ deletion on mammary tumour 

pathology. Formalin fixed, paraffin embedded mammary tumours from each treatment group were 

sectioned and stained to determine origin and subtype, and analyzed in a blinded fashion by 

pathologists as described. Representative images of A) Adenocarcinoma, B) Spindle Cell 

Carcinoma, C) Squamous Cell Carcinoma, D) Papilloma subtypes are shown. E) Mammary 

tumour subtype incidence. The incidence of each mammary tumour subtype observed within a 

given treatment group is expressed as a mean percentage+SD. n=number of mice per group. *, 

significantly different compared to respective mammary tumour subtypes in PPARγ-WT controls, 

p<0.05. Mouse studies performed by ALR and GSG, analysis by GSG. 
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Figure 14. Effects of 

Adipocyte-specific deletion of 

PPARγ on gene expression in 

the mammary gland of 

untreated PPARγ-WT and 

PPARγ-A KO mice. A) 

Mammary gland RNA 

expression levels for PPARγ1, 

PPARγ2, PTEN and BRCA1 in 

untreated PPARγ-WT and 

PPARγ-A KO mice. Total RNA 

from untreated whole mammary 

glands from each genotype were 

extracted, converted to cDNA 

templates and assessed by QRT-

PCR as described. Values for 

each target gene were performed 

in triplicate three independent 

times, and expressed as 

percentage fold expression 

change+SE relative to untreated 

PPARγ-WT samples. Black 

bars, PPARγ-WT; White bars, 

PPARγ-A KO. B) Mammary 

gland protein expression of 

PPARγ and BRCA1 in PPARγ-

WT and PPARγ-A KO mice. 

Formalin fixed, paraffin-

embedded untreated whole 

mammary glands from each genotype were sectioned, and target protein expression was visualized 

using IF and quantified using ImagePro 6.0 analysis software as described. Protein levels were 

measured in triplicate on three independent samples and are expressed as mean integrated optical 

density (IOD)+SE. Black bars, PPARγ-WT; White bars, PPARγ-A KO. *, significantly different 

from PPARγ-WT controls, p<0.05. C - F) Mammary epithelial versus stromal cell expression of 

PPARγ and BRCA1 protein. Representative IF imaging comparing sections of untreated mammary 

glands from PPARγ-WT (C, E) and PPARγ-A KO (D, F) mice. C and D) PPARγ (green) is 

expressed in stromal adipocytes of PPARγ-WT but not PPARγ-A KO mammary glands. E and F) 

BRCA1 expression is no longer present in PPARγ-A KO adipocytes, while it is retained in pan-

cytokeratin (red) expressing epithelial cells and in stromal adipocytes of PPARγ-WT mammary 

glands. DAPI Nuclear staining (blue). Scale bar, 10µm. Mammary gland isolation and QRT-PCR 

performed by GSG, IF performed by MDL. 
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Figure 15. In vivo effect of adipocyte-

specific deletion of PPARγ on serum 

leptin and mammary tumour BRCA1 

levels in treated PPARγ-WT and PPARγ-

A KO mice. A) Serum leptin levels. Serum 

leptin levels were obtained pre-(N/T), mid- 

and end-study from PPARγ-WT and 

PPARγ-A KO mice in each group and 

assessed as described. Analysis was 

performed in triplicate on indicated 

independent samples from each group, and 

expressed as a mean+SE. n=number of 

mice. *, significantly different compared to 

respective PPARγ-WT treated controls, 

p<0.05. B - E) Mammary adenocarcinoma 

RNA expression levels for PPARγ1, 

PPARγ2, PTEN and BRCA1 in treated 

PPARγ-WT and PPARγ-A KO mice. QRT-

PCR analysis of target gene expression was 

performed as described. Values for each 

target gene were performed in triplicate 

three independent times, and expressed as 

percentage fold expression+SE relative to 

untreated PPARγ-WT samples. *, 

significantly different compared to 

respective PPARγ-WT controls, p<0.05. 

Serum collected by ALR and GSG, ELISA 

performed by RR and GSG, QRT-PCR 

performed by GSG. 

 

 

A 

B C 

E D 



 

80 

 

 

Figure 16. In vivo effect of adipocyte-specific deletion of PPARγ on mammary tumour leptin 

receptor and ERα levels in treated PPARγ-WT and PPARγ-A KO mice. (A and B) Mammary 

adenocarcinoma mRNA expression levels for leptin receptor and ERα in treated PPARγ-WT and 

PPARγ-A KO mice compared to mRNA levels found in MCF-7 controls. Quantitative real-time 

polymerase chain reaction analysis of target gene expression was performed as described in the 

Materials and methods. Values for each target gene were performed in triplicate on four tumours 

from each group, three independent times, and expressed as percentage fold expression + SE 

relative to untreated PPARγ-WT samples. *, Significantly different compared with respective 

PPARγ-WT controls, P < 0.05; ††, significantly different compared with respective DMBA Only 

controls, P < 0.01. C) Schematic representation of paracrine signaling responsible for adipocyte 

PPARγ protective effects. Adipocytes without PPARγ (left) have lower BRCA1 levels which 

result in increased aromatase levels that lead to increased estrogen exposure to which the mammary 

tumours (right) are responsive. Similarly, without PPARγ, adipocytes produce more leptin which 

can also influence mammary tumour growth due to the expression of the leptin receptor. QRT-

PCR performed and summary figure designed by GSG. 
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Chapter 3: Deletion of PPARγ in Stromal Adipocytes Creates a Protumourigenic 

Environment  

3.1 Abstract 

Previous studies showed that PPARγ signaling in stromal adipocytes protects against 

DMBA-induced breast tumourigenesis. Mechanistic studies revealed that mice lacking PPARγ in 

their mammary stromal adipocytes had decreased expression of BRCA1 and increased serum 

leptin levels. Here, the role of PPARγ expression and signalling in stromal adipocytes was 

evaluated in a multi-risk factor (DMBA+ProHF)-mediated breast tumourigenesis model. PPARγ-

A KO mice were 2-fold more likely to develop mammary tumours than PPARγ-WT controls, and 

these tumours were more likely to be malignant. PPARγ-A KO mammary tumours presented 

significantly earlier and grew ~2-fold larger in PPARγ-A KO mice. Serum microarray analyses 

revealed that circulating IL-2, IL-13 and MIP-1α levels are decreased in untreated PPARγ-A KO 

versus PPARγ-WT mice. This suggests that PPARγ-A KO mice may have decreased tumour 

immunosurveillance. In addition, in vitro phenotypic assays showed that, compared to PPARγ-

WT serum, PPARγ-A KO serum induced increased migration in human MCF-7 and MDA-MB-

231 breast cancer cell lines, and increased invasion in MDA-MB-231 cells. PPARγ-A KO serum 

also increased tubule length nearly 3-fold in a human aortic endothelial cell (HAEC) angiogenesis 

assay. Surprisingly, PPARγ-A KO mice also had a significantly increased incidence of ovarian 

tumours. Collectively, this work shows that PPARγ expression and signalling within mammary 

stromal adipocytes protects against mammary and ovarian tumourigenesis, and provides a 

mechanistic rationale supporting the novel use of PPARγ-targeted therapy in patients diagnosed 

with these diseases. 
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3.1 Introduction 

 Breast cancer remains a leading cause of cancer-related morbidity and mortality. In 2014, 

approximately 256,000 North American women will be diagnosed and almost 45,000 will die from 

disease progression and distant metastases[1, 270]. In contrast, ovarian cancer is much rarer, 

accounting for only 3% of female cancers diagnosed; however, the 5 year relative survival ratio is 

only 45% compared to 88% for breast cancer[1], and contributed to the deaths of an estimated 

16,000 North American women in 2013[1, 270]. These statistics reveal the need for better 

diagnostic tools and therapeutic options for North American women suffering from breast and 

ovarian cancer. Interestingly, breast and ovarian cancer incidences are increased by many of the 

same risk factors, including obesity, consumption of a western-style ProHF diet[136, 137, 313], 

and BRCA1/2 mutations[314, 315]. To improve outcomes for breast and ovarian cancer patients, 

our studies aimed to advance the understanding of how environmental and genetic risk factors, and 

their interactions, contribute to the etiology of these diseases.  

One such genetic factor with an emerging protective role in cancer is the candidate tumour 

suppressor gene PPARγ. PPARγ is a member of the nuclear receptor superfamily and is expressed 

in many tissues. PPARγ normally heterodimerizes with RXRα and the complex recognizes direct-

repeat (DR)-1 motifs, referred to as PPREs, in target gene promoters. In the unactivated form, the 

PPAR;RXR complex is associated with co-repressors on PPREs, physically blocking 

transcriptional machinery[179]. In contrast, when activating ligands bind, the PPARγ;RXRα 

complex undergoes a conformational change that allows it to release co-repressors and bind co-

activators, resulting in direct transcriptional upregulation of gene expression[179]. PPARγ 

activating ligands include synthetic thiazolidinediones (TZD) such as the gold standard activator 

ROSI [197], used widely for >15 years to treat and prevent Type II diabetes[198], and many natural 

fatty acids and fatty acid metabolites, such as linoleic acid[199]. 
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Substantial pre-clinical and clinical evidence suggests that PPARγ signaling is protective, 

loss of PPARγ confers increased risk of breast cancer and that PPARγ activation synergistically 

enhances the efficacy of numerous established chemotherapeutic agents[245]. In vitro analysis 

showed that PPARγ activation reduces breast cancer cell proliferation[316], inhibits angiogenesis 

and invasion while promoting apoptosis[317]. Additionally, PPARγ signaling activates tumour 

suppressor genes PTEN and BRCA1 in MCF-7 breast cancer cells, both of which have PPREs 

within their promoters[221, 318], and decreases expression of protumourigenic leptin[216]. 

Previous studies using a PPARγ(+/-)
 haploinsufficient mouse model provided the first direct in vivo 

evidence that PPARγ was protective against DMBA mediated breast, ovarian and skin 

tumourigenesis[227]. Given that PPARγ is expressed in multiple epithelial and stromal mammary 

gland associated cell types[208], further in vivo studies are needed to clarify the cell-specific 

contributions of PPAR signalling that are relevant to tumourigenesis. 

PPARγ is most highly expressed in cells committed to the adipocyte lineage[208]. Notably, 

PPARγ is required for adipogenesis and forced expression of PPARγ induces 3T3L1 cells and 

mouse embryo fibroblasts to differentiate into adipocytes[222]. Despite the fact that the vast 

majority of breast tumours that present in the clinic are of epithelial origin, stromal cells, 

particularly adipocytes, can profoundly affect tumour progression through the secretion of 

adipokines[84]. The influence of these adipokines contributes to the increased susceptibility of 

obese individuals to breast tumour development[209]. Using a DMBA-induced tumourigenesis 

model, a recent study unveiled PPARγ signaling within stromal adipocytes is critically protective 

in breast tumourigenesis[233]. In addition, PPARγ-A KO had higher serum leptin and lower 

mammary stromal adipocyte BRCA1 expression compared to controls. Others have demonstrated 

that adipocyte BRCA1 regulates aromatase expression which catalyzes the rate-limiting step in 
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estrogen biosynthesis[304]. Thus, PPARγ in stromal adipocytes may be crucial to reducing 

endogenous estrogen production. Since human and animal studies associate consumption of ProHF 

with enhanced breast cancer risk[136, 137], it was hypothesized that loss of PPARγ in stromal 

adipocytes would enhance susceptibility to multi-risk factor (DMBA+ProHF)-mediated breast 

tumourigenesis.  

Here we show that the multi-risk factor-tumourigenesis model unveiled a protective role 

of PPARγ signaling in mammary stromal adipocytes during breast tumourigenesis, and we provide 

a molecular rationale for this effect. Fortuitously, the multi-risk factor-tumourigenesis model also 

revealed that PPARγ signaling within stromal adipocytes may also protect against ovarian 

tumourigenesis.  

3.3 Materials and Methods 

Animals 

Mice were treated as described in section 2.3. An enhanced yellow fluorescence protein 

(EYFP) reporter mouse strain, B6.129X1-Gt(ROSA)26Sortm1(EYFP)Cos/J (Jackson Labs), was 

also obtained and crossed with both PPAR(+/+);Ap2-Cre+ and PPARγ-A KO strains to generate 

wildtype control (PPAR(+/+);Ap2-Cre+;EYFP+) and targeted adipocyte deletion (PPARγ-A 

KO;EYFP+) reporter strains. Based on fluorescent EYFP expression in the same adipocytic cells 

targeted by Cre recombinase, these mouse strains facilitate in vivo tracking and isolation of 

adipocytes, with and without PPAR expression, during breast tumourigenesis studies.  

In vivo tumourigenesis studies 

Initial in vivo mammary tumourigenesis was generated as previously described in section 

2.3. Once again, 8-12 week-old virgin female mice were gavaged p.o. with 0.1 ml (total 1 mg) 

DMBA (dissolved in corn oil) once a week for 6 weeks. In the current study, mice were also 
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provided a ProHF diet (Mouse Diet, High Fat 60% Fat Calories, Bio-Serv) ad libitum. On week 7, 

mice were randomized to continue on the ProHF diet alone or ProHF diet supplemented with the 

gold standard PPARγ activator, ROSI (4mg/kg/day). This treatment regimen was adjusted to 3 

weeks of DMBA treatment, with ROSI-supplemented diet started at week 4, based on the unique 

sensitivity of PPARγ-A KO mice. Biweekly gross/clinical examinations, monitoring, euthanasia 

and necropsies were performed as described in section 2.3. Samples collected at necropsy were 

processed as described in section 2.3. 

Pathology 

Tumour and tissue sections were formalin fixed, paraffin embedded and stained with 

hematoxylin and eosin as described in section 2.3 to facilitate blind review by our collaborating 

pathologists. 

