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Abstract 

The transition of epithelial-like tumour cells to those exhibiting mesenchymal characteristics 

(Epithelial-to-mesenchymal Transition; EMT) is an integral process in breast cancer metastasis. 

EMT can be promoted by Transforming growth factor-beta (TGF-β) which can be found at high 

levels in the tumour stroma. Tumour-associated macrophages (TAMs) can also induce EMT in 

breast cancer cells, which is one way that they promote breast cancer metastasis. Vitamin D 

signalling has been implicated in EMT suppression and plays a role in modulating macrophage 

differentiation and stimulating their anti-inflammatory functions. This project had two major aims. 

First, we aimed to create and verify a unique fluorescent reporter gene construct designed to 

evaluate the dynamics of EMT in real-time and at the single-cell level. While some components of 

this reporter system were successfully validated, work to complete the final reporter construct is 

ongoing. The second and main aspect of this project focused on exploring the ability of 1,25-

dihydroxyvitamin D3 (1,25D3) to modulate the interaction between mesenchymal mammary tumour 

cells and TAMs. Unexpectedly, in short-term treatment (48 hours) studies of 4T1 murine mammary 

tumour cells, we observed that 1,25D3 and TGF-β signalling work together to increase expression 

of the mesenchymal markers, Snai1, Fn1, and Col1a1. 1,25D3 and TGF-β also synergistically 

activate transcription of the gene encoding the 1,25D3-catabolizing enzyme, Cyp24a1. The ability 

of 1,25D3 and TGF-β to enhance expression of these genes was diminished in a long-term treatment 

(14 days) of 4T1 cells, and this effect was accompanied by a decrease in cell proliferation. 1,25D3 

may also cooperate with cytokines produced by normal macrophages and macrophages considered 

to be TAM-like. Conditioned media experiments revealed that in the presence of factors from 

normal macrophages, 1,25D3 enhanced expression of  Fn1, and in the presence of factors from 

TAM-like macrophages, 1,25D3 enhanced expression of Fn1 and Cyp24a1. Rather than mitigating 

the interaction as hypothesized, 1,25D3 may exacerbate the tumour-promoting effects of the EMT-

TAM relationship. Also, signalling pathways involved in the EMT-TAM relationship may 
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synergize with 1,25D3 to upregulate Cyp24a1 expression. These findings are important for 

understanding the potential of vitamin D compounds to be used in the treatment of breast cancer.  
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Chapter 1 

Introduction 

1.1 Breast cancer 

In 2015 approximately 25,000 Canadian women were diagnosed with breast cancer [1], 

equivalent to 68 women per day. Breast cancer is the most commonly diagnosed cancer worldwide, 

and accounts for the most cancer deaths among females [2]. Breast cancers can be stratified into at 

least four subtypes that differ in terms of pattern of gene expression [3], clinical features [4], 

prognosis [5], and response to treatment [6]. Subtypes that are either estrogen receptor-positive 

(ER+) or progesterone receptor-positive (PgR+) are luminal A and luminal B. Subtypes that are 

ER-negative (ER-) and PgR-negative (PgR-) can be HER2-overexpressing, triple negative/basal-

like, and claudin-low. Other subtypes such as luminal C and normal-breast like have been 

described, but are not as well characterized [3, 7, 8]. Breast cancer can be caused by a number of 

different factors, both hereditary and environmental. However, hereditary breast cancers account 

for only 4-9% of total cases [9]. Most of these are caused by mutations in the breast cancer 

susceptibility genes 1 and 2 (BRCA1 and BRCA2) [10]. Environmental factors implicated in breast 

cancer risk include diet, exercise, obesity and more recently, vitamin D deficiency [11].  

The overall five-year survival rate for breast cancer is high, with 88% of all patients surviving 

at least five years after their diagnosis [1]. However, when looking at only those patients that 

develop metastatic disease, the five-year survival rate drops to approximately 25% [12]. Thus, it is 

clear that the development of new treatments targeting metastasis is necessary.  

Metastasis is the process by which cancer cells disseminate from the primary tumour and 

colonize distant sites within the body. In breast cancer patients, metastasis most often presents in 

the lungs, liver, and bone [13]. Metastasis occurs via sequential steps, and cancer cells must 
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become highly specialized to undergo these processes. First cells from the initial tumour must 

invade into surrounding tissue. Cells then intravasate into blood vessels or lymph vessels, through 

which they are circulated throughout the body until they reach the target organ. At the target organ 

the tumour cells must extravasate from the vessel into the surrounding tissue. Lastly, the tumour 

cells proliferate in order to colonize the new organ [14]. Tumour cells undergo these processes 

while also evading the immune system and adapting to the changing local environment as they 

move throughout the body [15]. Tumour cells must modify their functions in order to complete 

each of these steps [16]. For example, the first step of metastasis, invasion, requires cells to reduce 

their cell-cell contacts in order to escape the primary tumour. The tumour cells must then degrade 

the extracellular matrix (ECM) to invade and migrate through the tissue [17]. Certain cellular 

programs, such as the epithelial-to-mesenchymal transition (EMT) induces the functional changes 

that cancer cells require to complete the steps of metastasis [17, 18]. 

1.2 EMT 

1.2.1 Mechanisms of EMT in breast cancer 

EMT is a crucial phenomenon for many normal developmental and physiological processes, 

but it can also contribute to pathological states such as organ fibrosis and cancer. There is extensive 

evidence that EMT can promote breast cancer progression and metastasis [18, 19].  

Epithelial cells naturally grow in an organized sheet-like pattern, in which each cell has a 

distinct apical-basal polarity [20]. During EMT, epithelial cells lose their cell-cell adhesion 

properties and apical-basal polarity, and acquire a more motile and invasive phenotype 

characteristic of mesenchymal cells [21]. Neighbouring cells in an epithelial layer form abundant 

contacts, through the formation of protein complexes known as adherens junctions (AJs), 

desmosomes, and tight junctions (TJs) [20]. AJs are cell-cell adhesion structures that are anchored 

to the actin filaments of the cytoskeleton [22]. One of the main constituents of AJs, E-cadherin 

contains an extracellular domain that forms homotypic interactions, creating linkages that span the 
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space between neighbouring cells [22]. The intracellular domain of E-cadherin is bound to β-

catenin, which in turn is tightly associated with F-actin [23]. TJs are located at the most apical 

regions of the cell compared to the other adhesion complexes and create even tighter connections 

between adjacent cells that prevent paracellular diffusion of solutes [24]. An important component 

and regulator of TJ function is the transmembrane protein, Occludin [25].  

The loss of apical-basal polarity during EMT is achieved through alterations in the 

cytoskeleton associated with the disassembly of AJs and TJs. In the early-intermediate stages of 

EMT, TJ integrity is compromised [26] as a result of transforming growth factor beta-1 (TGF-β1) 

activity. The TGF-β receptor type-1 (TGFβR1) directly interacts with Occludin and Partitioning 

defective homolog-6 (PAR6) in the absence of TGF-β1 [27, 28]. When TGF-β1 is present, the 

TGF-β receptor type-2 (TGFβR2) associates with the TJ and phosphorylates PAR6, which leads to 

the ubiquitination of RhoA. Ubiquitination of RhoA then results in disruption of the actin 

cytoskeleton and causes dissipation of the TJ complex [27]. A hallmark of the late-intermediate 

stage of EMT is the loss of E-cadherin at the plasma membrane, which is a consequence of AJ 

destabilization [29]. The intracellular domain of E-cadherin is cleaved at the plasma membrane, and 

subsequently degraded [30, 31]. Consequently, β-catenin is released and is either degraded, or is 

translocated to the nucleus when WNT signalling is active [32]. The full mesenchymal state is 

associated with transcriptional repression of the proteins comprising AJs and TJs. Thus decreases in 

mRNA levels of Cdh1, the gene encoding E-cadherin and Ocln, the gene encoding Occludin are not 

observed until the late stages of EMT [33].   

The EMT process is governed by master transcriptional regulators, including SNAI1, TWIST, 

and Zinc finger E-box-binding homeobox 1 (ZEB1) [34, 35]. These transcription factors (TFs) are 

expressed early in the EMT process [32, 36, 37] and coordinate the repression of epithelial genes 

and upregulation of mesenchymal genes. SNAI1 represses epithelial gene expression by binding of 

the carboxy-terminal zinc finger domains to their consensus sequence, CAGGTG, known as the E-
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box [38, 39], present within the Cdh1 [36] and Ocln promoters [40]. SNAI1 binding to the E-box 

causes recruitment of the Polycomb repressive complex 2, which contains methyltransferases and 

histone deacetylases, and contributes to chromatin repression [41]. SNAI1 also upregulates genes 

involved in the formation of mesenchymal cells. SNAI1 has been shown to be involved in the 

upregulation of the ECM proteins Fibronectin [39] and Collagen alpha-1 chain (Collagen) [42]. 

These proteins promote EMT by facilitating the switch from cell-cell contacts to cell-ECM 

contacts. Cell-ECM interactions contribute to the ability of mesenchymal cells to migrate and 

invade through surrounding tissue [43-45]. Another hallmark of EMT is the increased expression of 

matrix metalloproteinases (MMPs), especially MMP2 and MMP9, which degrade the ECM to 

facilitate cell invasion [46, 47]. The EMT process in breast cancer is considered a vicious cycle in 

which degradation of the ECM results in the release of growth factors such as TGF-β1 that are 

stored there, thus further leading to EMT progression and invasion of breast cancer cells [18, 19, 

48]. 

1.2.2 TGF-β  induces EMT in breast cancer 

Proteins belonging to the TGF-β superfamily of growth factors are known to be some of the 

main initiators of EMT programs both in normal physiological processes and pathological states 

[49-51]. The TGF-β superfamily of cytokines consists of three TGF-β ligands, two activins, and 

several bone morphogenic proteins (BMPs), among others. All of these ligands signal by binding to 

receptor duplexes consisting of serine/threonine or tyrosine kinase receptors. Expression of TGF-

β1, TGF-β2, and TGF-β3 is associated with EMT events that occur during development [51-53], 

whereas only TGF-β1 is implicated in the postnatal EMT involved in wound healing, fibrosis and 

cancers [54-57]. Although BMPs have been implicated in EMT in pancreatic cancer and renal 

fibrosis [58, 59], all other TGF-β family proteins have been found to primarily regulate EMT 

during development. Since TGF-β1 is principally involved in the EMT associated with cancer, it 

will be the focus of the current work, and is the isoform referred to herein as TGF-β.  
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TGF-β signals by binding transmembrane receptor serine/threonine kinases, TGFβR1 and 

TGFβR2 [60] (Figure 1.1). Ligand binding induces phosphorylation of the type 1 receptor by the 

type 2 receptor [60]. The activated type 1 receptor then phosphorylates Mothers against 

Decapentaplegic homolog 2 and 3 (SMAD2 and SMAD3) at their C-terminal serines [61, 62]. 

These SMADs are known as receptor-activated SMADs (R-SMADs). The R-SMADs are then able 

to form a complex with SMAD4, and the complex translocates to the nucleus. R-SMADs then bind 

DNA in order to regulate transcription of target genes. The SMAD2/3 complex specifically binds 

the palindromic sequence, GTCTAGAC, which is known as the SMAD binding element (SBE) 

[62-64]. Binding of SMADs recruits other TFs, CBP or p300 coactivators, or corepressors [65, 66]. 

Regulation of SMAD signalling can occur at several levels.  R-SMADs and SMAD4 cycle between 

the nucleus and the cytoplasm, and in the cytoplasm they can be ubiquitinated and subsequently 

degraded [67, 68]. Phosphorylation of R-SMADs can also be inhibited through SMAD6 or SMAD7 

activities [69].  

It is known that TGF-β promotes EMT in epithelial mammary cell lines. For example, 

expression of a constitutively active form of TGFβR1 initiates EMT in NMuMG cells [50, 70]. 

Likewise, expression of a dominant negative form of TGFβR2 in Ras-transformed mammary 

epithelial cells blocked initiation of EMT [71]. Furthermore, it has been shown that following  

TGF-β stimulation, SMAD3 drives the expression of genes involved in EMT whereas SMAD2 is 

dispensable for TGF-β-induced EMT. TGF-β was shown to induce EMT in two Ras-transformed 

cell lines derived from the normal mammary epithelial cell line, MCF10A, which resulted in 

increased cell invasion, and was inhibited by microRNA (miR) knockdown of SMAD3 [72]. 

SMAD3 induces EMT in breast cancer cells by directly activating expression of the EMT TFs 

SNAI1, TWIST, and ZEB1 [73-75], as well as mesenchymal markers Fibronectin and Collagen 

[76, 77]. The SMAD3/4 complex has also been found to physically interact with SNAI1. The 

SMAD3/4-SNAI1 complex localizes to the promoters and enhances SNAI1-mediated repression of  
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Figure 1.1 General mechanism of SMAD-dependent TGF-β1 signalling.  

Signalling is initiated when TGF-β1 binds transmembrane receptor serine/threonine kinases, TGFβR1 
and TGFβR2, at the plasma membrane. Ligand binding induces phosphorylation (yellow circle) of the 
type 1 receptor by the type 2 receptor. The activated type 1 receptor then phosphorylates SMAD2 and 
SMAD3 at their C-terminal serines. SMADs 2 and 3 form a complex with SMAD4 and the complex 
translocates to the nucleus where SMADs 2 and 3 then bind DNA at the SMAD binding element 
(SBE) on the promoters of target genes. Binding of SMADs either activates or represses transcription, 
with the aid of other transcriptional modulators not shown here. 

 

 

 

 

 

 

 



 

7 

 

E-cadherin, Occludin, and Coxsackievirus and adenovirus receptor homolog, which is a TJ-

associated cell adhesion protein [78]. TGF-β signalling plays a key role in the initiation and 

progression of EMT. Consequently TGF-β is found in high levels within the microenvironment of 

breast tumours, and it has been shown that tumour cells as well as stromal cells can secrete TGF-β 

and thereby promote tumour progression [79-81]. 

1.3 Tumour-associated macrophages 

Recently there has been much focus on the tumour microenvironment as an increasingly 

important aspect of breast cancer. Signalling that occurs between tumour cells and stroma promotes 

survival and metastasis of breast cancer cells [82]. Macrophages are found within the stroma of 

most tumours [83]. These macrophages are known as tumour-associated macrophages (TAMs) and 

are well established as a marker of poor prognosis in breast cancer patients [84]. Evidence suggests 

that TAMs have a direct role in breast cancer metastasis. The first evidence came from Lin et al. in 

2001 [85], who crossed mice harbouring a homozygous null mutation for macrophage colony 

stimulating factor-1 (CSF-1) with MMTV-PyMT mice. These mice develop essentially no mature 

macrophages [86]. The researchers showed that although primary tumour development and growth 

were unaffected, the histopathological progression and metastasis to the lung was significantly 

delayed by the absence of macrophages. Restoring CSF-1 expression selectively in the mammary 

epithelium of the null mice, or overexpression of CSF-1 in wild-type mice, enhanced tumour 

histopathological stage and metastasis to the lung [85]. 

Macrophages can be polarized into either an M1 or an M2 state, depending on the cytokine and 

chemokine composition of their microenvironment. Classically activated macrophages are referred 

to as M1 macrophages, and perform pro-inflammatory functions [87]. Alternatively activated or M2 

macrophages, display an anti-inflammatory functional program [88]. Macrophages are stimulated to 

an M1 state by factors such as Interferon-γ and lipopolysaccharide. M1 polarization is characterized 

by expression of Nitric oxide synthase 2, inducible (Nos2), and secretion of high levels of 
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Interleukin (IL)-12 accompanied by low levels of IL-10 [89]. Macrophages can be polarized to an 

M2 state by factors such as IL-4, IL-10, and TGF-β [90] and M2 polarization is characterized by 

increased expression of Arginase-1 (Arg1), increased secretion of TGF-β, and the presence of cell 

surface receptors, mannose receptor and scavenger receptor [90-92]. It should be noted that these 

classifications are an oversimplification – to date, four different M2 subsets have been 

characterized, and are referred to as M2a, M2b, M2c, and M2d [93]. TAMs exhibit an alternatively 

activated, or M2 polarized state [94-96]. The M2d subset is thought to be most representative of 

TAMs [97], although studies have shown that the TAM population is highly heterogeneous, and 

likely consists of different subsets of M2-polarized cells [88].  

Observations that TAMs reside in close proximity to invasive breast cancer cells [98] 

suggested an interaction between the two cell types might be involved in metastasis. The first direct 

evidence that the interaction between TAMs and breast cancer cells promotes cancer cell migration 

in vivo came from Wyckoff et al. in 2004 [99]. Using cells derived from MMTV-PyMT mice, they 

showed that migration of breast cancer cells is dependent upon a paracrine loop between tumour 

cells and macrophages by illustrating that both cancer cells and macrophages were able to migrate 

towards microneedles containing the epidermal growth factor (EGF) or CSF-1. Yet only tumour 

cells contained the EGF receptor and only macrophages contained the CSF-1 receptor. Inhibition of 

EGF or CSF-1 signalling reduced the migration of both cell types. This suggested that macrophages 

migrate to the needle containing CSF-1, while releasing EGF, which acts as a chemotactic for 

breast cancer cells, and vice versa [99]. Since then, evidence has accumulated that communication 

between TAMs and breast cancer cells promotes EMT in the tumour cells, suggesting that one of 

the mechanisms through which TAMs contribute to metastasis is by inducing EMT (Figure 1.2). Su 

et al. [96] demonstrated that release of C-C motif chemokine 18 (CCL18) from TAMs and 

Granulocyte-macrophage colony-stimulating factor (GM-CSF) from mesenchymal-like MCF7 

human breast cancer cells represented a paracrine positive feedback loop that resulted in EMT and  
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Figure 1.2 The interaction between mesenchymal breast cancer cells and TAMs.  

A diagrammatic representation of the mutual interaction between TAMs and breast cancer cells that 
are undergoing EMT. These two cell types communicate via a paracrine loop that contributes to breast 
cancer metastasis. Adapted from Su, S., et al. 2014 [96].  
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metastasis of the cancer cells in vivo [96]. Inhibition of CCL18 or GM-CSF signalling using 

neutralizing antibodies was able to reverse EMT, and decreased metastasis to the liver and lungs 

[96]. In vitro, co-culture of the mouse mammary tumour cell line 4T1, and mouse macrophage cell 

line RAW264.7, resulted in a robust decrease in E-cadherin and induction of the mesenchymal 

marker, α-smooth muscle actin (α-SMA) in 4T1 cells. These changes at the protein level were 

associated with an increase in the invasive potential of 4T1 cells [100]. Taken together, these 

results demonstrate that blocking the interaction between breast cancer cells and TAMs may be 

beneficial for preventing metastasis.  

