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Early epidemiological studies have shown an inverse correlation of increased vitamin D3
 

to breast cancer. Since this discovery, many studies have linked 1,25-dihydroxyvitamin D3, the 

active metabolite of vitamin D, and vitamin D analogs to decreased cell proliferation, invasion, 

and metastasis. The pharmacological dose of 1,25(OH)2D3 required to elicit a response can 

induce hypercalcemic toxicity. Therefore, non-calcemic vitamin D analogs, such as BXL0124, 

have been of interest in the inhibition of breast cancer.  

Breast cancer is a heterogeneous disease which proceeds through a natural progression, 

beginning with early hyperplasia and culminating in invasive or metastatic disease. Ductal 

carcinoma in situ (DCIS) is a non-malignant lesion of the breast with the potential to progress to 

invasive ductal carcinoma (IDC). Due to the implications of breast cancer stem cells (BCSCs) in 

breast cancer progression, we investigated the role of vitamin D compounds on these processes. 

We showed that BXL0124 inhibited the progression of DCIS to IDC in a model of breast 

cancer progression by maintaining critical DCIS structures through the modulation of matrix 
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metalloproteinases transcription. In addition, BXL0124 treatment decreased cell proliferation 

and maintained vitamin D receptor (VDR) levels in tumors. VDR was expressed in a variety of 

clinical breast tumors and was lost during malignant transformation of normal mammary cells to 

pre-malignant histological types, suggesting vitamin D supplementation as a preventative agent 

due to higher VDR levels in normal breast tissue.  

Vitamin D compounds (125(OH)2D3 or BXL0124) reduced the growth and self-renewal 

of mammospheres, an assay which enriches for BCSCs. The putative CD44
+
/CD24

-/low
 BCSC 

population was shifted to a population expressing higher CD24 in vitro and in vivo by treatment 

with BXL0124. Pluripotency genes such as CD44 and OCT4 were also repressed, contributing to 

the reduction in cell and tumor growth.  

We demonstrated the therapeutic potential of Gemini vitamin D analog BXL0124 on the 

inhibition of breast cancer progression and the ability of vitamin D compounds to repress the 

BCSC population in vitro and in vivo, potentially contributing to the effects on tumor 

progression. 
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Chapter 1: Introduction  

 

1.1. Breast cancer 

Breast cancer is one of the most commonly diagnosed cancers.  An estimated 

234,000 new cases will be diagnosed in 2015 in North America alone with another 

40,000 existing cases resulting in death (1). Breast cancer is also the second leading cause 

of cancer-related death with a 5-year survival rate of 24% for late stage disease (1). 

Regardless of its high prevalence in society, the etiology and pathogenesis of breast 

cancer have yet to be elucidated (2-5). Genetic, hormonal and environmental factors have 

been suggested as causes of breast cancer (6, 7). Breast cancer is a heterogeneous disease 

clinically subdivided into three major subtypes based upon the receptor expression; the 

luminal subtype, human epidermal growth factor receptor 2 (HER2-amplified) and triple-

negative breast cancer (TNBC) (8). Other characteristics such as hormone receptor status, 

histological origin, proliferation rate, and gene expression profile are used to define the 

major subtypes of breast cancer. 

 

1.1.1. Luminal breast cancer 

The most common type of breast cancers are estrogen receptor (ER) positive 

tumors which fall into the “luminal” subtypes, so-called because they have a gene 

expression pattern reminiscent of the luminal epithelial component of the breast (9). 

Tumors of the luminal subtypes are characterized by expression of ER, progesterone 
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receptor (PR) and genes associated with ER activation such as LIV1, TFF1/pS2 and 

Cyclin D1 (9, 10). The Luminal A subtype, constituting approximately 40% of cases of 

breast cancer, are typically ER positive, PR positive, and have low expression of HER2 

as well as low expression of proliferation-associated genes including Ki-67 (10, 11).  As 

such, they are slow growing and less aggressive than other subtypes. Luminal A tumors 

are associated with the most favorable, short-term prognosis of all breast cancer subtypes, 

with relatively high survival rates and fairly low recurrence rates (12-14). This could be 

partially attributed to the fact that less than 15% of Luminal A tumors contain loss of 

function mutations in tumor suppressor p53 (15-17). Since Luminal A tumors are 

typically ER+, these tumors have been the prime example of cancer amenable to targeted 

drug therapy.  Treatment for these tumors have been estrogen-focused with endocrine 

disrupting therapies such as the ER modulator, tamoxifen, improving survival in women 

with early as well as advanced breast cancer (18, 19).  Adjuvant endocrine modalities 

such as aromatase inhibitors (AIs) and the ER-degrading agent, fulvestrant, have 

improved prognosis; however, their long-term efficacy is limited by relapse of the disease 

and development of resistance (18, 20, 21). 

Of the luminal breast cancer cases approximately 10-20% are of the Luminal B 

subtype.  Luminal B tumors are a more aggressive luminal subtype compared to Luminal 

A. Luminal B tumors tend to be ER+, PR+, have increased expression of HER2, contain 

loss-of-function mutations in p53 and have an increased proliferation rate. Luminal B 

tumors tend to have a poorer prognosis compared to Luminal A due to poor tumor grade, 

overall larger tumor size, and lymph node status (12, 14). This is due, in part, to tumors 
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that are both HER2 and ER over-expressing, HER2 signaling is dominant and endocrine 

therapy alone gives rise to poor response. 

 

1.1.2. HER2 enriched 

Human epidermal growth factor receptor 2 (HER2) amplification has been 

implicated in approximately 20-30% of human breast cancer cases (22). HER2+ tumors 

carry a poor prognosis and are prone to high rates of recurrence and metastases (23-25). 

HER2, also known as ErbB2 or neu, is a 185-kDa transmembrane glycoprotein receptor 

tyrosine kinase. HER2 is part of the epidermal growth factor receptor 

(EGFR/ErbB/HER1) family of growth factor receptors. Four members of the ErbB 

family, HER1 (EGFR), HER2 (ErbB2/neu), HER3 (ErbB3) and HER4 (ErbB4) dimerize 

in various combinations resulting in auto-phosphorylation of the receptor and 

transduction of downstream intracellular signaling pathways which regulate a variety of 

cellular processes including cell growth, proliferation, survival, and differentiation, 

invasion and angiogenesis (26, 27). Two major pathways that regulate these cellular 

processes are the Ras/Raf/MEK/ MAPK cascade as well as induction of the 

phosphatidylinositol 3-kinase (PI3K)/Akt pathway which in turn activates the NF-kB 

pathway (27, 28). The combination of these signaling cascades allows HER2+ breast 

cancer to continue to proliferate as well as evade apoptosis (29, 30).  

Currently there are several treatment options specific to HER2+ breast cancer 

such as the monoclonal antibodies, trastuzumab (Herceptin) and pertuzumab, and the 

dual tyrosine kinase inhibitor, lapatinib (31-33). Trastuzumab is a monoclonal antibody 
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that directly targets the HER2 protein and has become standard first-line chemotherapy 

for early stage HER2-positive breast cancers.  Patients whose tumors have the HER2-

overexpressing phenotype receiving trastuzumab in combination with adjuvant 

chemotherapeutics have shown reductions in the risk of recurrence and death by 52% and 

33%, respectfully (34). Despite these more targeted therapies; resistance to these drugs 

has been a major challenge to effectively treat HER2+ breast cancer (35, 36). Resistance 

to therapy can occur as a result of cross-talk between the ER and HER2 or between 

signaling cascades downstream of the receptors such as the presence of activating PI3K 

mutations or loss of function of the phosphatase PTEN (37, 38). In preclinical models, 

the addition of PI3K and mTOR inhibitors was able to restore sensitivity to anti-HER2 

agents (39). In a Phase III study the mTOR inhibitor, everolimus, combined with 

paclitaxel and trastuzumab was used in patients with HER2 overexpressing metastatic 

breast cancer. The combination showed antitumor activity with an overall response rate 

of 44% for at least six months in 74% of patients treated. The relative resistance occurs 

due to the fact that HER2 overexpression confers resistance to hormone-based therapy 

regardless of the presence of hormone receptors (40). Indeed, with increased efforts, new 

approaches and chemopreventive strategies targeting HER2 breast cancer are emerging 

and preclinical and clinical research is underway to validate these new approaches.  

 

1.1.3. Triple negative and basal-like 

Triple negative breast cancer (TNBC) is an aggressive disease lacking a historical 

therapeutic target.  TNBC is defined by the lack of expression of both ER and PR, as well 
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as lack of expression of HER2 (41, 42). TNBC represents approximately 15% of breast 

cancer cases and is the most aggressive subtype of breast cancer, accountable for higher 

rates of recurrence and metastasis (11, 12, 15). The peak risk of recurrence is within the 

first 3 years after initial treatment with the majority of deaths occurring within the first 5 

years (43, 44). The metastasis of TNBC is linked to significantly shorter survival 

compared to other breast subtypes (44). Basal-like breast cancer, a subset of triple 

negative breast cancer, has features similar to that of basal cells, or the cells that surround 

the mammary ducts. Basal-like breast tumors also contain a high frequency of TP53 gene 

mutations (45). Additionally, a large majority of breast cancers with BRCA1 mutations 

are related to the triple-negative phenotype (46). Since triple negative tumors do not 

express receptors commonly used in therapy, such as ER and HER2, patients are unlikely 

to benefit from currently available targeted systemic therapy. Currently surgical 

resection, radiation, and chemotherapy are the only options for patients with TNBC. 

 

1.2. Breast cancer progression 

Early development of ductal breast cancer begins with atypical ductal hyperplasia 

(ADH), progressing to ductal carcinoma in situ (DCIS), culminating in invasive ductal 

carcinoma (IDC) (47). The earliest detectable form of breast cancer consists of non-

invasive lesions such as DCIS, and approximately 25% of breast abnormalities detected 

during screening are DCIS (48). The human breast ductal structure is made up of an inner 

layer of luminal epithelial cells, surrounded by an outer layer of myoepithelial cells and is 

separated from the breast stroma by the basement membrane (49). DCIS is defined by 
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enhanced proliferation of intraductal luminal epithelial cells, and is separated from the 

stroma by an intact layer of myoepithelial cells and a basement membrane (50). The 

disappearance and breakdown of the semi-continuous myoepithelial cell layer and 

basement membrane in DCIS have been identified as major events in the progression 

from DCIS to invasive ductal carcinoma (IDC) (51). In order for tumor cells to invade 

and metastasize, they must penetrate these two protective layers (52). DCIS has indeed 

become a clinical challenge due to its increasing incidence with approximately 50,000 

diagnoses expected in 2015 according to the American Cancer Society (2015).  This rapid 

increase in the incidence of DCIS tightly parallels the introduction of mammography 

screening (53). Despite the high number of diagnoses of DCIS and the risk of progression 

to a more aggressive disease, current treatment modalities remain limited.  

Currently, treatment of DCIS typically consists of surgery, radiation, and when 

applicable, hormonal therapy. Despite the effective treatment regimen and initial 

response to therapy, approximately 15% of patients with DCIS will develop relapse 

within the first decade following surgical lumpectomy (54). DCIS is a pre-cancerous 

lesion and if left untreated, approximately 30 to 50% of cases will progress to invasive 

disease (55-57). Currently there are no reliable tests to determine which DCIS cases will 

progress to IDC and which will remain confined to the mammary ducts (58, 59). 

Preliminary studies have shown that image analysis of DCIS in addition to histological 

evaluation and nuclear features could help provide a prognostic evaluation on the 

progression of DCIS to IDC; however these studies need further validation (60, 61).  

Patients diagnosed with DCIS often opt for breast-conserving surgery such as 

lumpectomy with or without adjuvant treatment such as radiation therapy, hormones or 
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chemotherapy. A small number of women diagnosed with DCIS choose to conservatively 

monitor the premalignant lesions. Breast-conserving surgery alone is associated with 

higher rates of ipsilateral breast tumor recurrence for most women with 50% of lesions 

advancing to invasive disease. Patients with DCIS who have full mastectomy have 

reduced rates of chest wall and distal recurrence, however there is no survival advantage 

(62). In specific cases, such as in patients with larger DCIS lesions or patients with DCIS 

expressing ER, mastectomy or hormonal therapy is preferred. There is a particular 

dilemma to balance the risk of causing unnecessary overtreatment since the majority of 

DCIS lesions are not associated with subsequent invasive tumors. However, even with 

treatment, some initially observed DCIS lesions will progress to invasive carcinomas. 

This clinical obstacle of identifying high risk in situ lesions has sparked efforts to try and 

identify characteristics of DCIS and prognostic molecular markers to gain a better 

understanding as to the factors that play a role in breast cancer progression.  

 

1.2.1. The microenvironment in DCIS to IDC progression 

A prevalent theory in progression from DCIS to IDC is that the microenvironment 

or tumor stroma drives tumor progression. The tumor microenvironment consists of 

various cell types including mesenchymal stem cells, adipocytes, fibroblasts, as well as 

endothelial and immune cells which interact with tumor cells via direct interaction and 

cytokine networks (63). Epithelial-mesenchymal interactions between the cells 

composing the microenvironment and the molecules of the extracellular matrix (ECM) 

modulate tissue specificity of the normal breast as well as the survival, growth, and 
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invasive behavior of breast cancer cells (64, 65). It has been postulated that somatic 

mutations in myoepithelial cells render them unable to aid in the polarization and 

organization of the normal duct. This leads to an increase in the number of fibroblasts and 

infiltrated leukocytes in the stroma, elevating the secretion of growth factors, cytokines, 

chemokines and matrix metalloproteinases (MMPS) resulting in enhanced angiogenesis 

and tumor progression (63).  The increased loss of integrity of the myoepithelial layer 

and basement membrane surrounding the ductal lumen leads to transition from in situ to 

invasive ductal carcinoma characterized by degradation of basement membrane, loss of 

myoepithelial cells and invasion of epithelial cells into the stroma and vasculature (66).         

Several studies have linked the pro-invasive nature of the ECM to effects on 

DCIS. For example post-pregnancy-induced remodeling of the ECM has been attributed 

to the progression of DCIS. MCF10DCIS cells that were implanted into the involution 

microenvironment formed larger tumors with increased collagen deposition and higher 

expression of cyclooxygenase-2 (COX-2) (67). In another study it was observed that 

stromal fibroblasts increased the invasive capacity of MCF10DIS xenografts through the 

up-regulation of COX-2 in tumor epithelial cells (68). Other studies have also linked 

enzymes, such as lysyl oxidases, secreted from stromal cells, to ECM modification, 

invasion and metastasis (69, 70).  