Serum Assays 

Whole blood (non-fasted) was collected from all study mice at one week prior to the start 

of the DMBA dosing regimen (pre-study) and at necropsy. Serum was obtained following 

centrifugation, and flash frozen and stored at -80°C. The Bio-Plex Pro Mouse Cytokine 23-plex 

serum assay kit (BioRad Laboratories) was used to assess sample cytokine expression according 

to manufacturer’s instructions. 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[319]. Cytokine concentrations 
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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. 

Invasion/Migration Assays 

 Invasion was measured using a 24-well Boyden Chamber apparatus with a 0.8μm pore 

membrane (Ultident) coated in matrigel. 85% confluent MCF-7 and MDA-MB-231 cells were 

serum starved for 24 hours prior to experiment. 50,000 cells were loaded in 200μl of serum-free 

media in the top chamber with 600μl media supplemented with serum collected from PPARγ-WT 

or PPARγ-A KO mice (pooled from n=5 mice) in the bottom chamber. After 24 hours, membranes 

were removed, cells were scraped from the top and remaining cells on the bottom were fixed and 

DAPI stained for quantification. Images were taken with QCapturePro and analyzed with ImageJ. 

Migration assays were performed similarly except that membranes were not coated in matrigel and 

the experiment was performed for only 6 hours. 

Tube Formation Assay 

 The tube formation assay was performed as previously described[320]. Briefly, Growth 

factor-reduced Matrigel (BD Biosciences) was gelled at 37 °C for 1 h. Human aortic endothelial 

cells were labelled with 0.5 mol/L Cell-Tracker (Invitrogen) for 30 min. 125,000 cells were plated 

in EGM-2 medium with 10 μl of serum collected from PPARγ-WT or PPARγ-A KO mice (pooled 

from n=5 mice). Live cell tube formation was observed using fluorescence, and the images were 

acquired using a Zeiss Axiovert S100 microscope equipped with a Plan-Neofluor 5 objective and 

a Cooke SensiCam at 2, 4, 6 and 24 hours. The mean cell area, branch points and tubule length 

was measured using Image J. 

Dihydroethidium (DHE) Assay 
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Dihydroethidium (DHE), an oxidative fluorescent dye, was used to measure in situ reactive 

oxygen species production. In the presence of superoxide (O2
−) anion, DHE permeabolizes the 

plasma membrane and converts to ethidium bromide (EtBr), which intercalates DNA. Cryofrozen 

mammary gland sections (8 μm) from untreated virgin PPARγ-WT and PPARγ-A KO females 

were incubated for 30 minutes at 37°C with 0.5 mg/ml DHE (Cayman Chemical) and subsequently 

imaged by Quorum WaveFX-X1 spinning disk confocal microscome (Quorum Technologies Inc.) 

with a Borealis Synapse laser merge module (Spectral Applied Research) by experts in the Queen’s 

Core Imaging Facility. Microscope control and data analysis were performed with Metamorph 

Offline 7.7 software (Molecular Devices). 

Immunoblot analysis 

Protein isolation, quantification, separation and probing was performed as previously 

described in section 2.3. 

Analysis of gene expression by quantitative real-time PCR 

RNA was isolated, analyzed and converted to cDNA as described in section 2.3. QRT-

PCR was performed using the Bio-Rad thermocycler programmed as described in section 2.3. 

Statistical analysis 

Statistical analysis was performed as described in section 2.3. 

3.4 Results and Discussion 

PPARγ Activation Protects Against Multi-Risk Factor-Induced Breast Tumourigenesis 

 As in our previous studies, 1mg DMBA once/week for six weeks was used to initiate 

tumourigenesis in virgin female PPARγ-WT mice[227, 233]. Mice were also provided with ProHF 

diet starting one week prior to the first DMBA treatment and continued throughout the study. On 

week 7, mice were randomized to continue the ProHF diet (DMBAx6+ProHF: PPARγ-WT, n=25) 
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or one supplemented with ROSI (DMBAx6+ProHF+ROSI: PPARγ-WT, n=30) and followed for 

25 weeks for tumour outcomes. One PPARγ-WT mouse treated with DMBAx6+HF diet was found 

dead in its cage on week 11 due to unrelated causes. This mouse was included in survival 

calculations but excluded from all tumour outcome data due to the possibility that it may have 

developed tumours at a later time. 

A small group (PPARγ-WT, n=4) of mice was treated with 1mg DMBA once/week for six 

weeks and provided a normal chow diet to control for tumour and survival outcome effects due to 

the ProHF diet. This group was kept small for ethical reasons as large scale studies treating PPARγ-

WT mice with DMBAx6 Only were already completed by our group[227, 233]. Mammary tumour 

incidence and overall survival were not statistically different between this current control group 

and PPARγ-WT mice treated with DMBAx6 Only in the previous studies. 

 Consistent with reports that it promotes tumourigenesis and reduces overall survival[321, 

322], ProHF diet significantly (p<0.05) decreased overall survival in PPARγ-WT mice. Mice 

treated with DMBAx6 only reached 50% survival at week 22 while those treated with 

DMBAx6+ProHF diet reached 50% survival at week 14 (Fig. 17A). There was a trend towards 

increased total tumour incidence between PPARγ-WT mice treated with DMBAx6+ProHF 

(96±12%) and DMBAx6 only (50±27%) although, due to small sample size, this was not 

significantly different. The tumour sites were consistent with those previously associated with 

administration of DMBA, including mammary, ovarian and skin tumours as well as lymphomas. 

Interestingly, mammary tumour incidence was nearly 4-fold higher among PPARγ-WT mice 

treated with DMBAx6+ProHF diet (83±7%) compared to DMBAx6 Only (25±22%, p<0.001) 

(Fig. 17B). All tumours were confirmed and classified by our collaborating pathologists. 

Additionally, the incidence of aggressive mammary tumours including squamous cell carcinoma, 
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spindle cell carcinoma and small cell carcinoma was increased by exposure to the ProHF diet (Fig. 

18A).  

To evaluate whether PPARγ activation could protect against multi-risk factor-induced 

breast tumourigenesis, an additional group (DMBAx6+ProHF+ROSI; PPARγ-WT, n=30) of mice 

was treated with DMBA and ProHF diet supplemented with ROSI. This dose of ROSI was 

previously shown to achieve serum levels in mice comparable to therapeutic levels that activate 

PPARγ and increase insulin sensitivity in humans[198]. PPARγ activation with ROSI significantly 

increased overall survival (p<0.05), extending median survival from week 14 to 17 for mice treated 

with DMBAx6+ProHF versus DMBAx6+HF+ROSI, respectively (Fig. 17A). In addition to 

increasing overall survival, ROSI treatment also significantly reduced mammary tumour incidence 

(p<0.01) and delayed mammary tumour onset (p<0.001) in PPARγ-WT mice (Fig. 17B, C). 

Further, ROSI treated mice were less likely to develop aggressive mammary tumours, which 

confirms what other groups have shown; that PPARγ activation reduces the aggressiveness of 

mammary tumour cells (Fig. 18A)[295]. Among the mice that developed tumours, PPARγ 

activation with ROSI reduced mammary tumour multiplicity ~60% among PPARγ-WT mice, 

(mean±SD, respectively 2.7±1.4 versus 1.6±0.6 tumours/mouse) although this trend was not 

statistically significant. MicroUltrasound imaging was used to quantify mammary tumour 

vascularity from a subset of PPARγ-WT mice treated with DMBAx6+ProHF and 

DMBAx6+ProHF+ROSI. Representative images have been selected (Fig. 18B), showing that 

tumours from ROSI treated mice are smaller and less vascular than those from mice that did not 

receive ROSI. 

For more than a decade, ROSI has been used to treat and prevent type II diabetes alone or 

in combination with metformin and sulfonylurea[198, 323]. Type II diabetes is associated with 
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several cancers including breast[308] and metformin treatment protects against cancer by 

downregulating AMPK and ultimately antagonizing mTOR[323]. Our findings confirm that 

activating PPARγ protects against tumourigenesis[225]. Based on evidence such as this, a brief 

pilot study using ROSI was performed on human breast cancer patients and showed that ROSI-

treated women did not experience changes in Ki67 expression, reflecting proliferation potential, 

although ROSI treatment increased the protective serum marker adiponectin[307]. Unfortunately, 

the long-term impact of ROSI-mediated changes in adiponectin levels on these patients was limited 

by the scope and timeframe of the study. Still, pre-clinical work that elucidates the protective 

mechanisms through which ROSI exerts its effects will help identify which patients and breast 

tumour subtypes are most likely to respond to PPARγ-activating therapy. 

PPARγ-A KO Mice Are Exquisitely Sensitive to Multi-Risk Factor Tumourigenesis 

Untreated PPARγ-A KO mice exhibit no significant spontaneous increase in lethality or 

breast tumourigenesis when followed for up to 15 months. In addition, this strain was previously 

observed to tolerate, without side effects, individual treatment regimens including DMBAx6 Only, 

DMBAx6+ROSI or ProHF Only (Nicol et. al., unpublished). Surprisingly, in this study, co-

treatment with DMBAx6+ProHF diet significantly (p=0.001) decreased overall survival, reducing 

median survival from week 14 for PPARγ-WT mice to week 6 for PPARγ-A KOs (Fig. 17D). 

Another group (DMBAx6+ProHF: PPARγ(+/-), n=5) of mice was used to evaluate the effect of 

global reduction in PPARγ signaling, PPARγ(+/-) mice were used because PPARγ(-/-) die in utero at 

GD 10.5. The PPARγ(+/-) mice were similarly treated with DMBAx6+ProHF diet and overall 

survival was reduced as well, with a median survival of 11 weeks(Fig. 17D). Unfortunately, this 

sensitivity of PPARγ-A KO and PPARγ(+/-) mice to the DMBAx6+ProHF precluded tumourigenic 

studies using our previously established treatment regimens. 
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 To better understand why the PPARγ-A KO mice were so sensitive to DMBA+ProHF, 

serum was collected from PPARγ-WT and PPARγ-A KO mice at necropsy and evaluated for 

several diagnostic markers of major organ function. Given the critical role of PPARγ in 

adipogenesis, homeostatic mechanisms may preferentially redistribute lipid storage into other 

sensitive tissue depots, such as the liver or kidney. Thus, we suspect that co-administration of 

ProHF alters distribution of lipophilic DMBA and/or its carcinogenic metabolites, and that this 

normally non-lethal total DMBAx6 dose results in cell/tissue damage and premature death. 

Consistent with this theory, serum alanine transaminase (ALT) and blood urea nitrogen (BUN) 

were elevated ~3-fold and ~4-fold, respectively, in serum collected at necropsy from 

DMBAx6+ProHF-treated PPARγ-A KOs compared to PPARγ-WT mice (Fig. 19A, B). Elevated 

serum ALT levels may indicate hepatocellular injury[324] while elevated BUN is a marker of 

reduced renal function[325]. These data suggest that two major organ systems, liver and kidneys, 

were damaged in PPARγ-A KO mice possibly explaining their unique sensitivity. Unfortunately, 

the unexpected early deaths of the majority of treated PPARγ-A KO mice prevented serum 

collection from more than 2 mice, limiting statistical analysis.  

Stromal Adipocyte PPARγ Protects Against Multi-Risk Factor-Induced Tumourigenesis 

To optimize a DMBA+ProHF regimen for sensitive PPARγ-A KO mice that maximizes 

breast tumours and minimizes indirect lethality, the number of DMBA treatments was adjusted 

while continuing ProHF throughout the study. DMBA is a well-characterized tumour initiator and 

promoter[163] and a single dose of DMBA is sufficient to initiate mammary tumours. ProHF is a 

well-established tumour promoter[136] and thus increases DMBA-mediated breast 

tumourigenesis. To determine the ideal number of DMBA doses, subsets (n=5) of PPARγ-A KOs 

and PPARγ-WT control mice were initially treated with a single dose (1mg) of DMBA and 
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provided ProHF ad libitum. Whole blood samples were taken at 0, 2, 4, 6, and 24 hours post 

DMBA dose and assessed for changes in serum ALT and BUN. After the first dose, ALT and BUN 

levels were not different between PPARγ-WT and PPARγ-A KO mice suggesting that PPARγ-A 

KO mice could handle further dosing. Weekly DMBA treatment and serum collection was 

continued until serum profiles differed between PPARγ-WT and PPARγ-A KO mice at 3 weeks 

(3mg DMBA). Based on this, 1mg DMBA once/week for three weeks (DMBAx3) was established 

as the new treatment regimen.  

  Subsequently, PPARγ-WT and PPARγ-A KO mice were treated with DMBAx3 + ProHF 

diet. On week 4, mice from both genotypes were randomized to continue on ProHF diet 

(DMBAx3+ProHF: PPARγ-WT, n=28; PPARγ-A KO, n=27) or receive ProHF diet supplemented 

with ROSI (DMBAx3+ProHF+ROSI: PPARγ-WT, n=28; PPARγ-A KO, n=26). Mice were 

followed up to 25 weeks for tumour outcomes as described above. No significant differences were 

observed among average mouse body weights or weekly food consumption throughout the study 

between genotypes or treatment groups (data not shown). Three PPARγ-A KO mice treated with 

DMBAx3+ProHF, three PPARγ-WT mice treated with DMBAx3+ProHF+ROSI and eight 

PPARγ-A KO mice treated with DMBAx3+ProHF+ROSI died in their cage before a necropsy was 

performed. These mice were included in overall survival calculations, but excluded from all other 

data. 

Overall survival was not different between PPARγ-A KO and PPARγ-WT mice treated 

with DMBAx3+ProHF diet, reaching 50% survival at week 19 and 21, respectively (Fig. 20A). 

However, ROSI treatment significantly (p<0.005) increased overall survival in PPARγ-WT mice 

(median survival week 23) compared to PPARγ-A KO mice (median survival week 14) (Fig. 20B). 