1.4 Vitamin D  

1.4.1 Vitamin D metabolism and signalling 

Until the past twenty years or so, the known roles for vitamin D in human physiology 

pertained to calcium and phosphate homeostasis. Vitamin D hormone activity is part of a complex 

endocrine system that functions to regulate serum calcium and phosphate levels by modulating 

bone mineralization, absorption of calcium and phosphate from the intestine, and reabsorption of 

calcium and phosphate by the kidneys [101]. Recently, expression of key enzymes involved in 

vitamin D metabolism was discovered in other tissues. These findings initiated the investigations 

that have elucidated many non-classical roles of vitamin D, including its function in the mammary 

gland [102, 103]. 

Before vitamin D can function in mammary gland cells, it must undergo a series of activation 

and transportation steps. Vitamin D metabolism begins when 7-dehydrocholesterol is converted to 

pre-vitamin D3 in the skin by ultra violet (UV) B (290-315nm) radiation from the sun [104]. Pre-

vitamin D3 is then converted to vitamin D3 by thermal isomerization [105]. Vitamin D3 can also be 

obtained from dietary sources such as fortified dairy products, fish oils, and vitamin supplements, 

but the major source of vitamin D3 in the body originates from sun exposure [106, 107]. Vitamin D3  
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then binds the vitamin D binding protein (DBP), which transports vitamin D3 and its metabolites in 

the blood [108, 109]. It is transported to the liver where it becomes hydroxylated at the C-25 

position by cytochrome P450 enzymes to generate 25-hydroxyvitamin D3 (25(OH)D3; 25D3). The 

exact enzyme(s) and gene(s) responsible for the 25-hydroxylase step have not been proven, 

although CYP2R1 is the most likely candidate [110, 111]. The major circulating form of vitamin D 

in the body is 25D3. It has been suggested that concentrations between 30-80ng/ml are required for 

optimal biologic effects of vitamin D [112]. This metabolite is then transported in the blood by 

DBP. A second cytochrome P450 enzyme, 25(OH)D3-1α-hydroxylase (CYP27B1), predominantly 

expressed in the kidney, hydroxylates 25D3 at C-1 of the A-ring [113, 114] (Figure 1.3 A). This 

reaction generates the biologically active form of vitamin D, 1,25-dihydroxyvitamin D3 

(1,25(OH)2D3; 1,25D3), which is released into blood and thereby transported to target tissues 

including the mammary glands. Target tissue exposure to 1,25(OH)2D3 is controlled by the enzyme 

1,25(OH)2D3-24-hydroxylase (CYP24A1), which catabolizes 1,25D3 to 1,24,25(OH)3D3, an inactive 

metabolite, via hydroxylation of C-24 [115, 116] (Figure 1.3 A).  

1,25D3 exerts its effects on target tissues by binding and activating the vitamin D receptor 

(VDR), which regulates gene transcription in a ligand-dependent manner (Figure 1.3 B). The VDR 

is part of the nuclear hormone receptor superfamily, and is classified within this superfamily as a 

Type II non-steroid receptor [117]. Like all other Type II nuclear receptors, activity of the VDR is 

dependent on heterodimerization with the retinoid X receptor (RXR) [118]. Interaction of the VDR 

and RXR on DNA has been confirmed by cryoelectron microscopy [119]. The VDR-RXR complex 

binds DNA at specific sequences known as vitamin D response elements (VDREs), which are 

comprised of a direct repeat of two six-nucleotide half sequences separated by three base pairs 

[120, 121]. Experiments involving the binding of VDR-RXR to random oligonucleotides 

determined that the optimal VDRE sequence contains two direct repeats of AGGTCA [122, 123].  
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Figure 1.3 Vitamin D metabolism and signalling in normal mammary gland epithelial cells.  

(A) In mammary gland epithelial cells, vitamin D can be taken up in the form of active 1,25D3, which 
is synthesized from 25D3 by CYP27B1 in the kidney. Since mammary gland epithelial cells express 
CYP27B1, they can also take up 25D3 and locally synthesize 1,25D3. The active hormone can then 
either elicit its biological transactivation of vitamin D-responsive genes, or be converted by CYP24A1 
into inactive calcitroic acid, which is excreted in the urine. The level of 1,25D3 in mammary gland 
cells is tightly controlled by a negative feedback mechanism in which liganded VDR directly 
downregulates expression of CYP27B1 and upregulates expression of CYP24A1. (B) Once inside the 
cell, 1,25D3 can bind the VDR, which functions as a Type II nuclear hormone receptor, and cause 
VDR-RXR binding to vitamin D response elements (VDRE) on the promoters of target genes.  

 

 

 

 

 

 



 

13 

 

In the absence of 1,25D3, the VDR-RXR heterodimer is located in proximity to the VDRE, but is 

not tightly bound to DNA. The ligand binding event triggers a conformational change in the VDR 

that results in a stronger interaction with RXR and stabilization of the complex on the VDRE. 

Following ligand binding, co-modulators, such as steroid receptor coactivator-1 (SRC-1) and 

CBP/p300, are recruited to mediate the transcriptional response (Figure 1.3 B).  

The CYP27B1 and CYP24A1 promoters contain repressing and activating VDREs, 

respectively. This represents a direct negative feedback system that functions to maintain levels of 

1,25D3 in the cell within physiologic range. Expression of both CYP27B1 and CYP24A1 is 

dynamically regulated by 1,25D3 in normal human mammary gland epithelial cell lines and the 

mouse mammary gland, suggesting a functional role for vitamin D signalling in this tissue [124, 

125] (Figure 1.3 A). 

1.4.2 Role of vitamin D in the normal mammary gland 

Besides its traditional actions, many non-classical roles for vitamin D3 have been reported, 

including its function in the normal mammary gland and in the establishment of breast cancer [126-

128]. Recently it has been found that both human mammary epithelial cells, and mammary tumours 

in mice, express CYP27B1 and, thus, can locally synthesize 1,25D3 [124, 129, 130]. Given that 

deregulated vitamin D metabolism and signalling pathways are associated with the formation of 

breast tumours, it has been suggested that autocrine metabolism and activity of 1,25D3 is important 

for normal functioning of breast tissue in vivo [129]. The VDR, which mediates the biologic effects 

of 1,25D3, is present in high levels in the normal mammary gland [131]. VDR expression has been 

found in all major cell types in the mammary gland, but is highest in the differentiated ductal 

epithelium [131]. VDR levels are regulated during mammary development, with expression being 

increased during periods of accelerated tissue growth and remodeling, such as puberty, pregnancy, 

and lactation [125, 132]. This suggests that vitamin D signalling may play an important role in the 

development and homeostasis of the mammary glands. Although VDR is necessary for the cellular 
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response to vitamin D, its ligand must be present in order for activated vitamin D signalling to take 

place. Therefore the effects of 1,25D3 in the mammary gland have also been investigated. In vitro, 

normal human mammary epithelial cells express high levels of VDR and are growth-inhibited by 

1,25D3 in a dose-dependent manner [124, 133]. Furthermore, 1,25D3 induces markers of 

differentiation in these cells [133, 134]. These results suggest that 1,25D3 functions in the normal 

mammary gland to regulate proliferation and promote differentiation. This hypothesis is supported 

by in vivo studies that found VDR-null mice exhibit enhanced mammary duct outgrowth and an 

increased number of ductal branch points during puberty [131]. CYP27B1 is expressed in human 

mammary epithelial cell lines [124] and in the mouse mammary gland [125]. Conversion of 25D3 to 

1,25D3 has been demonstrated in human mammary epithelial cell lines [124] and in tumorigenic 

cells of the mouse mammary gland [130], suggesting a function for the local production of active 

hormone in mammary tissue. The role of 1,25D3 in the normal mammary gland also supports 

evidence that 1,25D3 exerts anti-tumourigenic effects in mammary cells. 

1.4.3 The role of vitamin D in breast cancer 

Epidemiological studies suggest that vitamin D is implicated in reducing breast cancer risk and 

contributes to better prognosis for breast cancer patients. The first indication came from the 

observation by Garland et al. in 1990 [135] that breast cancer risk and mortality was lower in 

geographic regions of the United States that received greater exposure to sunlight. It should be 

noted that the standard for assessing the vitamin D status of patients is by measuring serum 25D3 

levels [136, 137]. It has been found that women with serum concentrations of 25D3 of approximately 

52ng/ml, which is within the optimal range for serum 25D3 concentration according to Gilbert et al. 

[112], have a 50% reduced risk of developing breast cancer [138]. Moreover, this inverse correlation 

between serum 25D3 levels and breast cancer risk has been confirmed by three different meta-

analyses [139-141], and it has also been found that women with higher serum 25D3 concentrations at 

the time of breast cancer diagnosis and treatment were more likely to survive, whereas women with 
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deficient levels were more likely to experience distant recurrence and death [142]. These 

epidemiological data have also been supported by experimental findings. Firstly, the anti-

proliferative effect of 1,25D3 observed in normal mammary gland tissue has been found to extend 

to breast cancer. Treatment of most breast cancer cell lines including MCF7, BT20, T47D, and 

SUM-159PT with 1,25D3 results in reduced cell growth [143, 144], and is the result of cell cycle 

arrest at the G1/S phase [143, 145-147]. Specifically, 1,25D3 increases the expression of genes that 

encode for cyclin-dependent kinase inhibitors CDKN1A (p21) and CDKN1B, through direct 

activation at their promoters [148, 149]. Activated vitamin D signalling has also been found to 

reduce the invasive and metastatic potential of breast cancer cells. In a syngeneic model of breast 

cancer, BALB/c mice were treated with 1,25D3 for eight weeks starting the day before injection of 

4T1 mammary tumour cells. Treatment with 1,25D3 resulted in a significantly lower number of 

metastatic nodules per lung compared to the vehicle-treated group [100]. In addition, in vitro 

studies have demonstrated that 1,25D3 as well as a synthetic VDR agonist, known as MART-10, 

decrease migration and invasion in both ER+ and triple-negative breast cancer cell lines. Treatment 

of MCF7 cells with MART-10 resulted in ~66% and ~72% reduction in migration and invasion 

compared to controls, respectively, and was even more effective than 1,25D3 [150]. Treatment of 

MDA-MB-231 cells with MART-10 resulted in ~35% and ~41% reduction in migration and 

invasion compared to controls, respectively, and displayed similar efficacy to 1,25D3 [151]. The 

proposed mechanism for the reduced invasive and metastatic potential of mammary tumour cells in 

each of these studies was suggested to be that 1,25D3 and MART-10 were able to suppress EMT. 

Despite evidence that VDR agonists exert positive effects on breast cancer, a complicating 

factor for their use in treating breast cancer patients is the altered vitamin D metabolic and 

signalling pathways associated with cancer development and progression [152, 153]. For example, 

CYP27B1 is downregulated by 1,25D3 in normal mammary tissue, but its expression is generally 

not affected by 1,25D3 in tumourigenic cells of the mammary gland, suggesting a deregulated 
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pathway [124, 152]. Despite deregulation, mammary tumour cells still express CYP27B1 in vitro 

and in vivo [124, 129, 130, 154], however, some breast cancer cell lines, such as MCF7 cells are not 

responsive to 25D3 as determined by induction of the CYP24A1 promoter following 25D3 treatment 

[154]. One explanation is that MCF7 cells do not express the proteins megalin and cubilin, which 

are responsible for cellular uptake of the DBP-25D3 complex [154]. This suggests that not all 

mammary tumour cells are capable of synthesizing adequate 1,25D3, which may restrict the benefits 

of endogenous or administered 25D3 in breast cancer patients. Recently, there is increasing 

evidence that CYP24A1 is aberrantly upregulated in breast cancer [153, 155, 156], and it is now 

considered a candidate oncogene [156]. Immunohistochemical analysis of CYP24A1 expression in 

human tissue samples showed that CYP24A1 was significantly higher in in situ and invasive 

carcinomas, as compared to normal breast and benign lesions [153]. Fifty-six percent of in situ 

carcinoma samples and 53.7% of invasive carcinoma samples were identified as positive for 

CYP24A1, compared to only 19% for benign lesions [153].  

Furthermore, an investigation of miR inhibitor toxicity in a panel of non-small cell lung cancer 

(NSCLC) cell lines revealed that an inhibitor of the miR-17~92 polycistron was only toxic in the 

event of p53 loss, and that selective toxicity was a result of rescued vitamin D activity in the cell 

due to suppression of CYP24A1 [157]. In the same study, patient samples were stratified by 

CYP24A1 expression, and it was found that high CYP24A1 expression was correlated with poorer 

overall survival and recurrence-free survival. The median recurrence-free survival in the high 

CYP24A1 group was 3.1 years, compared to >9 years in the low CYP24A1 group [157]. The 

discovery of elevated CYP24A1 in cancers has prompted investigation into the use of CYP24A1 

inhibitors in cancer treatment [158]. In the human lung cancer cell line, H292, treatment with 

1,25D3 resulted in CYP24A1 induction and lead to a significant decrease in 1,25D3 levels in cell 

lysates [147]. Upon treatment with 1,25D3 and the CYP24A1-selective inhibitor CTA091, 1,25D3 

levels in the cell were unchanged and cells were growth-inhibited via 1,25D3-mediated regulation 
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of genes involved in the cell cycle. These results suggest that elevated CYP24A1 in cancer cells 

limits the availability of 1,25D3 in the cell, thus restricting the anti-cancer actions of 1,25D3 [147]. 

These findings emphasize the need to understand CYP24A1 regulation in breast cancer in order to 

ensure that administration of vitamin D compounds for treatment is associated with preserved 

1,25D3 levels in tumour cells. 

1.4.4 The role of vitamin D in EMT and on macrophages 

One of the first studies indicating that 1,25D3 plays a role in EMT was from Li et al. in 2005 

[159]. They showed that in rat kidney fibroblast cell line, NRK-49F, 1,25D3 suppressed markers of 

renal interstitial fibrosis, a process akin to EMT, which is characterized by TGF-β stimulation of 

myofibroblasts and subsequent deposition of ECM proteins, such as α-SMA and collagen. Since 

then, the role of 1,25D3 and its analogs in suppressing EMT has been demonstrated in a number of 

disease models including breast, pancreatic and lung cancers, as well as in kidney and liver fibrosis 

[100, 160-163]. Early evidence that vitamin D played a role in EMT in breast cancer cells came 

from a study by Pendás-Franco et al. in 2007 [164]. This group showed that treatment of MDA-

MB-453 cells with 1,25D3 resulted in increased cell-cell adhesion via reorganization of the 

cytoskeleton. These changes in morphology were accompanied by decreases in mesenchymal 

markers α-SMA and N-cadherin at the protein level [164]. In 2012, Lopes et al. [165] found that 

1,25D3 promoted epithelial differentiation of MDA-MB-231 cells by activating de novo synthesis 

of E-cadherin at both the mRNA and protein level. E-cadherin expression was associated with 

increased adhesion of these cells to one another. The effects of 1,25D3 on E-cadherin expression 

were abolished upon siRNA knockdown of VDR [165] showing that it was a bona fide effect of 

vitamin D signalling. Recently, it has been shown that 1,25D3 suppresses EMT in mammary 

tumours in vivo [100]. Mammary tumours from BALB/c mice that were treated with 1,25D3 for 

eight weeks, starting the day before injection of 4T1 cells, showed significant decreases in α-SMA 

and increases in E-cadherin expression, compared to the vehicle-treated group. These changes in 
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EMT markers were associated with a decreased number of metastatic lung nodules in the 1,25D3-

treated group [100]. Furthermore, treatment of MCF7 and MDA-MB-231 breast cancer cells with 

1,25D3 or MART-10 affected EMT marker expression at the protein level [150, 151]. Treatment of 

MCF7 cells with 1,25D3 or MART-10 increased E-cadherin expression and decreased SNAI1 and 

SLUG expression, with MART-10 being more efficacious than 1,25D3 [150]. In MDA-MB-231 

cells 1,25D3 treatment resulted only in increased E-cadherin levels, whereas MART-10 treatment 

increased E-cadherin expression, decreased SLUG and TWIST expression, and decreased MMP9 

activity [151]. Treatment with 1,25D3 and MART-10 resulted in reduced migration and invasion in 

both of these cell lines [150, 151].  

Although the mechanism for how 1,25D3 suppresses TGF-β-induced changes in EMT marker 

expression in cancer cells has not yet been elucidated, mechanisms have been described in other 

systems that might apply to cancers. In the NSCLC cell line, HCC827, it was found that 1,25D3 

suppressed TGF-β-induced changes in EMT marker mRNA expression [161]. Treatment of 

HCC827 cells with TGF-β resulted in a significant reduction in CDH1 (coding for E-cadherin) and 

a significant induction of SNAI1, ZEB1, and Vimentin (VIM). Treatment with the combination of 

1,25D3 and TGF-β maintained CDH1 expression and suppressed the induction of SNAI1, ZEB1, 

and VIM [161]. There is considerable evidence that activated vitamin D signalling interferes with 

SMAD3-dependent gene transcription. In the human liver cell line, LX-2, it was found that 

activated vitamin D signalling directly antagonized TGF-β signalling by physically displacing 

SMAD3 from the promoters of its target genes [163]. This idea was supported by the finding that 

promoters regulated by both VDR and SMAD3 contain VDREs and SBEs located within one 

nucleosomal window (≤200bp) [163]. On the other hand, Ito et al. [162] have described a slightly 

different mechanism in the mouse renal epithelial cell line, TCMK-1, in which the VDR directly 

binds SMAD3, thereby inhibiting SMAD3 from being recruited to target promoters [162]. Overall 

these data show that VDR agonists play a role in EMT suppression, and that mechanisms of 
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1,25D3-mediated inhibition of TGF-β signalling in other cell types may provide insight into EMT 

suppression by 1,25D3 in breast cancer. 