Gene expression analysis has proven that there are significant changes that occur 

in cells of the tumor microenvironment, such as fibroblasts, myoepithelial cells and 

leukocytes, during the DCIS to IDC progression (66, 71). Hu and colleagues also found 

that co-transplantation of fibroblasts enhanced the tumor growth and invasion in 

MCF10DCIS xenografts (51). Studies have identified a paracrine interaction involving 
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stromal derived factor-1 (SDF-1), a ligand produced by the activated stroma, binding to 

and activating the CXCR4 receptor on tumor epithelial cells (72). This interaction can 

activate AKT, EGFR, JAK2/STAT3, which leads to enhanced survival and inhibition of 

apoptosis (73-75). SDF-1 signaling can also induce production of matrix 

metalloproteinases, MMP-2, MMP-9, and MMP-13, which break down the myoepithelial 

cell layer and basement membrane (76, 77). These studies provide evidence that the 

tumor microenvironment plays a major role in the progression of DCIS to IDC, and can 

be utilized as a target in cancer prevention.  

 

1.3. Breast cancer stem cells (BCSCs) 

Over the past decades several theories have been proposed as to explain how 

breast tumors form and progress from DCIS to IDC such as clonal selection and cancer 

stem cells (CSCs) (78). CSCs are a subpopulation of cells within tumors or premalignant 

lesions which have the ability to self-renew through symmetrical division or differentiate 

through asymmetrical division (79, 80). Evidence supports the notion that self-renewing 

cancer cells are responsible for tumor initiation, growth, and maintenance and hence are 

known as tumor initiating cells, cancer stem cells or tumor propagating cells (81-83). A 

tumor can be viewed as a heterogeneous mass of cells comprised of cells at various 

stages of the differentiation process, all originating from an initial BCSC, or TIC (84). 

CSCs are also believed to compose a subpopulation in tumors which are responsible for 

drug resistance, tumor recurrence, and metastasis (85-88). Studies have shown that cells 
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that remain after chemotherapy are more aggressive and enriched for putative BCSCs 

(89, 90). 

Initial studies identified the CD44
high

/CD24
-/low

 subpopulation of breast cancer 

cells from breast tumors to be enriched in cells with an increased tumor initiating 

capacity (82). Since this time a number of cell surface markers have been utilized to 

identify breast cancer stem cells (Table 1.1). The CD44
high

/CD24
low

 subpopulation in 

breast cancers expresses a phenotype which is enriched for tumor initiating cells (81, 82). 

These populations have been reported to be higher in TNBC compared to other breast 

cancer subtypes partially explaining the higher rates of relapse observed in TNBC (91).  

Evidence suggests that breast cancer stem cells (BCSCs) interact with the 

surrounding tumor microenvironment via cell adhesion molecules and receptors (92). The 

interaction of BCSCs with the microenvironment results in crosstalk of signaling and 

regulation of BCSCs via growth factors and cytokines from the microenvironment (93). 

However, it is unclear how BCSC signaling can interact with the surrounding 

microenvironment, such as the stroma, to influence breast cancer progression. Signaling 

crosstalk with surrounding cells along with other emerging biological properties of BCSC 

provide strategies and targets to effectively develop therapies against the BCSC 

population. Elimination of the BCSC population may improve the treatment outcomes for 

breast cancer patients. Therefore CSCs and the signaling pathways associated with them 

are novel targets to prevent cancer initiation, tumor growth, resistance, recurrence, and 

metastasis.  
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1.3.1. Stem cell signaling 

The identification of breast cancer stem cells and progenitor cells has led to 

investigation of pathways that drive these subpopulations. A number of molecular 

pathways have been proposed to play a role in the maintenance of the BCSC phenotype. 

BCSCs have been shown to preferentially rely on embryonal signaling pathways, such as 

Notch, Wnt, Hedgehog, and bone morphogenetic protein (BMP) (94). It is unlikely that a 

single pathway will be the driving force of all BCSCs in a given tumor; therefore it is 

important to target multiple pathways in order to effectively eliminate the BCSC 

population in a tumor. Another limitation to this BCSC targeted approach is that these 

pathways are not exclusive to CSCs so these treatments may not be specific to BCSCs. 

 

1.3.2. Notch signaling 

The Notch signaling pathway is required for normal mammary gland development 

and plays a key role in regulating multiple cellular processes including the cellular fate of 

mammary, stem and progenitor cells (95). Deregulation of Notch has been implicated in 

the development of mammary carcinoma, particularly the triple negative subtype (96). 

There are four known Notch receptors (Notch 1-4) which are activated in trans by a 

variety of ligands (JAG1, JAG2, DLL1, DLL2, DLL3) excreted from adjacent cells 

(Table 1.2) (95). Binding of Notch ligands to Notch receptors initiates a proteolytic 

cascade via a disintegrin, a metalloproteinase (ADAM), and γ-secretase to give the 

activated Notch intracellular domain (NICD), or cleaved Notch (95). The NICD 

translocates to the nucleus to interact with Cbf-1/Rbp-Jk to affect transcription and 
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regulation of target genes such as HEY1, HES1, and MYC (95, 97). Recently Notch 

activation has been implicated in breast, lung, pancreatic, and ovarian cancers through 

up-regulation of the receptor or associated ligands (98-102). More specifically Notch has 

been implicated in the self-renewal and maintenance of cancer stem cells (95). These 

studies have prompted the development of several investigational Notch inhibitors, 

including Notch targeting antibodies and γ-secretase inhibitors (103, 104). These 

inhibitors have shown promise in decreasing the number of CSCs and tumorigenic 

potential in preclinical models of breast and brain cancer (103, 105, 106).  

The role of the Notch pathway during early stages of mammary development and 

stem/progenitor cell restriction has important implications for understanding how 

dysregulated Notch signaling leads to mammary tumorigenesis (107, 108).  Both Notch 1 

and 4 have been shown to induce mammary tumors when over expressed in transgenic 

mice (107).  Additionally, the ligand Wnt appears to elicit oncogenesis via a Notch-

dependent mechanism in human breast epithelial cells and over expression of NOTCH1 

has been correlated with poor overall survival in breast cancer patients (109, 110).  

 

1.3.3. Wnt signaling 

The first implication that the Wnt/β-catenin signaling played a role in mammary 

tumorigenesis began when the Int-1 integration site of the mouse mammary tumor virus 

(MMTV) was identified as the mammalian homolog of the Drosophila Wingless polarity 

morphogen (111).  Int-1 was renamed to Wnt-1 and its overexpression was found to be 

sufficient to induce mammary tumorigenesis (112). The WNT proteins are a family of 
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secreted, glycosylated and palmitoylated peptides which regulate cell fate during 

embryonic development and play important roles in adult tissue homeostasis by 

regulating stem cells and their niches (113). The Wnt proteins are ligands that activate 

several intracellular pathways upon binding to transmembrane frizzled (FZD) receptors 

or a frizzled and LDL-receptor related protein (LRP) complex (Table 1.2) (114). 

Activation of the pathway occurs when Wnt binds to and activates FZD, leading to 

further activation of the intracellular cytoplasmic phosphoprotein, disheveled (Dsh). The 

association of Dsh with axin prevents the phosphorylation and degradation of β-catenin 

by the glycogen synthase kinase 3β (GSK3β)/APC/axin destruction complex. 

Unphosphorylated β-catenin then escapes recognition by β-TRCP, a component of an E3 

ubiquitin ligase, then translocates and accumulates in the nucleus where it binds to TCF 

and LEF transcription factors resulting in the regulation of target genes governing 

proliferation, survival and matrix remodeling (115, 116). Aberrant activation of the 

canonical Wnt pathway leads to enhanced cell proliferation and regulation of the CSC 

self-renewal program during tumor development (113). Developments of therapeutics to 

target Wnt signaling have focused on the FZD receptor as a target and have showed 

promise in reducing tumor growth in breast and pancreatic cancer cells (117). 

 

1.3.4. Hedgehog signaling 

Hedgehog signaling is involved in stem cell maintenance and organ development 

during embryogenesis (118, 119). Inappropriate activation of the Hedgehog pathway has 

been implicated in several human cancers including skin, brain, colon, lung, breast and 
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prostate (120). Hedgehog was first identified in Drosophila, the three corresponding 

mammalian homologs were later identified as Sonic hedgehog (SHH), Desert hedgehog 

(DHH), and Indian hedgehog (IHH) (Table 1.2) (121). These ligands bind to the receptor 

Patched1 (PTCH1), a 12-transmembrane domain protein that is then internalized.  This 

stops the export of endogenous agonist molecules out of the cell, causing them to 

accumulate intracellularly. This leads to activation of the G-protein coupled receptor-like 

protein, Smoothened (SMO) which translocates to the plasma membrane and leads to 

activation of Gli2 transcription factors in the cytoplasm (119). This transcription factor 

translocates to the nucleus and regulates the transcription of target genes such as Gli1 and 

Patched1 (119, 122).  

It is not surprising that a pathway that regulates both cell proliferation and 

differentiation could contribute to the onset of neoplastic transformation or acceleration 

of tumor growth. Hedgehog activity has been implicated in various human cancers and 

has shown to be a strong determinant of an increased risk for metastasis and increased 

understanding of this morphogenic pathway in development and cancer provides 

opportunities for future cancer therapeutics (123, 124). 

 

1.3.5. TGF-β signaling 

The transforming growth factor-β (TGF-β) superfamily has 42 known ligands and 

plays a role in the regulation of cell growth, differentiation, and development (Table 1.2) 

(125). TGF-β signaling can be divided into two major signaling cascades based upon 

activation and intermediate signaling molecules involved. Activation of TGF-β occurs by 
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proteolytic cleavage, interaction with integrins or pH changes in the local environment. 

Signaling is initiated by the binding of TGF-β to specific receptors which are 

transmembrane serine/threonine kinases.  TGF-β binds to TGF-β receptor type II (TβRII) 

which is an active kinase. TGF-β receptor type I (TβRI) is recruited into the complex and 

phosphorylated by TβRII. This then leads to TβRI-phosphorylation of cytoplasmic 

signaling molecules, Smad2 and Smad3 for the TGF-β/activin pathway, and Smad 1/5/8 

for the bone morphogenetic protein (BMP) pathway (126) (127). Activated Smads then 

complex with Smad 4 and the resulting heteromeric Smad complexes translocate to the 

nucleus to regulate gene transcription in a variety of cellular processes such as 

differentiation, proliferation, migration, EMT and cancer stem cell maintenance including 

MAP kinase pathways, phosphoinositol-3-kinase, and PP2A  (126, 127). TGF-β signaling 

can have a tumor-suppressive or tumor-promoting effect depending on the type of cancer 

and the combination of ligand/receptor activation and downstream gene transcription 

(127). TGF-β signaling can become a promoter of cancer progression in later stages by 

inducing EMT in cancer cells, promoting CSC maintenance, stimulation of angiogenesis 

leading to tumor progression, and induction of extracellular matrix degradation resulting 

in metastasis (128). Because TGF-β is a hormonally regulated growth factor, targeting 

TGF-β signaling as a therapeutic strategy can reduce the number of CSCs in breast cancer 

and inhibit bone metastasis, and is therefore a promising route for further investigation 

(129).  

 

1.3.6. Mammosphere cell culture system  
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Due to an increased interest in the cancer stem cell field, new in vitro methods 

were necessary to study the characteristics and potential therapeutics for CSCs. From this 

demand, a non-adherent cell culture system was optimized for the in vitro growth of 

CSC-enriched colonies in suspension. This assay was first developed by Reynolds et al. 

for the quantification of neural stem cells (130). It was later adapted for mammary tissue 

and demonstrated the presence of a stem cell population by Dontu and termed the 

mammosphere assay (131). The mammosphere assay has been used to quantify stem and 

progenitor cells as well as self-renewal in normal mammary, DCIS and IDC breast cancer 

cell lines (99, 132, 133). Primary mammosphere formation is a measure of stem cell and 

early progenitor activity based on the idea that undifferentiated cells will survive in 

suspension culture with other cell types dying of anoikis (134). To assess the self-renewal 

of cancer stem cells, primary mammospheres can be harvested, dissociated to single cells 

and passaged to secondary, tertiary, and subsequent passages for the quantification of 

self-renewal (134). The ability to form several generations of mammospheres in serial 

non-adherent passage is related to the self-renewal ability of the stem cells which can 

give rise to colonies in subsequent culture passages (134). This in vitro culture system 

has also been used for the selection of tumorigenic breast cancer cells from primary 

tumors, metastatic tumors, and as a tool to screen for new CSC targeting drugs (132, 135, 

136) 

 

1.4. Preclinical models of breast cancer progression 

1.4.1. Human breast cancer cell lines 



17 

 

 

 

Cell lines have been widely used for decades in the study of cancer. The MCF10 

cell series is a unique model of breast cancer progression that originated from the normal, 

non-malignant human MCF10A breast epithelial cells which are (137). This series of cell 

lines consists of four cell lines with increasing malignancy including MCF10A, 

MCF10AT1, MCF10DCIS, and MCF10CA1a. MCF10A was transfected with 

constitutively activated HRAS forming a pre-malignant cell line, MCF10AT1 (137, 138). 

This cell line forms pre-malignant lesions in vivo which resemble human ADH and DCIS 

when transplanted into immunodeficient mice (139). Approximately 25% of these lesions 

will slowly progress to IDC (137). MCF10DCIS is a cell line derived by way of serial 

passage of the cells from MCF10AT1 xenografts. MCF10DCIS cells reproducibly form 

DCIS-like comedo lesions that spontaneously progress to IDC as xenografts in 

immunodeficient mice (140). MCF10CA1a is the most aggressive cell line from the 

MCF10 series, forming large tumors without evidence of a precursor stage. MCF10CA1a 

was derived from the MCF10AT1 cells by multiple passages in immunodeficient mice 

(141). MCF10CA1a cells also produce tumors in the lungs of immunodeficient mice, 

showing the metastatic potential of this cell line (142).  

MCF10A, MCF10AT1, MCF10DCIS, and MCF10CA1a cell lines are ER- (data 

unpublished). Two gene copies of HER2 are present in the MCF10AT1, 

MCF10DCIS.com and MCF10CA1 cell lines (143). Previous studies by our laboratory 

show the gradual increase of HER2 expression from MCF10AT1 to MCF10CA1a cells 

(141). We have shown that VDR is expressed at low levels in MCF10A with increasing 

levels in MCF10DCIS. Highest levels of VDR are expressed in MCF10AT1 and 

MCF10CA1a (data unpublished). The MCF10 series of cell lines provides the ability to 
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analyze the progression of breast cancer at different stages of cancer progression from 

normal tissue to metastatic IDC (51, 144-146).  