Interestingly, there was a biological trend towards increased survival among PPARγ-WT mice 
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treated with DMBAx3+ProHF+ROSI compared to DMBAx3+ProHF (comparison of Figs. 20A, 

B). This trend was not recapitulated in PPARγ-A KO mice, suggesting that the presence of PPARγ 

in adipocytes may be required for the beneficial survival effects of ROSI.  

 As for mammary tumour outcomes, once again, PPARγ-A KO mice were much more 

susceptible to tumourigenesis suggesting that the presence of PPARγ in stromal adipocytes is 

critically protective. Among mice treated with DMBAx3+ProHF diet, PPARγ-A KO mice first 

presented with palpable mammary tumours in week 8 while this was delayed in PPARγ-WT mice 

until week 13 (Fig. 20C). Overall, PPARγ-A KO mice experienced significantly reduced 

mammary tumour latency than PPARγ-WT controls (p<0.05). Similarly, DMBAx3+ProHF+ROSI 

treated PPARγ-A KO mice developed mammary tumours earlier than PPARγ-WT mice, although 

this was not statistically significant (Fig. 20D). 

Beyond delays in mammary tumour onset, adipocyte PPARγ signalling reduced the 

incidence of total and malignant mammary tumours. In PPARγ-A KO mice treated with 

DMBAx3+ProHF, 37.5±15.8% developed confirmed mammary tumours compared to only 

18.5±5.6% of similarly treated PPARγ-WTs (Fig. 21A). Even more importantly, malignant 

mammary tumour incidence was significantly (p=0.05) different between PPARγ-WTs 

(14.8±5.6%) and PPARγ-A KOs (37.5±15.8%). In addition, among mice treated with 

DMBAx3+ProHF+ROSI, 33.33±11% of PPARγ-A KOs developed mammary tumours compared 

to 24±6.50% of PPARγ-WT mice (Fig. 21A). ROSI treatment also reduced the incidence of 

malignant mammary tumours in PPARγ-WT mice to 20±6.5% and 27.77±10.5% for PPARγ-A 

KOs. Mammary tumour multiplicity was also evaluated, but was not significantly different 

between similarly treated PPARγ-WT and PPARγ-A KO mice. 
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We next evaluated the role of adipocyte-specific PPARγ expression on mammary tumour 

volume (Fig. 21B). Endogenous PPARγ expression decreased mean mammary tumour volume by 

~2-fold in DMBAx3+ProHF treated PPARγ-WT mice compared to PPARγ-A KOs (mean±SD, 

respectively 820±913mm3 versus 1350±1205mm3). Among ROSI treated mice, PPARγ-WTs 

presented with mammary tumours that averaged 1118±978mm3 while PPARγ-A KO tumours 

measured 1078±1054 mm3 on average. Collectively, these novel findings suggest that PPARγ 

signalling within stromal adipocytes protects against mammary tumourigenesis in a multi-risk 

factor-induced model. Also, activation of PPARγ with ROSI protects against DMBA-mediated 

breast tumourigenesis, and this protection is dependent on the presence of PPARγ in adipocytes.  

Adipocyte-specific PPARγ Regulates Serum Cytokines 

The vast majority of clinically relevant mammary tumours originate in epithelial 

tissue[326]; therefore, it is likely that adipocyte-specific PPARγ signalling protects against breast 

tumourigenesis through a secreted factor rather than directly as a component of the tumour proper. 

To confirm this, wildtype control (PPAR(+/+);Ap2-Cre+;EYFP+) and adipocyte targeted PPAR 

KO (PPARγ-A KO;EYFP+) reporter mouse strains were generated as described. These PPARγ-A 

KO;EYFP+ mice (n=15) were treated with DMBAx6 Only to induce mammary tumours. At 

necropsy, mammary glands, epididymal white adipose tissue, liver (negative control) and 

mammary tumours were imaged using EYFP fluorescence (Fig. 22A-D). These novel results 

showed mammary stromal adipocytes lacking PPARγ were retained in the surrounding stroma of 

the mammary tumours (Fig. 22D). Furthermore, it suggests these cells are proximal and may 

influence neighbouring mammary tumours via secreted signals.  

To determine whether adipocyte-specific PPARγ-dependent signalling was altered among 

PPAR-A KO mice, the Bio-Plex Pro Mouse Cytokine 23-plex serum assay kit was used. All 
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results were analyzed between respective genotype and treatment groups (Fig. 23 and Table 4). 

Untreated PPARγ-WT mice showed a significant (p<0.05) increase in IL-2 and IL-13 

concentration compared to similarly treated PPARγ-A KO mice (mean±SD pg/ml IL-2 and IL-13, 

respectively: 62.8±47 vs. 29.5±15.0, 654.1±638.6 vs 209.6±46.1). This trend was maintained when 

mice from both genotypes were treated with DMBAx6 alone or DMBAx6+ROSI. In addition, 

macrophage inflammatory protein (MIP)-1α expression showed a strong biological trend (p=0.08) 

towards increased expression in PPARγ-WT mice versus PPARγ-A KOs. Collectively, IL-2, IL-

13 and MIP-1α are involved in the activation, proliferation and recruitment of immune cells to the 

site of tumours[327, 328]. 

Serum Collected from PPARγ-A KO Mice Enhances Tumourigenesis In Vitro 

We next evaluated PPARγ-WT and PPARγ-A KO serum for its ability to affect three 

tumourigenic phenotypes in vitro. Our previous work showed that PPARγ within adipocytes 

affects leptin secretion in vivo[233]. While our manuscript was in preparation, Catalano et. al. 

published in vitro and in vivo evidence that PPARγ ligands inhibited leptin-induced upregulation 

of leptin and the leptin receptor[216]. Leptin enhances mammary tumourigenesis by stimulating 

cell growth and survival, in addition to increasing the effects of estrogen on mammary epithelial 

cells[306]. We previously showed that mammary tumours from all groups expressed the leptin 

receptor suggesting that those from PPAR-A KO mice would be responsive to the significantly 

elevated serum leptin levels observed in those animals. As described above, it was independently 

reported that PPARγ activation counteracted leptin stimulatory effects on breast tumourigenesis in 

vitro and in vivo[216]. 

Serum was collected from four groups of mice; untreated female virgin (PPARγ-WT, n=3; 

PPARγ-A KO, n=3) and DMBAx6 treated female virgin (PPARγ-WT, n=3; PPARγ-A KO, n=3) 
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upon necropsy. Invasion/migration assays were performed using a Boyden Chamber with and 

without matrigel, respectively. Two human cell lines were selected to represent two major classes 

of breast tumours: ER+/PR+ moderately aggressive ductal carcinoma (MCF-7) and aggressive 

adenocarcinoma (MDA-MB-231). All cells were grown to 85% confluence and serum starved for 

24 hours. To evaluate migration, cells were seeded on a matrigel-free membrane with medium 

containing 10% pooled serum on the opposite side. After 6 hours, migrating cells were stained 

with DAPI and quantified using QCapturePro cell counting software (Fig. 24A). Untreated 

PPARγ-A KO serum significantly increased migration of MCF-7 cells 3-fold compared to PPARγ-

WT serum (mean±SD cells/FOV: 7.4±0.7 vs. 2.8±0.2, p<0.05). Similarly, MDA-MB-231 cells 

were nearly 2-fold more migratory when treated with PPARγ-A KO serum (mean±SD cells/FOV: 

40.6±2.7) compared to PPARγ-A KO serum-WT (mean±SD cells/FOV: 24.4±2.5) (Fig. 24A, B). 

Irrespective of treatment, MDA-MB-231 cells were more migratory, which is consistent with their 

aggressive phenotype[329]. 

Invasion was evaluated is a similar manner except that membrane inserts were coated with 

matrigel. In contrast to migration, invasive potential of MCF-7 cells was not affected by serum 

from PPARγ-A KO mice. However, necropsy PPARγ-A KO serum did cause MDA-MB-231 cells 

to be significantly (p=0.05) more invasive (mean±SD cells/FOV: 2.7±0.4) than PPARγ-WT serum 

(mean±SD cells/FOV: 1.2±0.4) (Fig. 24C, D). 

Finally, to evaluate whether adipocyte PPARγ controls the secretion of factors that affect 

angiogenesis, we utilized the tubule formation assay in which adhesion, spreading, and migration 

of human aortic endothelial cells on Matrigel promotes the formation of branched primitive 

vessels[320]. Although the addition of serum from PPARγ-A KO mice did not alter the “thickness” 

of branched structures, or number of “branch points”, it did significantly (p=0.05) increase the 
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mean length of tubule formation (average tubule length±SD: 127±21 μm) compared to serum from 

PPARγ-WT mice (average tubule length±SD: 52±4 μm) after 6 hours of treatment (Fig. 25A, B). 

This effect may be due to an additional effect that leptin confers on endothelial cells, the ability to 

promote proliferation and angiogenesis[309-311]. In vivo studies show that high levels of 

circulating leptin, similar to those found in obese individuals, can drive breast 

tumourigenesis[312]. Collectively, our in vitro assays suggest that PPARγ-dependent adipocyte 

secreted factors promote tumourigenesis by increasing migration, invasion and angiogenesis. 

Adipocyte PPARγ Protects Against Ovarian Tumourigenesis 

Given that adipocytes are present in many locations in addition to the mammary gland, all 

mice were assessed for tumours originating from other locations. Notably, PPARγ-A KO mice 

were more susceptible to ovarian tumourigenesis than PPARγ-WT mice. Among mice treated with 

DMBAx3+ProHF diet, PPARγ-A KO mice (incidence±SD: 37.5±9.9%) had a significantly higher 

incidence of ovarian tumours than similarly treated PPARγ-WT mice (incidence±SD: 18.5±7.4%) 

(p<0.05) (Fig. 26A). A similar trend was observed when mice were treated with ROSI; PPARγ 

within adipocytes reduced ovarian tumour incidence nearly 10-fold from 33±11% for PPARγ-A 

KO mice to 4±3.9% for similarly treated PPARγ-WT. These data suggest that the presence of 

PPARγ is required for ROSI to reduce incidence of ovarian tumours. Notably, PPARγ activation 

dramatically reduces ovarian tumour incidence in PPARγ-WT (18.5±7.4 vs. 4±3.9%) but not 

PPARγ-A KO mice (37.5±9.9 vs. 33±11%) suggesting that ROSI’s protective effects are critically 

dependent on normal PPARγ expression in adipocytes (Fig. 26A). Ovarian tumours were also 

evaluated for size and type. There were modest but non-significant differences in mean volume 

among ovarian tumours presenting in DMBAx3+ProHF treated PPARγ-A KO mice (mean 

volume±SD: 720±745mm3) compared to PPARγ-WTs (mean volume±SD: 520±335mm3). Upon 
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pathological examination, ovarian tumours were mostly de-differentiated carcinomas, sex cord 

tumours and papillary serous carcinomas (Fig. 26C-E). These data suggest that, in addition to its 

effects on mammary tumours, PPARγ expression and signalling within stromal adipocytes may 

also protect against ovarian tumourigenesis. 

Effect of Adipocyte PPARγ on DMBA Metabolism 

 To further characterize our tumourigenesis model, we investigated whether the increased 

tumourigenesis experienced by PPARγ-A KO mice was due to endogenous differences in DMBA 

metabolism potential between PPARγ-WT and PPARγ-A KO mice. First, the extent of ROS 

production in untreated mice was assessed using the DHE staining assay (Fig. 27A, B). The DHE 

assay allows for quantification of O2
−-dependent DHE oxidation. PPARγ-A KO mice 

demonstrated increased ethidium bromide intensity, indicative of O2
−-induced DHE oxidation, 

(mean±SE: 10143±681 vs. 17547±473, respectively) although not statistically significant (Fig. 

27C). Next, Western blotting and QRT-PCR were used to evaluate key players in DMBA 

metabolism; COX-1, COX-2, CYP1A1[159]. COX-1 levels were reported to be lower in PPARγ-

A KO mammary glands using both methods. COX-2 levels were significantly (p < 0.05) lower 

among PPARγ-A KO mammary glands analyzed by QRT-PCR, while CYP1A1 expression was 

unchanged in both assays (Fig. 27D-G). Collectively, these assays did not definitively indicate 

that PPARγ-A KO or PPARγ-WT mice were more susceptible to DMBA-mediated tumourigenesis 

based on differential DMBA metabolism. Thus, it is likely that differences in tumourigenic 

outcomes between the two genotypes are based on the protective effects conferred by PPARγ in 

stromal adipocytes on tumour progression. 
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3.7 Figures 

 

 

Figure 17. In vivo effects of adipocyte-specific PPARγ deletion on DMBA+ProHF diet-

mediated breast tumourigenesis. Female PPARγ-WT, PPARγ-A KO and PPARγ(+/-) mice were 

treated and assessed as described. A) Overall survival. Overall survival was expressed as the 

percentage of mice per genotype per treatment group surviving in a given week. Solid lines, 

PPARγ-WT DMBAx6+ProHF; and dashed lines, PPARγ-WT DMBAx6+ProHF+DMBA mice; 

and dotted lines PPARγ-WT DMBAx6, n=number of mice. B) Mammary Tumour Incidences. The 

incidence of total mammary tumours (Overall) were expressed as the percentage of mice with any 

mammary tumours out of the total number of mice within a given genotype and treatment group. 