It has long been recognized that cells of the immune system, such as macrophages, express 

VDR [166, 167] and CYP27B1 [168, 169]. Early evidence that vitamin D plays a role in immune 

cell function came in the 1990s. It was found that the marker of monocyte differentiation, CD14 

antigen (CD14) was highly upregulated in response to 1,25D3 in human macrophages [170], and 

this was later confirmed in mice [171]. It was then found that 1,25D3 promotes differentiation along 

the myeloid cell lineage, and upregulation of CD14 is associated with differentiation from myeloid 

precursor cells to monocytes [172, 173]. Further, 1,25D3 induced differentiation of monocytes to 

mature macrophages [174, 175].  

The effects of 1,25D3 on macrophage differentiation are dependent on the VDR [175, 176]. 

Vitamin D signalling has been implicated as an important regulator of immune response, 

functioning to prevent extended or chronic inflammation [177, 178]. An autocrine negative 

feedback loop exists between 1,25D3 and nuclear factor kappa B signalling, which may represent 

the mechanism for 1,25D3-mediated suppression of inflammation [178]. The role of vitamin D in 

macrophage differentiation and function suggests a potential role of vitamin D in TAM function, 

but this has not been extensively considered in the literature. One group showed that VDR 

overexpression in 4T1 mammary tumour cells protected against the pro-metastatic effects following 

co-culture with the RAW264.7 macrophage cell line [100], however the effects of 1,25D3 in this 

system were not directly investigated. 

1.4.5 Cooperation between vitamin D and TGF-β  signalling pathways 

The effects of TGF-β signalling in cancer development and progression are diverse and are 

context-dependent [179]. TGF-β can be tumour suppressive by acting as a negative regulator of cell 

proliferation in many cell types, including breast cancer cells [180-182]. While it has been 
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demonstrated that 1,25D3 signalling attenuates TGF-β signalling in EMT, 1,25D3 and TGF-β 

signalling have been shown to act synergistically in other contexts, such as in the repression of cell 

proliferation. Several genome-wide studies in breast cancer cells have shown that genes in the 

TGF-β family are inducible by vitamin D [183-185], and VDREs have been found in the promoter 

of TGF-β2 [186]. In the BT20 human breast cancer cell line it was found that TGF-β1 mRNA and 

cytokine secretion were increased following treatment with 1,25D3 or other VDR agonists [187]. 

With respect to the cooperation between vitamin D and TGF-β signalling in reducing cell 

proliferation; the ability of two VDR agonists, EB1089 and MC1288, to reduce proliferation of 

MCF7 breast cancer cells is partially ameliorated by the addition of TGF-β neutralizing antibodies 

[188]. The same observation was made in RM4 cells, a rat breast cancer cell line, treated with 

1,25D3 [189]. Additionally, vitamin D-deficient rats have significantly less TGF-β in their bone 

matrix, providing supporting evidence for the cooperation between vitamin D and TGF-β signalling 

[190]. Studies show that the interaction between vitamin D and TGF-β signalling is SMAD3-

dependent. Yanagisawa et al. [191] showed that SMAD3 acts as a coactivator of the VDR. When 

COS-1 cells were transfected with a reporter plasmid containing VDREs, induction of the reporter 

gene was significantly enhanced in cells treated with 1,25D3 and TGF-β compared to 1,25D3 alone. 

Experiments using SMAD expression plasmids revealed that synergy of VDR transactivation was 

dependent upon SMAD3 but not SMAD2 or SMAD4. Inhibition of SMAD3 phosphorylation 

abolished the enhancement of VDR transactivation. Using a mammalian two-hybrid system and co-

immunoprecipitation, a physical interaction between SMAD3 and VDR was confirmed, and the 

coactivation of VDR by SMAD3 was found to be dependent upon SRC-1 [191]. SMAD3-

dependent coactivation of VDR was also observed in the immortalized non-malignant human 

mammary epithelial cell line, 184A1, upon treatment with EB1089 and TGF-β [188]. In line with 

the findings of Yanagisawa et al., other factors were also required for synergy in 184A1 cells. The 

Phosphatidylinositol 3-kinase (PI3K) signalling pathway was implicated, as the PI3K inhibitor, 
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LY294002 eliminated synergy between EB1089 and TGF-β [188]. Subramaniam et al. [63] also 

demonstrated synergy between VDR and SMAD3 in COS-1 cells, but unlike what Yanagisawa 

described, it was dependent on the presence of SBEs at the synergistically activated promoter. 

Induction of the human osteocalcin promoter was enhanced by 1,25D3 and TGF-β. However, 

synergy was not observed using a reporter plasmid containing only the human osteocalcin VDRE, 

and was restored when SBEs were included with VDREs in the reporter plasmid. Furthermore, 

synergistic activation relied on the VDREs and SBEs being located less than 450bp apart. 

Consistent with what Yanagisawa et al. found, synergy was dependent on physical interaction 

between VDR and SMAD3 [63]. These data clearly show that 1,25D3 and TGF-β can act 

cooperatively to regulate gene expression, but the variety of systems presented here emphasizes the 

context-dependent nature of the interaction between these two signalling pathways. 

1.5 Rationale and hypothesis 

Advances in breast cancer treatment as well as implementation of diagnostic mammographic 

screening have contributed to increased survival rates for breast cancer patients [192]. However, the 

survival rate for patients with metastatic disease remains low, and metastasis is the leading cause of 

death from breast cancer [192]. This presents a need to better understand the metastatic process and 

how it can be targeted therapeutically. Extensive research has shown that EMT is an integral 

process in breast cancer metastasis. TAMs have been shown to promote metastasis in mouse 

models of breast cancer, and it has been shown that one way TAMs do this is by causing EMT in 

breast cancer cells.  

Both epidemiological and experimental evidence shows that vitamin D plays a beneficial role 

in breast cancer since 1,25D3 and its analogs have been well established as negative regulators of 

breast cancer cell growth. More recent data suggests that VDR agonists are able to suppress EMT 

in a variety of disease models, including breast cancer. However, the mechanism by which 1,25D3 

suppresses EMT in breast cancer has not been fully elucidated. Lastly, it has been shown that 
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vitamin D has potent immunomodulatory functions, suggesting that VDR agonists may be able to 

affect TAM functions. In fact, it has already been shown that the 1,25D3 analog, calcipotriol 

enhanced the efficacy of chemotherapy by reducing inflammation and tumour-associated fibrosis 

[160]. Research into the effects of vitamin D in EMT and TAM modulation in breast cancer is by 

no means extensive. A more in-depth understanding of these processes is required to potentially 

establish VDR agonists as an effective adjunct therapy for the prevention of breast cancer 

metastasis. A reliable method for evaluating the progression of EMT at the single-cell level, in real-

time, will contribute to this understanding.   

The hypothesis explored in this project is that 1,25D3 modulates the communication between 

mammary tumour cells and TAMs, either by inhibiting signalling pathways that promote EMT, 

particularly TGF-β signalling, or by affecting TAM polarization or function and possibly both 

(Figure 1.4).   

The first specific aim was to build a fluorescent reporter system to understand the mechanistic 

aspects of EMT, particularly in response to vitamin D. We called the fluorescent reporter CpE-SpC 

as the main constituents comprised the mouse Cdh1 (mCdh1) promoter, the GFP variant, Emerald, 

the mouse Snai1 (mSnai1) promoter, and the red GFP variant, mCherry. The sub-aims for 

developing CpE-SpC were as follows: A) to assemble and both transiently and stably transfect 

CpE-SpC into 4T1 mouse mammary tumour cells. B) to determine the effect of 1,25D3 on EMT in 

4T1 cells in vitro with aid of CpE-SpC. C) to determine the effect of 1,25D3 on EMT and 

metastasis of 4T1 cells in BALB/c mice, with the aid of the reporter system. The goal was that 

CpE-SpC could act as a visual readout of the EMT status of 4T1 cells based on the ratio of Emerald 

to mCherry expression. This would allow us to quickly and easily monitor aspects of EMT such as 

its progression over time, transient EMT states, as well as the heterogeneity of EMT states in a 

population of 4T1 cells. We hoped that the use of this reporter in vivo would also enable us to track 

the EMT status of primary tumour cells as well as metastasizing and established metastatic cells. 
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Figure 1.4 The interaction between mesenchymal breast cancer cells and TAMs, showing 

possible points of intervention by vitamin D.  

TAMs and breast cancer cells that are undergoing EMT communicate via a paracrine loop that 
ultimately results in metastasis. Vitamin D has been implicated in macrophage differentiation and 
function, as well as the suppression of EMT and fibrosis. We hypothesize that vitamin D may affect 
TAM polarization, the EMT process, or both, through which it may act to reduce breast cancer 
metastasis. Adapted from Su, S., et al. 2014 [96]. 

 

 

 

 

 

 

 

 

 

 

 



 

24 

 

CpE-SpC would also allow us to easily gain information about the role of vitamin D in EMT in 4T1 

cells, such as the time point at which vitamin D has an effect and whether vitamin D affects a 

particular population of mammary tumour cells.  

The second specific aim of this project was to investigate the effects of vitamin D on the 

relationship between EMT and TAMs. The sub-aims were as follows: A) to determine the effect of 

1,25D3 on the expression of genes implicated in EMT in 4T1 cells. B) to determine whether 1,25D3 

can modulate the interaction between mammary tumour cells undergoing EMT and activated 

TAMs.  
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Chapter 2 

Materials and Methods 

2.1 Cell culture  

2.1.1 Cell lines and treatments 

The mouse mammary tumour cell line 4T1 was a gift from Dr. Bruce Elliott (Queen’s 

University, Kingston, Canada), and the mouse macrophage cell line RAW264.7 was a gift from Dr. 

Michael Rauh (Queen’s University, Kingston, Canada). NRK-52E cells were obtained from the 

American Type Culture Collection (Manassas, VA, USA). 4T1, RAW264.7, and NRK-52E cells 

were maintained in DMEM (Sigma Aldrich, Oakville, Canada) supplemented with 10% fetal 

bovine serum (FBS, Life Technologies, Burlington, Canada or Wisent Bio Products, Saint-Jean-

Baptiste, Canada), 50units/ml penicillin, and 50µg/ml streptomycin (Life Technologies). MCF7 

cells were a gift from Dr. Christopher Mueller (Queen’s University, Kingston, Canada). MCF7 

cells were maintained in RPMI (Sigma Aldrich) supplemented with 10% FBS and antibiotics as 

above. All cell lines were maintained in a humidified incubator at 37°C with 5% CO2.   

Cells were treated with 1,25D3 (Sigma Aldrich) dissolved in ethanol, at a final concentration 

of 25nM unless otherwise indicated for dose-response experiments, 5ng/ml recombinant mouse 

TGF-β1 in sterile 0.1N HCl (R&D Systems, Minneapolis, MN, USA), and 10ng/ml recombinant 

mouse IL-4 in sterile 1x PBS with 0.1% bovine serum albumin (PeproTech, Rocky Hill, NJ, USA).  

2.1.2 Long-term treatment of 4T1 cells  

For prolonged treatment, 1x104 4T1 cells were seeded into 12-well plates in DMEM 

supplemented with 5% FBS and the indicated treatments. Cells remained under constant exposure 

to treatment factors for 14 days. Media containing factors was replaced every 72 hours, and 4 hours 

before the experiment was terminated. Cells were passaged approximately every 72 hours 
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throughout the treatment time using a split ratio of 1:40, which corresponds to approximately 1x104 

cells from each well in a confluent 12-well plate. On day 14 of treatment, factors were replenished 

in media and cells were harvested 4 hours later using Trizol (Invitrogen, Burlington, Canada).  

To quantify cell count following prolonged treatment, as an indicator of proliferation, 4T1 

cells were trypsinized and counted on day 12 of treatment. Briefly, 50µl of cell suspension was 

diluted in 50µl of 0.4% Trypan Blue solution (Sigma Aldrich) and placed onto a hemocytometer 

(Hausser Scientific, Horsham, PA, USA). Counts were taken from four 1mm2 grids and averaged.  

2.2 Molecular cloning 

2.2.1 mCdh1 promoter-Emerald (CpE) and mSnai1 promoter-mCherry (SpC) individual 

constructs 

 The mCdh1 promoter sequence (-1203/+168 based on alignment with the mCdh1 promoter, 

NCBI Accession M81449) was PCR amplified from the bacterial artificial chromosome (BAC), 

RPCI-23-262N14 (BACPAC Resources, Oakland, CA, USA) with 5’ HindIII and 3’ EcoRI sites, 

and the mSnai1 promoter sequence (-833/+64 based on alignment with the mSnai1 promoter, NCBI 

Accession U95961) was amplified from the BAC, RPCI-23-118A2 (BACPAC Resources) using 

primers containing 5’ SalI and 3’ ClaI sites (Supplementary figure 1). PCR reactions were 

performed using PrimeSTAR® HS DNA Polymerase (Clontech, Mountain View, CA, USA) with 

primers specified in Table 2.1 and all other reaction components according to the manufacturer’s 

instructions. After a 2 minute enzyme activation step, 30 cycles of 95°C for 10 seconds, 60°C for 5 

seconds, 72°C for 1 minute/kb were performed, followed by an extension step at 72°C for 7 

minutes. PCR products were resolved on a 1% agarose gel containing ethidium bromide, and 

purified using the Wizard® SV Gel and PCR Clean-Up System (Promega, Madison, WI, USA) prior 

to use for ligation.  

As PrimeSTAR® HS generates blunt-ended PCR products, each of the purified fragments was  
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Table 2.1 List of primers used in cloning procedures. 
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directly ligated into the EcoRV site of pBluescript KS(+) (pBS) (Agilent Technologies, Santa 

Clara, CA, USA) for propagation and validation by sequencing. First, 10µg pBS was digested with 

EcoRV (New England Biolabs, Pickering, ON) at 37°C overnight, linearization was verified, and 

vector DNA was purified by phenol-chloroform extraction. All ligations were performed with 

Quick T4 DNA Ligase (New England Biolabs) generally using a 3:1 ratio of insert:vector  at room 

temperature for at least 15 minutes. Then, 5µl of the fresh ligation product was transformed into 

50µl of chemically competent DH5α Escherichia coli by heat shocking the bacteria at 42°C for 50 

seconds. Bacteria were rescued by the addition of lysogeny broth (LB) and incubated for 30 min – 1 

hour at 37°C with shaking, before being plated on LB agar plates containing 100µg/ml ampicillin 

(Sigma Aldrich) at 37°C for 14 hours. When blue-white screening was possible, plates also 

contained 40µg/ml 5-bromo-4-chloro-3-indolyl-β-D-galactopyranoside (X-gal). Clones were 

selected and cultured in 3 ml of LB medium supplemented with 100µg/ml ampicillin. Cultures were 

incubated with shaking (180rpm) at 37°C for 14 hours, at which point minipreps were performed by 

the alkaline lysis method following standard procedures. Isolation of the correct plasmid DNA was 

examined by performing a diagnostic restriction digest, and up to four potentially correct samples 

were sent for DNA sequencing to verify correct clones. Sequencing reactions were carried out at 

Bio Basic Inc. (Markham, ON) using the T3, T7, or M13 primers (Table 2.1).  

CpE and SpC constructs were assembled by cloning the mCdh1 or mSnai1 promoter fragment 

upstream of cDNA coding for the green fluorescent protein (GFP) variant, Emerald, or mCherry, 

respectively (Supplementary figure 2). The pBS constructs containing cDNA coding for the 

Emerald and mCherry fluorescent protein fragments flanked by PstI and HindIII sites, respectively, 

were digested with the corresponding restriction enzymes (New England Biolabs). Simultaneously, 

empty pBS vector was linearized by performing a digest with either PstI or HindIII. Resulting 

plasmids with fluorescent protein (FP) DNA inserted in the forward orientation with respect to the 

f1 origin of pBS were then used to assemble the constructs by subcloning the respective promoter 
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sequences upstream of the FP coding sequence. The pBS construct containing the sequenced 

mCdh1 promoter and the vector containing Emerald at PstI were digested with EcoRI and HindIII. 

The pBS construct containing the sequenced mSnai1 promoter and the vector containing mCherry 

at HindIII were digested with ClaI and SalI. Once the correct CpE and SpC plasmids were 

confirmed, minipreps using the QIAprep Spin Miniprep Kit (Qiagen, Mississauga, ON) were 

performed in order to prepare plasmid DNA for cell transfection. Plasmids were again verified by 

diagnostic restriction digest, and yield and purity of DNA was determined using the Ultrospec 2100 

pro, UV/Visible Spectrophotometer before transfection. 

2.2.2 Final CpE-SpC construct 

The strategy created to assemble the final construct is illustrated in Supplementary figure 3. 

The CpE construct acted as the backbone to assemble CpE-SpC. First a polylinker with the 

restriction sites PacI, AatII, and AfeI and 5’ and 3’ overhangs corresponding to XbaI and SpeI sites, 

respectively, was designed. The polylinker was cloned into CpE at XbaI and SpeI to generate 

restriction sites for downstream subcloning steps. The following oligos were obtained from Life 

Technologies: 5’CTAGATTAATTAAGACGTCAGCGCTA3’ and 

5’CTAGTAGCGCTGACGTCTTAATTAAT3’. Oligos were annealed at a final concentration of 

5µM each in 1x Duplex Buffer (30mM HEPES, pH 7.5; 100mM potassium acetate) in a final 

volume of 20µl. The tube was incubated at 90°C for 30 seconds, followed by cooling 0.1°C/second 

down to 4°C. The final annealed product was diluted 10-fold, 100-fold, 1000-fold for ligation into 

the CpE vector. CpE was digested with XbaI and SpeI at 37°C overnight, and purified by phenol-

chloroform extraction. One ligation reaction per oligo dilution was prepared, and transformed as 

described above. Isolated plasmids were sent for sequencing (Bio Basic Inc.) along with a custom 

primer synthesized by Life Technologies (Table 2.1). 

Once insertion of the polylinker was verified, the PGK-Neo fragment, which comprises the 

mouse PGK and EM7 promoters upstream of the neomycin resistance gene flanked by loxP sites, 
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could be subcloned into this plasmid, herein referred to as CpE PL. The PGK-Neo fragment was 

PCR-amplified from a plasmid provided by Dr. Tracie Pennimpede (Queen’s University, Kingston, 

ON) with the addition of 5’ XhoI and 3’ ClaI sites using PrimeSTAR® Polymerase (Clontech) and 

the primers indicated in Table 2.1, as described above. The PCR product was purified using the 

Wizard® SV Gel and PCR Clean-Up System (Promega), and ligated into the EcoRV site of pBS as 

described above, for sequencing. A single sample was sent for sequencing using the T3 and T7 

primers (Bio Basic Inc.). Once the sequence of PGK-Neo was verified, it was ligated into CpE PL. 