 

1.4.2. Xenograft animal model of breast cancer progression 

Of the MCF10 series of cells lines, the MCF10DCIS cell line is unique in the fact 

that it is representative of breast cancer progression in vitro and in vivo (140, 141). The 

MCF10DCIS cell line consistently produces comedo DCIS-like lesions in animal 

xenografts, which highly resemble the histopathology of human DCIS in xenograft 

models. The DCIS-like lesions have been shown to reproducibly progress to invasive 

tumors, providing a unique in vivo model to investigate the transition for DCIS to IDC 

(140, 147). Clinically DCIS is defined as the proliferation of malignant epithelial cells 

confined to the mammary ducts. The MCF10DCIS xenograft model forms histology that 

resembles human DCIS, however these lesions are not contained within the ductalobular 

system of the mouse mammary tissue and hence is not by definition classical DCIS. In 

addition, Hu et al. showed similarities of cell type specific expression profiles between 

human DCIS samples and MCF10DCIS xenografts by comparing myoepithelial and 

epithelial cell gene expression profiles (51). The study showed a statistically significant 

enrichment of genes involved in the extracellular matrix, basement membrane structure, 

and development in the myoepithelial cell populations of both the human DCIS samples 

and MCF10DCIS xenografts. Since the enrichment patterns of genes were highly similar 

from human to the MCF10DCIS xenograft tumors, this is an excellent model to test the 



19 

 

 

 

effects of chemopreventive agents on the structural, molecular, and phenotypic changes 

during the progression of DCIS to IDC. 

 

1.5. Vitamin D 

1.5.1. Vitamin D Metabolism 

Vitamin D, also known as cholecalciferol, is the precursor to the steroid hormone 

calcitriol. Vitamin D is derived from the diet or the energy from UV radiation converts 7-

dehydrocholesterol to vitamin D3 in the skin (148). Vitamin D3 is then converted to the 

active form of vitamin D in the body, calcitriol, via two cytochrome P450 mediated steps 

(149). The first hydroxylation step in this process occurs in the liver and is mediated by 

the enzyme vitamin D-25-hydroxylase (25-OHase; CYP2R1) forming 25-hydroxvitamin 

D3 or 25-hydroxycholecalciferol (25(OH)D3) (150). Circulating 25(OH)D3 is further 

hydroxylated in the kidney by 25-hydroxyvitamin D3-1α-hydroxylase (1α-OHase; 

CYP27B1) producing the biologically activate form of vitamin D, 1α,25(OH)2D3 or 

calcitriol (149, 151). Although these enzymes are primarily found in the liver and kidney, 

they have also been detected locally in other tissues, including the mammary glands and 

in cancer cells (152, 153). This can induce the local production of 1α,25(OH)2D3, leading 

to various tissue specific biological effects (152, 154, 155). Calcitrol then exerts its action 

by binding to an intracellular receptor, the vitamin D receptor (VDR), which belongs to 

the superfamily of nuclear receptors for steroid hormones and regulates gene expression 

by acting as a ligand-activated transcription factor (156). Activation of VDR influences 
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several hundred genes that are responsible for cellular growth, differentiation and 

apoptosis (157). 

 

1.5.2. Biological action of vitamin D 

Calcitriol primarily functions by binding to and activating the vitamin D receptor 

(VDR), thereby causing its dimerization with the retinoid X receptor (RXR) (158). 

Binding of this complex to vitamin D response elements (VDREs) in multiple regulatory 

regions causes the activation or repression of genes which are responsible for the 

biological action of vitamin D (152, 155). In addition to the genomic action of vitamin D, 

vitamin D can also exert more rapid responses that are independent of transcriptional 

regulation (159-161). This rapid response is typically mediated through a membrane 

bound form of VDR which activates PKC signaling and increases the levels of 

intracellular Ca
2+ 

(160, 161). This increase in intracellular Ca
2+ 

activates the 

Raf/MAPK/ERK signaling pathway (160, 161).  

 

1.5.3. Vitamin D and breast cancer 

Vitamin D is classically involved in calcium and phosphate homeostasis and is 

essential for bone mineralization (158). However many preclinical studies have 

demonstrated beneficial effects of vitamin D in association with various diseases, 

including cancer (155). Exposure to sunlight has shown an inverse relationship to breast 

cancer risk (162). This was eventually linked to the increased production of vitamin D3 
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upon exposure to ultraviolet light (163-166). Since this discovery, many studies have 

linked 1,25-dihydroxyvitamin D3 (1,25(OH)2D3), the active metabolite of vitamin D, and 

vitamin D analogs to the suppression of cancer cell invasion, proliferation, and metastasis 

(167-170). In certain breast cancer cell lines, 1,25(OH)2D3 has been shown to increase the 

expression of E-cadherin resulting in prevention of invasion and metastasis (171). 

Additionally, 1,25(OH)2D3 has antiangiogenic properties that decrease activity of MMPs 

and urokinase plasminogen and tissue-type plasminogen activators which play important 

roles in invasion and metastasis (172). 1,25(OH)2D3 has been shown to suppress the 

estrogen pathway via downregulation of aromatase which is responsible for the 

conversion of androgens to estrogens (173). Additionally, 1,25(OH)2D3 reduces 

transcription of ESR1 resulting in decreased expression of ER-α and its downstream 

effector pathways (174, 175). 

 

1.5.4. Vitamin D analogs  

The pharmacological dose of vitamin D required to reduce cancer and other 

diseases is typically higher than that needed to support bone health. The side effects of 

the administration of supra-physiological concentrations of calcitriol are hypercalcemia, 

which is an increase of circulating calcium in the blood (170, 176-178). These effects are 

primarily due to calcitriol’s effects on calcium absorption in the intestine. For this reason 

structural analogs of vitamin D have been developed to reduce the calcemic effects and 

increase the efficacy of traditionally used forms of vitamin D (179). These analogs have 

been of particular interest in the inhibition of breast cancer (167, 176, 180, 181). 
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Table 1.1 Markers used in the identification of breast cancer stem cells 

Marker Characteristics Reference(s

) 

 CD44 A cell surface marker involved in invasion, cancer 

stem cell maintenance  

The CD44
+
/CD24

-/low 
population has been used to 

isolate stem cells from the normal mammary 

epithelium 

(82, 182, 

183) 

CD49f An integrin (Integrin α6) involved in invasion and 

enrichment displays increased tumorigenic 

potential; Has been shown to regulate stem cell 

properties in basal-like breast cancer 

(184-186) 

CD24 A cell surface marker; Low levels correspond to 

cells with increased tumorigenic capacity the 

ability to self-renew and differentiate 

(82) 

ESA Epithelial specific antigen; High expression of 

ESA is typically used in combination with CD44, 

CD49f, and CD24 for breast cancer stem cell 

identification 

(82, 187) 

ALDH1 Association to the cancer stem like phenotype is 

based on the enzymatic activity of the detoxifying 

enzyme Aldehyde Dehydrogenase 1.High levels 

are associated with worse clinical outcome, 

increased tumorigenic capacity, and stem and 

progenitor cells. 

(188-191) 

CD133 Associated with the luminal compartment in breast 

cancer, and high expression correlates with the 

CD44
+
/CD24

-/low
 breast cancer stem cell 

phenotype 

(192) 

CD29 An integrin (β1-integrin) which plays a role in 

luminal cell fate among CD24
+
 cells. Mammary 

stem cells (CD29
high

) and luminal progenitors 

(CD29
low

) 

(193) 
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Table 1.2 Pathways involved in stem cell self-renewal 

 

Pathway Receptors Ligands Genes activated Reference(s) 

Notch Notch 1, 2, 3, 4 JAG1, JAG2, DLL-1, 

DLL-3, DLL-4 

HES1/3/5, HEY1/2, 

MYC, Cyclin D1, 

p21, NF-κB 

(194-196) 

Hedgehog Patched-1, 2 SHH, DHH, IHH Patched, Gli1, Wnt, 

BMPs, MYC, Cyclin 

D1, Cyclin E, JAG2 

(194, 197) 

Wnt Frizzled-1, 2, Ror2, 

RYK 

Wnt (19 ligands) MYC, Cyclin D1, 

CD44, TGF-1, Axin, 

MMP-7, DKK1 

(194) 

TGF-β/  

SMAD 

TGFβRI, TGFβRII, 

Activin Receptors 

(ALK-1, 2, 4, 7, 

RII, RIIB), 

BMPRIA, 

BMPRIB, BMPRII 

TGF-β (TGF-β1, 2, 3), 

Activins, Nodal, BMPs 

(BMP 2-7, 8A, 8B, 

10,15), GDF (GDF1-3, 

5-11, 15) 

SLUG, p21, BIM, 

MMP1, ITGB4, 

ITGA2, LAMA3, 

FZD1, FZD7, JAG1, 

HES1, GATA2, 

SOX9, SOX4 

(198, 199) 
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Table 1.3 Markers used for analysis of pluripotency and differentiated cells 

 

Markers used in differentiation  

Basal/Myoepithelial 

markers 

SMA, CD10, p63, CK14, CK5/6, CK17, CD44, CD49f 

(ITGA6), ITGB4, ITGB6 

Luminal Markers MUC1, GATA3, CK18, CD24, EpCAM (ESA), E-Cadherin, 

CK19, ESR1 

Stem/Progenitor Markers CD44, ALDH1, CD24, CD49f, CD29 (ITGB1), Notch1, 

Vimentin, CK19, CD133 

Pluripotency genes OCT4 (POU5F1), SOX2, NANOG, KLF4, MYC 

EMT markers Mesenchymal: Vimentin, N-Cadherin, Fibronectin 

Epithelial: E-cadherin, Slug, Snail, Zeb1, Zeb2, Twist, p63 
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Figure 1.1 The structures of 1α25(OH)2D3 and the Gemini vitamin D analog, 

BXL0124 
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Chapter 2: Inhibition of the transition of ductal carcinoma in situ to 

invasive ductal carcinoma by a Gemini vitamin D analog 

 

Note: Sections of this chapter have been reproduced from the following publication: 

Wahler, J., So, J.Y., Kim, C.Y., Liu, F., Maehr, H., Uskokovic, M., Suh, N. (2014) 

Inhibition of the Transition of Ductal Carcinoma In Situ to Invasive Ductal Carcinoma by 

a Gemini Vitamin D Analog. Cancer Prevention Research. 7 (6): 617 – 626. 

 

2.1. Rationale 

Due to the unpredictable behavior of ductal carcinoma in situ (DCIS) and lack of 

established therapy for patients diagnosed with DCIS, the need for more effective 

chemopreventive agents targeting early stages of breast cancer is of utmost importance. 

Previous studies have shown that the Gemini vitamin D analog, BXL0124 has an 

inhibitory effect on the growth of MCF10DCIS xenograft mammary tumors when treated 

for five weeks from the time of cell injection (147, 176). We have also shown that 

vitamin D BXL0124 can delay mammary tumor incidence in the MMTV-ErbB2/neu 

transgenic model of HER-2 overexpressing breast cancer when used as a 

chemopreventive agent (180). However, the effects of BXL0124 on DCIS progression to 

invasive ductal carcinoma (IDC) have not been elucidated, and are critical to the 

mechanistic understanding of vitamin D inhibition of breast oncogenesis. The early stage 

of breast cancer development, specifically the transition from DCIS to IDC, is a crucial 

event in the advancement of breast carcinogenesis, and is of utmost importance from a 
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prevention standpoint. Therefore, in the present study, we evaluated whether BXL0124 

blocks or delays the early transition of DCIS to IDC in vivo. 

 

2.2. Materials and Methods 

2.2.1 Reagents and Cell Culture 

1,25(OH)2D3 and a Gemini vitamin D analog [BXL0124; 1,25-dihydroxy-20R-21(3-

hydroxy-3-deuteromethyl-4,4,4-trideuterobutyl)-23-yne-26,27-hexafluoro-

cholecalciferol, >95% purity] (Figure 1.1) were provided by BioXell, Inc. (Nutley, NJ) 

and dissolved in dimethyl sulfoxide (DMSO). For in vivo animal experiments, BXL0124 

was diluted in Cremophor EL: PBS (1:8, v/v) for intraperitoneal (i.p.) injection. The 

MCF10DCIS human breast cell line was provided by Dr. Fred Miller at the Barbara Ann 

Karmanos Cancer Institute (Detroit, MI). The MCF10DCIS cell line was authenticated by 

short tandem repeat profiling at American Type Culture Collection (ATCC, Manassas, 

VA). MCF10DCIS human breast cancer cells were maintained in Dulbecco's Modified 

Eagle's Medium (DMEM)/F12 medium supplemented with 5% horse serum, 1% 

penicillin/streptomycin, and 1% HEPES solution at 37°C, 5% CO2.  

 

2.2.2. Xenograft Animal Studies 

All animal studies were approved by the Institutional Review Board for the Animal Care 

and Facilities Committee of Rutgers University. Female nude mice (5-6 weeks old) were 

purchased from Charles River Laboratories (Wilmington, MA). They were allowed to 
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acclimate to the facilities for two weeks at which time they were injected (7-8 weeks old) 

with human MCF10DCIS cells into the mammary fat pad or dorsal area at 10
6 

cells per 

site and treatment began the following day. Mice were treated with DMSO control or 

BXL0124 (0.1µg/kg body weight) by i.p. injection six times per week for until the end of 

the experiment. Tumors were palpated twice per week and total body weights were 

measured weekly. Tumors were measured with a vernier caliper and tumor volume (V; 

cubed centimeters) was calculated using the equation V = (D*d
2
)/2 where D (centimeters) 

and d (centimeters) are the largest and smallest perpendicular diameters. Animals were 

sacrificed by CO2 exposure 1, 2, 3, 4, and 5 weeks after injection at which time tumors 

were excised and blood was drawn by cardiac puncture for further analysis. Tumors from 

1, 2, 3, 4, and 5 weeks were cut into two pieces either fixed in 10% formalin for 15 hours 

for immunohistochemical analysis or were snap frozen in liquid nitrogen for qPCR 

analysis. Livers from mice treated for 5 weeks were fixed in 10% formalin for 15 hours 

for immunohistochemical analysis. 

 

2.2.3. Determination of Serum Calcium Level  

The determination of calcium concentration in serum was carried out by using the 

calcium reagent set from Pointe Scientific, Inc. (Canton, MI) following the 

manufacturer’s protocol. Briefly, serum (4 µL) was mixed with the diluted reagent (200 

µL) in the wells of a 96-well plate and incubated at room temperature for 1 minute and 

absorbance read at 570 nm using a Tecan infinite M200 plate reader (Tecan, Durham, 
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NC). The calcium concentrations were calculated from calcium standards provided by the 

manufacturer.  

 

2.2.4. Immunohistochemical (IHC) and Immunofluorescence Analysis 

Subcutaneous tumors were fixed, embedded in paraffin and sectioned at 5 µm thickness. 

Individual tumors were analyzed histopathologically by hematoxylin and eosin (H&E) 

staining. Livers were fixed, and embedded in paraffin and sectioned at 5 µm thickness 

Liver sections were analyzed by the Rutgers Histopathology Core facility for the 

following criteria: lymphocyte infiltrates, neutrophilic infiltrates, glycogen stores, and 

mitotic figures. For immunohistochemistry, sections were stained as previously described 

(200) with antibodies to smooth muscle actin (SMA)(1:200, Abcam, ab5694, Cambridge, 

MA), proliferating cell nuclear antigen (PCNA) (1:8000, Dako, M0879, Carpinteria, CA) 

and vitamin D receptor (VDR) (1:200, Santa Cruz Biotechnology, sc-13133, Santa Cruz, 

CA). The sections were counterstained with Harris hematoxylin (Sigma Aldrich, St. 