Expressed as a percentage+standard deviation (SD). n=number of mice; ***, significantly 

different compared to respective PPARγ-WT DMBAx6 only controls, p<0.001, **, significantly 

different compared to respective PPARγ-WT DMBAx6+ProHF mice, p<0.01.  C) Mammary 

tumour latency. Latency of mammary tumours expressed as the percentage of mice with palpable 

mammary tumours within a given genotype and treatment group. Solid lines, PPARγ-WT 

DMBAx6+ProHF; and dashed lines, PPARγ-WT DMBAx6+ProHF+ROSI mice. D) Overall 

Survival. Calculated as described above. Solid lines, PPARγ-WT DMBAx6+ProHF; and dashed 

lines, PPARγ(+/-) DMBAx6+ProHF+DMBA mice; and dotted lines PPARγ-A KO DMBAx6, 

n=number of mice. All mouse studies and analysis performed by GSG. 
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Figure 18. In vivo effect of ProHF diet and PPARγ activation on mammary tumour 

pathology. Formalin fixed, paraffin embedded mammary tumours from each treatment group were 

sectioned and stained to determine origin and subtype, and analyzed in a blinded fashion by 

pathologists as described. A) Mammary tumour subtype incidence. The incidence of each 

mammary tumour subtype observed within a given treatment group is expressed as the number of 

mice within the group presenting with the tumour type, n=number of mice per group. B) 

Representative microUltrasound images of mammary tumours from PPARγ-WT mice treated with 

DMBAx6+ProHF (left panel) and DMBAx6+ProHF+ROSI (right panel). Mammary tumour 

volume and % of tumour comprised of vascular tissue is also reported. H+E sample preparation 

performed by GSG, analysis by MS, MicroUltrasound performed by GSG. 
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Figure 19. In vivo effect of adipocyte-specific deletion of PPARγ on serum urea and ALT 

levels in DMBA-treated PPARγ-WT and PPARγ-A KO mice. A) Serum urea levels. B) Serum 

ALT levels. Serum urea and ALT levels were evaluated pre-study and at necropsy from (n=3) 

PPARγ-WT and (n=2) PPARγ-A KO mice and assessed using a commercially available ELISA 

assay (Cayman Chemical). Analysis was performed in triplicate on indicated independent samples 

from each group, and expressed as a mean+SE for PPARγ-WTs and mean+SD for PPARγ-A KOs. 

Serum collected by GSG, ELISAs performed by GSG and RR. 
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Figure 20. In vivo effects of adipocyte-specific PPARγ deletion on DMBAx3+ProHF-

mediated overall survival and breast tumour onset. Female PPARγ-WT and PPARγ-A KO 

mice were treated and assessed as described. A and B) Overall Survival. Calculated as described 

above. Solid lines, PPARγ-WT; and red lines, PPARγ-A KO mice. Overall survival is significantly 

different between DMBAx3+ProHF+ROSI treated PPARγ-WT and PPARγ-A KO mice, p=0.05. 

C and D) Latency of mammary tumours. Calculated as described above. Solid lines, PPARγ-WT; 

and erd lines, PPARγ-A KO mice. All mouse studies and analysis performed by GSG.  
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Figure 21. In vivo effects of adipocyte specific PPARγ deletion in DMBAx3+ProHF diet- 

mediated tumourigenesis. A) Mammary tumour incidences. Calculated as described above. *, 

significantly different compared to respective PPARγ-WT DMBAx3+ProHF or 

DMBAx3+ProHF+ROSI mice, p<0.05. n=number of mice per group. B) Mammary tumour 

volumes. 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. Black symbols, 

mammary tumours from PPARγ-WT; red symbols, mammary tumours from PPARγ-A KO mice. 

(number) = number of tumours in each genotype/treatment group. Mouse studies and analysis 

performed by GSG. 
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Figure 22. Localization of EYPF+ cells. A-D) EYPF fluorescence was detected using a Quorum 

WaveFX- X1 spinning disk confocal system and MetaMorph Offline (64-bit; Version 7.7.0.0) for 

mammary glands (A), white adipose tissue (B) and liver (C) as well as presenting mammary 

tumours (D). EYFP+ cells can be visualized in positive control tissue mammary glands and 

adipocytes and adipocyte morphology is evident. No EYFP+ cells are detected in liver samples 

although some auto-fluorescence appears. Mammary tumours (n=4) were collected at necropsy 

and imaged similarly. A representative mammary tumour (D) shows that adipocytes are localized 

on the outside of the tumour but do not comprise the tumour proper (dark center). Tissues collected 

and prepared by GSG, images taken with assistance from Queen’s Core Imaging Facilty.  
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Figure 23. Serum cytokine resulting from adipocyte-specific PPAR loss. 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. Serum collected by GSG, data analysis by AA. 
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Table 4. Serum cytokines analyzed by genotype and treatment group for PPARγ-WT and PPARγ-A 

KO mice.  

 

 PPARγ-WT PPARγ-A 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 ± 32.9 185.5 ± 214.4 37.2 ± 43.9 6.6 ± 8.0 

IL-1β 372.6 ± 105.3 3016.0 ± 5279.0 309.0 ± 74.0 312.6 ± 26.5 291.1 ± 16.5 268.3 ± 68.7 

IL-2 62.8 ± 47.0 42.4 ± 27.9 64.6 ± 80.3 29.5 ± 15.0 12.8 ± 13.7 21.5 ± 26.2 

IL-3 6.8 ± 15.2 63.4 ± 111.5 16.0 ± 13.6 10.1 ± 3.4 5.9 ± 5.3 7.6 ± 9.0 

IL-4 16.1 ± 7.9 16.4 ± 3.2 20.1 ± 10.0 14.4 ± 1.2 13.8 ± 2.8 16.6 ± 4.9 

IL-5 40.0 ± 16.3 280.7 ± 454.0 23.2 ± 17.2 ND 1.6 ± 3.2 6.9 ± 10.6 

IL-6 18.0 ± 16.4 215.5 ± 387.5 20.7 ± 12.0 10.0 ± 2.1 16.7 ± 5.6 12.0 ± 2.6 

IL-10 97.3 ± 64.6 163.2 ± 114.2 117.6 ± 48.8 66.7 ± 21.1 182.7 ± 159.4 197.5 ± 107.9 

IL-12(p40) 694.9 ± 299.5 1212.0 ± 302.4 625.3 ± 314.0 676.6 ± 220.1 827.3 ± 349.5 760.5 ± 596.1 

IL-13 654.1 ± 638.6 410.6 ± 437.3 440.6 ± 380.4 209.6 ± 46.1 161.0 ± 84.1 239.4 ± 32.5 

IL-17A 32.3 ± 23.8 588.5 ± 1114.0 34.9 ± 19.5 22.0 ± 4.6 18.3 ± 13.1 20.1 ± 4.2 

Eotaxin 

1552.0 ± 

1593.0 1141.0 ± 890.4 2016.0 ± 743.7 1328.0 ± 306.0 1696.0 ± 1617.0 487.0 ± 401.8 

G-CSF 199.6 ± 85.9 1631.0 ± 929.1 3393.0 ± 5274.0 125.4 ± 42.8 1245.0 ± 1009.0 704.6 ± 387.7 

GM-CSF 420.2 ± 218.5 384.4 ± 86.8 375.3 ± 94.4 346.2 ± 33.8 272.5 ± 86.7 339.7 ± 75.3 

IFN-γ 35.4 ± 38.6 26.6 ± 10.5 23.9 ± 11.3 23.3 ± 3.5 22.1 ± 12.3 21.8 ± 9.9 

KC 46.4 ± 62.2 25.3 ± 9.4 41.1 ± 28.2 14.0 ± 5.5 52.2 ± 20.0 15.6 ± 7.5 

MCP-1 218.2 ± 132.6 1062.0 ± 1493.0 286.4 ± 156.2 207.8 ± 22.1 292.4 ± 112.1 713.0 ± 955.3 

MIP-1α 67.2 ± 47.2 87.8 ± 38.9 82.5 ± 54.7 57.8 ± 10.3 51.0 ± 13.4 54.1 ± 7.6 

MIP-1β 51.9 ± 36.9 525.1 ± 909.0 39.4 ± 13.2 34.0 ± 4.4 27.5 ± 7.8 5.0 ± 28.0 

RANTES 31.5 ± 23.1 71.6 ± 76.2 40.7 ± 19.4 53.6 ± 5.9 32.5 ± 9.9 65.1 ± 24.6 

TNF-α 

1128.0 ± 

992.2 

19244.0 ± 

36869.0 538.0 ± 207.5 530.7 ± 118.7 518.5 ± 287.8 524.8 ± 139.1 

PGE 

Metabolites 560.1 ± 676.7 76.7 ± 13.7 93.9 ± 51.6 167.2 ± 59.4 214.5 ± 102.1 48.5 ± 21.7 

 

Concentrations reported as mean±SD and expressed as pg/ml. Bolded cytokines indicate significant (p < 

0.05) differences between PPARγ-A KO and PPARγ-WT samples. Serum collected by GSG, data 

analysis by AA. 
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Figure 24. PPAR-A KO Serum promotes invasion and migration. A) Cell Migration. 

Representative images of MCF-7 (left 2 panels) and MDA-MB-231 (right 2 panels) migrating 

through matrigel-free filter in response to PPAR-WT (top panels) or PPAR-A KO (bottom 

panels) serum. Cells stained with DAPI and quantified using ImageJ software. All experiments 

performed three times in triplicate each time. B) Cell Invasion. Representative images of MCF-7 

(left 2 panels) and MDA-MB-231 (right 2 panels) migrating through matrigel-coated filter in 

response to PPAR-WT (top panels) or PPAR-A KO (bottom panels) serum. Cells stained with 

DAPI and quantified using ImageJ software. C) Quantified cell migration. Open bars, PPAR-WT 

serum (n=3), closed bars, PPAR-A KO serum (n=3). *, significantly different compared to 

respective PPARγ-WT serum, p<0.05. All experiments performed three times in triplicate each 

time. D) Quantified cell invasion. Open bars, PPAR-WT serum (n=3), closed bars, PPAR-A KO 

serum (n=3). *, significantly different compared to respective PPARγ-WT serum, p<0.05. Serum 

collection, in vitro assays, imaging and analysis performed by GSG. 
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Figure 25. PPAR-A KO Serum promotes angiogenesis. A) HAEC Branch Formation. 

Representative images of HAEC treated with serum collected from PPAR-WT (left) and PPAR-

A KO (right) serum for various times, stained with cell-tracker orange. Experiment was performed 

twice in triplicate each time. B) Quantified Mean Tubule Length. Closed bars, PPAR-WT serum 

(n=3), open bars, PPAR-A KO serum (n=3). Quantified using ImageJ Macro. *, significantly 

different compared to respective PPARγ-WT serum, p<0.05. Serum collected by GSG, 

angiogenesis in vitro assay performed by MK, analyzed by GSG. 
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Figure 26. Adipocyte PPARγ protects against ovarian tumourigenesis. A) Ovarian tumour 

incidence calculated as described above for mammary tumour incidence. **, significant genotypic 

difference between PPARγ-WT and PPARγ-A KO mice, p<0.01. n=number of mice in each group. 

B) Representative ovarian and uterine carcinomas collected upon necropsy. C-E) Representative 

H+E stained ovarian tumours imaged at 100x. C) Papillary serous carcinoma. D) Sex Cord 

Tumour. E) De-differentiated malignant carcinoma. Mouse studies, analysis and H+E preparation 

performed by GSG, H+E analysis performed by MS. 
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Figure 27. Effect of adipocyte PPARγ on DMBA Metabolism. Untreated mammary glands from 

(n=3) PPARγ-WT and PPARγ-A KO mice were evaluated using multiple assays to determine 

whether endogeneous adipocyte PPARγ affected DMBA metabolism. A, B) Ethidium Bromide-

stained nuclei (orange) are shown in representative confocal images of untreated mammary glands 

from PPARγ-WT (A) and PPARγ-A KO mice (B). Both photos were taken at 600×. C) Quantified 

EtBr fluorescence intensity, expressed as mean+SE, was measured using Metamorph imaging 

software. D) Representative protein expression of untreated mammary gland samples collected 

from (n=3) PPARγ-WT and PPARγ-A KO mice evaluated for relevant targets that affect DMBA 

metabolism; COX-1, COX-2 and CYP1A1. E-G) QRT-PCR analysis of DMBA metabolism 

targets on (n=3) PPARγ-WT and PPARγ-A KO mammary glands. *, significantly different 

compared to PPARγ-WT control. DHE assay and QRT-PCR performed by GSG, images taken 

with assistance from Queen’s Core Imaging facility, Immunoblot performed by AA.  
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Chapter 4: Vascular endothelial cell-specific deletion of peroxisome proliferator-activated 

receptor γ blocks thiazolidinedione-induced plasma volume expansion and vascular 

remodeling in adipose tissue 

4.1 Abstract 

TZDs are PPARγ agonists that represent an effective class of insulin sensitizing agents; 

however, clinical use is associated with weight gain and peripheral edema.  To elucidate the role 

of PPARγ expression in vascular endothelial cells (VECs) in these side effects, VEC-specific 

PPARγ conditional KO (PPARγ-VEC KO) mice were placed on high fat diet (to promote PPARγ 

agonist-induced plasma volume expansion) and treated with a prototypical TZD, ROSI. Compared 

to control PPARγ-WT mice, PPARγ-VEC KOs treated with ROSI were resistant to an increase in 

extracellular fluid, water content in epididymal and inguinal white adipose tissue, and plasma 

volume expansion. Interestingly, histological assessment confirmed significant ROSI-mediated 

capillary dilation within white adipose tissue of PPARγ-WTs, but not PPARγ-VEC KO mice. 