This plasmid will be referred to as CpE PL PGK Neo. 

Next, a 1.2 kb chicken β-globin insulator (INS) [193] was ligated into a unique AfeI site 

downstream of Emerald in the CpE PL PGK-Neo construct. The INS fragment was PCR-amplified 

from a plasmid provided by Dr. Matthias Marks (Max Planck Institute for Molecular Genetics, 

Berlin, Germany) with the addition of 5’ and 3’ AfeI sites using PrimeSTAR® Polymerase 

(Clontech) and the primers shown in Table 2.1, as described above. This plasmid will be referred to 

as CpE PL PGK Neo INS. 

Lastly, the SpC fragment was amplified for ligation into CpE PL PGK Neo INS. The SpC 

fragment was amplified from the initial SpC construct with the addition of either 5’ AatII and 3’ 

PacI sites or 5’ PacI and 3’ AatII sites using PrimeSTAR® Polymerase (Clontech) and the primers 

shown in Table 2.1, as described above. The PCR products were purified using the Wizard® SV Gel 

and PCR Clean-Up System (Promega), and first ligated into the EcoRV site of pBS and 

transformed as described above. Positive clones identified by blue-white screening were selected, 

and cultured as described above. Minipreps were performed, and isolation of the correct plasmid 

DNA was analyzed by performing a diagnostic restriction digest. The diagnostic digest revealed 

four potentially correct plasmids with 5’ AatII and 3’ PacI sites and six potentially correct plasmids 

with 5’ PacI and 3’ AatII sites. Assembly of the final construct was halted here while awaiting 

functionality and verification of fluorescence detection from the single FP constructs.  
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2.3 Transient transfection of individual CpE and SpC constructs 

Since NRK-52E cells have been shown to induce EMT following treatment with TGF-β 

(REF), these cells were used to examine the SpC construct. NRK-52E cells were pre-treated with 

5ng/ml TGF-β1 for 96 hours prior to plating cells for transfection, in order to induce EMT. 

Approximately 16 hours before transfection, NRK-52E cells were seeded onto 22mm, No. 1 

coverslips (ESBE Scientific, Markham, ON) in 6-well plates at 1.5x105 cells/well. Pre-treated 

NRK-52E cells were transfected with the SpC construct and untreated NRK-52E cells were 

transfected with pEGFP-C3 (Clontech) as a positive control for transfection efficiency. Cells were 

transfected with a total of 3µg of DNA and 9µl FuGENE® HD (Promega) per well, according to the 

manufacturer’s instructions. Cells were washed with 1x PBS and fresh culture media, with or 

without TGF-β was added 8 hours after transfection. Cells were incubated for an additional 16 

hours before fixation and analysis by fluorescence microscopy.  

Functionality of the CpE construct was examined in the epithelial 4T1 cell line. Approximately 

16 hours before transfection 4T1 cells were seeded into µ-Slide 2 Well Ph+ plates (Ibidi, Madison, 

WI, USA) at 1.5x105 cells/well. 4T1 cells were transfected with the CpE construct or pEGFP-C3 

(Clontech) as a positive control for transfection efficiency.  Cells were transfected with a total of 

1.6µg of DNA and 4.8µl FuGENE® HD (Promega) per well, according to the manufacturer’s 

instructions. 8 hours after transfection cells were washed with 1x PBS and fresh culture media was 

added and cells were incubated for 16 hours before fixation and fluorescence microscopy.  

2.4 Fluorescence microscopy 

Approximately 24 hours post-transfection, NRK-52E and 4T1 cells were washed twice with 1x 

PBS and fixed with 4% paraformaldehyde (PFA) for 15 minutes at room temperature. Cells were 

then stained with 1µg/ml DAPI in 1x PBS for 5 min at room temperature in the dark. For NRK-52E 

cells, the coverslips were mounted onto microscope slides (Electron Microscopy Sciences, Hatfield, 

PA, USA) using Fluorescence Mounting Medium (Dako, Mississauga, ON). 4T1 cells were imaged 
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directly in µ-Slide plates (Ibidi). NRK-52E and 4T1 cells were visualized on either an 

epifluorescence Zeiss Axio Observer or Leica SP2 laser scanning confocal microscope, 

respectively. Cells were visually assessed for transfection efficiency (GFP), and the presence of 

Emerald and mCherry-expressing cells. Representative images were taken and processed using 

Image J software.   

2.5 Quantitative real-time PCR (qRT-PCR) analysis 

 For RNA extraction, 4T1 cells were seeded at 5x104 cells/well or 2.2x104 cells/well in 6-well 

or 12-well plates, respectively. RAW264.7 cells were seeded at 1x105 cells/well in 6-well plates for 

RNA extraction. Cells were washed twice with 1x PBS and total RNA was isolated using Trizol 

(Invitrogen) according to the manufacturer’s instructions. RNA yield and purity was determined 

using the Ultrospec 2100 pro, UV/Visible Spectrophotometer, and RNA integrity was examined by 

resolving an aliquot on a denaturing gel. For each experiment first-strand cDNA was synthesized 

from an equal amount (µg) of starting RNA using SuperScript™III Reverse Transcriptase 

(Invitrogen), 5X All-In-One RT MasterMix (Applied Biological Materials Inc., Richmond, BC), or 

EasyScript Plus™ Reverse Transcriptase (Applied Biological Materials Inc.), according to the 

manufacturer’s instructions. cDNA was diluted to 50ng/ml or 25ng/ml for qRT-PCR analysis. qRT-

PCR was performed using PowerUp™ SYBR™ Green Master Mix (Life Technologies). Each 

reaction contained an equal amount of cDNA (50ng or 100ng depending on the experiment), 

400nM of each primer (Table 2.2), 1X PowerUp™ Master Mix, and nuclease-free water up to 20µl. 

Amplification was performed using the Viia™ 7 Real-Time PCR System (Life Technologies) at 

50°C for 2 minutes for UDG activation, 95°C for 2 minutes for enzyme activation, followed by 40 

cycles of 95°C for 15 seconds for denaturing, and 60°C for 1 minute for combined annealing and 

extension. Relative mRNA levels were quantified using the comparative Ct (ΔΔCt) method, with 

expression of the target gene calculated relative to Gapdh and fold change calculated relative to 

control samples.  
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Table 2.2 List of primers used for qRT-PCR. 
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2.6 Dual-luciferase assay 

Approximately 36 hours before transfection, MCF7 cells were seeded into 24-well plates at 

5x104 cells/well. Cells were transfected in duplicate using a total of 400ng of DNA and 1.2µl 

FuGENE® 6 (Promega) per well, according to the manufacturer’s instructions. Each well was 

transfected with 375ng of the indicated Firefly luciferase plasmid and 25ng of pRL-TK. 

Approximately 15 hours after transfection, cells were washed with 1x PBS and given fresh culture 

media containing the indicated treatment. Cells were incubated for 24 hours, at which point the 

cells were washed twice with 1x PBS, lysed using 100µl of Passive Lysis Buffer (Promega), and 

assayed using the Dual-Luciferase® Reporter Assay System (Promega), according to the 

manufacturer’s instructions. Luciferase activity was quantified using a LUMIstar Galaxy 

Luminometer (BMG LABTECH, Ortenberg, Germany).    

2.7 Conditioned media experiments 

Approximately 15 hours before treatment, RAW264.7 cells were seeded into 100mm dishes at 

3x105 cells/dish, such that cells were no more than 80% confluent when conditioned media (CM) 

were collected. RAW264.7 cells were pre-treated with 10ng/ml IL-4 or vehicle for 48 hours. Cells 

were washed twice with 1x PBS and replaced with 12ml of serum-free media containing 10ng/ml 

IL-4 or vehicle. After 24 hours, conditioned media were collected and centrifuged at 1000rpm for 

20 minutes to remove any debris. 4T1 cells were seeded into 12-well plates at 2.2x104 cells/well to 

be treated the following day. 4T1 cells were incubated with 50% CM or normal media for controls, 

in the presence or absence of 25nM 1,25D3 for 48 hours, at which point cells were harvested for 

RNA extraction. 

2.8 IL-4 enzyme-linked immunosorbent assay (ELISA) analysis 

Samples of cell culture media were taken for ELISA analysis from the same 4T1 cells that 

were plated for RNA extraction in the conditioned media experiments. Samples were taken at 0, 24, 

and 48 hours and stored at -80°C until analysis. Prior to analysis, media was centrifuged at 1000 
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rpm for 20 minutes to remove debris. Samples were diluted 100-fold in Assay Buffer A (provided 

by the manufacturer) such that they fell within the detection limits of the assay. ELISA was 

performed using the Legend Max™ ELISA Kit for mouse IL-4 (Biolegend, San Diego, CA, USA) 

as per the manufacturer’s instructions. Absorbance at 450 and 570nm was quantified using the 

Varioskan LUX Multimode Microplate Reader (Thermo Electron Corp., Finland). 

2.9 Transwell migration and invasion assay 

4T1 cells were pre-treated as indicated for 48 hours in DMEM containing 2% FBS. Then, 

0.5x105 cells were seeded into the inserts of the Transwell apparatus (Corning, Corning, NY, USA) 

in DMEM containing 2% FBS. For the migration assay the inserts were uncoated, and for the 

invasion assay the inserts were coated with 100µL of 50µg/ml collagen (Sigma). The lower 

chambers were filled with DMEM containing 10% FBS as a chemoattractant. Transwells were then 

incubated for 12 hours, and inserts were removed and fixed in 4% PFA and stained with 0.5% 

Crystal Violet (Sigma). Images were taken of the inserts using a stereoscopic microscope. 

Transwells were placed onto a hemocytometer (Hausser Scientific). Counts were taken from four 

1mm2 grids and averaged, and the total number of migrated or invaded cells per insert was 

calculated. 

2.10 Co-cultures 

Co-cultures were performed using a Transwell apparatus with 0.4µm pores (Corning). Co-

cultures were incubated for either 0 (control), 3, or 6 days. For the 0 day controls 1x105 4T1 cells 

were seeded into the lower chamber and 0.25x105 RAW264.7 cells were seeded into the upper 

chamber of the Transwells in RPMI supplemented with 10% FBS. For the 3-day and 6-day co-

cultures the 0-day cell suspension was diluted 4-fold and 20-fold, respectively. Both 4T1 and 

RAW264.7 cells were seeded (1x105) alone into wells without Transwell inserts as a control. The 

day after cells were seeded, they were washed with 1x PBS and treated with either ethanol vehicle 

or 25nM 1,25D3 in RPMI supplemented with 2% FBS. Treatment was added to both the upper and 
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lower chambers. At the time of harvesting the cells, the lower chambers were rinsed with 1x PBS 

and collected in Trizol (Invitrogen) for RNA extraction. The cells in the upper chamber were 

detached from the Transwell membrane using trypsin-EDTA solution (Sigma), collected and then 

resuspended in Trizol (Invitrogen).  

2.11 Statistical analyses 

Statistical analysis was performed using GraphPad Prism® 6 software, using Student’s 

unpaired two-tailed t-tests assuming normal variance. P-values are summarized as follows: 

*p<0.05, **p<0.01, ***p<0.001, ****p<0.0001. Statistical tests were performed on biological 

duplicates that were analyzed in technical triplicates or duplicates. One experiment was considered 

as the treatment of biological duplicates. 
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Chapter 3 

Results 

3.1 Design and validation of CpE-SpC 

The first aim of this project was to build and validate CpE-SpC. Figure 3.1 shows the design of 

the reporter construct and the expected outcomes following transfection of cells with the reporter. 

First, in order to determine whether the amplified promoter fragments were able to induce 

expression of their respective FPs, plasmids containing the mCdh1 promoter upstream of Emerald 

(CpE) and the mSnai1 promoter upstream of mCherry (SpC) were generated. The individual CpE 

and SpC constructs were transfected into cell lines that express Cdh1 or Snai1, namely the mouse 

mammary 4T1 cells, and rat kidney epithelial NRK-52E cells, respectively. Figure 3.2 shows 

representative images after transfection of CpE and SpC into 4T1 and NRK-52E cells. Transfection 

of 4T1 cells with the positive control plasmid pEGFP-C3 revealed an approximately 8% 

transfection efficiency, as estimated by counting the number of EGFP+ cells as a percentage of total 

nuclei in multiple fields of view. However, Emerald protein fluorescence was not detected in 4T1 

cells transfected with CpE (Figure 3.2 A). Since 4T1 cells were not found to be an ideal 

transfection host, the SpC construct was tested in NRK-52E cells. We have shown that treatment of 

NRK-52E cells with 5ng/ml TGF-β induces expression of Snai1 mRNA (approximately 3.9-fold, 

courtesy of Dr. Don Cameron, data not shown). In NRK-52E cells transfected with the positive 

control plasmid pEGFP-C3, the transfection efficiency was approximately 12%. mCherry protein 

expression was also detected in two cells from a well that had been pre-treated with 5ng/ml TGF-β 

and transfected with SpC (Figure 3.2 B). Although this is a relatively low number of positive cells, 

only 12% of the cells were transfected, and it is likely that only a fraction of these would have 

responded to the TGF-β treatment. Therefore, the chosen Snai1 promoter fragment was likely to be  
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Figure 3.1 Components and expected outcomes of the final CpE-SpC construct.  

The final construct is a bichromatic reporter that switches based on endogenous regulation of the E-
cadherin or Snai1 promoters. The final construct will be stably transfected into the 4T1 mouse 
mammary tumour cell line, in order to evaluate the effects of 1,25D3 on EMT in these cells. Briefly, 
~1300 bp of the mouse Cdh1 (mCdh1) promoter controls expression of the green fluorescent protein 
(GFP) variant, Emerald, and ~900 bp of the mouse Snai1 (mSnai1) promoter controls expression of 
mCherry. The neomycin resistance gene (Neo) under control of the mouse PGK promoter is present for 
the purpose of generating stable transfectants following G418 selection. The PGK Neo fragment 
contains loxP sites on either end to allow for Cre-mediated removal after stable integration is achieved. 
The chicken β-globin insulator (INS) was placed between the mCdh1 and mSnai1 promoters to 
sequester the activity of these promoters. Polyadenylation signals (pA) were added at the end of the 
fluorescent protein (FP) cDNA to allow for efficient transcript termination. The expected outcomes of 
the reporter are shown in ‘a’ and ‘b’. (a) A cell with epithelial character will express Cdh1-driven 
EmGFP and little to no Snai1-driven mCherry. (b) A cell with mesenchymal character will express 
Snai1 (mCherry) and little to no Cdh1 (EmGFP). The predicted FPs produced in these cells are shown 
below the gene constructs. Importantly, EMT comprises a spectrum of phenotypes rather than mutually 
exclusive states and this reporter would allow for the expression of both FPs in order to distinguish 
these cells. The red ‘X’ represents little or no transcription of the indicated gene. The ‘+’ symbol 
denotes transcription of the respective FP cDNA. 
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Figure 3.2 Transient transfection of CpE or SpC into 4T1 and NRK-52E cells.  

(A) 4T1 cells were transfected with the CpE plasmid or pEGFP-C3 as a positive control for 
transfection efficiency. Cells were fixed 24h post-transfection, stained with DAPI and imaged by 
confocal microscopy. (B) NRK-52E cells were treated with 5ng/ml TGF-β1 for 96h prior to 
transfection with the SpC plasmid, or were untreated and transfected with pEGFP-C3 as a positive 
control for transfection efficiency. Cells were fixed 24h post-transfection, stained with DAPI and 
imaged using epifluorescence microscopy. 
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sufficient to act as a reporter for Snai1 expression, and could be cloned into the final construct. We 

began assembly of the final CpE-SpC construct (Supplementary figure 3), which will be completed 

upon verification of the CpE construct outside of this project.  

3.2 Characterizing the response of 4T1 cells to 1,25D3 and TGF-β 

In order to determine the role of 1,25D3 in EMT, we first established that 4T1 cells could 

undergo changes in gene expression associated with EMT. 4T1 cells were treated with 5ng/ml 

TGF-β, which is a potent inducer of EMT in vitro [19, 194-196] (Figure 3.3).  Treatment of 4T1 

cells with TGF-β for 48 hours resulted in a significant increase in the mRNA levels of the 

mesenchymal markers Snai1, fibronectin 1 (Fn1), and collagen, type I, alpha 1 (Col1a1) (Figure 

3.3). TGF-β treatment resulted in a significant reduction in expression of the epithelial marker, 

occludin (Ocln), but not cadherin 1 (Cdh1) (Figure 3.3). Since the ability of TGF-β to decrease 

expression of epithelial markers was not very robust, we chose to focus on expression of 

mesenchymal markers to evaluate EMT in subsequent experiments.  

The expression of genes involved in vitamin D signalling and metabolism were analyzed in 

untreated 4T1 cells (Figure 3.4), in order to first examine whether the cells contained the basal 

machinery for eliciting the response to vitamin D. These cells express Vdr, almost negligible levels 

of Cyp24a1, and they express Cyp27b1 (Figure 3.4). The expression levels of these genes suggested 

that 4T1 cells would be sensitive to treatment with 1,25D3. To confirm this, 4T1 cells were treated 

with 25nM 1,25D3 for 48 hours and target genes of VDR signalling were measured (Figure 3.5). 

Upon treatment with 1,25D3 the level of Cyp24a1 mRNA was increased almost 60-fold (p<0.0001), 

while Cyp27b1 mRNA remained unchanged (Figure 3.5). These results were consistent with data 

from other breast cancer cell lines and human clinical samples [124, 153]. We also wanted to verify 

the effect of 1,25D3 on mesenchymal markers in the absence of TGF-β, so expression of Snai1, 

Fn1, and Col1a1 was measured in 4T1 cells treated with 1,25D3 for 48 hours (Figure 3.5). There  
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Figure 3.3 TGF-β treatment affects expression of genes involved in EMT in 4T1 cells.  