Louis, MO). The PCNA nuclear intensity and VDR total pixel intensity were quantified 

by blinding the samples and having a third party carry out the analysis using a Scan 

Scope (Aperio, Vista, CA). For immunofluorescence staining, the slides were blocked in 

10% goat serum, and then incubated overnight at 4ºC with the combination of primary 

antibodies to smooth muscle actin (SMA) (1:200, Abcam, ab5694, Cambridge, MA), 

laminin 5 (1:50, Santa Cruz Biotechnology, sc13587, Santa Cruz, CA), pancytokeratin 

(panCK) (1:50, Dako, M3515, Carpinteria, CA), vitamin D receptor (VDR) (1:200, Santa 

Cruz Biotechnology, sc-13133, Santa Cruz, CA), and TO-PRO-3 iodide nuclear antibody 
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(Invitrogen, 1µM). Fluorophore-conjugated secondary antibodies (Alexa Fluor 488 or 

546, 1:100, Invitrogen, Carlsbad, CA) were incubated at room temperature for 30 

minutes. The images were taken using confocal microscopy with lasers at 488 nm, 546 

nm, and 633nm (TO-PRO-3). Immunofluorescence was visualized using a Nikon Eclipse 

C1 Plus confocal microscope system. 

 

2.2.5. Western Blot Analysis 

The procedures have been described previously (200). Five tumor samples from each 

group were homogenized and pooled for analysis. Primary antibodies against VDR 

(1:200, Thermoscientific, MA1-710, Waltham, MA) and β-actin (1:2000, Sigma-Aldrich, 

A1978, St. Louis, MO) were used for analysis. Secondary antibodies were from Santa 

Cruz Biotechnology. Western Blots were quantified by using ImageJ software (US 

National Institutes of Health, Bethesda, MD) and calculating the relative density of the 

bands using the gel analyzer command. 

 

2.2.6. Quantitative Real-Time Polymerase Chain Reaction Analysis 

These procedures have been reported previously (201, 202). The Taqman® probe-based 

gene expression system from Applied Biosystems (Foster City, CA) was used to detect 

the genes of interest. Labeled primers for GAPDH (Hs02758991), VDR (Hs00172113), 

CYP24A1 (Hs00167999), CYP27B1 (Hs01096154), MMP2 (Hs00234422), MMP9 

(Hs00234579), MMP14 (Hs01037009), MMP15 (Hs00233997), MMP16 (Hs00234676), 
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TIMP1 (Hs00171558), TIMP2 (Hs00234278), TIMP3 (Hs00165949), TIMP4 

(Hs00162784) were used in analysis.  

 

2.2.7. DCIS Quantification  

Hematoxylin and eosin and smooth muscle actin IHC stained images of MCFDCIS 

xenografts were quantified using ImageJ software (US National Institutes of Health, 

Bethesda, MD). The total tumor area was selected, and then the areas of DCIS within the 

tumor were calculated. DCIS-like lesions were identified by luminal cells contained 

within a continuous myoepithelial cell layer. Invasive areas were identified by luminal 

tumor cells that had no distinct outer myoepithelial cell layer. The percentage of DCIS 

within each tumor was presented as the area of DCIS divided by the total tumor area. 

 

2.2.8. Statistical analysis  

Statistical significance was evaluated using the Student’s t-test. 

 

2.3. Results 

2.3.1. Optimization of the MCF10DCIS cell line in orthotropic and xenograft 

injections in vivo 

In our preliminary studies, we first compared the DCIS progression of 

MCF10DCIS xenografts between the mammary fat pad and subcutaneous injections. The 
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subcutaneous xenografts formed a higher number of comedo DCIS lesions and more 

consistently produced DCIS lesions compared to the mammary fat pad xenografts (Fig. 

2.1 and Fig 2.2), in agreement with a previous report by Hu et al (51). Comparison of 

four separate lesions from subcutaneous or mammary fat pad at week 3 shows that 

subcutaneous xenografts reproducibly form a higher number of DCIS lesions compared 

to the mammary fat pad xenografts (Fig. 2.1). The subcutaneous xenografts show a clear 

point of DCIS to IDC transition so it is easy to determine whether pharmacological 

agents, such as BXL0124, inhibits this transition (Fig. 2.2A), whereas with the mammary 

fat pad xenografts it is not clear when or if the transition is blocked, and quantification of 

DCIS structures is difficult without further IHC analysis (Fig. 2.2B). Therefore, we 

proceeded with the MCF10DCIS subcutaneous xenograft model for the clarity of 

studying the effects of pharmacological agents on DCIS progression to IDC.  

 

2.3.2. BXL0124 inhibits tumor growth without hypercalcemia or hepatotoxicity 

Animals treated with BXL0124 showed a reduction in average tumor volume over 

the first 3 weeks and significant repression was observed by week 4 with a 43% reduction 

in tumor size (p < 0.05) (n=5 per group) (Fig. 2.3A). BXL0124 treatment did not cause 

any significant changes in body weight or serum calcium levels, indicating that there was 

no observed hypercalcemic toxicity associated with the given dose over four weeks of 

treatment (n=4 per group) (Fig. 2.3B-C). Histopathological analysis of livers from mice 

treated with BXL0124 six times per week for did not show significant pathologic 

processes (n=4 per group)  (Fig. 2.3D). There was variability within the range of normal 
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for the following criteria: lymphocyte infiltrates, neutrophilic infiltrates, glycogen stores, 

and mitotic figures. 

 

2.3.3. BXL0124 inhibits tumor progression to invasive ductal carcinoma in 

MCF10DCIS xenografts 

Using MCF10DCIS subcutaneous xenografts, we investigated the 

histopathological and molecular changes that occurred during the growth of tumors in 

nu/nu mice over the course of 4 weeks. H&E staining showed that MCF10DCIS cells 

subcutaneously xenografted into nu/nu mice formed lesions histologically resembling 

that of human DCIS. In the control group, DCIS lesions started to escape to an invasive-

like stage at week 3 and the tumors advanced to IDC rapidly by week 4, at which time the 

tumors were 80% invasive (Fig. 2.4B). The tumors treated with BXL0124 formed DCIS 

lesions by week 3 and unlike control tumors, maintained these DCIS lesions through 

week 4, showing approximately 30% invasive histology (p < 0.05) (Fig. 2.4B).  

These results prompted the investigation at a further time point of 5 weeks to 

assess whether DCIS-like lesions from BXL0124 treated tumors would progress to IDC 

(Fig. 2.4C). H&E staining reconfirmed the initial study, which showed that lesions started 

to escape to an invasive-like stage at week 3 and progressively advanced to IDC at week 

4 in the control group (Fig. 2.4C). BXL0124 treated tumors showed invasive areas at 

week 3, however these lesions did not rapidly progress as was observed in the control 

group. Progression was delayed and by week 5 BXL0124 treated xenografts were still 

primarily DCIS-like lesions (Fig. 2.4C). 
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The inhibition of MCF10DCIS progression with BXL0124 was confirmed in 

mammary fat pad xenografts. Difficulty in analyzing H&E staining for DCIS-like lesions 

in the mammary fat pad, due to increased stromal composition and microenvironment, 

prompted the use of alternative staining which directly stains the myoepithelial cell layer. 

Immunohistochemical staining of the myoepithelial cell layer with smooth muscle actin 

(SMA) was used to stain for DCIS-like lesions (Fig. 2.5A). As previously shown, the 

formation of DCIS lesions in the mammary fat pad was less consistent and the sheer 

number of DCIS lesions was less compared to the subcutaneous lesions (Fig 2.1, Fig 

2.5A). Despite this, in the control group, the percentage of DCIS-like lesions slowly 

progressed to an invasive-like state starting at 30% DCIS in week 1 and progressing to 

5% DCIS by week 4 in the control group (Fig. 2.5B). Similar to the control group, tumors 

treated with BXL0124 formed 31% DCIS histology in week 1, however, these levels of 

DCIS were maintained through week 4, exhibiting 34% DCIS histology at the time the 

experiment was terminated (Fig. 2.5B). 

 

2.3.4. BXL0124 treatment decreases the cell proliferation of MCF10DCIS tumors at 

week 4 

Cell proliferation was determined by measuring proliferating cell nuclear antigen 

(PCNA) by immunohistochemistry staining. The cell proliferation in MCF10DCIS 

tumors remained relatively low through week 3. As control tumors progressed to an 

invasive phenotype at week 4, there was a marked increase in the level of PCNA 

expression compared to previous weeks. Treatment with BXL0124 showed a significant 



35 

 

 

 

decrease in PCNA levels compared to the control at week 4 (Fig. 2.6A). For subjective 

analysis, four tumors from each group were blinded and were analyzed for PCNA 

staining intensity. The intensities were scored from 0+ (negative staining) to 3+ 

(strongest staining) for each individual cell. The sum of all positive staining including 1+, 

2+, and 3+ was used to calculate the percentage of PCNA-positive cells. Quantification 

showed that 52% of the cells were PCNA-positive in the control group at week 4, 

whereas only 32% of cells were positive in the BXL0124-treated group at week 4 (p < 

0.05) (Fig. 2.6B). 

 

2.3.5. BXL0124 treatment maintains vitamin D receptor levels in MCF10DCIS 

tumors 

MCF10DCIS xenograft tumors express vitamin D receptor (VDR). From weeks 1 

to 3, VDR levels were similar between control and BXL0124 treatment groups. VDR was 

lost upon the rapid progression from DCIS to invasive tumors in the control group in 

week 4. However, treatment with BXL0124 not only maintained DCIS histology but also 

retained VDR levels at week 4 (Fig. 2.7A). It is interesting to note that VDR expression 

is lost where epithelial and stromal cells come in contact, suggesting that this cell-to-cell 

interaction could potentially reduce VDR levels. Four tumors from each group were 

blinded and analyzed for VDR staining intensity. The intensities were scored from 0+ 

(negative staining) to 3+ (strongest staining) based on pixel intensity of staining. The sum 

of all positive staining including 1+, 2+, and 3+ was used to calculate the percentage of 

VDR-positive cells. Quantification showed 66% VDR-positive staining in the control 
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tumors, compared to 81% positive staining in the BXL0124 group at week 4 (p < 0.05) 

(Fig. 2.7B). VDR levels were also analyzed in xenograft tumors by western blot, showing 

a 60% increase in the xenografts from BXL0124 treated mice compared to the control 

xenograft tumors (Fig. 2.7C).  

Interestingly, despite the changes in protein levels of VDR we did not see a 

significant change in mRNA expression of the VDR gene at weeks 3 or 4 upon BXL0124 

treatment (Fig. 2.9). We did not detect significant biological changes in the vitamin D 

metabolizing genes CYP24A1 (catabolism) or CYP27B1 (synthesis) in week 3 and 4 

xenograft tumors (Fig. 2.9). In order to determine if VDR is expressed in myoepithelial 

cells, we assessed the immunofluorescence staining of VDR together with the 

myoepithelial marker, smooth muscle actin (SMA). VDR staining did not co-localize 

with SMA staining in any of the samples that were analyzed, indicating that VDR 

expression was confined in luminal cells (Fig. 2.8). In addition, the loss of VDR was 

evident in week 4 control xenografts, whereas the maintenance of VDR levels upon 

BXL0124 treatment was shown at week 4 (Fig. 2.8). 

 

2.3.6. Treatment with BXL0124 inhibits progression to IDC by maintaining the 

myoepithelial cell layer 

The main diagnostic feature which distinguishes DCIS from invasive lesions is 

the loss of the critical myoepithelial cell layer and basement membrane (51). To 

investigate the integrity of the cell layers throughout progression, we analyzed the 

myoepithelial marker smooth muscle actin (SMA) and the epithelial marker 
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pancytokeratin (panCK) in xenograft tumors. Tumors at weeks 1 and 2 were composed 

primarily of epithelial cells as noted by panCK staining. There was a gradual 

establishment of the myoepithelial cell layer starting at week 2, fully forming around the 

epithelial cells in both the control and BXL0124 treated group by week 3 (Fig. 2.10). In 

the control group tumors, the myoepithelial cell layer spontaneously dissociated from its 

organized structure by week 4 as the tumors progressed to IDC. However, the course of 

BXL0124 treatment showed the formation of the myoepithelial cell layer in week 3 and 

maintained organization of the myoepithelial cell layer at week 4 (Fig. 2.10).  

 

2.3.7. Treatment with BXL0124 maintains the basement membrane 

To assess the effects of BXL0124 on the integrity of the basement membrane, co-

immunofluoresence staining was carried out with a basement membrane marker, laminin 

5, and a myoepithelial marker, SMA. The basement membrane formed by week 2, and 

was maintained in week 3 in both the control and BXL0124 treated groups. At week 4, 

the basement membrane was disrupted in the invasive-like tumors of the control group, as 

indicated by reduced and fragmented staining of laminin 5. This structure remained intact 

in the BXL0124 treated tumors at week 4 (Fig. 2.11).  

 

2.3.8. BXL0124 inhibits the mRNA expression of the matrix metalloproteinases 

during DCIS to IDC progression 
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Matrix metalloproteinases (MMPs) have been implicated in increased tumor 

growth, invasion, and metastasis (202, 203). These effects are largely due to the 

enzymatic activity of MMPs, which allows them to remodel the extracellular matrix 

leading to cell invasion (204, 205). Additionally growth factors and cytokines secreted by 

inflammatory and stromal cells have been shown to modulate MMP expression (206). 

Consequently, we assessed the mRNA levels of specific MMPs in MCF10DCIS tumor 

xenografts at weeks 3 and 4. Analysis of MCF10DCIS tumors showed a significant 

decrease in the mRNA levels of MMP2, 9, 14, and 15 upon BXL0124 treatment at week 

3 while MMP16 did not change (Fig. 2.12A). The modulation of MMP2 and MMP14 

expression by BXL0124 treatment persisted to week 4. Tissue inhibitors of 

metalloproteinases (TIMPs) are endogenous inhibitors of these MMPs (207). We did not 

detect significant biological changes in TIMP1, 2, 3, or 4 in week 3 and 4 xenograft 

tumors (Fig. 2.12B). These observations suggest that reduction of MMP expression by 

BXL0124 contributes to the inhibition of transition from DCIS to invasive carcinomas.  