Analysis of VECs isolated from untreated mice in both strains suggested that changes in 

endothelial junction formation were involved. Specifically, compared to cells from PPARγ-WTs, 

PPARγ-VEC KO cells had a 15-fold increase in FAK, which is critically important in VEC focal 

adhesions, and >3-fold significant increase in VE-cadherin, the main component of adherens 

junctions. Together, these results indicate that TZDs have direct effects on the vascular 

endothelium via PPARγ activation, and point towards a critical role for PPARγ in VECs during 

TZD-mediated plasma volume expansion.   
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4.2 Introduction 

TZDs, which include the marketed agents rosiglitazone (Avandia) and pioglitazone 

(Actos), are synthetic insulin sensitizing drugs that mediate their anti-diabetic effects through 

PPARγ. TZDs also lower blood pressure and improve endothelial function[330, 331].  Despite 

these beneficial effects, more widespread clinical use of TZDs (particularly in Europe) was limited 

by several adverse effects closely associated with their use[332]. For instance, TZDs increase body 

weight in humans (2-3 kg for every percent decrease in HbA1c values), effects mainly attributed 

to an increase in subcutaneous fat depot size[202]. Since TZDs exert their insulin sensitizing 

effects via activation of PPARγ and given the well-established role of PPARγ in promoting 

adipogenesis[333, 334], such an effect is likely mechanism-based. A review of PPARγ expression 

and function is best done elsewhere[179, 181, 335-340]. 

TZDs also promote fluid retention or edema, which in certain cases may be partially 

responsible for the observed increase in total body weight[202].  Notably, the incidence of edema 

is higher in patients treated with a combination of TZDs and insulin[341]. In some cases, mild 

fluid retention can be treated by reducing the dose of TZD and/or adding a diuretic[342] though 

the majority of patients are not responsive to diuretics[343]. TZD-induced edema is likely 

receptor-mediated as well since structurally distinct, non-TZD PPARγ agonists also cause plasma 

volume expansion (PVE) in rodents[344]. Likewise, the Pro12Ala variant of PPARγ was identified 

as a risk factor for PPARγ dual agonist-induced edema in Type 2 Diabetes patients[345]. 

Importantly, body weight gain and edema are associated with an increased risk for congestive heart 

failure (2.5 times greater) in patients receiving combination therapy that includes a TZD and 

insulin[341]. Though a causal relationship has yet to be clearly established, concerns over the 

potential for TZDs to promote the risk of myocardial infarction[201, 346] prompted the FDA to 
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require black box labels warnings on Avandia and Actos in 2007, stating that they may cause or 

worsen heart failure in some patients[207]. Given the pleiotropic beneficial effects of TZDs, it is 

crucial that the underlying mechanisms contributing to this edema are elucidated. It is noteworthy 

that the aforementioned side-effects of TZDs in humans, including PVE, hemodilution, edema, 

increased adiposity and weight gain are recapitulated in rodent species; thus, providing useful 

preclinical animal models to better understand the mechanisms by which TZDs cause such 

untoward effects[335]. 

      Recently, two independent groups showed that the targeted deletion of PPARγ in collecting 

ducts confers resistance to TZD-induced fluid retention and PVE in mice[347, 348]. In one 

study[348], transcriptional regulation of Scnn1g, the gene encoding the epithelial Na(+) channel 

(ENaC), by PPARγ is reported to play a role in TZD-induced fluid retention by regulating renal 

salt absorption[349, 350]. Other groups have demonstrated that the increase in TZD-induced fluid 

retention is independent of ENaC[351]. In addition to fluid retention, PPARγ agonist-induced 

edema is suggested to be multifactorial in nature, with proposed factors including altered 

endothelial permeability[352, 353], sympathetic nervous system activity[354], interstitial ion 

transport[355] and PPARγ–mediated expression of vascular permeability growth factor[356]. 

Nevertheless, more work is needed to elucidate the mechanism(s) involved.  

 The vasculature represents a likely candidate as a potential 'target tissue' for TZD-

mediated edema since it serves as a direct interface between circulating blood and the interstitium, 

and expression of PPARγ was demonstrated in human endothelial cells by RT-PCR, Western 

blotting and immunohistochemistry[357, 358]. Indeed, a number of both PPARγ direct and indirect 

target genes were identified in VECs, encoding proteins involved in biological processes relevant 

to blood pressure regulation and endothelial cell permeability such as NO production, chemotaxis, 
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apoptosis and redox[357]. FAK is a key regulator in the formation of focal adhesions; distinct 

points at which cells, such as endothelial cells, attach to the extracellular matrix by facilitating the 

complexing of integrins, catenins and the actin cytoskeleton[359]. Recent evidence has also 

suggested that FAK normally maintains endothelial adherens junctions, as FAK deletion in mouse 

endothelial cells disrupts endothelial cell function and leads to edema[360]. Mechanistically, FAK 

negatively regulates RHOA by decreasing the GTPase activating protein and increasing the 

guanine exchange factor protein, ultimately antagonizing another GTPase, RAC1[352]. PPARγ 

agonists decrease FAK expression[343] suggesting that PPARγ may play a critical role in 

weakening endothelial cell junctions, of which a major component is VE-caderin[361].   

To directly examine the possibility that VEC-expressed PPARγ plays a role in mediating 

TZD-induced edema in vivo, studies were performed using mice with targeted deletion of PPARγ 

in vascular endothelial cells[362]. PPARγ-VEC and PPARγ-WT mice were treated with a ROSI-

supplemented high fat diet, a dietary condition previously used by our group to promote PPARγ 

agonist-induced PVE. In this report, PPARγ-VEC KO mice, in contrast to PPARγ-WT littermates, 

were refractory to an increase in extracellular fluid levels and plasma volume expansion in 

response to ROSI treatment. Further, both FAK and VE-cadherin were increased among VECs 

isolated from PPARγ-VEC KOs compared PPARγ-WT mice. These results point to a critical role 

for VEC-expressed PPARγ in mediating the effects of TZDs in the vasculature in mice with 

potential implications for the development of TZD-induced edema in humans.        

 

 

 

4.3 Materials and Methods 
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Animals 

All mice studies were in accordance with protocols approved by the Animal Use and Care 

Committees of Merck and Queen’s University. Mice were housed in cages on a 12-h light/dark 

cycle, with food and water provided ad libitum. PPARγ VEC-specific KO mice were generated as 

previously described[362] by crossing PPARγ conditional KO mice with Tie2 Cre+ transgenic 

mice. Genotypes were confirmed by polymerase chain reaction analysis as previously 

described[362]. Littermates homozygous for the floxed PPARγ gene, but lacking Cre, were used 

as controls. At 6 weeks of age, male mice were placed on a HF diet (RD12492- 60 kcal% fat, 20 

kcal% carbohydrate and 20 kcal% protein, Research Diets, New Brunswick, NJ) for 12 weeks.    

Rosiglitazone treatment 

ROSI was incorporated into the diet (Research Diets, D12492) at a level of 100 mg/kg diet.  

Mice were fed ROSI-formulated or vehicle control diet for a period of 14 days ad libitum. 

Plasma glucose and insulin measurements 

Blood taken from the tail vein was collected in heparinized capillary tubes (Clay Adams 

SurePrep heparinized capillary tubes, Becton Dickinson and Co., Sparks, MD) and centrifuged at 

11,500 x g for 10 minutes to separate plasma.  Plasma glucose (Autokit Glucose, Wako 

Diagnostics, Richmond VA) and insulin levels (Ultrasensitive rat insulin ELISA, ALPCO 

diagnostics, Sweden) were determined according to protocols provided with the kits.      

Bioelectrical impedance analysis for determination of extracellular fluid volume 

            Twenty-four hours following the final dose, mice were anesthetized with ketamine (85 

mg/kg, i.m.) and xylazine (10 mg/kg, i.m.). Animals were positioned on a non-conductive surface 

in dorso-lateral recumbency and extracellular fluid volume was determined by bioelectrical 

impedance analysis, following procedures described by the manufacturer (Hydra ECF/ICF 
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Impedance Analyzer Model 4, Xitron, San Diego, CA, USA) and by B. H. Cornish and 

colleagues[363]. A tetrapolar impedance monitor was used to measure impedance, and hence the 

total body water, over a frequency range of 5 kHz to 1 MHz. Source electrodes (1 cm x 26G 

stainless steel needles) were inserted 5 mm subcutaneously. Detector electrodes were inserted 

along the midline at the anterior point of the sternum and the anterior point of the penis. The 

distance between electrodes was measured and included for data modeling.   

Plasma volume measurement   

            After determination of extracellular fluid volume, plasma volume was measured in 

anesthetized animals using a dye dilution technique following methods described previously[364], 

with minor modifications.  Evans blue dye solution (25 mg/ml in physiological saline) was filtered 

through a 0.22 m filter prior to injection into a jugular vein.  Twenty minutes after injection, a 

heparinized blood sample (2 ml) was withdrawn from the descending aorta.  Plasma was separated 

by centrifugation of the blood at 1,100 x g for 15 min.; samples were kept at -80◦C until assayed.  

Absorbance of the thawed plasma was read at 620 nm, and plasma Evans blue dye concentrations 

were calculated according to a standard curve generated by a serial dilution of the 25 mg/ml Evans 

blue dye-saline solution. Plasma volume was calculated by using the dilution factors of Evans blue 

as shown below. 

        Plasma volume = [dye] injected x volume of dye injected 

                         [dye] in plasma 

Tissue water content measurement.   

Immediately after euthanasia, epididymal fat pad, pararenal fat pad, inguinal fat pad, and 

gastrocnemius muscle were removed and weighed and placed in individual glass scintillation vials. 

Weighed tissues were subjected to a vacuum-applied Speed Vac centrifugation/drying process 
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over a 24-hours period. After this drying process, tissues were weighed again to calculate 

individual tissue water content.  

Quantitation of enlarged capillaries in white adipose tissue 

At necropsy, adipose tissue was collected from epididymal and inguinal depots. Samples 

of white adipose tissue weighing approximately 1 gm were fixed by immersion in several changes 

of 2% freshly prepared paraformaldehyde (in 0.1 M phosphate buffer pH 7.3) for 48 hrs at 4ºC.  

Following fixation the tissue was dehydrated through graded ethanol, exchanged into xylene and 

embedded in paraffin using a Leica TP1026 embedding system. Paraffin sections (8μm) were 

subsequently cut on a Leica RM2155 microtome, transferred to glass slides and stained with 

hematoxylin and eosin. The number of enlarged capillaries on each slide was then quantitated as 

follows: each section was first examined in a Zeiss Axioplan 2 microscope equipped with a digital 

stage using a 5x objective and a red filter.  The purpose of the red filter was to make it impossible 

for the operator to see the red blood cells (RBC's) while still allowing easy visualization of the 

tissue (observation of RBC's at this stage could bias the results). Using the digital stage controls, 

the operator then marked 10 widely separated locations scattered across the section. This marking 

was to ensure that tissue was present and further that the cells at each location were well preserved 

adipocytes free of mechanical defects and were not large blood vessels, lymph nodes or connective 

tissue. After marking 10 locations, each of the 10 locations were then re-examined in detail under 

white light illumination using a 40x objective.  Once the stage had been relocated to the marked 

locations the stage was not moved in the x-y plane although focus was adjusted as needed. The 

number of enlarged capillaries observed in each 40x field were then recorded. For the purpose of 

this count, enlarged capillaries were defined as any capillary containing a cluster of 3 or more 
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RBC's. Capillaries in which the RBC's lined up in a single file were most likely of normal size and 

were not counted as enlarged.   

Immunofluoresence Staining 

Formalin fixed, paraffin-embedded lung tissue blocks from (n=3) untreated PPARγ-WT 

and PPARγ-VEC KO mice were sectioned, mounted, and prepared for staining as described in 

section 2.3. After washing, primary antibody for VE-Cadherin (Enzo Life Sciences, ALX-803-

305-C100; 1:200) was applied in a 5% BSA solution for 3.5 hours at room temperature. Slides 

were rinsed with Tris-buffered saline (TBS), and then incubated in fluorescein isothiocyanate 

(Santa Cruz; 1:500) and Alexa Fluor 594 (Invitrogen; 1:500) conjugated secondary antibodies in 

5% BSA for 15 min at room temperature. After a final rinsing regimen, tissues were cover-slipped 

with mounting medium containing 4′, 6-diamidino-2-phenylindole (DAPI) stain (Vectashield). 

Fluorescence was detected and quantitated using a Quorum WaveFX- X1 spinning disk confocal 

system (Quorum Technologies Inc., Guelph On., Canada) and MetaMorph Offline (64-bit; Version 

7.7.0.0).  

Endothelial Cell Isolation 

Endothelial cells were isolated from lung samples collected from (n=3) untreated PPARγ-

WT and PPARγ-VEC KO mice mice according to an established protocol[365]. Briefly, lungs 

were collected at necropsy, minced finely and digested with Collagenase A. The digested tissue 

was washed repeatedly and then endothelial cells were selected using dynabeads (Life 

Technologies Inc., Burlington On, Canada) conjugated to PECAM-1 antibody (Santa Cruz 

Biotechnology, Inc., San Diego, CA) following manufacturer’s instructions. The dynabeads were 

washed 4x with 4ml of 10% FBS in DMEM to ensure purity of the endothelial cell population, 
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and then trypsinized to remove the cells from the beads. Total RNA was collected immediately 

following cell isolation according to the TRIZOL method as described in section 2.3.  

Quantitative Real-time Polymerase Chain Reaction Assay 

Following UV-spectrophotometric analyses (A260/280) to determine purity and 

concentrations, RNA samples were converted to cDNA as described previously (section 2.3). 

PrimePCR Assay primers (cat#10025636, BioRad, Hercules, CA) were used to evaluate FAK 

(PTK2) expression levels. Assays were performed on an iQ5 Multicolor Real-Time PCR Detection 

System (Bio-Rad, Hercules, CA) thermocycler  programmed with the following conditions: 5 min 

95°C hot-start, followed by 50 cycles of 95°C for 15 s, 65°C for 15 s and 72°C for 30 s. 