4T1 cells were treated with 5ng/ml TGFβ for 48h. Levels of Snai1, Fn1, Col1a1, Cdh1, and Ocln 
expression were measured by qRT-PCR. Values were normalized to Gapdh as an internal control and 
fold changes are shown relative to vehicle-treated samples. Data are the mean ± SEM of one 
experiment performed in biological duplicate, and data for Snai1, Fn1, Col1a1, and Cdh1 are 
representative of two independent experiments. Asterisks denote statistically significant differences 
(Student’s unpaired t-test: **p<0.01, ***p<0.001, ****p<0.0001).  
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Figure 3.4 Expression of genes important for vitamin D signalling.  

Expression of Cyp27b1, and Vdr, and Cyp24a1 was determined by qRT-PCR in untreated 4T1 cells. 
Values are expressed relative to Gapdh as an internal control. Data are the mean ± SEM of one 
experiment performed in biological duplicate, and are representative of two independent experiments.  
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Figure 3.5 Vitamin D treatment alone does not affect mesenchymal markers in 4T1 cells. 

4T1 cells were treated with 25nM 1,25D3 for 48h. Levels of Cyp24a1, Cyp27b1, Snai1, Fn1, and 
Col1a1 expression were measured by qRT-PCR. Values were normalized to Gapdh as an internal 
control and fold changes are shown relative to vehicle-treated samples. Data are the mean ± SEM of 
one experiment performed in biological duplicate, and data are representative of two independent 
experiments. Asterisks denote statistically significant differences (Student’s unpaired t-test: 
****p<0.0001).  
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was no change observed in the expression of mesenchymal markers as a result of 1,25D3 treatment 

(Figure 3.5).  

3.3 1,25D3 and TGF-β cooperate to induce expression of Cyp24a1 and mesenchymal 

markers in mammary tumour cells 

We then aimed to determine whether 1,25D3 treatment would suppress TGF-β-induced 

expression of mesenchymal markers in mammary tumour cells. 4T1 cells were treated with 1,25D3, 

TGF-β or the combination for 48 hours (Figure 3.6). As expected and shown previously, TGF-β 

treatment resulted in a significant induction of mesenchymal markers Snai1, Fn1, and Col1a1, 

while there was no significant effect of 1,25D3 alone (Figure 3.6 A). Interestingly, in the 

combination treatment not only was mesenchymal marker expression not suppressed, but 

expression of Snai1 and Fn1 was even further upregulated 2.4-fold (p<0.0001) and 2.6-fold 

(p<0.0001), respectively, compared to TGF-β alone. Expression of Col1a1 mRNA was unchanged 

in the combination treatment compared to TGF-β alone (Figure 3.6 A). Despite the result that Cdh1 

expression was not affected by TGF-β alone, we wanted to determine the effect of the combination 

treatment on Cdh1 expression (Figure 3.6 A). The combination treatment had no effect on Cdh1 

expression compared to vehicle-treated cells (Figure 3.6 A). Since Cdh1 expression was not 

affected greatly by any of the treatments, it was not analyzed in any of the subsequent 48-hour 

experiments.  

Images of the cells were taken to monitor changes in morphology over the course of the 

treatment. Representative images taken just before the experiment was terminated are shown in 

Figure 3.6 B. 4T1 cells are characterized by an epithelial cell type, as can be seen by the tendency 

of these cells to grow in clusters at low confluence (Figure 3.6 B, 0h). The vehicle-treated cells 

maintained an epithelial morphology for the duration of the experiment, which is apparent from 

their rounded, cobblestone appearance (Figure 3.6 B, 48h). In this experiment it appears that 1,25D3 

treatment promotes the maintenance of an epithelial phenotype in 4T1 cells (Figure 3.6 B), which  
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Figure 3.6 Treatment with 1,25D3 and TGF-β results in synergistic upregulation of Cyp24a1 and 

mesenchymal markers, and affects morphology of 4T1 cells.  

4T1 cells were treated with 25nM 1,25D3, 5ng/ml TGF-β, the combination, or corresponding vehicles 
for 48h. (A & C) Expression of (A) Snai1, Fn1, Col1a1, Cdh1 (C) Cyp24a1, and Cyp27b1 was 
measured by qRT-PCR. Values were normalized to Gapdh as an internal control and fold changes are 
shown relative to vehicle-treated samples. Data are the mean ± SEM of two independent experiments 
performed in biological duplicate. Asterisks denote statistically significant differences (Student’s 
unpaired t-test: *p<0.05, **p<0.01, ***p<0.001, ****p<0.0001). (B) Representative images of 4T1 
cells immediately after treatment (0h) and after 48h of treatment were taken with a phase-contrast 
microscope at 10x magnification. Cells treated with TGF-β alone acquire a mesenchymal phenotype 
while cells treated with 1,25D3 alone or in combination with TGF-β seem to maintain an epithelial 
phenotype. Arrows indicate clusters of cells with an epithelial morphology.  
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was observed consistently in all experiments where these cells were treated with 1,25D3 alone. 

TGF-β, on the other hand, promotes a mesenchymal phenotype, as can be seen by the more 

elongated shape of the TGF-β-treated cells (Figure 3.6 B). Treatment with both 1,25D3 and TGF-β 

seems to result in a heterogeneous population of epithelial and mesenchymal-like cells, which is 

dominated by cells of epithelial morphology (Figure 3.6 B, arrows).  

Since the gene expression data contradicted the proposed effect of vitamin D on expression of 

mesenchymal markers seen in a number of other disease models, we wanted to evaluate whether 

activated vitamin D signalling was, in fact, occurring over the course of the treatment. Therefore, 

mRNA levels of the VDR target genes Cyp24a1 and Cyp27b1 were measured (Figure 3.6 C). 

Cyp24a1 mRNA was upregulated 40-fold (p<0.0001) following treatment with 1,25D3 alone 

compared to vehicle treatment, suggesting that activated vitamin D signalling is occurring. 

Interestingly, we observed a further 3-fold upregulation (p<0.0001) of Cyp24a1 mRNA in the 

combination treatment as compared to the 1,25D3 treatment (Figure 3.6 C). Treatment of 4T1 cells 

with TGF-β alone resulted in significant suppression of Cyp24a1 mRNA compared to vehicle-

treated cells (Figure 3.6 C). There were no notable changes in the levels of Cyp27b1 mRNA 

following any of the treatments. Although the mRNA level is significantly lower in cells treated 

with the combination compared to TGF-β alone, it is not significantly different from vehicle-treated 

cells (Figure 3.6 C).  

Given that a role for TGF-β in regulation of Cyp24a1 has not been described, we decided to 

investigate this further. We performed a time-course experiment in which 4T1 cells were treated 

with 1,25D3, TGF-β or the combination and cells were harvested at 0, 6, 12, 24, and 48 hours post-

treatment (Figure 3.7). Cyp24a1 expression was then analyzed over time and showed a ~50-fold 

induction (p<0.001) 6 hours post-treatment with 1,25D3 alone compared to vehicle (Figure 3.7 A). 

At 6 hours, expression of Cyp24a1 in the combination treatment is slightly significantly lower than 

in the combination treatment, and the major factor contributing to Cyp24a1 expression at this point  
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Figure 3.7 Synergy between 1,25D3 and TGF-β  is time-dependent and is delayed compared to the 

effect of 1,25D3 and TGF-β  alone.  

4T1 cells were treated with 25nM 1,25D3 (squares), 5ng/ml TGF-β (triangles), combination (inverted 
triangles), or corresponding vehicles (circles) at 0h, and cells were harvested for RNA extraction at 
indicated time points. mRNA levels of (A) Cyp24a1, (B) Snai1 and (C) Fn1 were measured by qRT-
PCR. Values were normalized to Gapdh as an internal control and fold changes are shown relative to 
vehicle-treated samples for each corresponding time point. Treatment of 4T1 cells with 1,25D3 and 
TGF-β results in a dramatic induction of Cyp24a1 12-24h post-treatment. Data represent the mean ± 
SEM of biological duplicates. Student’s unpaired t-test: *p<0.05, **p<0.01, ***p<0.001, 
****p<0.0001 denote statistically significant differences compared to vehicle-treated cells, #p<0.05, 
####p<0.0001 denote statistically significant differences between treatment types. 

 

 

 



 

48 

 

is likely 1,25D3. At 24 hours post-treatment there was a massive induction of Cyp24a1 mRNA in 

the combination treatment compared to 1,25D3 treatment (p>0.0001). At 48 hours post-treatment 

Cyp24a1 mRNA levels in the combination treatment drop drastically, but are still significantly 

higher than cells treated with 1,25D3 alone (Figure 3.7 A).  

We then wanted to characterize the changes in expression for the mesenchymal markers over 

time and treatment, in order to obtain a better idea about the factors regulating these genes. The 

mRNA levels of Snai1 and Fn1 were analyzed over time (Figure 3.7 B & C). At 6 hours post-

treatment with TGF-β alone, the levels of Snai1 mRNA are increased significantly compared to 

vehicle-treated cells. At 6 hours (and throughout the course of the experiment), Snai1 expression in 

the combination treatment remains unchanged from cells treated with TGF-β alone (Figure 3.7 B). 

Thus, in this experiment a synergistic effect of 1,25D3 and TGF-β on Snail expression was not 

observed even though it was observed in all other experiments. Fn1 expression is increased 

significantly in the TGF-β-treated compared to vehicle-treated cells at 12 hours post-treatment 

(Figure 3.7 C). This is expected, as Fn1 is a later EMT gene relative to Snai1 [39], which is 

increased in this experiment after just 6 hours of treatment. At the 12-hour point, Fn1 mRNA levels 

in the combination treatment are not significantly different from TGF-β alone. At 48 hours post-

treatment there was a synergistic increase in Fn1 expression in the combination treatment compared 

to TGF-β alone (p>0.001, Figure 3.7 C). 

Since FGF23 upregulates expression of Cyp24a1 in the kidney [197], and acts synergistically 

with 1,25D3 to induce Cyp24a1 mRNA in rat kidneys in vivo and in HPK1a-ras human keratinocyte 

cells in vitro (our unpublished data), we hypothesized that FGF23 may be involved in mediating the 

synergistic upregulation of Cyp24a1 in 4T1 cells. We found that expression of Fgf23 is induced ~8-

fold (p>0.01) in the presence of 1,25D3, and is also induced ~4-fold in the presence of TGF-β 

(p>0.05). Expression of Fgf23 in the combination treatment is not significantly different from that 



 

49 

 

of either the 1,25D3 or TGF-β treatments alone (Figure 3.8). This suggests that Fgf23 is not 

responsible for the increased Cyp24a1 mRNA levels.  

Next, in order to determine the dose of 1,25D3 required for the synergistic effect of 1,25D3 and 

TGF-β to be observed, 4T1 cells were treated with increasing concentrations of 1,25D3 in the 

absence or presence of TGF-β (Figure 3.9). Induction of Cyp24a1 mRNA was positively correlated 

with increasing concentrations of 1,25D3 in both the absence and presence of TGF-β (Figure 3.9 A). 

Synergy between 1,25D3 and TGF-β occurred across a range of concentrations (1, 10, and 50nM) 

of 1,25D3 (Figure 3.9 A), confirming that this effect is not an artifact seen only with 25nM 1,25D3, 

but is a bona fide synergistic response. Next, in order to determine whether expression of 

mesenchymal markers would also increase with increasing concentrations of 1,25D3, expression of 

Snai1, Fn1, and Col1a1 were examined (Figure 3.9 B-D). Treatment of 4T1 cells with TGF-β 

together with 1,25D3 resulted in a significant induction of Snai1 mRNA, which was increased 

significantly in the presence of 10nM 1,25D3 and even more so with 50nM 1,25D3 (Figure 3.9 B). 

Treatment with TGF-β did not result in a significant increase in Fn1 expression compared to the 

vehicle treatment, although this appeared to be an anomaly observed only this experiment (see, for 

example, Figure 3.3 & Figure 3.6 A). Still, Fn1 mRNA levels were significantly increased in the 

presence of TGF-β plus 10nM or 50nM 1,25D3 compared to the TGF-β treatment (Figure 3.9 C). 

Lastly, Col1a1 mRNA levels were significantly higher in cells treated with TGF-β compared to 

vehicle, with levels being increased further in the presence of 1,25D3 (Figure 3.9 D). In the 

previous experiments there was no difference in Col1a1 expression in the combination treatment 

(25nM 1,25D3) compared with TGF-β alone. However, in this experiment it appeared that Col1a1 

mRNA levels increased slightly in a dose-dependent manner, with levels being significantly higher 

with 10nM 1,25D3 in the presence of TGF-β compared to TGF-β alone (Figure 3.9 D). Generally, 

increasing concentrations of 1,25D3 alone did not affect expression of mesenchymal markers when 

compared to the vehicle treatment. Although significant differences in Fn1 and Col1a1 expression  



 

50 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.8  Synergistic upregulation of Cyp24a1 is not concomitant with synergistic upregulation 

of Fgf23 expression.  

4T1 cells were treated with 25nM 1,25D3, 5ng/ml TGF-β, the combination, or corresponding vehicles 
for 48h. Expression of Fgf23 was measured by qRT-PCR and values normalized to Gapdh as an 
internal control. Fold changes are shown relative to vehicle-treated samples. Data represent the mean ± 
SEM of two independent experiments performed in biological duplicate. Asterisks denote statistically 
significant differences (Student’s unpaired t-test: *p<0.05, **p<0.01). 
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Figure 3.9 1,25D3 and TGF-β  cooperate to increase expression of Cyp24a1 and mesenchymal 

markers.  

4T1 cells were treated with the indicated concentrations of 1,25D3 alone (-TGF-β) or in combination 
with 5ng/ml TGF-β (+TGF-β) for 36h. Expression of (A) Cyp24a1, (B) Snai1, (C) Fn1, and (D) 
Col1a1 were measured by qRT-PCR. Values were normalized to Gapdh as an internal control and fold 
changes are shown relative to vehicle-treated samples. Data represent the mean ± SEM of biological 
duplicates. Student’s unpaired t-test: *p<0.05, **p<0.01, ***p<0.001, ****p<0.0001 denote 
statistically significant differences compared to vehicle-treated cells, ##p<0.01, ###p<0.001, 
####p<0.0001 denote statistically significant differences between treatment types. 
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were seen with 50nM 1,25D3, this effect was modest. In brief, these results show that expression of 

Cyp24a1 mRNA is increased with increasing concentrations of 1,25D3, which is strongly enhanced 

in the presence of TGF-β. Expression of Snai1, Fn1, and Col1a1 was increased in response to  

TGF-β, and even further enhanced in the presence of 1,25D3 in a dose-dependent manner, but were 

not synergistically upregulated. Taken together, these results show that 1,25D3 and TGF-β act 

cooperatively to enhance gene expression of Cyp24a1 and mesenchymal markers in 4T1 cells.  

Based on our results, it appeared that 1,25D3 and TGF-β were able to cooperate to regulate the 

expression of both VDR (Cyp24a1) and SMAD3 (Snai1, Fn1, Col1a1) target genes. Therefore we 

hypothesized that the combination treatment would result in increased VDR and SMAD binding at 

these genes when compared to either treatment alone. To examine this question we measured 

CYP24A1 promoter induction as well as VDR and SMAD binding using several luciferase (Luc) 

reporter constructs (Figure 3.10 A-C) which are able to act as read-outs of activated vitamin D or 

TGF-β signalling. The first plasmid was a CYP24-Luc reporter, which contains a 1153bp fragment 

of the human CYP24A1 promoter corresponding to nucleotides -1177/-25 [198]. We also used a 

VDRE-Luc plasmid, which contains three copies of the human osteopontin VDRE linked to a 

minimal thymidine kinase (TK) promoter [199]. The third plasmid was an SBE-Luc reporter, which 

contains twelve repeats of the SBE core consensus sequence (CAGA) and is dependent upon 

SMAD3-binding for its activity [200]. MCF7 human breast cancer cells were used for this 

experiment, as it has previously been observed that treatment of MCF7 cells with the combination 

of 1,25D3 and TGF-β also results in synergistic induction of CYP24A1 mRNA [183], and 4T1 cells 

proved difficult to transfect. Also, since the reporter constructs are comprised of human promoter 

and consensus sequences, they are best suited for evaluation in a human cell line.  

We found that MCF7 cells transiently transfected with the CYP24-Luc construct, and treated 

with 1,25D3 alone, resulted in induction of the CYP24A1 promoter in a dose-dependent manner. 

Luciferase activity was even higher in samples treated with 5 and 10nM 1,25D3 in the presence of 
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TGF-β – with the 10nM 1,25D3 sample showing 1.6-times higher firefly luciferase activity 

(although non-statistically significant) (Figure 3.10 A). In cells transfected with the VDRE-Luc 

construct, treatment with 1,25D3 resulted in increased VDR transactivation in a dose-dependent 

manner. However, luciferase activity in the presence of TGF-β was essentially the same as that in 

the absence of TGF-β (Figure 3.10 B). In cells transfected with the SBE-Luc construct, treatment 

with TGF-β resulted in an approximately 8-times increase (p<0.01) in SMAD binding compared to 

vehicle-treated cells. SMAD binding remained unchanged at all concentrations of 1,25D3 in the 

absence of TGF-β. There appeared to be an increase in SMAD binding (1.4-times) in samples 

treated with 10nM 1,25D3 and TGF-β (Figure 3.10 C). The results obtained with the CYP24-Luc 

plasmid showed that synergy between 1,25D3 and TGF-β is likely recapitulated in MCF7 cells, 

confirming that this effect is not an artifact observed only in 4T1 cells. An examination of the 

hCYP24A1 promoter fragment comprising the CYP24-Luc construct revealed putative SBEs in 

close proximity to the known VDREs (Figure 3.10 D), which could be responsible for the 

synergistic effect of 1,25D3 and TGF-β on CYP24A1 induction. 

To determine the effect of the described changes in gene expression on functional processes 

that promote breast cancer metastasis, we performed migration and invasion assays using a 

Transwell apparatus (Corning) (Supplementary figure 4). Treatment of 4T1 cells with TGF-β 

resulted in a significant increase in both migration and invasion compared to vehicle-treated cells. It 

appeared that 1,25D3 treatment had no effect on TGF-β-induced invasion, but significantly 

suppressed TGF-β-induced migration (Supplementary figure 4).  

3.4 Long-term treatment of 4T1 cells with 1,25D3 and TGF-β suppresses expression 

of Cyp24a1 and genes involved in EMT 

Next, we wanted to determine whether the effects of 1,25D3 and TGF-β we observed with 48-

hour treatments would be recapitulated if treatment was extended for a longer period of time to  
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Figure 3.10 Synergistic induction of the human CYP24A1 promoter is concomitant with an 

increase in SMAD binding.  