 

2.4. Discussion 

DCIS progression to IDC is defined by the escape of inner luminal epithelial cells 

through the outer layer of myoepithelial cells and the basement membrane, ultimately 

coming in contact with the stromal cell population (49). Previous reports have shown that 

myoepithelial cells can arise from the luminal cell population, but not vice versa (49, 187, 

208, 209). In our study, the MCF10DCIS xenografts show growth of the epithelial cells 

in the early weeks followed by the formation of the myoepithelial cell layer which is 
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consistent with those reports. BXL0124 does not seem to affect the rate of formation of 

the myoepithelial layer (Fig. 2.10, Weeks 1, 2, and 3), however it does significantly 

reduce the rate at which the myoepithelial cell layer is broken down (Fig. 2.10, Week 4), 

suggesting that BXL0124 inhibits the transition from DCIS to invasive carcinoma. When 

the staining of laminin 5 in the DCIS and IDC lesions are examined histologically, it is 

clear that BXL0124 treatment helps to maintain an intact, organized structure of the 

critical basement membrane (Fig. 2.11, Week 4). It is also interesting to note that the 

basement membrane forms first in week 2 followed by the myoepithelial cell layer at 

week 3. This suggests that the basement membrane might act as a scaffold for the 

formation of the myoepithelial cell layer, and the loss of this scaffold through enzymatic 

degradation could partially account for the disorganization of the myoepithelial cell layer 

observed in week 4 control tumors. Analyzing the effects of BXL0124 on the progression 

of DCIS to IDC (Fig. 2.4A, 2.5A), we found that the treatment sustains DCIS lesions and 

prevents progression to IDC through maintenance of the critical myoepithelial cell layer 

and the basement membrane. 

The progression from DCIS to IDC is believed to be provoked largely by the 

production of proteolytic enzymes (210). MMPs degrade proteins involved in 

extracellular matrix structure and molecules involved in cell-cell adhesion, which release 

epithelial cells from their ordered layers and deregulate cell signaling, ultimately leading 

to extensive changes in gene transcription (211). MMP2 and MMP9, the gelatinases, are 

responsible for the degradation of type IV collagen as well as laminin 5, components of 

the basement membrane (210, 212). MMP2 is secreted in a latent form and requires 

activation by MMP14 to its pro-MMP2 form (213). Aside from its activating function, 
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MMP14 as well as MMP15 and MMP16 have been shown to directly affect cell invasion 

by remodeling the basement membrane in vivo (214). Thus, reduction of MMP2, MMP9, 

MMP14 and MMP15 by BXL0124 in week 3 prior to the transition of DCIS to IDC likely 

contributes to the maintenance of the basement membrane in the tumor xenografts. This 

suggests that the down-regulation of MMPs by BXL0124 treatment could play a major 

role in the preservation of DCIS histology.  

As tumors progress to IDC, there is a significant increase in cell proliferation 

which is consistent with previous findings that stromal and tumor epithelial cell 

interactions can enhance proliferation (215). The significant reduction of the proliferation 

rate in tumors from BXL0124 treated animals at week 4 demonstrates the potential of 

BXL0124 to slow the growth of DCIS epithelial cells. Since the effects of BXL0124 are 

known to be dependent on VDR (147, 202), we analyzed VDR levels over the course of 

tumor progression. It was previously shown that a decrease in protein levels of VDR have 

been correlated with the progression from benign to malignant breast lesions (153). In our 

study, the BXL0124 treatment not only maintained the integrity of the DCIS structure, 

but also retained VDR levels in the epithelial cells (Fig. 2.7A, Week 4). VDR protein 

levels were increased in week 4 BXL0124 treated xenografts, however mRNA expression 

was unchanged in weeks 3 or 4, suggesting that loss of VDR in week 4 control tumors is 

likely due to protein degradation or possible post-translational regulation. Interestingly, 

loss of DCIS architecture seems to be a determining factor in the loss of VDR expression, 

suggesting that the interaction with the surrounding stromal cells could play a major role 

in the down-regulation of VDR. Whether adjacent stromal-to-epithelial cell contact or 

factors secreted from stromal cells contribute to the loss of VDR needs to be further 
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investigated. Analysis of VDR and SMA co-localization studies show that VDR is not 

expressed in the myoepithelial cell layer or stroma but within the luminal cells. In 

invasive tumors, VDR negative cells include both tumor and stroma cells. Taken 

together, it appears that VDR is expressed in the luminal cell population and this 

expression is lost upon progression to IDC. This further suggests that BXL0124 does not 

act directly on the myoepithelial cell layer but may exert its anti-tumor effects through a 

paracrine mechanism from the luminal cells. The analysis of DCIS revealed increased 

VDR levels and decreased cell proliferation, providing a prevention strategy to inhibit the 

early progression of DCIS to IDC with the treatment of vitamin D or its analogs (Fig. 

2.13, 2.14). These data suggest a novel mechanism in which down-regulation of VDR is 

synchronized with the loss of the critical myoepithelial cell layer and basement 

membrane.  

 

2.5 Conclusion 

Breast cancer progression is indicated by the loss of normal tissue architecture 

allowing invasion into surrounding tissue (47). In the present study, BXL0124 inhibited 

the progression of DCIS to IDC by maintaining the integrity of the myoepithelial cell 

layer and basement membrane. The inhibitory activity of BXL0124 on MMP mRNA 

expression is likely a contributor to the maintenance of DCIS organization and inhibition 

of tumor progression. Finally the tumor cell proliferation was reduced by BXL0124, 

likely due to the presence and maintenance of VDR in luminal cells as tumors 

progressed. This study with a novel Gemini vitamin D analog BXL0124 in the 
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MCF10DCIS model suggests a unique treatment modality preventing the progression of 

DCIS to an aggressive, invasive-like disease. 
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Figure 2.1 Comparison of the progression of untreated MCF10DCIS subcutaneous 

and mammary fat pad xenografts 

(A) Representative hematoxylin and eosin (H&E) staining comparing the progression of 

MCF10DCIS subcutaneous and mammary fat pad untreated xenografts from one to four 

weeks. Black triangles mark centers of DCIS lesions within xenografts. White triangles 

inside dotted outlines mark areas of stromal invasion in week 4 tumors. (B) Comparison 

between subcutaneous and mammary fat pad xenografts at week 3. Each section 
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represents a tumor from a different mouse, exhibiting the higher number of DCIS lesions 

formed and the consistency in DCIS formation in the subcutaneous xenograft model 

compared to the orthotopic xenograft model. Black triangles mark centers of DCIS 

lesions within xenografts.  
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Figure 2.2 Comparison of the progression of MCF10DCIS subcutaneous and 

mammary fat pad xenografts treated with BXL0124 

Representative hematoxylin and eosin (H&E) staining showing the progression of 

MCF10DCIS subcutaneous (A) and mammary fat pad xenografts (B) in nu/nu mice from 

weeks 1, 2, 3, and 4 (400x). Black triangles mark centers of DCIS lesions within 

xenografts. White triangles inside dotted outlines mark areas of stromal invasion in week 

4 tumors. 
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Figure 2.3 BXL0124 inhibits tumor growth in MCF10DCIS xenografts without 

hypercalcemia or hepatotoxicity 

(A) Average tumor volume of MCF10DCIS subcutaneous xenografts at weekly time 

points is shown, * p < 0.05 (n=5 per group). Tumor volume (V; cubed centimeters) was 

calculated using the equation V = D*d
2
/2 where D (centimeters) and d (centimeters) are 

the largest and smallest perpendicular diameters. (B) Average final bodyweight at 

necropsy is shown (n=5 per group) (C) Serum calcium determination to assess 
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hypercalcemic toxicity is shown (n=5 per group) (D) A representative hematoxylin and 

eosin (H&E) staining showing the histology of liver sections (5µm) from mice treated 

with BXL0124 and with vehicle control for 5 weeks, 100x magnification is shown, 

expanded magnification (400x) is shown for an enhanced view of cells. 
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Figure 2.4 BXL0124 inhibits tumor progression to invasive ductal carcinoma in 

MCF10DCIS subcutaneous xenografts 

(A) A representative hematoxylin and eosin (H&E) staining showing the progression of 

MCF10DCIS subcutaneous xenografts in nu/nu mice from weeks 1, 2, 3, and 4 (40x). (B) 

DCIS quantification, * p < 0.05 (n=4 per group) (C) A representative hematoxylin and 

eosin (H&E) staining showing the progression of MCF10DCIS subcutaneous xenografts 

in nu/nu mice from weeks 1, 2, 3, 4, and 5 (40x). Dotted lines represent the outlines of 

individual DCIS lesions for a visualization of the amount of DCIS in each H&E section.  
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Figure 2.5 BXL0124 inhibits tumor progression to invasive ductal carcinoma in 

MCF10DCIS mammary fat pad xenografts. 

(A) A representative immunohistochemical analysis of SMA in mammary fat pad tumor 

samples from weeks 1, 2, 3, and 4 is shown (100x). (B) DCIS quantification, (n=4 per 

group). 
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Figure 2.6 Treatment with BXL0124 decreases the proliferation of MCF10DCIS 

tumors at week 4 

(A) A representative immunohistochemical analysis of PCNA in tumors from weeks 1, 2, 

3, and 4 is shown (100x). PCNA-positive staining is found in the nucleus of the cells. (B) 

Four tumors from each group were blinded and quantified, three representative areas 

from each tumor were quantified for the intensity of PCNA staining, mean +/- S.E.M. 

The staining intensities were scored from 0+ (negative staining) to 3+ (the strongest 

staining), * p < 0.05. 
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Figure 2.7 BXL0124 treatment inhibits the loss of vitamin D receptor (VDR) in 

MCF10DCIS tumors 

(A) A representative immunohistochemical analysis for VDR from weeks 1, 2, 3, and 4 is 

shown (40x). VDR-positive staining is found in the cytoplasm and nucleus of the cells. 

Whole tumor mounts of VDR expression from week 4 is shown as a contracted view 

(10x). (B) Four tumors from each group were blinded and quantified and three 

representative areas from each tumor were quantified for the intensity of VDR staining, 

mean +/- S.E.M. The staining intensities were scored from 0+ (negative staining) to 3+ 

(the strongest staining), * p < 0.05. (C) The protein level of VDR was increased in the 

tumors of week 4 BXL0124 treated mice as shown by western blot analysis. Five 
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xenograft tumors from each group were combined for pooled samples. β-actin was used 

as a loading control.  
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Figure 2.8 Immunofluorescence staining of vitamin D receptor (VDR) does not co-

localize with smooth muscle actin (SMA) in MCF10DCIS xenografts. 

A representative immunofluorescence staining with the myoepithelial cell marker, SMA 

(shown in red), and VDR (shown in green) on tumors from weeks 3 and 4 are shown 

(200x). Nuclei were stained with TO-PRO-3 (blue). Scale bars represent 100 µm. 

  



54 

 

 

 

 

Figure 2.9 The expression of vitamin D receptor (VDR), and metabolizing enzymes, 

CYP24A1 (catabolism) and CYP27B1 (synthesis), in MCF10DCIS subcutaneous 

xenografts treated with BXL0124 at weeks 3 and 4 

 qPCR analysis of mRNA expression of the vitamin D receptor (VDR) and vitamin D 

metabolizing enzymes, CYP24A1 (catabolism) and CYP27B1 (synthesis), is shown from 

MCF10DCIS subcutaneous xenograft samples from weeks 3 and 4, mean +/- S.E.M (n=5 

per group). The cycle number is provided in parenthesis.  
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Figure 2.10 Treatment with BXL0124 inhibits progression to invasive ductal 

carcinoma by maintaining the myoepithelial cell layer. 

Treatment with BXL0124 inhibits DCIS progression to IDC by maintaining the 

myoepithelial cell layer. A representative immunofluorescence staining for tumor 

samples from weeks 1, 2, 3, and 4 with the myoepithelial cell marker smooth muscle 

actin (SMA, shown in red) and the epithelial cell marker pancytokeratin (panCK, shown 

in green) is shown (200x). Nuclei were stained with TO-PRO-3 (blue). Expanded 

magnification is shown for specific areas from week 4 tumors. Scale bars represent 100 

µm. 
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Figure 2.11 Treatment with BXL0124 maintains the basement membrane in ductal 

carcinoma in situ structures. 

Treatment with BXL0124 maintains the basement membrane. A representative 

immunofluorescence staining with the myoepithelial cell marker SMA (shown in red) 

and the basal membrane marker laminin 5 (shown in green) on tumors from weeks 1, 2, 

3, and 4 is shown (200x). Nuclei were stained with TO-PRO-3 (blue). Expanded 

magnification is shown for specific areas from week 4 tumors. Scale bars represent 100 

µm. 
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Figure 2.12 BXL0124 inhibits the mRNA expression levels of the matrix 

metalloproteinases during DCIS to IDC progression 

 (A) qPCR analysis of MMP mRNA levels in MCF10DCIS tumors from weeks 3 and 4 is 

shown, mean +/- S.E.M., Cycle numbers are shown in parenthesis: MMP2 (25), MMP9 

(28), MMP14 (23), MMP15 (28), and MMP16 (25). Statistical significance refers to the 

respective week control, * p < 0.05, ** p < 0.01, *** p < 0.001 (n=3-5 per group). (B) 

qPCR analysis of tissue inhibitor of matrix metalloproteinases (TIMP) mRNA levels in 

MCF10DCIS tumors from weeks 3 and 4 is shown, mean +/- S.E.M., Cycle numbers are 

shown in parenthesis: TIMP1 (30), TIMP2 (26), TIMP3 (24), TIMP4 (33), (n=3-5 per 

group). 
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Figure 2.13 Summary of the effects of BXL0124 treatment on MCF10DCIS 

xenografts.  

Abbreviations:  DCIS – ductal carcinoma in situ;  IDC – invasive ductal carcinoma;  

MEC – myoepithelial cell layer;  BM- basement membrane;  PCNA – proliferating cell 

nuclear antigen;  VDR – vitamin D receptor 
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Figure 2.14 Summary of BXL0124 effects on breast cancer progression 

Abbreviations:  DCIS – ductal carcinoma in situ;  IDC – invasive ductal carcinoma;  

MMPs – matrix metalloproteinases  
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Chapter 3: Vitamin D receptor is differentially expressed in from 

normal to malignant tissue 

 

3.1 Rationale 

Vitamin D receptor (VDR) is expressed in various cell types of the mammary 

gland. Vitamin D treatment inhibits breast cancer cell proliferation, induces cell 

apoptosis, and prevents carcinogenesis in models of breast cancer (216, 217). We have 

previously demonstrated that a Gemini Vitamin D analog inhibits breast cancer tumor 

growth in vivo and works in a VDR-dependent manner (147, 218). We observed that the 

VDR is expressed in early stages of an in vivo model of breast cancer progression, but is 

sequentially lost as DCIS-like lesions progress to invasive disease (218). There is limited 

data on VDR levels during the clinical progression of breast cancer from premalignant 

lesions to advanced disease. Due to the necessity of VDR in breast cancer to utilize 

endogenous vitamin D as well as exogenous forms of the compound, such as BXL0124, 

as a preventative or treatment option, we assessed VDR levels in samples of breast tissue 

from patients having various stages of the disease. 