Statistical analysis 

Statistical analyses were performed using GraphPad Prism 6 software. Mutliple group 

comparisons were assessed using a two-way ANOVA followed by Bonferroni post-hoc tests, with 

a P value of <0.05 being considered statistically significant.  All values are presented as means +/- 

standard error. 

4.4 Results 

VEC PPARγ KO mice are healthy, viable and able to gain weight normally on a HF diet 

PPARγ-VEC KO mice were generated by crossing PPARγ conditional KO mice[275] with 

Tie2 Cre+ transgenic mice[290] as previously described[362]. PPARγ-VEC KO mice are viable, 

appear healthy and exhibit no gross abnormalities.  After 12 weeks on a HF diet, PPARγ-VEC KO 

mice did not differ from PPARγ-WT control littermates in terms of body weight (PPARγ-VEC 

KO mice 41.4±0.9 g versus PPARγ-WT 42.7±0.9 g) or food intake (PPARγ-VEC KO 17.9±0.4 

kcal/day versus PPARγ-WT 17.6±0.5 kcal/day, based on RD12492 diet).  Baseline lean, fat and 

fluid mass in PPARγ-VEC KO mice were also similar to PPARγ-WT controls as measured by 
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quantitative NMR (Fig. 28). Others have reported an attenuation in ROSI-induced body weight 

gain in collecting duct-specific PPARγ KO mice versus control mice presumably due, in part, to 

reduced fluid retention[348]. In this study, there was a tendency for ROSI-treated PPARγ-WT 

mice to gain weight relative to corresponding vehicle-treated mice; however, this trend was not 

statistically significant (data not shown). This apparent discrepancy in results likely reflects the 

difference in the baseline body weights of the mice prior to treatment (~42g in this study vs. ~29g 

in Guan, Y et al.) since ROSI is more likely to promote weight gain in leaner mice.   

VEC-expressed PPARγ is not required for TZD-mediated anti-diabetic efficacy 

Prior to ROSI treatment, the baseline levels of ambient plasma glucose and insulin were 

unchanged in PPARγ-VEC KO mice relative to PPARγ-WT mice on HF diet (Fig. 29A, B).  ROSI 

treatment of PPARγ-WT mice resulted in a dramatic reduction in plasma insulin, but not glucose 

levels (Fig. 29A, B), consistent with the results of other studies in C57BL6 mice treated with 

TZDs[366, 367]. In PPARγ-VEC KO mice, ROSI was also able to normalize plasma insulin levels 

to a similar extent as in PPARγ-WTs with no effect on glucose levels (Fig. 29A, B), suggesting 

that VEC-expressed PPARγ is not required for TZD-mediated improvement in insulin sensitivity.  

A histological analysis of epididymal and inguinal white adipose tissue (eWAT and iWAT) 

depots in control mice treated with ROSI revealed the presence of pockets of smaller, more 

multilocular adipocytes (Fig. 30A, B). Such changes are consistent with a more 'activated' 

adipocyte phenotype in response to PPARγ agonism and have been described in other rodent 

models[368, 369].  Similar changes in the size and arrangement of adipocytes were also observed 

in eWAT and iWAT of PPARγ-VEC KO mice treated with ROSI (Fig. 30C, D).  It has been 

suggested that a TZD-induced shift towards smaller adipocytes improves insulin resistance by 

decreasing the proportion of larger adipocytes that secrete elevated levels of free fatty acids[368]. 
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Consistent with this notion, the appearance of mulitlocular adipocytes coincides with similar 

insulin lowering in both PPARγ-VEC KO and control mice upon ROSI treatment. In addition, the 

presence of mulitlocular adipocytes in ROSI-treated PPARγ-VEC KO may serve as an internal 

control demonstrating that PPARγ expression in adipocytes is unaffected by endothelial cell-

specific deletion of PPARγ.   

VEC expressed PPARγ plays a critical role for TZD-induced capillary vasodilation 

      The hypotensive effects of TZDs in humans and preclinical species are well 

documented[352, 370-372]. Though the mechanism(s) for TZD-induced blood pressure lowering 

are not entirely clear, a reduction in total peripheral resistance may be an important component of 

this response since TZDs cause significant capillary vasodilation in preclinical species[370, 373-

377]. PPARγ activation with TZDs also decreases the pressure-induced platelet aggregation that 

leads to hypertension[378]. Hypertension is also driven by the renin-angiotensin-aldosterone 

system (RAAS), and multiple groups have shown that PPARγ ligands reduce blood pressure by 

inhibiting the RAAS[379]. Multiple PPARγ ligands decrease mRNA expression of the angiotensin 

II type 1 receptor expression[380]. Additionally, PPARγ agonists inhibit angiotensin induced 

aldosterone production/secretion by suppressing aldosterone synthase (CYP11B2)[381]. Still, in 

one study using human subjects, it was concluded that ROSI does not affect vasodilation[382]; 

however, this finding is not supported by the majority of the literature.  

In this study, control mice treated with ROSI exhibited a clear increase in the number of 

enlarged capillaries in both eWAT and iWAT depots versus vehicle treatment (Fig. 31A, B). 

Strikingly though, the effects of ROSI on capillary vasodilation (Fig. 30C, D) in white adipose 

tissue depots of control mice were noticeably absent in PPARγ-VEC KO mice. Interestingly, these 

vascular effects of ROSI appear to be tissue-specific since ROSI treatment did not affect capillary 



 

124 

 

vasodilation within skeletal muscle tissue (not shown). The lack of ROSI-induced capillary 

expansion in the white adipose tissue of PPARγ-VEC KO mice may also help to explain the 

resistance to TZD-induced blood pressure lowering shown previously in the same mouse 

model[362]. Together, these results indicate that VEC-expressed PPARγ is necessary for 

mediating the vasodilatory effects of ROSI in adipose tissue and may provide mechanistic insight 

into blood pressure regulation by TZDs. 

VEC PPARγ plays a critical role in TZD-induced extracellular fluid and plasma volume 

expansion 

To address whether the observed vascular changes in WAT following ROSI treatment 

could ultimately impact systemic fluid dynamics, the effect of ROSI on multiple surrogate markers 

of fluid accumulation was examined in PPARγ-VEC KO mice.   

First, the results of quantitative nuclear magnetic resonance imaging (qNMR) 

measurement showed that while the targeted deletion of PPARγ in VECs did not affect whole-

body fluid mass, ROSI induction of total fluid mass in control mice was attenuated in PPARγ-

VEC KO mice (Fig. 32A).   

Next, bioelectrical impedance, a term used to describe the response of a living organism to 

an externally applied electric current, was examined in both vehicle and ROSI-treated PPARγ-

VEC KO and control mice. Measurement of the opposition to the flow of that electric current 

through the tissues has proven useful as a non-invasive method for quantifying extracellular fluid 

(ECF)[363].  Our results showed that while basal levels of ECF were not significantly different in 

vehicle-treated PPARγ-VEC KO mice versus corresponding PPARγ-WT controls, PPARγ-VEC 

KO mice were almost completely resistant to ROSI induction of ECF observed in PPARγ-WTs 

(Fig. 32B).   
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The Evans blue technique is widely used to determine plasma volume in human, dog and 

rat[383-385].  Using this technique, PPARγ-VEC KO have normal plasma volume levels that are 

not significantly different from control mice (Fig. 32C).  However, the response to ROSI was 

markedly attenuated compared to PPARγ-WTs where a significant elevation in plasma volume 

was observed (Fig. 32C). 

Taken together, these data indicate that VEC PPARγ plays a central role in regulating 

plasma volume and ECF following TZD treatment.    

VEC PPARγ KO mice are resistant to ROSI-induced fluid accumulation in white adipose tissue 

Following ROSI treatment, whole tissues were collected from epididymal, inguinal, and 

retroperitoneal white adipose tissue (eWAT, iWAT and rWAT, respectively) and skeletal muscle. 

Tissue weights were recorded prior to and after lyophilization of the tissue biopsies and normalized 

to baseline 'wet' tissue weights to determine tissue water content. ROSI-treated control mice 

exhibited markedly increased water content in each of the WAT depots examined, but not in 

skeletal muscle (Fig. 33). On the other hand, water content in both skeletal muscle and white 

adipose tissue remained unchanged in ROSI-treated PPARγ-VEC KO mice versus vehicle control 

(Fig. 33). Notably, the appearance of capillary vasodilation and elevated tissue water content 

coincided in terms of tissue specificity (white adipose tissue but not skeletal muscle). Based on 

this, the possibility exists that arterial fluid can more readily cross the endothelium of enlarged 

capillaries within white adipose tissue, though capillary permeability was not specifically 

examined in this study. The combined data imply that TZD-induced fluid accumulation occurs in 

a tissue-specific manner and requires a functional PPARγ receptor in VECs.     

PPARγ deficiency in VECs leads to alterations in endothelial cell junctions 
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QRT-PCR was used to analyze expression of FAK in lung endothelial cells isolated from 

PPARγ-WT and PPARγ-VEC KO mice. Lung tissue was chosen here due to its high proportion 

of endothelial cells. Relative to PPARγ-WT mice, PPARγ-VEC KO mice had less than 0.04% 

PPARγ/GAPDH mRNA expression in their endothelial cells (p=0.055) (Fig. 34A). Despite not 

being statistically significant, this difference is likely biologically significant and is consistent with 

our previous data demonstrating that endothelial cell PPARγ was deleted in our Tie2 mouse 

model[362]. Interestingly, FAK mRNA expression was 15-fold higher in PPARγ-VEC KO 

endothelial cells versus controls (p=0.06) (Fig. 34B). Importantly, this result is consistent with 

other reports that PPARγ negatively regulates FAK expression[343] which may explain the 

increased sensitivity to TZD-induced edema observed in PPARγ-WT mice treated with ROSI.  

Given the increase in FAK expression, IF was used to evaluate endothelial cell junctions. 

Lung samples were formalin-fixed and paraffin embedded from (n=3) WT and VEC PPARγ-KO 

mice. Samples were cut and stained with PECAM to identify endothelial cell populations and VE-

Cadherin to identify endothelial cell junctions. VE-Cadherin protein expression quantified in 

PECAM+ cells was >3-fold higher in PPARγ-VEC KO lung samples versus PPARγ-WT controls 

(Fig. 34C-E). This suggests a mechanistic link that may explain the rosiglitazone-induced edema 

demonstrated by PPARγ-WT but not PPARγ-VEC KO mice, which is summarized in Figure 35A, 

B.  

 

 

4.5 Discussion 

PPARγ agonists have potent cardiovascular effects including capillary vasodilation, mean 

arterial blood pressure lowering and PVE. However, the precise mechanisms by which these 
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effects occur is not entirely clear and has been suggested to be multifactorial. The results of 

multiple studies, including both pharmacologic and genetic, suggest that fluid retention mediated 

by PPARγ in the collecting duct is an important factor that contributes to the development of TZD-

induced edema. In addition to the kidney, PPARγ is recognized to be well-expressed in VECs.  

The current study was undertaken with the goal of better understanding what role, if any, PPARγ 

in the vascular endothelium plays in TZD-induced edema. Toward this end, VEC-specific PPARγ 

KO mice were generated as previously described, placed on a HF diet (a condition that promotes 

PPARγ agonist induced PVE based on our previous studies) and treated with a prototypical TZD, 

ROSI.   

Our results showed that PPARγ-VEC KO mice have similar total body weight gain as well 

as lean, fat and fluid mass relative to WT control littermates on HF diet. PPARγ-VEC KO mice 

also remain responsive to the insulin-lowering effects of ROSI, suggesting that PPARγ in VECs 

is not critical to overall metabolic phenotype (at least related to diabetes and obesity) under 

ambient conditions. In response to ROSI treatment, however, a number of interesting phenotypes 

emerged in the PPARγ-VEC KO mice that have relevance both to the regulation of blood pressure 

and development of edema. With regard to the former, the results of histological analysis indicate 

that PPARγ-VEC KO mice are refractory to the capillary vasodilatory effects of ROSI in multiple 

white adipose depots. Based on this observation, one might therefore expect that TZDs do not 

significantly reduce total peripheral resistance and blood pressure in PPARγ-VEC KO mice, in 

agreement with a previous report[362]. Histological analysis also revealed that ROSI-induced 

capillary vasodilation occurs in a tissue-specific manner (white adipose but not in skeletal muscle). 

It is tempting to speculate that paracrine effects originating from adipocytes, where PPARγ is 

highly expressed, contribute to vascular remodeling in adipose tissue, a possibility that remains to 
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be further investigated. An obvious implication of our histological observations is that TZD-

induced capillary vasodilation can lead to increased capillary permeability and the development of 

edema.   

Collectively, our data are the first to show that normal PPARγ expression suppresses 

endothelial cell-specific FAK expression, which in turn, regulates endothelial cell junctions and 

vascular permeability. By negatively regulating FAK, PPARγ in endothelial cells may cause the 

destabilization of endothelial cell junctions. This is further suggested by the reduction of VE-

Cadherin protein levels in lung endothelial cell junctions in PPARγ-WT compared to PPARγ-VEC 

KO mice. Indeed, a consensus statement from the American Heart Association and American 

Diabetes Association posited that TZDs may interact synergistically with insulin to cause arterial 

vasodilatation, leading to sodium reabsorption with a subsequent increase in extracellular volume, 

thereby resulting in peripheral edema in humans[356]. It is also suggested that the combination of 

decreased total peripheral resistance and expanded plasma volume is sufficient to cause an increase 

in interstitial fluid retention[343]. ROSI-induced arterial vasodilation was accompanied by 

increased total body fluid mass as determined by qNMR, increased ECF, elevated tissue water 

content in white adipose tissue as well as plasma volume expansion in PPARγ-WT but not PPARγ-

VEC KO mice suggesting a direct PPARγ-dependent effect. Interestingly, some groups report that 

PIO significantly reduces the risk of adverse cardiovascular events in patients with Type 2 

Diabetes[386-388], while others indicate that PIO treatment increases the risk of congestive heart 

failure, bone fractures and bladder cancer[204-206]. Thus, more research is required to explain 

these divergent findings, which may be due to variability in pharmacogenomic response[389]. 