MCF7 cells were transiently transfected with CYP24-Luc (A), VDRE-Luc (B), or SBE-Luc (C) Firefly 
luciferase reporters along with the Renilla luciferase pRL-TK reporter for normalization. Cells were 
treated with indicated concentrations of 1,25D3 alone (-TGF-β) or in the presence of 5ng/ml TGF-β 
(+TGF-β) for 24h following transfection, and then assayed for dual-luciferase activity. Values are 
shown as a ratio of Firefly luciferase relative to Renilla luciferase activity. Data represent the mean ± 
SEM of biological duplicates. Student’s unpaired t-test: *p<0.05, **p<0.01, ***p<0.001, denote 
statistically significant differences compared to vehicle-treated cells, ##p<0.01 denotes statistically 
significant differences between treatment types. (D) Portion of the CYP24-Luc plasmid map showing 
the hCYP24A1 promoter fragment (-1177/-25) along with putative SMAD binding elements (SBE) and 
the two known vitamin D response elements (VDRE). 
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induce a more complete EMT. The 4T1 cells were treated with 1,25D3, TGF-β or the combination 

for 14 days, and expression of Cyp24a1 and genes involved in EMT was measured (Figure 3.11). 

Longer-term treatment of 4T1 cells with 1,25D3 resulted in an approximately 110-fold increase 

(p<0.05) in Cyp24a1 expression, which was a 2.8-fold higher induction compared to the 48-hour 

treatment (Figure 3.11 A). TGF-β treatment for 14 days resulted in a significant decrease in 

Cyp24a1 expression, as was seen in the 48-hour treatment. Interestingly, the combination treatment 

did not result in synergistic upregulation of Cyp24a1 expression but instead decreased Cyp24a1 

expression by approximately 12-fold (p<0.05) relative to the 1,25D3 treatment (Figure 3.11 A). 

Treatment with TGF-β alone for 14 days resulted in a 3.5-fold induction (p<0.0001) of Snai1 

mRNA, which was consistent with the 48-hour treatment (Figure 3.11 B). The combination 

treatment resulted in a significant decrease in Snai1 mRNA levels compared to TGF-β treatment, 

and mRNA levels in the combination treatment were not significantly different from the vehicle 

treatment (Figure 3.11 B). Despite the inability of TGF-β to downregulate expression of Cdh1 in 

the 48-hour treatment, we chose to measure Cdh1 mRNA levels in the 14-day treatment (Figure 

3.11 C), since 48 hours may not be long enough to observe changes in Cdh1 at the mRNA level 

[33, 201]. TGF-β treatment for 14 days did not result in a significant reduction in Cdh1 expression 

compared to the vehicle treatment. However, the combination treatment resulted in a 22-fold 

reduction (p<0.0001) in Cdh1 expression compared to vehicle treatment (Figure 3.11 C). Two 

independent experiments were performed for the 14-day treatment and similar changes in gene 

expression were observed. We analyzed expression of Col1a1 in one of the experiments (data not 

shown) and found the same general pattern as Snai1 expression.   

The morphology of the cells following long-term treatment suggested that the combination 

treatment promoted a mesenchymal phenotype (Figure 3.12 A). The vehicle-treated cells 

maintained their epithelial morphology throughout the course of the treatment. Cells treated with 

1,25D3 exhibited a strong epithelial phenotype, with cells being almost circular in shape. The  
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Figure 3.11 Synergy in Cyp24a1 and EMT marker expression is no longer observed following 

prolonged treatment of 4T1 cells with 1,25D3 and TGF-β .  

4T1 cells were treated with 25nM 1,25D3, 5ng/ml TGF-β, the combination, or corresponding vehicles 
for 14 days. Treatments were replenished every 72h, including 4h before the experiment was 
terminated. Expression of (A) Cyp24a1, (B) Snai1, and (C) Cdh1 was measured by qRT-PCR. Values 
were normalized to Gapdh as an internal control and fold changes are shown relative to vehicle-treated 
samples. Data represent the mean ± SEM of biological duplicates. Asterisks denote statistically 
significant differences (Student’s unpaired t-test: *p<0.05, ***p<0.001, ****p<0.0001).  
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Figure 3.12 Prolonged treatment of 4T1 cells with 1,25D3 and TGF-β  together results in 

decreased cell proliferation.  

4T1 cells were treated with 25nM 1,25D3, 5ng/ml TGF-β, the combination, or corresponding vehicles 
for 14 days. Treatments were replenished every 72h, including 4h before the experiment was 
terminated. (A) Representative images of 4T1 cells taken on day 10 of treatment with a phase-contrast 
microscope at 10x magnification. (B) The number of viable cells was counted on day 12 of treatment. 
Values represent mean counts ± SEM (as obtained by averaging counts from four 1mm2 quadrants of a 
haemocytometer). (C) Expression of E2f1 and Cdkn1a was measured by qRT-PCR. Values were 
normalized to Gapdh as an internal control and fold changes are shown relative to vehicle-treated 
samples. Data represent the mean ± SEM of biological duplicates. Asterisks denote statistically 
significant differences (student’s unpaired t-test: **p<0.01, ***p<0.001, ****p<0.0001).  
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elongated shape of the TGF-β-treated cells suggests that they exhibit a mesenchymal phenotype, 

although it is difficult to see this at higher confluence since the cells become compacted. Cells 

treated with the combination were elongated in shape and grew in a dispersed pattern rather than a 

tight epithelial monolayer (Figure 3.12 A).  

By visually examining the cells over the course of the 14-day treatment it appeared that cells 

treated with the combination of 1,25D3 and TGF-β were proliferating at a slower rate than cells 

from the other treatment groups. If the combination treatment was arresting the growth and 

metabolism of 4T1 cells, this might explain the reduction in EMT-specific mRNA levels in this 

treatment group. Therefore, we decided to explore the effect of the combination treatment on 

proliferation of 4T1 cells. The difference in cell growth became apparent around day 7 of treatment. 

Images taken on day 10 of treatment show that cells treated with vehicle, 1,25D3 alone, and TGF-β 

alone were 100% confluent, whereas cells treated with the combination were only ~50% confluent 

(Figure 3.12 A). Cells were quantified on day 12 of treatment (Figure 3.12 B). The total number of 

cells in the vehicle and 1,25D3 treatments was equal. Interestingly TGF-β treatment resulted in a 

52.8% reduction (p<0.001) in total cell number compared to vehicle treatment (Figure 3.12 B), 

even though the cells treated with TGF-β were 100% confluent at the time the cells were counted. 

This suggests that cells treated with TGF-β are larger in size or more spread out when compared to 

vehicle and 1,25D3-treated cells (Figure 3.12 A), as a larger cell size would result in fewer cells 

encompassing the monolayer. Treatment with the combination of 1,25D3 and TGF-β resulted in an 

81.4% reduction (p<0.001) in the total number of cells compared to the vehicle treatment, and a 

60.6% further reduction (p<0.001) compared to treatment with TGF-β alone (Figure 3.12 B). In 

order to determine whether the observed effects on cell growth were reflected at the level of gene 

expression, mRNA levels of genes involved in cell proliferation were analyzed (Figure 3.12 C). 

The gene for E2F transcription factor 1 (E2f1) encodes a transcription factor that promotes cell-

cycle progression from G1 to S phase, and elevated E2f1 mRNA levels are correlated with 
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proliferation in breast cancer [202]. Expression of E2f1 was significantly lower in the combination 

treatment compared to vehicle. Treatment with 1,25D3 or TGF-β alone did not affect E2f1 mRNA 

levels (Figure 3.12 C). Expression of Cdkn1a has been shown to reduce cell proliferation through 

inhibition of cyclin-dependent kinase activity, resulting in cell-cycle arrest at the G1 phase. Both 

1,25D3 and TGF-β have been shown to induce expression of Cdkn1a in breast cancer cells [145]. 

Cdkn1a mRNA levels were modestly but significantly increased (p<0.01) as a result of treatment 

with 1,25D3. But expression of Cdkn1a was highly induced as a result of treatment with TGF-β 

(p<0.0001) or the combination treatment (p<0.0001) compared to vehicle (Figure 3.12 C).  

3.5 1,25D3 may cooperate with factors secreted by TAMs to upregulate expression of 

Cyp24a1 and mesenchymal markers in 4T1 cells. 

To assess the role of vitamin D signalling in the interaction between TAMs and mammary 

tumour cells, we first determined whether the RAW264.7 murine macrophage cell line could 

undergo changes in gene expression associated with polarization to M2 macrophages. To this end, 

RAW264.7 cells were treated with 10ng/ml IL-4 for 24, 48, 72, or 96 hours to determine which 

time point would produce optimal changes in gene expression suggestive of M2 polarization 

(Figure 3.13). Arg1 mRNA, a marker of M2 macrophages, was not detected in vehicle-treated cells. 

Treatment with IL-4 for 24 hours resulted in a significant increase in Arg1 mRNA levels, and 

expression was maximal after 48 hours of treatment (Figure 3.13 A). Treatment with IL-4 for 24 

hours resulted in a slight decrease in Nos2 mRNA levels, a marker of M1 macrophages, compared 

to vehicle treatment (p<0.05), which become robustly reduced after 48 hours of treatment 

(p<0.0001). Maximal reduction in Nos2 expression was observed after 96 hours of IL-4 treatment 

(Figure 3.13 B). The optimal changes in Arg1 and Nos2 expression were observed at 48 hours, and 

this time point was used for all subsequent experiments. Vehicle-treated RAW264.7 cells exhibit an 

M1 phenotype (Figure 3.13), making these cells a good model for comparing the effects of M1 and  
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Figure 3.13 Treatment of RAW264.7 cells with IL-4 results in gene expression characteristic of 

M2 macrophages, which is optimal after 48h.  

RAW264.7 cells were treated with 10ng/ml IL-4, with treatment being replenished after 48h. Cells 
were harvested for RNA extraction at the indicated time points after the first treatment and expression 
of (A) Arg1 and (B) Nos2 was measured by qRT-PCR. Values were normalized to Gapdh as an 
internal control (A and B) and fold changes are shown relative to vehicle-treated samples (B). Addition 
of IL-4 results in an optimal induction of Arg1 and reduction in Nos2 expression after 48h post-
treatment. Data represent the mean ± SEM of two independent experiments performed in biological 
duplicate. Asterisks denote statistically significant differences. (Student’s unpaired t-test: *p<0.05, 
***p<0.001, ****p<0.0001). N.D. = not detected.  
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M2 macrophages. From herein, vehicle-treated RAW264.7 cells will be referred to as M1-like 

macrophages and IL-4-treated RAW264.7 cells will be referred to as M2-like macrophages. 

In order to determine the effect of 1,25D3 on expression of Cyp24a1 and mesenchymal markers  

in 4T1 cells in the presence of factors produced by macrophages, 4T1 cells were treated with 

conditioned media (CM) from M1-like macrophages (M1-CM) or M2-like macrophages (M2-CM) 

in the presence or absence of 1,25D3 for 48 hours, and expression levels of Cyp24a1, Snai1, and 

Fn1 were measured (Figure 3.14 A-C, right graphs). Since recombinant IL-4 is present in the M2-

CM 4T1, cells were also treated with IL-4 in normal media (NM) as a control (Figure 3.14 A-C, left 

graphs). Normal media was DMEM supplemented with 5% FBS. Cells were also treated with 

1,25D3 and the combination of IL-4 and 1,25D3 in NM as controls for the CM treatments (Figure 

3.14 A-C, left graphs). Cells were treated with TGF-β or its vehicle as a positive control for Snai1 

and Fn1 induction (Figure 3.14 A & B, left graphs). Due to recombinant IL-4 being present in the 

M2-CM, we first determined the levels of IL-4 in CM and NM controls (Figure 3.14 D) as a control 

for the potential effects of IL-4 on gene expression. Analysis of media from the various samples 

revealed that the amount of IL-4 in the NM controls is approximately 10ng/ml, which does not 

change significantly over the course of the treatment (Figure 3.14 D). These results suggest that any 

changes in gene expression observed in 4T1 cells treated with M2-CM are not due to residual IL-4 

present in this media. This is because any changes in gene expression as a result of residual IL-4 in 

the CM would be expected to be approximately 10-fold less than those observed in the NM controls 

however, the changes in expression observed in the CM treatments are more robust than this 

(Figure 3.14 A-C, left and right graphs).  

Upon analyzing expression of Snai1 in NM controls, no considerable changes were observed 

as a result of the indicated treatments (Figure 3.14 A, left graph). Snai1 expression was 

significantly upregulated in these cells following TGF-β treatment, confirming that these cells are 

responding as expected (Figure 3.14 A, left graph). Although treatment with 1,25D3 resulted in a  
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Figure 3.14 Expression of Cyp24a1 and mesenchymal markers following treatment of 4T1 cells 

with the combination of conditioned media from M1-like and M2-like macrophages and 1,25D3.  

To prepare conditioned media (CM), RAW264.7 cells were treated with vehicle or 10ng/ml IL-4 for 
48h. RAW264.7 cells were then switched to serum-free media containing vehicle or 10ng/ml IL-4 and 
these media were conditioned for 24h. (A-C) Normal media (NM, DMEM + 5% FBS) treatments 
(solid bars, left graphs) were performed as controls where 4T1 cells were treated with 10ng/ml IL-4, 
25nM 1,25D3, the combination, or 5ng/ml TGF-β for 48h. TGF-β treatment was performed as a 
positive control for mesenchymal marker induction. For CM treatments (striped bars, right graphs) 4T1 
cells were treated with CM from either vehicle-treated or IL-4-treated RAW264.7 cells (M1-CM and 
M2-CM, respectively) in the presence or absence of 25nM 1,25D3 for 48h. Expression of Snai1, Fn1, 
and Cyp24a1 was measured by qRT-PCR. Values were normalized to Gapdh as an internal control and 
fold changes are shown relative to the corresponding controls for NM or CM. (D) The amount of IL-4 
(ng/ml) in the media was determined by ELISA using media aliquots taken from the wells at various 
time points prior to RNA extraction. Data represent the mean ± SEM of biological duplicates. 
Asterisks denote statistically significant differences (Student’s unpaired t-test: **p<0.01, ***p<0.001, 
****p<0.0001). 
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significant upregulation of Snai1 mRNA, this change was modest (Figure 3.14 A, left graph). 

Treatment of 4T1 cells with M2-CM significantly reduced expression of Snai1 compared to M1-

CM. Treatment with 1,25D3 in the presence of M1-CM or M2-CM did not produce any significant 

effect on Snai1 expression compared to the absence of 1,25D3 (Figure 3.14 A, right graph). Fn1 

expression was significantly upregulated in these cells following TGF-β treatment, confirming that 

these cells are responding as expected (Figure 3.14 B, left graph). We found that M2-CM 

significantly decreased expression of Fn1 in 4T1 cells compared to M1-CM (Figure 3.14 B, right 

graph). Although IL-4 resulted in a significant reduction (2.6-fold) in Fn1 mRNA levels compared 

to vehicle-treated cells (Figure 3.14 B, left graph), this effect was likely not the result of residual 

IL-4 in the CM. This is because a more robust response is observed in CM samples than would be 

expected, given that CM contains 10-fold lower levels of IL-4 than NM. Treatment of 4T1 cells 

with M1-CM in combination with 1,25D3 resulted in significantly higher Fn1 mRNA levels 

compared to M1-CM alone. Treatment of 4T1 cells with M2-CM in combination with 1,25D3 also 

resulted in significantly higher Fn1 mRNA levels compared to M2-CM alone. Although the levels 

of Fn1 mRNA are higher in the M1-CM + 1,25D3 treatment compared to the M2-CM + 1,25D3 

treatment, the fold change relative to the respective CM alone control is comparable (1.5-fold in the 

M1-CM treatment and 2-fold in the M2-CM treatment) (Figure 3.14 B, right graph).   

Upon analysis of Cyp24a1 expression, we observed that IL-4 treatment of 4T1 cells in NM 

resulted in a significant reduction in Cyp24a1 mRNA (Figure 3.14 C, left graph). There was no 

difference in Cyp24a1 mRNA levels in 4T1 cells treated with M1-CM compared to M2-CM in the 

absence of vitamin D (Figure 3.14 C, right graph), therefore residual IL-4 in the CM is likely not 

affecting expression of Cyp24a1. We found that treatment of 4T1 cells with 1,25D3 in the presence 

of M1-CM resulted in significant induction of Cyp24a1 mRNA. This effect was even greater in 4T1 

cells treated with 1,25D3 in the presence of M2-CM (Figure 3.14 C, right graph).  
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In order to investigate the role of 1,25D3 in a system that allows for a more substantial 

interaction between 4T1 and RAW264.7 cells, co-culture experiments were performed. However, 

unanticipated obstacles in setting up the co-cultures precluded completion of these experiments. 

After three days of co-culturing no detectable RNA was able to be collected from the upper 

chambers of the Transwells, which contained the RAW264.7 cells. This may be because not 

enough RAW264.7 cells were seeded at the beginning of the experiment and the number of cells to 

seed should be optimized. It may also be that the suggested media by ATCC for RAW264.7 cells is 

DMEM, and the cells need to be adapted to RPMI prior to co-culturing.  

 

 

 

 

 

 

 

 

 

 

 

 



 

65 

 

Chapter 4 

Discussion 

4.1 Generating the CpE-SpC construct for monitoring EMT 

 The first aim of this project was to create a novel fluorescent reporter system to evaluate EMT 

progression at the single-cell level, in real-time, both in vitro and in vivo. EMT has been shown to 

be an integral process in breast cancer metastasis [18]. Current techniques, such as alternative 

splicing fluorescent reporters also allow for the evaluation of EMT in this manner, but there are 

some disadvantages associated with this method. We have developed a bichromatic fluorescent 

reporter in which the native mouse Cdh1 and Snai1 promoter sequences control expression of the 

Emerald and mCherry FPs, respectively, and thus we have called the reporter CpE-SpC. We have 

worked towards validating the ability of the individual promoters to drive expression of their 

respective FPs by testing the CpE and SpC constructs. We have verified that the mSnai1 promoter 

is able to drive expression of the mCherry protein, and are continuing to test the CpE construct. We 

have almost completed assembly of the final construct. Further validation of CpE-SpC and its 

eventual use in vitro and in vivo will contribute to our understanding of the EMT process in breast 

cancer cells. 