 

3.2 Materials and Methods 

3.2.1 Patient Samples 

Patient samples were acquired from the Biospecimen Repository Service tissue 

bank, under the administrative control of The Cancer Institute of New Jersey (CINJ). The 
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study was approved by the UMDNJ institutional review board and CINJ Scientific 

Review Board. We randomly identified 11 patient samples from the available breast 

cancer samples containing ductal carcinoma in situ or invasive disease. These breast 

tissues were obtained from women who had undergone mastectomy to remove their 

breast cancer. Frozen samples of tumors and natural tissue, and unstained cut slides from 

paraffin embedded tumors were acquired. The tissue sample (tumor and normal adjacent 

breast tissue) was collected and snap frozen in liquid nitrogen or fixed in formalin for 24 

hours, and then embedded in paraffin. These samples were assessed by a pathologist at 

the facilities to establish clinicopathologic features (Table 3.1). 

 

3.2.2. Immunohistochemical (IHC) Analysis 

Tumor sections were received from the Biospecimen Repository Service at The 

Cancer Institute of New Jersey (CINJ) cut at 5 µm thickness and mounted on slides. 

Sections were stained as previously described with antibodies to vitamin D receptor 

(VDR) (1:200, Santa Cruz Biotechnology, sc-13133, Santa Cruz, CA) (200). The sections 

were counterstained with Harris hematoxylin (Sigma Aldrich, St. Louis, MO).  

 

3.2.3. Western Blot Analysis 

The procedures have been described previously (200). Five tumor samples from 

each group were homogenized and pooled for analysis. Primary antibodies against VDR 

(1:200, Thermoscientific, MA1-710, Waltham, MA) and β-actin (1:2000, Sigma-Aldrich, 
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A1978, St. Louis, MO) were used for analysis. Secondary antibodies were from Santa 

Cruz Biotechnology. Western Blots were quantified by using ImageJ software (US 

National Institutes of Health, Bethesda, MD) and calculating the relative density of the 

bands using the gel analyzer command. Bands from VDR levels were normalized to the 

loading control, β-actin.  

 

3.2.4. Statistical analysis  

Statistical significance was evaluated using the Student’s t-test. 

 

3.3 Results 

3.3.1 The vitamin D receptor is expressed in clinical breast cancer samples at 

different stages of progression 

VDR was assessed in clinical tumor samples by immunohistochemistry staining. 

VDR was expressed in tumor samples at different stages of progression. VDR was 

expressed but did not show localization to a specific cell type or region within tumors 

(Fig. 3.1). Western blot analysis was performed to attain more quantifiable measurements 

of VDR levels in the tumors. Normalized quantification of VDR western blots is labelled 

below the VDR blot and gave relative density values ranging from 0.2 to 1.1 (Fig. 3.2). 

These western blot results reconfirmed VDR expression in all tumor samples and that 

expression varied between tumors. We did not observe significant correlations of VDR 
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levels with histological type (DCIS/IDC) or receptor status of the tumors, however it is 

important to note that the small sample size may not portray a full picture (Table 3.1). 

 

3.3.2 The vitamin D receptor was not differentially expressed in DCIS or IDC from 

the same patient 

In the two samples that contained lesions of DCIS and invasive disease, VDR was 

analyzed by immunohistochemistry staining against the different histological areas within 

the same patient. The areas consisting of both DCIS and IDC expressed VDR. VDR was 

found not to be differentially expressed between these two tumor types in the same 

individual (Fig. 3.3). 

 

3.3.3. Vitamin D receptor levels were lower in tumor tissue compared to normal 

adjacent breast tissue 

VDR levels from the clinical samples were analyzed by western blot. Breast 

cancer samples (labeled with T) were compared to adjacent normal breast tissue (labelled 

with N) for VDR protein levels. Quantification of VDR normalized to β-actin as loading 

control is labelled under the VDR blots. The results consistently show that expression of 

VDR in normal tissue was higher than that in the tumor-containing tissue (Fig 3.4). The 

quantification of western blots is represented in a bar graph normalized to VDR 

expression in corresponding normal tissue. From these results we show that tumor 
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containing tissue showed 64% lower levels of VDR compared to the normal adjacent 

breast tissue from the same patients (p < 0.01), (Fig. 3.4). 

 

3.4 Discussion 

Breast cancer is a heterogeneous disease associated with various outcomes and 

responses to therapies. Vitamin D and its analogs have been suggested as prevention and 

treatment methods for breast cancer (179). They act through the vitamin D receptor 

(VDR), hence making clinical VDR expression essential for the utilization of vitamin D 

and its analogs in the treatment of breast cancer (147, 179, 219). We investigated the 

expression of VDR in 11 clinical samples comprising normal breast, carcinomas in situ, 

and invasive carcinoma.  

The VDR is expressed in clinical breast cancer samples at different stages of 

progression from normal mammary tissue to invasive disease.  We observed that VDR 

was expressed in normal adjacent breast tissue and its levels were diminished in tumor 

containing tissue from the same patient. This suggests that the malignant transformation 

of normal cells could induce the down-regulation of VDR leading to reduced expression 

observed in in situ and invasive carcinomas. Consistent with our results, 

immunohistochemical studies on human tissue have shown that VDR is expressed in 

normal breast tissues (153, 220). Lopes et al. demonstrated that the normal mammary 

gland expressed VDR in 100% of cases assessed and a reduction in the percentage of 

positive cases was observed in carcinomas in situ (47.3%) and in invasive carcinomas 

(56.2%) (153). These results are also consistent with our study which showed that VDR 
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was not differentially expressed in in situ and invasive carcinomas from the same patient. 

The molecular composition of DCIS and invasive cancer from the same patients are 

frequently found to be closely related on the basis of their gene expression profiles (221-

223). Therefore it is not surprising that the VDR levels are similar between DCIS and 

IDC in the same patient in the samples that were analyzed. It is important to note that 

normal and malignant tissues were derived from different patients in the Lopes study and 

our study assessed normal and malignant tissues within the same patient. This design was 

to gain a better understanding of how VDR progresses within individual patients.   

 These results show that VDR is differentially expressed from normal mammary 

tissue to early lesions of breast cancer, suggesting that vitamin D or its analogs could 

have an added benefit during different stages of breast cancer progression. Clinically, 

vitamin D can be utilized in a variety of breast cancer cases but would be most effective 

in a preventative setting due to higher levels of VDR expression in normal breast tissues.   

 

3.5 Conclusion 

From these studies we conclude that during the malignant transformation of 

mammary cells, tumor cells lose their ability to maintain their VDR levels and in turn 

might have a lower response rate to the active form of vitamin D. These studies also 

show the presence of VDR in normal mammary tissue and in tumors from clinical 

samples, suggesting the potential of vitamin D supplementation as a preventative or 

treatment strategy. Despite these results and consistencies with the literature, it is 
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important to note that this is a small sample set, and in order to verify these results it is 

necessary to analyze a much larger sample size. 
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Table 3.1 Pathological analysis of clinical breast cancer samples 
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Figure 3.1 Vitamin D receptor is expressed in clinical breast cancer samples at 

different stages of progression. 

Immunohistochemistry for VDR in individual tumors samples from patients with pre-

malignant lesions or invasive disease. Panels are 40x and 400x magnifications. Numbers 

indicate patient sample ID numbers; each number represents a tumor from a different 

patient. 

  



69 

 

 

 

 

Figure 3.2 Vitamin D receptor is expressed to varying degrees in clinical breast 

cancer samples. 

Western blot analysis of vitamin D receptor levels is shown. Numbers above western blot 

indicate patient sample ID numbers; each number represents a tumor from a different 

patient. Numbers below the western blot represent quantification of western blot by 

densitometric analysis using ImageJ software. The VDR quantification was normalized to 

the β-actin loading control. 
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Figure 3.3 Vitamin D receptor was not differentially expressed in DCIS or IDC 

lesions from the same patient. 

Immunohistochemistry for VDR in clinical samples containing both lesions of ductal 

carcinoma in situ (DCIS) and invasive ductal carcinoma (IDC). Panels are 40x 

magnification. Numbers above panels represent patient sample numbers: each number 

represents a tumor from a different patient. 
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Figure 3.4 Vitamin D receptor (VDR) levels were lower in tumor tissue compared to 

normal adjacent breast tissue from the same patient. 

Western blot analysis of vitamin receptor (VDR) is shown. Tissues were analyzed for 

VDR levels in tumor containing tissue (designated as T) and normal tissue (designated as 

N). The normal adjacent breast tissue was acquired from the same patient as the tumor 

containing tissue. Quantification of the VDR western blot was performed by 

densitometry and normalized to the β-actin loading control. This was represented as a bar 

graph with the normal tissue samples set to 100% and tumor tissue represented as a 

percentage of the VDR levels in normal tissue, mean +/- S.E.M., * p < 0.01.  
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Chapter 4: Vitamin D compounds repress mammosphere formation and 

decrease expression of stem cell markers in breast cancer 

 

Note: Sections of this chapter have been reproduced from the following publication:  

Wahler, J., So, J.Y., Cheng, L.C., Maehr, H., Uskokovic, M., Suh, N. (2015) Vitamin D 

compounds reduce mammosphere formation and decrease expression of putative stem 

cell markers in breast cancer. J Steroid Biochem Mol Bio. 148:148-55. 

 

4.1. Rationale 

Based on the results presented in Chapter 2, BXL0124 maintained the integrity of 

critical structures related to non-cancerous breast lesions which are typically lost during 

the progression to malignant disease, suggesting that BXL0124 slows the progression of 

breast cancer in the MCF10DCIS xenograft model of breast cancer. Recent studies 

demonstrated that a cancer stem cell-like population identified within basal-like DCIS 

has the capacity to drive malignant progression to IDC (224). We previously showed that 

the vitamin D analog, BXL0124, repressed CD44, a key surface marker in cancer stem 

cells, suggesting that it could be a potential agent to target breast cancer stem cells 

(BCSCs) (147).  

Since BCSCs have been implicated in DCIS progression, we investigated the 

effects of vitamin D compounds on the breast cancer stem cell-like population and stem 

cell properties. A hallmark of breast cancer stem cells is their ability to form anchorage-
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independent spherical colonies in vitro known as mammospheres. In order to study 

BCSCs, we utilized breast cancer cell lines in mammospheres-forming assays. These 

assays have been used in various tissue types for the quantification of stem cell activity 

and self-renewal (132). The formation of primary mammospheres is a measure of stem 

cell and early progenitor activity (225). The ability to specifically target the BCSC 

subpopulation has important implications in the treatment and prevention of breast cancer 

with vitamin D compounds.  

 

4.2. Materials and Methods 

4.2.1. Reagents and Cell Culture 

1,25(OH)2D3 and a Gemini vitamin D analog [BXL0124; 1,25-dihydroxy-20R-

21(3-hydroxy-3-deuteromethyl-4,4,4-trideuterobutyl)-23-yne-26,27-hexafluoro-

cholecalciferol, >95% purity] (Figure 1) were provided by BioXell, Inc. (Nutley, NJ) and 

dissolved in dimethyl sulfoxide (DMSO). The MCF10DCIS human breast cell line was 

provided by Dr. Fred Miller at the Barbara Ann Karmanos Cancer Institute (Detroit, MI). 

The MCF10DCIS cell line was authenticated by short tandem repeat profiling at 

American Type Culture Collection (ATCC, Manassas, VA). MCF10DCIS human breast 

cancer cells were maintained in Dulbecco's Modified Eagle's Medium (DMEM)/F12 

medium supplemented with 5% horse serum, 1% penicillin/streptomycin, and 1% HEPES 

solution at 37°C, 5% CO2. MCF10A (normal breast epithelial cells) and MCF-7 cells 

were acquired from ATCC. MCF10A cells were grown in DMEM/F12 medium, 5% 

horse serum, 1% penicillin/streptomycin, 10 mM HEPES solution, 500 ng/ml 
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hydrocortisone (Stemcell Technologies, Vancouver, BC), 20 ng/ml epidermal growth 

factor (EGF) (Sigma Aldrich, St. Louis, MO), 10 g/ml insulin (Life Technologies, 

Carlsbad, CA) and 100 ng/ml cholera toxin (Sigma Aldrich, St. Louis, MO). MCF-7 cells 

were maintained in DMEM/F-12 supplemented with 10% fetal bovine serum and 1% 

penicillin/streptomycin at 37°C and 5% CO2. 17-β estradiol was purchased from Sigma 

Aldrich (E2758, St. Louis, MO) and dissolved in ethanol. SUM159 breast cancer cells 

were purchased from Asterand (Detroit, MI). SUM159 cells were grown in Ham’s F-12 

culture medium supplemented with 5% fetal bovine serum, 1% penicillin/streptomycin, 1 

µg/ml hydrocortisone and 5 µg/ml insulin at 37°C and 5% CO2. 

 

4.2.2. Mammosphere Forming Assay 

MCF10A or MCF10DCIS cells were grown to 50-70% confluence and cells were 

detached with StemPro Accutase (Life Technologies). MCF10A and MCF10DCIS cells 

were plated at 10,000 cells/mL in 6-well ultra-low attachment plates (Corning Inc., 

Corning, NY). MCF-7 and SUM159 cells were plated at 2,000 cells/mL in 24-well ultra-

low attachment plates. Mammosphere colonies were maintained in Mammocult serum-

free medium supplemented with hydrocortisone and 0.2% heparin (Stem Cell 

Technologies). For MCF-7 cells supplemented with 17-β estradiol (E2758, Sigma 

Aldrich, St. Louis, MO) cells were grown in phenol red free, serum free mammary 

epithelial basal medium (CC-3153, MEBM, Lonza, Walkersville, MD), supplemented 

with 2% B27 supplement (17504-044, Gibco ThermoFisher Scientific, Grand Island, 

NY), 20 ng/ml epidermal growth factor (EGF) (E9644, Sigma Aldrich, St. Louis, MO), 
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20 ng/ml basic fibroblast growth factor (PHG0264, Gibco ThermoFisher Scientific, 

Grand Island, NY), 0.5 µg/ml hydrocortisone (07904, Stem Cell Technologies), and 5 

µg/ml bovine insulin (I6634, Sigma Aldrich, St. Louis, MO). Cells were treated with 

125(OH)2D3 (100 nM) or BXL0124 (10 nM). For secondary and tertiary mammosphere 

culture, primary mammospheres were collected and enzymatically dissociated using 

StemPro Accutase (Life Technologies). Then, cells were re-plated at a density of 5,000 

cells/mL (MCF10DCIS) or 2,000 cells/mL (MCF-7 and SUM159) for subsequent 

passages. Images of mammospheres were taken using an overhead light microscope, and 

the number of mammospheres per well was counted using the lowest magnification (20x) 

to determine the mammosphere forming efficiency (MFE). The MFE was calculated by 

dividing the number of mammospheres (≥100 m) formed by the number of single cells 

seeded. Roundness of spheres was obtained by analysis of photos with ImageJ software 

(US National Institutes of Health, Bethesda, MD). The formula used to calculate 

roundness is 4 x ([area]/[major axis]
2
). A value of 1.0 represents an object that is 

uniformly rounded. A value of 0.0 represents an object that is formless. Experiments 

were repeated in triplicates.  