Nevertheless, it is well established that both ROSI and PIO frequently cause edema[202] 
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suggesting the mechanisms identified here may apply to all TZDs, although this requires further 

study. 

In sum, this study demonstrates that plasma volume expansion and increased extracellular 

fluid volume (i.e. edema) is mediated by PPARγ agonists acting directly on receptors present in 

the vascular endothelium. The combined effects of PPARγ agonists on both renal and vascular 

PPARγ thus appear to contribute to the induction of edema. Given that both ROSI and PIO are 

known to cause PPARγ-induced edema, the results of this study are likely broadly applicable to 

both ROSI and PIO treatment of human T2D patients. The involvement of PPARγ expressed in 

the hematopoietic system cannot be ruled out as a confounder in mediating the effects of ROSI, 

since Tie2 expression is reported in multiple hematopoietic cell types including B cells and T 

cells[390]. Modulation of inflammatory signaling may influence factors such as capillary 

permeability and vascular tone and remains to be investigated.      

From a therapeutic standpoint, the identification of selective modulators of PPARγ 

(SPPARγMs) that maintain robust anti-diabetic efficacy with reduced PVE in rodents suggests that 

these novel ligands may have effects on VECs that are distinct from those of TZDs and other full 

agonists of PPARγ. Further studies that focus on PPARγ activity in VECs and kidney should help 

to clarify the mechanisms responsible for SPPARγMs’ improved therapeutic window in preclinical 

species, and may lead to the identification of potential biomarkers of PPARγ agonist-induced 

edema.     
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4.7 Figures 

 

Figure 28.  No endogenous difference in lean, fat or fluid mass between PPARγ-VEC KO 

and PPARγ-WT mice. qNMR was performed on PPARγ-VEC KO and PPARγ-WT mice 

following 12 week treatment of HF diet. Values are presented as a percent of total body weight. 

qNMR analysis performed by TA. 

 

 

Figure 29.  Plasma glucose (A) and insulin (B) values determined in PPARγ-VEC KO and 

PPARγ-WT mice prior to and following ROSI (or vehicle) treatment for 14 days. Performed 

by TA. 
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Figure 30.  Histological analysis of epididymal white adipose tissue from PPARγ-VEC KO 

and PPARγ-WT mice.  Samples of white adipose tissue were fixed in paraformaldehyde and 

subsequently dehydrated thru graded ethanol, exchanged into xylene and embedded in paraffin 

using a Leica TP1026 embedding system. Paraffin sections (8μm) were subsequently cut on a 

Leica RM2155 microtome, transferred to glass slides and stained with hematoxylin and eosin.  A) 

vehicle-treated PPARγ-WT mice, B) ROSI-treated PPARγ-WT mice, C) vehicle-treated PPARγ-

VEC KO mice, and D) ROSI-treated PPARγ-VEC KO mice. The bar in lower right of panel D is 

50 microns long. Arrowheads in panels A, C and D indicate single red blood cells in normal 

capillary cut in cross section. Short arrows in panels A, C and D point to multiple red blood cells 

lined up in single file in normal capillary laying in the plane of the section. Long (concave) arrows 

in panel B point to abnormally large capillaries observed only in eWAT from ROSI-treated 

PPARγ-WT mice. Tissue collection and analysis performed by TA. 
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Figure 31. Quantitation of enlarged capillaries in epididymal and inguinal white adipose 

tissue A) epididymal and B) inguinal adipose tissue were fixed, dehydrated, paraffin embedded 

and stained with hematoxylin and eosin.  Enlarged capillaries were from 10 widely separated 

locations of preserved adipocytes not large blood vessels, lymph nodes or connective tissue.  The 

number of enlarged capillaries, those that contained 3 or more RBCs, observed in each of the 10 

sections was recorded.  Capillaries in which the RBC's lined up in a single file were most likely of 

normal size and were not counted as enlarged. ROSI treatment increased enlarged capillaries in 

both eWAT and iWAT depots versus vehicle treatment in PPARγ-WT but not PPARγ-VEC KO 

mice. Quantification performed by TA. 
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Figure 32. Role of VEC PPARγ TZD-induced extracellular fluid and plasma volume 

expansion. A) qNMR was performed on PPARγ-VEC KO and control mice following ROSI or 

vehicle control treatment.  Values represent absolute fluid mass in milliliters. B) Extracellular fluid 

volume in PPARγ-VEC KO and control mice following ROSI or vehicle control treatment as 

determined by bioimpedance measurements. C) Plasma volume in PPARγ-VEC KO and control 

mice following ROSI or vehicle control treatment as determined by the Evan's blue assay. 

Performed by TA. 
  

B C 
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Figure 33. Tissue water content in various tissues in ROSI- or vehicle-treated PPARγ-VEC 

KO and control mice.  A) Epididymal WAT. B) Inguinal WAT. C) Retroperitoneal WAT. D) 

Skeletal Muscle. At necropsy, samples of each tissue were isolated.  The difference between wet 

tissue weight and dry tissue weight following lyophilization (reflecting absolute water weight) was 

normalized to wet tissue weight prior to lyophilization. Performed by TA. 
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Figure 34. Endothelial PPARγ disrupts endothelial cell junctions by reducing FAK and VE-

Cadherin expression. A-B) QRT-PCR analysis of PPARγ and FAK from lung endothelial cells. 

Lung endothelial cells were collected from (n=3) untreated PPARγ-WT and PPARγ-VEC KO 

mice at necropsy, isolated and purified for evaluation. All values are calculated relative to the 

internal control GAPDH, and reported as a mean percentage +SD of PPARγ-WT expression. 

Compared to PPARγ-WT mice, PPARγ-VEC KO mice demonstrated a strong trend toward 

reduced expression of PPARγ in endothelial cells (p=0.055) as well as a 15-fold increased 

expression of FAK (p=0.06). C-E) Immunofluorescent evaluation of VE-cadherin in endothelial 

cell junctions. Lung samples were collected from (n=3) PPARγ-WT and PPARγ-VEC KO mice at 

necropsy and stained with DAPI (blue), PECAM (green) and VE-cadherin (red). C) Representative 

image from WT lung sample. D) Representative image from PPARγ-VEC KO lung sample. E) 

Integrated intensity of VE-cadherin expression in endothelial cell junctions of PPARγ-WT and 

PPARγ-VEC KO mice shows a significant 3-fold increase in endothelial cell junctions in PPARγ-

VEC KO mice (p<0.05). QRT-PCR performed by GSG, IF performed by EL. 
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Figure 35. Summary of PPARγ-dependent edema mechanism. A) ROSI-mediated activation 

of PPARγ signaling in ECs suppresses FAK, leading to direct or indirect decreases in VE-Cadherin 

expression and EC adherens junctions. B) Loss of PPARγ expression/signaling abrogates FAK 

repression and enhances VE-cadherin expression and adherens junctions in ECs. Figure designed 

by GSG and CJN. 
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Chapter 5.  Discussion and Future Directions 

  

In these studies, targeted PPAR KO mouse models were used to interrogate the stromal 

cell-specific contributions of PPARγ during breast tumourigenesis. In the first in vivo study, 

PPARγ-A KO mice were more susceptible to DMBA-mediated malignant mammary tumours that 

presented earlier than PPARγ-WT controls[233]. This was the first direct in vivo evidence that 

PPARγ signaling in mammary stromal adipocytes protects against breast tumourigenesis. To 

expand upon this work, a second in vivo study was performed in which mice were treated with 

DMBA along with a ProHF diet. The consumption of a ProHF diet promotes tumourigenesis and 

is a major contributing factor to the elevated incidence of breast cancer in the Western world[136, 

137]. Unfortunately, the established DMBA (1mg x 6 weeks) regimen was critically toxic to the 

PPARγ-A KO mice and had to be reduced to (1mg x 3 weeks) to enable the study of breast 

tumourigenic events. Even with the reduced DMBA treatment, PPARγ-A KO mice had 

significantly more mammary tumours that presented earlier and grew larger than in PPARγ-WT 

controls. PPARγ-A KO mice also demonstrated an increased incidence of ovarian tumours, 

another tumour type that is influenced by adipokines[391]. 

Collectively, these two in vivo studies unveiled a critical role for PPARγ expression and 

signaling within stromal adipocytes in protecting against mammary, and perhaps ovarian, 

tumourigenesis. Mechanistically, untreated PPARγ-A KOs had significantly decreased BRCA1 

expression and IF analysis revealed that this reduced expression was specific to mammary stromal 

adipocytes. BRCA1 within adipocytes reportedly regulates aromatase expression[304], which 

catalyzes estrogen biosynthesis[392]. Hence, PPARγ-A KO mice were likely exposed to increased 

estrogen levels, which would drive both breast and ovarian tumourigenesis. Presenting tumours 



 

139 

 

from PPARγ-A KO mice expressed relatively high levels of ERα suggesting that they were 

capable, perhaps preferentially, of responding to increased estrogen exposure.  

The next critical question was to determine the originating cell type from which the 

mammary tumours developed even though in humans, and mice, the vast majority of mammary 

tumours are epithelial in origin. Another transgenic mouse was developed in which the eYFP 

reporter gene was expressed in all cells that undergo PPARγ deletion. This was accomplished by 

crossing our Ap2-Cre mice with commercially available eYPF reporter mice and treating the 

resulting progeny with DMBA to induce mammary tumours. Upon necropsy, eYFP+ cells were 

absent from all analyzed mammary tumours but present in nearby stromal compartments, 

suggesting that the tumours are not initiated from stromal adipocytes, and that the protective effects 

conferred by PPARγ were derived, at least in part, from these stromal cells. 

To evaluate whether secreted factors were responsible for the stromal protective effect, 

serum from PPARγ-A KO and PPARγ-WT mice was assessed. Among untreated and DMBA-

treated PPARγ-A KOs, serum leptin was significantly higher while IL-2, IL-13 and MIP-1α levels 

were significantly lower than in respective PPARγ-WT controls. Because leptin drives 

proliferation of both the tumour proper and associated vasculature[85, 393, 394], in vitro 

phenotypic assays were performed. My results provided the first evidence that PPARγ-A KO 

serum increased migration of MCF-7 and MDA-MB-231 cells, and increased invasion in MDA-

MB-231 cells compared to PPARγ-WT serum. PPARγ-A KO serum also promoted angiogenesis 

in human aortic endothelial cells. In light of the immune surveillance roles of IL-2, IL-13 and MIP-

1α[327, 328], PPARγ in stromal adipocytes may protect by not only decreasing leptin secretion, 

but also increasing immune detection of mammary tumours.  
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With evidence strongly favouring PPARγ-targeting therapy as beneficial for breast 

tumourigenesis, we aimed to understand two common side effects of TZDs that have limited their 

clinical utility; weight gain and peripheral edema[202]. In contrast to PPARγ-WT controls, 

PPARγ-VEC KO mice were resistant to extracellular fluid increases and plasma volume expansion 

in response to ROSI. VEC cells were isolated from both PPARγ-WT and PPARγ-VEC KO mice 

to evaluate changes in endothelial junction formation potential. FAK and VE-cadherin were 

dramatically increased in PPARγ-VEC KO endothelial cell junctions compared to PPARγ-WTs, 

suggesting that VEC expressed PPARγ plays a critical role in TZD-mediated plasma volume 

expansion.   

5.1 Limitations and Future Studies 

Though the work presented in this thesis advances our understanding of the field, it does 

have some limitations, such that additional studies are still required to expedite and optimize the 

use of PPARγ-ligands for breast cancer patients. These future studies are described below. 

Further characterization of existing samples 

 To strengthen the conclusions drawn in the first study, serum estrogen levels should be 

measured from isolated mammary stromal adipocytes and mammary tumours of PPARγ-A KO 

and PPARγ-WT mice using high performance liquid chromatography (HPLC)[395]. This more 

sensitive method of detection would definitively confirm estrogen level differences between 

genotypes, as well as the source of estrogen feeding the ER+ mammary tumours observed. Second, 

our data suggest elevated levels of serum leptin from PPARγ-A KO mice contributes to the 

enhanced migration and invasion potential of in vivo murine mammary tumours as well as in vitro 

human breast tumour cell lines. Accordingly, a further experiment of these described in vitro 

assays in association with treatment groups that include serum samples depleted of leptin using a 
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commercially available antibody, and an ‘add-back’ rescue group where leptin is added back to 

depleted samples, would determine whether or not the breast tumourigenic effects of PPARγ-A 

KO serum are abrogated. Leptin is a likely candidate because it was the only differentially 

expressed factor in the serum array and ELISA assays that is known to drive migration, invasion 

and angiogenesis[85, 393, 394]. Additionally, PPARγ is known to negatively regulate leptin[396].  

Finally, the FFPE mammary tumour samples should be further assessed to complete ER, 

PR and Her2 receptor expression subtype analyses. DMBA is known for inducing ER+ 

tumours[163, 298], so it is likely that hormone-responsive tumours represent most, if not all, 

mammary tumours. Still, if multiple mammary tumour subtypes are present, these tumours could 

be grouped and outcome data (incidence, growth rate, etc.) compared between PPARγ-WT and 

PPARγ-A KO mice for different mammary tumour subtypes. Based on the results of the serum 

array, mammary tumours should also be evaluated for infiltrating immune cells such as tumour-

associated macrophages which can be identified with the pan-macrophage marker CD68[397]. 

Tumour infiltrating lymphocytes, tumour associated-macrophages and myeloid-derived 

suppressive cells are potential predictive biomarkers[398]. Therefore, their presence in established 

mammary tumours should be evaluated and compared between genotypes and to mammary tumour 

outcomes. PPARγ expression and activation in macrophages reduces macrophage response to 

inflammatory stimuli[399] which is highly relevant given the well-established role of 

inflammation in metastatic progression[400].  