We have made considerable progress in developing this reporter system. First, the CpE and 

SpC constructs were tested in different cell lines that express Cdh1 and Snai1, respectively. NRK-

52E cells were pre-treated with TGF-β to induce expression of Snai1. The SpC construct was then 

transfected into these cells and we observed cells that were positive for mCherry (Figure 3.2 B). We 

did not detect expression of Emerald in 4T1 cells transfected with CpE. This may be a consequence 

of the very low transfection efficiency achieved with some of this cell line. It might also be that the 

chosen promoter sequence is not sufficient to recapitulate Cdh1 expression in these cells, or that the 

native level of Cdh1 expression is not high enough to produce detectable Emerald protein. 
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Optimization of the CpE construct could involve approaches for increasing transfection efficiency, 

testing different Cdh1 promoter lengths, and pre-treating cells with factors that induce Cdh1 

expression, such as 1,25D3. Nevertheless, we decided to assemble the final CpE-SpC construct, as it 

is possible that Emerald expression might be detected following stable transfection. Work to 

complete the assembly and verification of the final construct is currently underway.  

There are several tools currently available to allow researchers to focus on the dynamic 

progression of EMT in real time. For example, alternative splicing fluorescent reporters are the 

leading technique. These reporters permit the visualization of alternative splicing events associated 

with EMT, such as expression of the IIIb versus IIIc isoforms of FGFR2 in epithelial or 

mesenchymal cells, respectively [203-206]. These reporters result in the expression of a FP of a 

different colour depending on the splicing event, and the ratio of these FPs in an individual cell 

indicates the splicing “trend” in that cell [206]. There are a few drawbacks to this method. Firstly, 

splicing adds a level of complexity to the reporter system, which may contribute to variability of 

the technique. Since promoter regulation occurs upstream of splicing, our CpE-SpC transgene 

would represent a less complex and potentially more reliable system. The alternative splicing 

constructs created so far contain only a fragment of the gene of interest, which may introduce bias 

or differences in splicing patterns compared to the full-length gene sequence. Lastly, expression of 

the pre-mRNAs for splicing is under control of an immediate early promoter, such as the CMV 

promoter, which has been reported to contribute to differential expression of the pre-mRNAs even 

within a single cell type [205]. The CpE-SpC reporter relies on the regulation of endogenous 

promoter sequences, which may allow for more consistent and reliable results.  

Although much is known about the factors that are involved in EMT it is a very complex and 

dynamic phenomenon, and a better understanding is needed in order to effectively target this 

process therapeutically. To this end, further development and validation of the CpE-SpC reporter 

would be beneficial.  
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4.2 The role of 1,25D3 in EMT and the EMT-TAM interaction 

The main focus of this project centered on vitamin D signalling and its role in the 

communication between mesenchymal mammary tumour cells and TAMs. In recent years it has 

become clear that not only the tumour itself, but also the tumour microenvironment, is a 

fundamental component of breast cancer that promotes survival and progression of the tumour. It 

has been shown that TGF-β in the microenvironment contributes to EMT and subsequent 

metastasis of breast cancer cells [79-81]. Many recent studies have revealed that the interaction 

between breast cancer cells and TAMs also substantially influences these processes [82, 99]. 

Vitamin D signalling mitigates EMT in a number of disease models, specifically through 

attenuation of TGF-β signalling [161-163]. Vitamin D also plays a role in macrophage 

differentiation and function in the resolution of inflammation [93, 178]. With this evidence in mind, 

we examined the hypothesis that 1,25D3 interferes with the communication between mammary 

tumour cells and TAMs, by interfering with pathways that promote EMT, particularly TGF-β 

signalling, or by blocking TAM polarization. We found that in 4T1 mouse mammary tumour cells, 

cooperative signalling between 1,25D3 and TGF-β enhances the expression of mesenchymal 

markers, Snai1, Fn1, and Col1a1 (Figures 3.6 A & 3.9 B-D). This may be due to increased SMAD 

binding at the promoters of these genes in the presence of 1,25D3. The combination of 1,25D3 and 

TGF-β also enhances expression of the gene encoding the 1,25D3-catabolizing enzyme, Cyp24a1 

(Figures 3.6 C & 3.9 A). Indirect evidence suggested that SMAD3 might act as a coactivator of the 

VDR in 4T1 cells (Figure 3.10 A & B). Treatment of 4T1 cells for 14 days revealed that synergy 

between 1,25D3 and TGF-β signalling may be a transient effect in these cells, with decreased cell 

proliferation being the long-term effect of the interaction between these two signalling pathways 

(Figures 3.11 & 3.12). Clearly, any treatment of cells will result in an immediate response to stimuli 

followed by a readjustment period that allows cells to alter homeostatic mechanisms to manage 

changes in the local environment. Finally, 1,25D3 may act cooperatively with factors secreted by 
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M1 and M2 macrophages to enhance the expression of mesenchymal markers, and with M2-derived 

factors to enhance the expression of Cyp24a1 in 4T1 cells (Figure 3.14 C). This work extends our 

knowledge of the effect of 1,25D3 on the relationship between EMT and TAMs. We show that 

1,25D3 signalling modulates pathways involved in the EMT-TAM interaction, namely that 1,25D3 

promotes EMT by cooperating with TGF-β and macrophage-derived factors. This is the first 

evidence that 1,25D3 may affect the EMT-TAM interaction. Contrary to what is suggested by the 

literature, 1,25D3 does not ameliorate but exacerbates the pro-tumourigenic effects of this 

interaction, by mechanisms currently unknown. We note however, that this observation is context- 

dependent and studies should be conducted in animals to establish these findings in a meaningful 

context. Furthermore, we made the novel observation that pathways involved in the EMT-TAM 

interaction may modulate the response of mammary tumour cells to 1,25D3. Specifically, TGF-β 

and macrophage-derived factors may synergize with 1,25D3 to increase expression of Cyp24a1, 

which may desensitize tumour cells to 1,25D3. Also, many cancer patients are vitamin D 

insufficient and it is possible that elevated CYP24A1 may contribute to this deficiency [142]. 

4.2.1 The role of 1,25D3 in EMT in mammary tumour cells 

In order to address the main research question of whether vitamin D affects the interaction 

between mesenchymal breast cancer cell and TAMs, we first aimed to determine the role of 1,25D3 

in EMT in 4T1 cells. To induce changes in gene expression associated with EMT, 4T1 cells were 

treated with TGF-β, which is a well-established method for activating EMT in vitro [19, 194-196]. 

Upon TGF-β treatment for 48 hours the mesenchymal markers Snai1, Fn1, and Col1a1 were 

upregulated at the mRNA level in 4T1 cells. Based on previous studies, we predicted that 1,25D3 

would suppress the transcriptional induction of mesenchymal markers by TGF-β. Interestingly, we 

found that upon treatment with the combination of 1,25D3 and TGF-β, Snai1 and Fn1 mRNAs were 

even further upregulated compared to treatment with TGF-β alone. Images taken immediately 

before harvesting the cells showed that enhanced upregulation of mesenchymal marker mRNA in 
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the combination treatment was not reflected in the morphology of these cells. However, this may be 

because accompanying changes in morphology were not yet apparent after only 48 hours of 

treatment. Overall these data suggested that 1,25D3 contributes to expression of mesenchymal 

markers in the presence of TGF-β, which contradicts what has been described in the literature. For 

example, in breast cancer cells as well as a syngeneic mouse model of breast cancer, 1,25D3 and the 

VDR agonist MART-10 were able to suppress EMT [100, 150, 151].  More specifically, it has been 

demonstrated in other cell types that VDR agonists directly attenuate TGF-β-induced expression of 

mesenchymal markers [161-163].  

These unexpected results prompted further investigation of the effects of 1,25D3 in 

combination with TGF-β on mesenchymal marker expression in 4T1 cells. Snai1 and Fn1 

expression was analyzed at different time points post-treatment. Although synergy between 1,25D3 

and TGF-β on Snai1 expression was not observed in this experiment, it was in all other experiments 

performed. We know that the cells were responsive to 1,25D3 during the treatment, as the VDR 

target gene Cyp24a1 was induced as expected in these samples. It may be that synergy did occur in 

this experiment, but cannot be distinguished because the standard error, especially in the 

combination treatment, is high. It is therefore difficult to draw conclusions about the effects of the 

combination treatment on Snai1 expression from this experiment. Analysis of Fn1 expression in the 

time course experiment showed synergy between 1,25D3 and TGF-β. Interestingly, synergistic 

upregulation of Fn1 in the combination treatment occurs later (48 hours post-treatment) compared 

to the point of maximal expression observed with TGF-β alone (12 hours post-treatment). This 

suggests that an intermediate factor may be responsible for the synergy, since any direct effect of 

the treatment would likely be observed at an earlier time point. We have not yet determined what 

the nature of that intermediate factor might be. 

In the dose-response experiment, levels of Snai1, Fn1, and Col1a1 mRNA increased as the 

concentration of 1,25D3 was increased. Despite the combination treatment not having an effect on 
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Col1a1 expression in the initial experiment, Col1a1 mRNA levels did show a dose-response 

relationship. This suggests Col1a1 expression likely is regulated by 1,25D3 in the presence of TGF-

β, which is supported by the presence of VDREs on the Col1a1 promoter [163]. The results of this 

experiment confirmed that the enhanced expression of mesenchymal markers in the combination 

treatment is indeed dependent on 1,25D3. 

Upon using reporter plasmids to investigate the effects of the combination of 1,25D3 and TGF-

β on Cyp24a1 expression we made an interesting observation, which may explain the effects of the 

combination treatment on expression of mesenchymal markers. Using the SBE-Luc reporter 

plasmid for SMAD binding, it was found that TGF-β activated luciferase production by 

approximately 8.3-fold, and the combination of 1,25D3 (10nM) and TGF-β activated luciferase 

12.5-fold compared to vehicle-treated cells. However, this increase was not statistically significant 

and the experiment should be repeated to confirm this effect. Also, since the reporter plasmid 

experiments were performed in MCF7 cells due to their better transfection efficiency, these results 

should be confirmed in 4T1 cells. It appeared that SMAD binding was enhanced in the presence of 

1,25D3, which may explain why mesenchymal marker expression was upregulated in 4T1 cells 

treated with the combination of 1,25D3 and TGF-β. While it has been shown that SMAD3 enhances 

transactivation of the VDR [63, 191], the reciprocal interaction has not been described. Therefore, 

further experiments should be performed to determine whether VDR could increase transactivation 

by SMAD3, which would elucidate another form of interaction between 1,25D3 and TGF-β 

signalling. Other mechanisms may be responsible for the 1,25D3-mediated increases in 

mesenchymal marker mRNA. For example, it has been shown that treatment of breast cancer cells 

with 1,25D3 results in increased expression of TGF-β mRNA and TGF-β secretion [187, 188]. 

Induction of TGF-β autocrine signalling by 1,25D3 may be another explanation for our 

observations. However, this is a less-likely scenario, since treatment of 4T1 cells with 1,25D3 alone 

had a negligible effect on mesenchymal marker expression and induction of the SBE-Luc reporter. 
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In order to determine whether the enhanced expression of mesenchymal markers in the 

combination treatment resulted in an increase in the metastatic potential of these cells, Transwell 

assays were performed. It appeared that 1,25D3 suppressed TGF-β-induced migration in 4T1 cells, 

however the limitations of this experiment make it difficult to draw conclusions. Firstly, cell counts 

in the invasion assay were approximately the same or even greater compared to the same treatments 

in the migration assay. Although invasion and migration are distinct processes, given that both 

assays were performed for the same length of time, and invading cells must move through the 

collagen layer, generally lower cell counts are expected in an invasion assay compared to a 

migration assay. It might be that the invasion barrier used in this experiment needs to be optimized 

before accurate conclusions can be drawn. Furthermore, it was not tested whether 48 hours of pre-

treatment was long enough to induce functional changes promoted by 1,25D3 and TGF-β. This may 

explain why the results of the Transwell assays do not corroborate the gene expression data.   

Overall, the gene expression data show that 1,25D3 contributes to, rather than inhibits, 

mesenchymal marker expression in the presence of TGF-β in 4T1 cells. However, the effect of the 

combination treatment on SNAI1, Fibronectin, and Collagen protein levels, as well as processes 

required for metastasis should be determined before this conclusion can be made. The results do not 

align with previous studies of the effects of VDR agonists on EMT and TGF-β signalling in breast 

cancer cells and other disease models, and therefore suggest that the effect of 1,25D3 on EMT may 

be context-dependent. It has been widely observed that TGF-β signalling can have varied effects 

depending on the tissue type [179, 191], which supports these findings. Although this effect has not 

been demonstrated in the context of EMT, TGF-β and 1,25D3 signalling are cooperative in other 

contexts, such as cell proliferation in breast cancer cells [187-189].  

4.2.2 The effect of 1,25D3 and TGF-β  on Cyp24a1 expression in mammary tumour cells 

It was found that, concomitant with the enhanced upregulation of mesenchymal markers, 4T1 

cells treated with 1,25D3 and TGF-β showed a synergistic increase in expression of the gene coding 
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for the 1,25D3-catabolizing enzyme, Cyp24a1. This was a secondary observation made while 

exploring the effects of 1,25D3 on TGF-β-induced expression of mesenchymal markers, but it 

turned out to be one of the most compelling findings in this project. Treatment of 4T1 cells with 

1,25D3 alone resulted in an approximately 40-fold induction of Cyp24a1, and the combination 

treatment resulted in an approximately 120-fold induction. The same effect on CYP24A1 mRNA 

has been reported in a single experiment in a study by Towsend et al. [183], in which the breast 

cancer cell line MCF7 was treated with 1,25D3 and TGF-β2. They observed a 101-fold increase in 

CYP24A1 mRNA following treatment with 1,25D3 and a 189-fold change following treatment with 

1,25D3 and TGF-β2, while TGF-β2 alone had no effect on CYP24A1 [183]. This finding was not 

investigated further either in their study or in subsequent studies. Given that CYP24A1 can be 

overexpressed in breast cancer [153], and that elevated expression of this candidate oncogene may 

restrict the availability of 1,25D3 in tumour cells, we felt that it was important to explore this 

observation further.  

Analysis of Cyp24a1 expression in both the time-course and dose-response experiments 

solidified the synergistic effect of 1,25D3 and TGF-β on Cyp24a1 induction. Furthermore, 

induction of Cyp24a1 mRNA in the time course was maximal at 6 hours post-treatment with 

1,25D3 alone, whereas synergy between 1,25D3 and TGF-β did not occur until 24 hours post-

treatment. The same delay in synergy was observed with Fn1 expression. Thus, the Cyp24a1 data 

supports the possibility that an intermediate factor is mediating the cooperation between 1,25D3 and 

TGF-β signalling. In addition, the synergy occurs at a time point later than 16 hours post-treatment, 

which may indicate that de novo protein synthesis is required for the intermediate step. FGF23 has 

been shown to synergistically activate Cyp24a1 expression in the presence of 1,25D3 in rat kidneys 

in vivo and in the human keratinocyte cell line, HPK1a-ras in vitro (our unpublished data). Thus, it 

was posited that Fgf23 mRNA expression followed by protein synthesis might be synergistically 

induced in response to the combination treatment in 4T1 cells. We found that Fgf23 mRNA levels 
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were not enhanced in the combination treatment any more than the 1,25D3 alone treatment. 

However, it is possible that the combination treatment results in synergistic upregulation before or 

after the 48-hour point. It is also possible that changes in FGF23 protein levels or activity are not 

reflected at the level of transcription, and further experiments need to be done to confirm these 

findings.   

Since previous studies have demonstrated cooperative signalling between VDR and SMAD3 

[63, 188, 191], we wanted to determine whether the synergistic effects of 1,25D3 and TGF-β in 4T1 

cells were associated with increased VDR and SMAD transactivation. We measured induction of 

CYP24A1 and VDRE reporter plasmids following treatment with 1,25D3 and TGF-β. Although the 

reporter plasmid experiments were performed in MCF7 cells, a synergistic increase in CYP24A1 

mRNA by 1,25D3 and TGF-β has also been documented in this cell line [183], therefore it is likely 

that these findings can be extended to 4T1 cells. We found that 1,25D3 (10nM) activated the 

CYP24-Luc reporter approximately 10.2-fold, and the combination of 1,25D3 (10nM) and TGF-β 

activated this reporter approximately 16.1-fold, compared to vehicle control. Although this 

difference was not statistically significant, it may be a result of the low sample size (n=2). There 

was no difference in activation of the VDRE-Luc reporter by 1,25D3 alone or in the presence of 

TGF-β. The results suggested that synergy between 1,25D3 and TGF-β is not just dependent on the 

presence of VDREs, but that this might be specific to the architecture of the CYP24A1 promoter. 

This observation is in agreement with that from Subramaniam et al. [63], in which enhanced VDR 

transactivation by SMAD3 was dependent on both VDREs and SBEs located on the target 

sequence. Given this, we analyzed the sequence of the hCYP24A1 promoter contained within in our 

reporter plasmid for the SBE consensus sequence, GTCTAGCA, which has been shown to interact 

with SMAD3. This is the full palindromic binding element, but the 4bp half-site GTCT or AGAC is 

also capable of binding SMAD3 [63, 64, 207]. We found multiple putative SBEs in the CYP24A1 

promoter and, importantly, three of these SBE sequences were within 130bp of the two known 
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VDREs in the promoter. Studies showing an interaction between liganded VDR and SMAD3 

signalling have posited that VDREs and SBEs must be in close proximity for the interaction to 

occur: ≤200bp in one study [163] and <450bp in another [63]. The data obtained using the 

CYP24A1 and VDRE-Luc reporters suggest that SMAD3 may act as a coactivator for VDR also in 

4T1 cells, providing a mechanism for the synergistic upregulation of Cyp24a1 mRNA when 4T1 

cells are treated with 1,25D3 and TGF-β. To confirm the hypothesis that SMAD3 is a coactivator of 

VDR, experiments should be performed to show that TGF-β-mediated regulation of Cyp24a1 is 

indeed SMAD3-dependent. These can include experiments to determine whether the putative SBE 

sequences on the CYP24A1 promoter in the reporter plasmid are functional and necessary for 

synergy, by mutagenesis. Making mutations in the putative SBEs in the CYP24A1 promoter 

reporter, or generating truncations of the promoter with different combinations of the SBEs could 

determine this. Lastly, studies demonstrating that SMAD3 enhances transactivation of the VDR 

have shown that other factors, namely SRC-1 [191] and members of the PI3K pathway [63] are 

necessary for this effect. This agrees with our observation that an intermediate factor may mediate 

the cooperation between 1,25D3 and TGF-β in 4T1 cells.  