 

4.2.3. Flow Cytometry 

In monolayer cell culture, MCF10DCIS, SUM159, or MCF-7 cells were grown 

for 48 h. In mammosphere cell culture cells were plated at concentrations of 5,000 

cells/mL (MCF10DCIS) or 2,000 cells/mL (MCF-7 and SUM159) and grown for 5 days. 

Cells were harvested and processed for further analysis. The detailed procedure was 
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described previously (147). MCF10DCIS cells were stained with antibodies against 

CD44-FITC (Cat. 555478), CD49f-FITC (Cat. 561893) ESA-PE (Cat. 347198), and 

CD24-PE (Cat. 555428) from BD Biosciences (San Jose, CA) and ESA-FITC (Cat. 

MCA1870F) from AbD Serotec (Raleigh, NC). The stained cells were analyzed by flow 

cytometry using an FC500 Analyzer (Beckman Coulter) to determine the percentage of 

different CD44/CD24, CD49f/CD24, ESA/CD49f, and CD24/ESA subpopulations. The 

acquisition of ≥ 10,000 cells per treatment was analyzed. 

 

4.2.4. Quantitative Real-Time Polymerase Chain Reaction Analysis 

These procedures have been reported previously (201, 202). The Taqman® probe-

based gene expression system from Applied Biosystems (Foster City, CA) was used to 

detect the genes of interest. Labeled primers for GAPDH (Hs02758991), CD44 

(Hs01075861), ITGA6 (Hs01041011), ITGB6 (Hs00168458), LAMA5 (Hs00966585), 

CD24 (Hs03044178), NOTCH1 (Hs01062014), JAG1 (Hs01070032), JAG2 

(Hs00171432), NFKB1 (Hs00765730), OCT4 (POU5F1) (Hs00999634), GATA3 

(Hs00231122), KLF4 (Hs00358836), SOX2 (Hs01053049), and MYC (Hs00153108) were 

used in analysis.  

 

4.2.5. Annexin-FITC Apoptosis Assay 

The procedures have been described previously (226). The apoptosis assay was 

performed using an apoptosis kit (BD Biosciences, San Jose, CA) according to the 
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manufacturer’s instructions. MCF10DCIS cells were plated at 5,000 cells/mL in 6-well 

ultra-low attachment plates and treated with 125(OH)2D3 (100 nM) or BXL0124 (10 

nM) for 5 days. Mammospheres were then trypsinized to form a single cell suspension. 

Cells were resuspended in binding buffer at a density of 10
6 

cells/mL. Cells were stained 

with Annexin V-FITC and propidium iodide, and analyzed by flow cytometry. 

 

4.2.6. Western Blot Analysis 

The procedures have been described previously (200). Whole-cell lysates (15 

µg/lane) were resolved in 4% to 20% SDS-PAGE from Bio-Rad (Hercules, CA). Blots 

were then probed with the indicated antibodies. Primary antibodies against CD44 (sc-

7297, 1:200), which recognizes both CD44s (standard form) and CD44v (variant form), 

NFB (sc-372, 1:200) and cyclin D1 (sc-718, 1:200) were from Santa Cruz 

Biotechnology (Santa Cruz, CA); CD49f (3750, 1:1000), Notch1 (4380, 1:1000), c-

Notch1 (4147, 1:1000), and pNFB (3031, 1:1000) were from Cell Signaling Technology 

(Beverly, MA); CD24 (555426, 1:200) was from BD Biosciences (San Jose, CA), 

proliferating cell nuclear antigen (PCNA) (M0879, 1:400) was from Dako 

(Carpinteria,CA), and  -actin (A1978, 1:2000) was from Sigma-Aldrich (St. Louis, 

MO). Secondary antibodies were from Santa Cruz Biotechnology.  

 

4.2.7. Xenograft studies 
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All animal studies were approved by the Institutional Review Board for the 

Animal Care and Facilities Committee of Rutgers University. Female nude mice (5-6 

weeks old) were purchased from Charles River Laboratories (Wilmington, MA). They 

were allowed to acclimate to the facility for two weeks at which time they were injected 

(7-8 weeks old) with human MCF10DCIS cells (10
5
 cells) from monolayer or 

mammosphere cell culture into the mammary fat pad. Tumors were palpated twice per 

week and total body weights were measured weekly. Tumors were measured with a 

vernier caliper and tumor volume (V; cubed centimeters) was calculated using the 

equation V = D*d
2
/2 where D (centimeters) and d (centimeters) are the largest and 

smallest perpendicular diameters. Animals were sacrificed 45 days after injection at 

which time tumors were excised and weighed. 

 

4.2.8. Statistical analysis  

Statistical significance was evaluated using the Student’s t-test. 

 

4.3. Results 

4.3.1. Mammosphere cell culture enriches for putative breast cancer stem cell 

populations and markers of pluripotency in the MCF10DCIS cell line 

To validate the use of mammosphere cell culture as a method that enriches for 

breast cancer stem cells (BCSCs), we assessed markers of cancer stem cells in monolayer 

cell culture and compared this to mammosphere cell culture. Flow cytometry analysis of 
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CD44/CD24 was first examined. We observed an increase in the putative     

CD44
+
/CD24

-/low
 breast cancer stem cell population in mammosphere cell culture 

compared to monolayer cell culture (Fig. 4.1A). This was confirmed with an increase in 

the CD49f
+
/CD24

-/low 
subpopulation in mammosphere cell culture (Fig 4.1A). 

Mammosphere cell culture did not enrich for the putative CD49f
+
/ESA

+
 stem cell 

subpopulation since monolayer cell culture was already 100% CD49f
+
/ESA

+
 (Fig 4.1A). 

This also suggests that ESA may not be an effective marker in MCF10DCIS to enrich for 

the breast cancer stem cell population since cells are already 100% ESA
+
.  

Genes involved in pluripotency and maintenance of the stem cell population were 

also enriched in mammosphere cell culture. These included the transcription factor OCT4 

which increased by 2-fold in mammosphere cell culture (p < 0.05), (Fig. 4.1B). 

Expression of GATA3, a transcription factor regulating luminal-epithelial differentiation, 

was also increased 5-fold in mammosphere cell culture (p < 0.05), (Fig. 4.1B). 

Transcription factor KLF4 (Kruppel-like factor 4) expression was increased 8-fold (p < 

0.05), (Fig. 4.1B). The expression of transcription factor SOX2 demonstrated a 9.5-fold 

increase in mammosphere cell culture over monolayer culture (p < 0.05), (Fig. 4.1B). 

Transcription factor MYC was decreased by 64% in mammosphere cell culture (p < 0.05), 

(Fig. 4.1B). The increased expression of these genes in mammospheres cell culture 

suggests the enrichment of a cell population that is capable of increased self-renewal and 

differentiation to multiple cell lineages.  

 



80 

 

 

 

4.3.2. 125(OH)2D3 and BXL0124 reduce the mammosphere forming efficiency and 

alter the mammosphere phenotype of MCF10DCIS cells 

Initially a dose range finding assay was performed to optimize the dose of 

125(OH)2D3 and BXL0124 to use in further assays. Treatment with 125(OH)2D3
 

(10nM, 100nM) or BXL0124 (1nM, 10nM, 100nM) significantly reduced the 

mammosphere forming efficiency (MFE) of MCF10DCIS mammospheres at all doses 

tested (Fig. 4.2). We selected a dose of 10nM for BXL0124 and a dose of 100nM for 

125(OH)2D3 based on previous studies which showed that a dose of 125(OH)2D3 10-

fold higher than that of BXL0124 is typically need to achieve the same biological effects 

(202).  

In mammosphere cultures, MCF10DCIS cells began to form colonies of 100 m 

in size starting at day 3 (data not shown). The mammospheres continued to grow in size 

and number through days 4 and 5. Between days 5 and 7, the number of mammospheres 

began to decrease. We analyzed mammospheres at their peak of growth at days 4 and 5, 

as well as when their number began to decrease at day 7. Spheres that formed from 

MCF10DCIS cells were irregularly shaped and formless (Fig. 4.3A). When these spheres 

were grown in the presence of 125(OH)2D3 or BXL0124, they showed a more round 

and uniform shape (Fig. 4.3A). Spheres from the normal mammary epithelial cell line, 

MCF10A, appeared relatively round and uniform, and there was no significant change in 

the MCF10A mammosphere shape in the presence of 125(OH)2D3 or BXL0124 (Fig. 

4.3A). As shown in Figure 4.3B, treatment of MCF10DCIS mammospheres with 

125(OH)2D3 or BXL0124 for 4, 5, and 7 days resulted in an overall increase in the 
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roundness of spheres. Day 5 showed the most significant difference with an increase of 

35.4% with 125(OH)2D3 (p < 0.01) and an increase of 35.6% with BXL0124 (p < 0.01). 

Treatment with 125(OH)2D3 or BXL0124 did not show significant changes in the 

roundness of spheres in MCF10A cells (Fig. 4.3B). The mammosphere forming 

efficiency (MFE) of MCF10DCIS was 0.12% and 0.12% at days 4 and 5 respectively, 

and by day 7 the MFE was reduced to 0.06% in the control. Treatment with 

125(OH)2D3 significantly reduced the MFE of MCF10DCIS mammospheres at day 4 

(38.8% inhibition, p < 0.01), day 5 (58.0% inhibition, p < 0.01), and day 7 (47.1% 

inhibition, p < 0.05) (Fig. 4.3C). The treatment with BXL0124 also inhibited the MFE of 

MCF10DCIS mammospheres at day 4 (40.8% inhibition, p < 0.01), day 5 (53.8% 

inhibition, p < 0.01), and day 7 (48.6% inhibition, p < 0.01) (Fig. 4.3C). Although 

125(OH)2D3 and BXL0124 modestly affected the MFE in MCF10A cells, the changes 

were not statistically significant (Fig. 4.3C). 

 

4.3.3. 125(OH)2D3 and BXL0124 inhibit the proliferation and decrease the 

expression of putative stem cell markers in MCF10DCIS mammospheres 

MCF10DCIS mammospheres treated with vitamin D compounds demonstrated 

decreased cellular proliferation, as indicated by the reduction of protein levels of cyclin 

D1 and proliferating cell nuclear antigen (PCNA) (Fig. 4.4A). However, treatment of 

MCF10DCIS mammospheres with 125(OH)2D3 and BXL0124 did not induce apoptosis  

(Fig. 4.4B). 
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Putative stem cell markers were analyzed to further characterize the effects that 

were observed in mammospheres. As early as day 4, treatment with vitamin D 

compounds showed a reduction in the protein levels of markers of stem cell maintenance 

and stem cell signaling molecules, such as CD44s (standard form) and CD44v (variant 

form), CD49f, cleaved-Notch1 (c-Notch1; the activated form of Notch1), and 

phosphorylated NFB (pNFB) (Fig. 4.5A). The reduction of these markers by vitamin 

D compounds persisted through days 5 and 7 of treatment, with the exception of pNFB 

at day 7, which did not change upon treatment. The levels of total Notch1, NFB, and 

CD24 were unaffected by treatment with vitamin D compounds (Fig. 4.5A).  

The mRNA levels of key markers associated with stem cell maintenance, such as 

CD44, ITGA6, ITGB6, LAMA5, and CD24, were assessed at day 5. The expression of 

these markers decreased upon treatment with vitamin D compounds (Fig. 4.6A). Cell 

surface receptor CD44 expression was decreased by 65% and 73% with 125(OH)2D3 (p 

< 0.01) and BXL0124 (p < 0.01), respectively. Integrin ITGA6 expression was decreased 

by 63% and 72% with 125(OH)2D3 (p < 0.01) and BXL0124 (p < 0.01), respectively. 

Expression of another integrin, ITGB6, was decreased by 48% and 56% with 

125(OH)2D3 (p < 0.01) and BXL0124 (p < 0.01), respectively. LAMA5 expression was 

decreased by 66% and 70% with 125(OH)2D3 (p < 0.01) and BXL0124 (p < 0.01), 

respectively. CD24 expression was modestly decreased by 26% and 40% with 

125(OH)2D3 (p < 0.01) and BXL0124 (p < 0.01), respectively.  

Treatment with vitamin D compounds also reduced the expression of key 

molecules involved in stem cell signaling such as NOTCH1, Jagged ligands, and NFKB1 
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(Fig. 4.6B). Receptor NOTCH1 expression was decreased by 72% and 84% with 

125(OH)2D3 (p < 0.01) and BXL0124 (p < 0.01), respectively. Ligand JAG1 expression 

was decreased by 54% and 65% with 125(OH)2D3 (p < 0.01) and BXL0124 (p < 0.01), 

respectively. Another ligand, JAG2 expression was decreased by 69% and 75% with 

125(OH)2D3 (p < 0.01) and BXL0124 (p < 0.01), respectively. NFKB1 expression was 

decreased by 62% and 66% with 125(OH)2D3 (p < 0.01) and BXL0124 (p < 0.01), 

respectively.  

Genes involved in pluripotency and maintenance of the stem cell population were 

also suppressed, including OCT4 by 74% and 79% with 125(OH)2D3 (p < 0.01) and 

BXL0124 (p < 0.01), respectively (Fig. 4.6C). Expression of GATA3, a transcription 

factor regulating luminal-epithelial differentiation, was decreased by 76% and 78% with 

125(OH)2D3 (p < 0.01) and BXL0124 (p < 0.01), respectively. Transcription factor 

KLF4 (Kruppel-like factor 4) expression was decreased by 53% and 53% with 

125(OH)2D3 (p < 0.01) and BXL0124 (p < 0.01), respectively. The expression of 

transcription factors SOX2 and MYC were slightly decreased with 125(OH)2D3 and 

BXL0124. 

 

4.3.4. 125(OH)2D3 and BXL0124 inhibits the self-renewal of MCF10DCIS 

mammospheres 

Control spheres that formed from MCF10DCIS cells showed an irregular and 

formless shape in primary, secondary and tertiary mammospheres (Fig. 4.7A). When 
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MCF10DCIS spheres were grown in the presence of 125(OH)2D3 (100 nM) or 

BXL0124 (10 nM), they showed a more round and uniform shape (Fig. 4.7B). The 

mammosphere forming efficiency (MFE) of MCF10DCIS primary mammospheres was 

significantly reduced upon treatment with 125(OH)2D3 (37.2% inhibition, p < 0.01) or 

BXL0124 (48.0% inhibition, p < 0.01) (Fig. 4.7A). Importantly, the MFE of 

mammospheres was increased from primary (0.24%) to secondary (0.50%) passages. 

Similar to the results with primary mammospheres, the MFE of secondary 

mammospheres was significantly repressed with 125(OH)2D3 (52.6% inhibition, p < 

0.01) or BXL0124 (50.6% inhibition, p < 0.01). Tertiary mammospheres had a MFE of 

0.56% in the control, and MFE was inhibited by 125(OH)2D3 (46.5% inhibition, p < 

0.01) or BXL0124 (41.7% inhibition, p < 0.01) (Fig. 4.7A). 