Establish a more representative in vivo model of breast tumour progression 

 The propensity of DMBA to initiate and promote tumours is well-established and the 

mechanisms of DMBA metabolism are well-understood[162, 163]. Effective dosing schedules are 

also well established, as are baselines for tumourigenic outcomes including tumour types, 
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incidence, latency and volumes[227]. As a PAH, DMBA is also representative of typical human 

exposures to PAHs through industrial emissions, tobacco smoke and charbroiled foods[401]. 

Occupational and urban exposure to various PAHs has been quantified and ranges from nearly 

300µg/m3 in coke plants to 2-6µg/m3 in cities[402]. The predominant method of human exposure 

to PAHs is controversial as some experts claim it is from dietary sources[403], while others believe 

PAH exposure is mostly airborne rather than through direct ingestion[393]. Chemical-carcinogen 

induction models are useful because experimental animals do not require immune system 

eradication, thereby eliminating confounding issues concerning the normal involvement of the 

immune system in tumourigenesis[3]. For these reasons, DMBA-induced chemical carcinogenesis 

is a very appropriate initial screening tool; however, there are other breast tumour mouse models 

that may be equally informative, if not more desirable for future studies. One challenge with 

chemical carcinogen-tumourigenesis models is that the toxic exposure effects in humans are 

usually the result of long-term rather than short-term exposure[401]. Oral DMBA treatment also 

induces tumours at several tissue sites, including the mammary gland, skin, ovaries and thymus. 

These confounding additional factors make studying specific cancer types challenging, and it 

cannot be discounted that health issues related to other tumour types may have confounded the 

onset or progression of mammary tumours in some of our study mice. Distant metastasis resulting 

from breast tumour progression is responsible for most breast cancer associated mortality[404]. 

Therefore understanding and modulating breast tumour progression is critical. Because of these 

challenges, an appropriate xenograft, orthotopic mammary fat pad injection or spontaneous-breast 

tumour model should also be examined. 

  Breast tumour xenograft models typically involve transplanting human breast tumour 

tissue or cell lines into immunocompromised mice[405]. These models have the advantage of 
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being able to study both growth and metastatic potential of well characterized human breast 

tumour/cell samples, as well as the efficacy of potential novel therapeutic interventions in a 

controlled system. In some studies, orthotopic injections into mammary fat pads are used to assess 

the contributions of epithelial and stromal interactions during breast tumourigenesis[406]. In other 

studies, human breast cancer cell lines may be injected directly into mouse tail veins in order to 

enhance direct colonization of the lung[407]. While both types of xenograft studies are 

advantageous due to the ability to manipulate cells with genetic alterations or fluorescent tags, they 

also preclude the ability to monitor how chemical carcinogens interact with genetic changes such 

as in our studies.  

There is also a growing list of spontaneous breast tumour mouse models, each well 

characterized for differences and similarities to several human breast tumour subtypes[408]. These 

are useful for their defined timelines specific to breast tumour onset and/or progression, and human 

clinical relevance during studies of novel therapeutics. In some cases, these spontaneous mouse 

models may be backcrossed with other mouse strains to increase the information obtained on gene-

gene interactions. One area that seems fruitful would be a series of experiments that permitted in 

vivo examination of both mammary epithelial and stromal adipocytic interactions during 

progression of spontaneous breast tumourigenesis. Along these lines, the Nicol lab recently 

obtained a strain of mice from Dr. Muller’s lab that spontaneously generate breast tumours from 

mammary epithelial cells targeted to simultaneously overexpress Her2 as well as Cre recombinase, 

referred to as the Neu-Ires-Cre (NIC) strain[409]. NIC mice were crossed with PPARγfl/fl mice to 

generate a NIC-PPARγ-KO strain to examine what, if any, role PPARγ deletion has on mammary 

epithelial cells overexpressing Her2+ during breast tumourigenesis. Notably, a cell line has been 

derived from some NIC-PPARγ-KO lung metastases. Since this cell line is derived from lung-
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seeking breast tumourigenic cells that metastasized from the mammary gland, they may provide a 

useful resource for syngeneic studies in immunocompetent PPARγ-WT and PPARγ-A KO mice. 

This cell line could be injected into immunocompetent PPARγ-A KO and PPARγ-WT mammary 

fat pads and tumourigenic outcomes could be compared to evaluate the role of adipocyte-specific 

PPARγ signaling in breast cancer metastasis. Ideally, the cell line would be transfected with a 

reporter gene such as luciferase[410] which would allow metastasizing tumour cells to be located 

and followed in live animals. With this tool, and the established Biophotonics procedures at the 

Queen’s Core Imaging Facility, breast tumour metastases could be tracked over time and 

quantified following luciferin injection. Using similar treatment groups, these studies would permit 

additional in vivo comparisons between PPARγ-WT and PPARγ-A KO mice for effects of PPARγ 

signaling in stromal adipocytes during individual steps of the metastatic process (see Figure 

3)[411].  

Establish biomarkers to predict patient response to PPARγ-ligand therapy 

 PPARγ-WT and PPARγ-A KO;eYFP+ mouse colonies may also be used for adipocytic 

cell-fate and transcriptome experiments, clarifying the fate of adipocytes in which PPARγ has been 

deleted. Pathological analysis of H&E stained mammary glands and whole-mounts from PPARγ-

A KO mice and PPARγ-WT revealed no gross anatomical differences associated with PPARγ 

adipocytic deletion. Still, FACS sorting and quantification of eYPF+ cells from isolated mammary 

glands of PPARγ-A KO;eYFP+ and PPARγ(+/+)Ap2-Cre+;eYFP+ mice should be performed. If 

mammary glands from both strains have similar amounts of eYFP+ cell populations, it will further 

support our conclusion that differences in tumourigenic susceptibility between PPARγ-A KO and 

PPARγ-WT mice were due to genetic changes within PPARγ deleted adipocytes, rather than an 

abnormal fate of these cells. 
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Importantly, flow sorted eYFP+ cells isolated from both PPARγ(+/+)Ap2-Cre+;eYFP+ and 

PPARγ-A KO;eYFP+ strains should be evaluated for global gene expression changes; for example, 

using a microarray assay to identify global transcriptome changes associated with PPARγ deletion. 

Total RNA isolated from collected cells could be assessed using the Agilent Mouse 4X44K array 

and the expertise of the Queen’s Microarray Core Facility, with statistical analysis performed in 

consultation with collaborating biostatisticians and Ingenuity Pathway Analysis used to identify 

pathways relevant to breast tumour progression that are differentially expressed. This approach 

would reveal numerous critical targets that are differentially expressed in adipocytes depending on 

the presence of PPARγ, from which a subset that are up- or down-regulated >2-fold could be 

validated using QRT-PCR and IF staining. Those validated targets would then serve as additional 

biomarkers for in vitro and in vivo breast tumour studies, with priority assigned based on PPAR-

dependent regulation and relevance to breast tumourigenic pathways. As an added layer of 

validation, these biomarkers may be assessed using the multigene classifier of K-M plotter 

(http://kmplot.com/analysis/index.php?p=service&cancer=breast) to compare expression levels 

with differences in breast cancer patient outcomes for breast cancer patients. K-M plotter has 

expression data for over 22,000 genes for over 4000 breast cancer patients[412, 413] based on 

outcomes, such as relapse-free survival, post progression survival and distant metastases-free 

survival. Finally, a human breast tumour microarray including surrounding stromal tissue would 

be ideal to evaluate the relevance of candidate PPAR-dependent biomarkers identified as relevant 

to breast cancer progression and patient outcomes. Ideally, this breast TMA would include a broad 

spectrum of breast tumour types, with an effort to recruit samples prospectively including from 

breast cancer patients who treated without/with TZDs for diabetes, and associated with 

clinicopathological outcomes database for correlative analyses. Collectively, this approach would 

http://kmplot.com/analysis/index.php?p=service&cancer=breast


 

146 

 

provide critical information about stromal adipocyte PPARγ targets that are relevant to breast 

cancer progression and may predict response to PPARγ-targeted therapy. 

Evaluate and optimize protective therapeutic regimens using non-TZD PPARγ ligands 

The potential for PPARγ ligands to protect against breast cancer progression has been well-

established in vitro and in vivo[216, 231, 232, 242, 245]. All of the experiments conducted by the 

Nicol lab, and several of those performed by others, have used the ‘gold-standard’ PPARγ ligand 

ROSI. However, the use of ROSI, and other TZDs, has been heavily scrutinized for several years. 

In 2007, a landmark meta-analysis of 42 clinical trials evaluated the correlation between ROSI use 

and serious cardiovascular side-effects, a complication responsible for 65% of deaths in diabetic 

patients[414]. The authors found that ROSI treatment caused a 1.4 relative risk of myocardial 

infarction and potentially increased the risk of death from cardiovascular causes[201]. Based on 

this, the FDA issued black-box warning labels for ROSI and imposed prescription restrictions. 

Notably, the authors found that even short-duration studies, those lasting 24-52 weeks, had similar 

odds ratios for myocardial infarction suggesting that even short term exposure to ROSI may be 

hazardous. However, in 2013 the FDA lifted these restrictions following the RECORD trial, which 

found that ROSI does not increase risk of heart attack compared to metformin and sulfonylurea 

which are also used to treat type 2 diabetes[415]. 

Recognizing these findings suggest more data are needed to determine whether there may 

be individuals in whom TZDs pose an adverse health risk, but there is still tremendous potential 

for PPARγ-activating therapy. ROSI, and other TZDs, are not the only existing PPARγ ligands. A 

structure based screening of a natural product library revealed 29 potential novel PPARγ ligands 

which should be evaluated for their capacity to reduce breast cancer progression while maintaining 

cardiovascular safety[416]. Another PPARγ ligand with a demonstrated role in breast cancer 
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protection is conjugated linoleic acid (CLA). CLA activates PPARγ at physiological 

concentrations and causes PPARγ to translocate to the nucleus[417]. A dominant negative PPARγ 

model demonstrated partial block of CLA-mediated protective effects suggesting that the anti-

breast tumourigenic properties of CLA may be due, in part, to PPARγ-mediated signaling[418]. 

CLA treatment inhibits breast cancer cell growth[419, 420] and chemical-induced mammary 

carcinogenesis in vivo[421-423] perhaps by inhibiting cancer cell growth and metastatic 

progression driven by estrogen and insulin[424]. Additionally, CLA may reduce activities of 

enzymes that bioactivate chemical carcinogens including COX-2[425] and 5-LPO[426]. 

CLA describes a group of naturally occurring polyunsaturated fatty acids that are found in 

the meat and milk of rumen, including beef and lamb[427]. Due to CLA’s accessibility, 

prophylactic studies have been undertaken to evaluate whether the consumption of CLA can 

protect against cancer; however, they remain inconclusive regarding the protective effect of CLA 

in humans[428]. Interestingly, the anti-tumourigenic effects of CLA are believed to be conferred 

only by the 9,11-isoform[421-423]. 

Unlike ROSI, CLA has not been associated with negative cardiovascular effects, and thus 

should be evaluated, using the spontaneous breast tumour model described above, for its potential 

to prevent breast cancer progression by activating PPARγ signaling in mammary stromal 

adipocytes. Finally, assuming that CLA does not induce negative side-effects in mice, combination 

therapy studies using CLA and low-dose traditional chemotherapeutic agents should be evaluated 

to see if this confers a synergistic protective effect versus CLA treatment alone. 
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5.2 Conclusions 

 Collectively, these studies have advanced our understanding of the stromal protective 

effects of PPARγ in breast tumourigenesis as well as endothelial cell-specific effects leading to 

vasodilation and peripheral edema. These studies are part of a large effort to uncover PPARγ-

signaling mechanisms that can be used to predict patient response to PPARγ-targeted therapy and 

identify susceptible patient populations. This collective work will further support the clinical utility 

of PPARγ ligands such that they may someday be available to clinicians and, ultimately, reduce 

the burden of breast cancer on Canadians.  
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APPENDIX A – HUMAN MICRO RNA STUDIES 

 

Due to their role in gene regulation, microRNAs (miRNAs) have recently garnered 

tremendous attention. The miRNA family encompasses numerous 21-25 nucleotide members that 

function to affect diverse biological processes[429]. miRNAs have been discovered that drive or 

protect against tumourigenesis as well as others that are useful for cancer screening, prognosis and 

diagnosis[430]. miRNAs are even being explored as therapeutic targets[429]. PPARγ is negatively 

regulated by miR27b which is expressed in adipocytes as well as breast cancer cells and 

neuroblastoma cells[431, 432]. To evaluate the role of miR27b in human breast cancer, we used 

QRT-PCR with a Taqman probe to measure miR27b levels in 10 human tumour samples (Figure 

36A). These tumours had also been evaluated for ER and PR receptor status so miR27b expression 

was clustered among the 9 ER+/PR+ human mammary tumours, which usually have a good 

prognosis, and 1 ER-/PR- human mammary tumour, which typically have a poor prognosis. 

Interestingly, the lone ER-/PR- tumour expressed nearly 4-fold increased expression of miR27b, 

suggesting that the most aggressive tumour subtype also likely had reduced expression of PPARγ. 
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Figure 36. miR27b expression in a test cohort of 10 Human Breast Tumours. The 

expression of miR27b was measured in 10 individual human breast tumours obtained from our 

larger locally accrued cohort. A) Expression of miR27b in individual tumours expressed as a 

percentage of control RNU48 expression. B) Combined miR27b expression among ER/PR+ 

and ER/PR- human breast tumours. ****, significantly different from ER/PR+ tumours, p < 

0.0001. QRT-PCR performed by GSG. 

 