Taken together, these data represent a bona fide synergy between 1,25D3 and TGF-β on 

Cyp24a1 expression. The mechanism for aberrant CYP24A1 expression in cancers has not been 

proven [158]. As TGF-β is usually elevated in the breast tumour microenvironment [79-81], these 

results suggest a possible novel explanation for the aberrant upregulation of CYP24A1 in breast 

cancer. It must be confirmed that the observed changes in Cyp24a1 mRNA in 4T1 cells were 

accompanied by changes in CYP24A1 protein and subsequent 1,25D3 catabolism. However, TGF-

β-mediated regulation of Cyp24a1 has important implications for treating breast cancer patients 

with VDR agonists. It suggests that TGF-β in the tumour microenvironment may alter the 

expression of vitamin D metabolic enzymes, thus limiting the purported anti-cancer effects of VDR 

agonists in breast cancer cells.  
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4.2.3 Long-term treatment of 4T1 cells with 1,25D3 and TGF-β  

The effect of sustained exposure (14 days) of 4T1 cells to 1,25D3 and TGF-β was determined. 

Treatment for longer than 48 hours permitted us to analyze the effect of 1,25D3 in 4T1 cells when a 

more complete EMT process had taken place. Also, the results of the 14-day experiment may better 

contextualize the implications of the interaction between 1,25D3 and TGF-β signalling for treatment 

of breast cancer patients. When 4T1 cells were treated for 14 days, we no longer observed synergy 

between 1,25D3 and TGF-β on the expression of markers of EMT or Cyp24a1. However, we also 

noticed that treatment with the combination of 1,25D3 and TGF-β for 14 days significantly reduced 

proliferation of 4T1 cells, as assessed by cell counts and qRT-PCR of genes involved in regulating 

the cell cycle (Figure 3.12). These results led us to conclude that the abolished synergy may be a 

consequence of growth arrest in these cells.  

Upon treatment of 4T1 cells with 1,25D3 alone, Cyp24a1 mRNA was induced approximately 

110-fold (2.8-fold higher than in the 48 hour treatment), which was reduced to approximately 9.2-

fold in the combination treatment compared to vehicle-treated cells. Thus, not only was synergy 

abolished but also, Cyp24a1 expression was dramatically lower in the combination treatment 

compared to 1,25D3 alone. Snai1 expression was significantly upregulated following treatment with 

TGF-β for 14 days, suggesting that EMT was progressing as a result of sustained TGF-β treatment. 

Snai1 expression was not synergistically upregulated in the combination treatment, but was instead 

reduced to the same level as the vehicle-treated cells, which indicates a possible role for 1,25D3 in 

disrupting EMT progression caused by TGF-β. Although synergy between 1,25D3 and TGF-β was 

not observed to affect Cdh1 expression in the 48-hour treatment, we elected to measure Cdh1 

mRNA in the 14-day treatment, as transcriptional changes in E-cadherin are associated with the full 

EMT state [33, 42]. Expression of Cdh1 was significantly and greatly decreased in the combination 

treatment compared to vehicle-treated cells. Since the EMT process is characterized by an increase 

in mesenchymal markers, such as Snai1 and a decrease in epithelial markers, such as Cdh1, the 
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gene expression data from this experiment showed contradicting results in terms of the EMT state 

of these cells as expression of Snai1, Col1a1 (data not shown), and Cdh1 were all reduced in the 

combination treatment. Examining the morphology of the cells during the long-term treatment 

suggested that the combination of 1,25D3 and TGF-β did in fact promote a mesenchymal state, even 

though Snai1 and Col1a1 were downregulated. This may be an indication that changes in gene 

expression alone are sometimes not sufficient to understand complex cellular processes associated 

with morphological changes and cell differentiation, or vice versa.  

Beginning on day 7 of the long-term treatment we observed that cells in the combination 

treatment were not growing as quickly as cells in the other treatment types. It was postulated that 

decreased cell proliferation might cause a reduction in the expression of all non-constitutive or non-

required genes, thus preventing accurate evaluation of EMT based on mRNA levels. Cell counts 

were performed on day 12 of the long-term treatment, which confirmed that proliferation was 

decreased in the combination treatment. To substantiate this data, we analyzed mRNA expression 

of genes involved in regulating the cell cycle. Downregulation of E2f1 and upregulation of Cdkn1a 

in the combination treatment supported the observation that long-term treatment of 4T1 cells with 

the combination of 1,25D3 and TGF-β caused cell-cycle changes, which decreased proliferation 

when compared to each of the other treatment types. This result is not surprising since it has been 

described in the literature that 1,25D3 and TGF-β can act cooperatively to decrease the proliferation 

of breast cancer cells [187-189]. Specifically, 1,25D3 and TGF-β arrest the cell cycle at G1/S phase 

through induction of Cdkn1a expression and increases in p21, the protein encoded by Cdkn1a [145, 

208]. In addition to Cdkn1a we measured E2f1 mRNA, which encodes a TF known to promote 

progression through the cell cycle at the G1/S phase [209]. Therefore, the observation that 

treatment of 4T1 cells with the combination of 1,25D3 and TGF-β results in a reduction in E2f1 

expression and an increase in Cdkn1a expression is consistent with previous findings. 
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Overall, it is difficult to draw conclusions about the long-term effect of the combination 

treatment on Cyp24a1 and EMT gene expression, due to the overarching growth-suppressive 

effects of the combination of 1,25D3 and TGF-β. It is possible that in the combination treatment 

expression of Cyp24a1 and genes involved in EMT is suppressed indirectly due to growth arrest in 

these cells. However, these results do suggest that synergistic upregulation of Cyp24a1 and 

mesenchymal markers by 1,25D3 and TGF-β may only be a transient phenomenon, in which case 

our skepticism about the use of VDR agonists in the treatment of breast cancer based on the 48 hour 

data, may not apply. However, further experiments are needed to determine whether the findings 

from the 14-day experiment hold true in vivo.  

4.2.4 The role of 1,25D3 in the EMT-TAM interaction in 4T1 cells 

In order to explore the effects of 1,25D3 on the interaction between mammary tumour cells and 

TAMs, conditioned media experiments were performed. First we focused on the role of 1,25D3 in 

TAM-induced EMT. 4T1 cells were treated with M1-CM or M2-CM, with M1-CM being prepared 

from vehicle-treated RAW264.7 cells, and M2-CM being prepared from IL-4-treated RAW264.7 

cells. 4T1 cells were treated with M1 or M2-CM in the presence or absence of 1,25D3 (Figure 3.14 

A & B). Unexpectedly, we found that 4T1 cells treated with M2-CM express lower levels of Snai1 

and Fn1 mRNA than cells treated with M1-CM. These results suggested that factors secreted by 

M2 or TAM-like macrophages reduce expression of mesenchymal markers compared to factors 

secreted by M1-like macrophages, which is contrary to previous findings in other breast cancer cell 

lines [96]. This may be a caveat of the complex nature of macrophage polarization. Four molecular 

subsets of alternatively activated macrophages have currently been characterized (M2a-d), and the 

subset most representative of TAMs has not been proven. While previous studies have used IL-4-

treated RAW264.7 cells as an in vitro model of TAMs [210, 211], given an incomplete 

understanding of TAM polarization, we may not be able to conclude that IL-4 stimulation induces a 

proper TAM-like phenotype. In lieu of this, the co-culture experiment likely would have resulted in 
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a more relevant TAM-like phenotype in RAW264.7 cells, given the direct interaction with 

mammary tumour cells. Based on the existing data, we cannot make affirmative conclusions with 

respect to TAMs and their effect on EMT in 4T1 cells, but rather we can draw some conclusions 

about the role of 1,25D3 in the interaction between mammary tumour cells and M1 or M2 

macrophages. The addition of 1,25D3 to M1-CM and M2-CM resulted in no change in Snai1 

mRNA levels compared to vehicle-treated controls. However, the addition of 1,25D3 did result in a 

significant increase in Fn1 expression in both M1-CM and M2-CM-treated 4T1 cells. These results 

suggest that factors secreted by both M1 and M2 macrophages may cooperate with 1,25D3 to 

increase expression of mesenchymal markers.  

Given our findings that TGF-β cooperates with 1,25D3 to synergistically upregulate Cyp24a1 

expression in 4T1 cells, we wanted to determine if the cytokine milieu of M1 and M2 macrophages 

would elicit the same result. Treatment of 4T1 cells with M1-CM in combination with 1,25D3 

resulted in a 230-fold increase in Cyp24a1 expression compared to the vehicle-treated control, and 

treatment of 4T1 cells with M2-CM in combination with 1,25D3 resulted in a 370-fold increase in 

Cyp24a1 expression compared to the vehicle-treated control. These results suggest that factors 

secreted by M2 macrophages might cooperate with 1,25D3 to enhance Cyp24a1 expression 

compared to factors secreted by M1 macrophages. It is important to note that NM and CM 

treatments cannot be directly compared, since the media used is different, therefore these results 

should be confirmed in an experiment where a more direct comparison of the effect of 1,25D3 in the 

presence versus absence of macrophage cytokines can be made. The co-culture experiments that 

were attempted would have provided this insight. Furthermore, the co-cultures would have allowed 

us to investigate the effect of 1,25D3 on macrophage polarization and function with respect to the 

EMT-TAM relationship. Unfortunately these experiments failed due to technical limitations.   

Altogether, the results of the conditioned media experiments suggest that 1,25D3 can cooperate 

with factors secreted by M1 and M2 macrophages to enhance the expression of mesenchymal 
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markers, and with M2-derived factors to enhance the expression of Cyp24a1. Analyzing this media 

in a cytokine antibody array would be useful to speculate which cytokines might be responsible for 

these effects. These results have implications for the use of 1,25D3 in the treatment of breast cancer. 

Cytokines secreted by M2 macrophages might act with 1,25D3 to increase expression of CYP24A1, 

thus limiting 1,25D3 exposure in breast cancer cells. Cytokines secreted by M1 and M2 

macrophages might act with 1,25D3 to increase expression of mesenchymal markers, thus the 

presence of macrophage-derived factors may alter the purported anti-cancer effects of 1,25D3. This 

reinforces the previous findings in this project that factors present in tumour microenvironment 

might have an effect on the response of breast cancer cells to 1,25D3.  

4.3 Conclusion 

We explored the hypothesis that 1,25D3 modulates the communication between mammary 

tumour cells and TAMs, either by inhibiting signalling pathways that promote EMT, particularly 

TGF-β signalling, or by affecting TAM polarization or function. In 4T1 mouse mammary tumour 

cells, induction of Snai1, Fn1, and Col1a1 expression by TGF-β is increased further by 1,25D3. 

This may be a result of the apparent tendency of activated vitamin D signalling in 4T1 cells to 

increase SMAD-binding. Synergy between 1,25D3 and TGF-β was observed in the expression of 

Cyp24a1 in 4T1 cells. We obtained indirect evidence that SMAD3 might act as a coactivator of the 

VDR in 4T1 cells, providing a potential mechanism for the observed effects on Cyp24a1 

expression. In the 14-day treatment, 4T1 cells treated with 1,25D3 and TGF-β did not show 

enhanced expression of mesenchymal markers or Cyp24a1, suggesting that this effect may be 

transient. Treatment for 14 days with 1,25D3 and TGF-β resulted in decreased cell proliferation. 

Finally, 1,25D3 may cooperate with M1 and M2 macrophage-derived factors to enhance the 

expression of mesenchymal markers, and with M2-derived factors to enhance the expression of 

Cyp24a1 in 4T1 cells.  
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Overall, these data help to elucidate the effect of 1,25D3 on the relationship between EMT and 

TAMs. Our findings show that 1,25D3 signalling modulates pathways involved in the EMT-TAM 

interaction. In 4T1 cells 1,25D3 promotes EMT in the presence of TGF-β and macrophage-derived 

factors. This is the first study reporting the effects of 1,25D3 on the EMT-TAM interaction, and it 

suggests that 1,25D3 may contribute to the pro-tumour outcomes of this interaction. Also revealed 

in this study is that factors involved in the EMT-TAM interaction may directly modulate the 

metabolism of 1,25D3 in mammary tumour cells. The regulation of Cyp24a1 expression by TGF-β 

represents a novel avenue of investigation. Macrophage-derived factors may also cooperate with 

1,25D3 to increase expression of Cyp24a1. These two observations give insight into how the EMT-

TAM interaction might limit the action of 1,25D3 in mammary tumour cells.  

The results obtained in 4T1 mouse mammary tumour cells may have implications for breast 

cancer. Although the longer-term effects of the cooperation between 1,25D3 and TGF-β signalling 

in 4T1 cells must be confirmed, the current data suggest that we should be prudent to consider VDR 

agonists as adjunct therapies for the treatment of breast cancer metastasis. Our results suggest that, 

although VDR agonists have been shown to exhibit anti-cancer effects, those effects may be altered 

by factors in the tumour microenvironment. For example, TGF-β and macrophage-derived factors 

in the microenvironment may synergize with 1,25D3 to exacerbate EMT and metastasis. 

Importantly, factors in the tumour microenvironment may interact with VDR agonists to modify the 

expression of genes involved in vitamin D metabolism, such as CYP24A1. This may restrict the 

purported anti-cancer effects of VDR agonists, rendering the treatment ineffective. Lastly, all of 

this implies that the patient response to treatment with VDR agonists may be variable due to 

patient-to-patient differences in tumour microenvironment composition. Further research to gain a 

better understanding of the interaction between vitamin D signalling and major factors present in 

the breast tumour microenvironment is required before we can faithfully establish VDR agonists as 

effective adjunct treatments for breast cancer.  
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Appendix: Supplementary Figures 

 
 

 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 

Supplementary figure 1 Sequence and important features of the mCdh1 and mSnai1 promoter 

regions chosen for CpE-SpC.  

(A) The mCdh1 promoter region was amplified from BAC RPCI-23-262N14, comprising nucleotides 
45236 to 46620, which corresponds to a 1384bp region representing nucleotides -1203/+168 of the 
mouse Cdh1 promoter sequence (NCBI Accession M81449). (B) The mSnai1 promoter region was 
amplified from BAC RPCI-23-118A2 region 93364 to 94261 (897bp), which corresponds to 
nucleotides -833/+64 of the mouse Snai1 promoter sequence (NCBI Accession U95961). The sites of 
forward and reverse primer binding are shown for each promoter region, along with restriction enzyme 
recognition sequences added to the 5’ ends of the primers (* and #). Regulatory regions shown to be 
important for regulation of the mCdh1 and mSnai1 promoters are outlined (brackets). The putative 
transcriptional start sites (+1 or TSS) and first nucleotide of the start codons for each protein (ATG) 
are indicated. 
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Supplementary figure 2 Plasmid maps of the CpE and SpC constructs.  

(A) The CpE construct was generated by PCR-amplifying the Emerald fragment with 5’ and 3’ PstI 
sites, and subcloning this into the PstI site of an empty pBS vector. Next, the mCdh1 promoter 
sequence, which had been PCR-amplified with 5’ HindIII and 3’ EcoRI recognition sequences, was 
subcloned into the HindIII and EcoRI sites, upstream of Emerald. (B) The SpC construct was 
generated by PCR-amplifying the mCherry fragment with 5’ and 3’ HindIII sites, and subcloning this 
into the HindIII site of an empty pBS vector. Next, the mSnai1 promoter sequence, which had been 
PCR-amplified with 5’ SalI and 3’ ClaI recognition sequences, was subcloned into the SalI and ClaI 
sites, upstream of mCherry. Images were generated using the SnapGene software (GSL Biotech, 
Chicago, USA). 
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Supplementary figure 3 The strategy used to assemble the components of the final CpE-SpC 

construct.  

The CpE plasmid was used as the backbone to assemble the final construct. Numbers indicate the order 
that each component was subcloned into the backbone vector. First, a polylinker containing 
recognition sequences for PacI, AatII, and AfeI was subcloned in at SpeI and XbaI (1). Next the PGK-
Neo fragment was sublconed into XhoI and ClaI sites (2). Then the chicken β-globin insulator (INS) 
was inserted at AfeI, such that it would lie between the CpE and SpC reporter components. Finally, the 
SpC fragment can be subcloned using the AatII and PacI sites (4). Since the SpC fragment was 
amplified with both 5’ AatII/ 3’ PacI sites and 5’ PacI/3’ AatII sites, it can be inserted in either the 
forward or reverse orientation with respect to the f1 origin of the pBS vector. The fragment is depicted 
here in the forward orientation. The final plasmid size is 11,333bp. Image was generated using the 
SnapGene software (GSL Biotech, Chicago, USA). 
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Supplementary figure 4 Treatment of 4T1 cells with 1,25D3 appears to reduce TGF-β-induced 

migration but not invasion.  

Migration (A) and invasion (B) potential of 4T1 cells were analyzed using Transwell assays. Images of 
Transwell membranes following migration and invasion are shown on the left. Quantification of the 
total number of cells per well is shown on the right. 4T1 cells were treated with 25nM 1,25D3, 5ng/ml 
TGF-β, the combination, or corresponding vehicles for 48h in DMEM containing 2% FBS. Then cells 
were seeded into the inserts of the Transwell apparatus in DMEM containing 2% FBS. For the 
migration assay the inserts were uncoated, and for the invasion assay the inserts were coated with 
100µL of 50µg/ml collagen. The lower chambers were filled with DMEM containing 10% FBS as a 
chemoattractant. Transwells were then incubated for 12h, and inserts were removed and fixed in 4% 
PFA and stained with 0.5% Crystal Violet. Images were taken of the entire well using a stereoscopic 
microscope. The total number of migrated or invaded cells per insert was calculated after counting the 
number of cells in four separate 1mm2 grids of a hemocytometer (Hausser Scientific), under a light 
microscope at 20x magnification. For invasion, one of each duplicate wells was counted 
(corresponding to the first row in (B)). Data represent the mean ± SEM of one experiment. Asterisks 
denote statistically significant differences (**p<0.01, ***p<0.001, ****p<0.0001). 