 

4.3.5. Mammosphere cell culture enriches for putative breast cancer stem cell 

populations and markers of pluripotency in SUM159 and MCF-7 cell lines  

To confirm the results observed in the MCF10DCIS cell line, we investigated the 

effects of 125(OH)2D3 or BXL0124 on two additional cell lines, SUM159 and MCF-7. 

To validate the use of mammosphere cell culture with SUM159 and MCF-7 we assessed 

markers of cancer stem cells in monolayer cell culture and compared this to 

mammosphere cell culture. Flow cytometry analysis of CD24/ESA was first examined. 

We observed an increase in the putative CD24
-
/ESA

+
 breast cancer stem cell population 

in mammosphere cell culture in SUM159 (Fig. 4.8). The CD24
-
/ESA

+ 
subpopulation was 

increased from 1.6% in monolayer conditions to 10.8% in mammosphere cell culture (p < 



85 

 

 

 

0.05) (Fig. 4.8). Similarly, the CD24
-
/ESA

+ 
subpopulation in MCF-7 cells was enriched 

in mammosphere conditions. CD24
-
/ESA

+ 
increased from 0% in monolayer to 1.9% in 

mammosphere cell culture (p < 0.05) (Fig. 4.8). 

 

4.3.6. 125(OH)2D3 and BXL0124 inhibits the mammosphere forming efficiency in 

SUM159 and MCF-7 cell lines 

Initially a dose range finding assay was performed for SUM159 and MCF-7 to 

optimize the dose of 125(OH)2D3 and BXL0124 to be used in further assays. The MFE 

of SUM159 was significantly reduced upon treatment with 125(OH)2D3 at 10nM 

(44.7% inhibition, p < 0.05) and 100nM (46.3% inhibition, p < 0.05) (Fig. 4.9A). The 

MFE of SUM159 was also significantly reduced with BXL0124 at 1nM (50.4% 

inhibition, p < 0.05), 10nM (52.8% inhibition, p < 0.05) and 100nM (76.4% inhibition, p 

< 0.05) (Fig. 4.9A). The MFE of MCF-7 was significantly reduced upon treatment with 

125(OH)2D3 at 100nM (58.7% inhibition, p < 0.05) (Fig. 4.9B). The MFE of MCF-7 

was significantly reduced in a dose dependent manner with BXL0124 at 1nM (46.7% 

inhibition, p < 0.05), 10nM (64.7% inhibition, p < 0.05) and 100nM (78.7% inhibition, p 

< 0.05) (Fig. 4.9A). Based on these results and previous studies we selected a dose of 

10nM for BXL0124 and a dose of 100nM for 125(OH)2D3 for further studies (202).  

 

4.3.7. 125(OH)2D3 and BXL0124 decrease the self-renewal of SUM159 

mammospheres 
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Primary SUM159 mammospheres were larger compared to secondary and tertiary 

mammospheres (Fig. 4.10B). When SUM159 mammospheres were grown in the 

presence of 125(OH)2D3 (100 nM) or BXL0124 (10 nM), the number of colonies was 

decreased (Fig. 4.10B). The mammosphere forming efficiency (MFE) of SUM159 

primary mammospheres was significantly reduced upon treatment with 125(OH)2D3 

(60.6% inhibition, p < 0.01) or BXL0124 (64.7% inhibition, p < 0.01) (Fig. 4.10A). The 

MFE was increased from primary (1.11%) to secondary (1.69%) passages, suggesting 

enrichment of a subpopulation with self-renewal capacity. Similar to the results with 

primary mammospheres, the MFE of secondary mammospheres was significantly 

repressed with 125(OH)2D3 (60.7% inhibition, p < 0.01) or BXL0124 (62.4% inhibition, 

p < 0.01). Tertiary mammospheres had a MFE of 2.87% in the control, again suggesting 

further enrichment of a subpopulation with self-renewal capacity. The MFE was inhibited 

by 125(OH)2D3 (69.7% inhibition, p < 0.01) or BXL0124 (71.6% inhibition, p < 0.01) 

(Fig. 4.10A). 

 

4.3.8. 125(OH)2D3 and BXL0124 decrease the self-renewal of MCF-7 

mammospheres 

Primary MCF-7 mammosphere were larger compared to secondary and tertiary 

mammospheres (Fig. 4.11B). When MCF-7 spheres were grown in the presence of 

125(OH)2D3 (100 nM) or BXL0124 (10 nM), the number of colonies were decreased 

(Fig. 4.10B). The mammosphere forming efficiency (MFE) of MCF-7 primary 

mammospheres was significantly reduced upon treatment with 125(OH)2D3 (64.4% 
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inhibition, p < 0.01) or BXL0124 (71.2% inhibition, p < 0.01) (Fig. 4.11A). Similarily 

the MFE of secondary mammospheres was significantly repressed with 125(OH)2D3 

(82.0% inhibition, p < 0.01) or BXL0124 (95.0% inhibition, p < 0.01). Tertiary MFE was 

inhibited by 125(OH)2D3 (80.5% inhibition, p < 0.01) or BXL0124 (78.8% inhibition, p 

< 0.01) (Fig. 4.11A). The MFE was decreased from primary (5.3%) to secondary (2.5%) 

passages, and further decreased in tertiary passages (1.5%), suggesting a decreased self-

renewal capacity during serial passage in MCF-7 cells (Fig. 4.11A). 

 

4.3.9. 125(OH)2D3 and BXL0124 decrease the self-renewal of MCF-7 

mammospheres supplemented with estradiol 

Since MCF-7 cells are strongly dependent on estradiol supplementation for 

optimal growth, we assessed MFE of MCF-7 in the presence of 17β-estradiol (E2) and 

vitamin D compounds. Primary and secondary MCF-7 mammospheres supplemented 

with E2 were larger compared to control spheres without E2 (Fig. 4.12B). We observed 

that 125(OH)2D3 and BXL0124 inhibited the estrogen-induced MFE in MCF-7 

secondary mammospheres. The mammosphere forming efficiency (MFE) of MCF-7 

primary mammospheres was increased by 25% when supplemented with E2 (1nM) (Fig 

4.12A). The MFE of E2 treated spheres was significantly reduced upon treatment with 

125(OH)2D3 (50.2% inhibition, p < 0.01) or BXL0124 (50.7% inhibition, p < 0.01) (Fig. 

4.12A).  

Untreated primary spheres were passed to secondary mammospheres. E2 (1nM) 

supplementation increased sphere formation by 55% from untreated secondary spheres. 
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This estrogen-induced increase was repressed with 125(OH)2D3 (30.3% inhibition, p < 

0.01) or BXL0124 (29.5% inhibition, p < 0.01). The MFE of untreated spheres was 

decreased from primary (3.57%) to secondary (0.87%) passages. E2 treated primary 

spheres were also passed to secondary mammospheres. E2 (1nM) supplementation 

increased untreated secondary spheres by 88%. This estrogen-induced increase was 

repressed with 125(OH)2D3 (41.1% inhibition, p < 0.01) or BXL0124 (33.2% inhibition, 

p < 0.01). There was a decrease in MFE from E2 treated primary spheres (4.46%) to E2 

treated secondary spheres (1.55%), again suggesting a decreased self-renewal capacity 

during serial passage, even in MCF-7 spheres supplemented with E2 (Fig. 4.12A). 

 

4.3.10. Mammosphere cell culture did not show enhanced tumor initiating capacity 

when compared to monolayer cell culture in vivo 

Animals were injected with 1x10
5 

MCF10DCIS cells grown in either monolayer 

or mammosphere conditions. There was a difference in tumor initiation between 

monolayer (32 days) or mammosphere (28 days) cell culture, although this was not a 

significant statistically due to small sample size (Fig. 4.13A,C). Monolayer cell culture 

formed tumors in two of three injected mice and mammosphere cells formed tumors in 

three of three injected mice (Fig. 4.13C). This data suggests that there could be increased 

tumorigenic potential of mammosphere cells over monolayer conditions; however the 

sample set is three mice per group and this data should be reconfirmed with a larger 

number of animals. Tumors were allowed to grow for 65 days at which point animals 

were sacrificed and tumors analyzed. The growth rates of monolayer tumors were not 
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significantly different than mammosphere tumors (Fig. 4.13A). Final tumor weights were 

not significantly different from monolayer (0.53g) to mammosphere (0.65g) (Fig. 4.13B). 

Despite these results it should be noted that the sample size was small and should be 

increased to further confirm the results. 

 

4.4. Discussion 

Accumulating evidence has shown that breast cancer stem cells (BCSCs) are 

responsible for the initiation, maintenance, and progression of breast cancer (224). 

Mammosphere cell culture, which produces spherical colonies enriched in stem and 

progenitor cells, has also been widely used to study pathways and properties of stem and 

progenitor cells (131). Utilizing the mammosphere forming assay, we have shown that 

vitamin D compounds significantly decreased the putative BCSC population and reduced 

mammosphere formation. Our data, in part, contribute to the mechanism by which 

vitamin D compounds reduce breast tumor growth, and point to effects mediated at the 

level of putative breast cancer stem cells.  

Treatment with vitamin D compounds suppressed mammosphere formation of 

MCF10DCIS, SUM159, and MCF-7 breast cancer cells (Fig. 4.2, 4.9A,B). Since the 

mammosphere forming assay enriches for stem and progenitor cells (Fig. 4.1, 4.8), the 

reduction of MFE with vitamin D compounds could partially be due to the ability to 

suppress the putative BCSC populations. Although mammosphere cell culture enriches 

for the putative BCSC population in vitro, in vivo pilot studies did not show significant 

differences between monolayer or mammosphere cells in xenografts. It is important to 
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note that this was a small sample size and further studies should be performed to confirm 

or disprove these results. 

Treatment with vitamin D compounds reduced cell proliferation but did not 

induce apoptosis in MCF10DCIS mammospheres (Fig. 4.4A-B). The data suggest that 

the reduction of MFE is primarily due to reduced growth of mammospheres and 

regulation of putative stem cell signaling pathways, rather than the killing of the BCSC-

like cells. The irregular shape formed from MCF10DCIS cells grown in mammospheres 

was altered to a more round appearance by 125(OH)2D3 and BXL0124 treatment. This 

round shape is similar to the appearance of the normal MCF10A cell line. The shape and 

MFE of MCF10A remained unchanged with vitamin D compound treatment, suggesting 

the ineffectiveness of vitamin D on normal cell types. Although the change from irregular 

spheres to more round spheres has not traditionally been linked to stem cells phenotype, 

it has recently been reported with the chemotherapeutic drug, paclitaxel, in MCF-7 

mammospheres (227). These phenotypic changes of sphere shape were not observed in 

SUM159 or MCF-7 mammospheres when treated with vitamin D compounds, suggesting 

that this phenotypic change is cell type specific to MCF10DCIS cells. This could be 

linked to the unique characteristics of this cell line, which can differentiate to multiple 

lineages, including myoepithelial and luminal lineages. If vitamin D compounds can 

affect this differentiation, then spheres could express different structural proteins, and 

hence change the phenotype of the mammospheres. The overall effects on 

mammospheres indicate that treatment with vitamin D compounds could alter the 

characteristics of the stem cell population to that of a less malignant cell type.  
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To further investigate the role of 125(OH)2D3 and BXL0124 in the inhibition of 

stem cells, we analyzed markers commonly associated with stem cell maintenance and 

signaling. CD44 is a transmembrane glycoprotein which is involved in malignant 

progression and metastasis of breast cancer (228). Knockdown of CD44 induces 

differentiation and drives the BCSC-like population toward a non-BCSC-like phenotype 

(229). Knock down of 6-intergrin/ITGA6, also known as CD49f, causes a loss of the 

ability of cells to form mammospheres in the MCF-7 cell line, as well as reduced 

tumorigenicity in vivo, suggesting that CD49f is essential for the growth and survival of a 

more tumorigenic subpopulation of tumor cells (184). The Notch proteins are 

transmembrane receptors which are involved in the developmental fate of tissues and 

interact with a variety of ligands including jagged 1 and jagged 2 (230). NFB has been 

implicated in cancer stem cell proliferation and has demonstrated a role in mammosphere 

formation and maintenance (136, 231, 232). Therefore, reduction of these markers by 

treatment with vitamin D compounds may contribute to the inhibition of tumorigenicity 

directed by putative stem cells. The basal levels of two markers critical in mammosphere 

formation, CD44s and c-Notch1, were expressed at higher levels at days 4 and 5 

compared to day 7. The reduction of these markers at day 7 correlated with the reduction 

of the MFE of MCF10DCIS mammospheres at day 7 (Fig. 4.5). As expected, sustained 

levels of signaling molecules associated with stem cells were critical in the maintenance 

of mammospheres over long periods of time. 

To study the self-renewal of stem cells, we analyzed the mammosphere formation 

of secondary and tertiary spheres. MCF10DCIS and SUM159 demonstrated a progressive 

increase in the MFE in secondary and tertiary spheres, suggesting that these cell lines 
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enrich for a subpopulation with increased self-renewal capacity. It is interesting to note 

that MCF-7 mammosphere formation was reduced at the secondary and tertiary level, 

which is consistent with decreased self-renewal capacity of luminal progenitors upon 

serial passage. These mammospheres could be derived from self-renewing lineage-

restricted progenitors, which are thought to represent more-differentiated downstream 

progenitor cells that should not have regenerative potential (233). Secondary and tertiary 

mammosphere formation was significantly inhibited by vitamin D compounds in 

MCF10DCIS, SUM159, MCF-7, and MCF-7 with estradiol supplementation, suggesting 

that vitamin D compounds inhibit the self-renewal capacity of BCSCs (Fig. 4.7, 4.10, 

4.11, 4.12). We further investigated the role of vitamin D compounds on key 

transcription factors involved in the self-renewal of stem cells. Oct4 is a transcription 

factor that forms a heterodimer with Sox2 and regulates stem cell self-renewal capacity, 

and the knockdown of Oct4 promotes differentiation (234, 235). The transcription factor, 

Gata3, has been established as a critical regulator of luminal differentiation (236). The 

repression of pluripotency markers, such as OCT4, KLF-4, and GATA3, indicate that 

MCF10DCIS mammospheres treated with vitamin D compounds could potentially induce 

the differentiation of putative BCSCs.  

 

4.5. Conclusion 

Cancer progression, metastasis, and recurrence are significant problems in 

managing breast cancer. A significant body of evidence indicates that breast cancer stem 

cells drive these processes, complicating treatment strategies. A better understanding of 
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how BCSCs drive breast cancer progression will aid in developing targeted therapies 

toward BCSCs. We assessed vitamin D compounds on breast cancer stem cells by 

utilizing the mammosphere cell culture system. We observed decreases in the 

mammosphere formation and self-renewal, proliferation, and repression of markers of the 

stem cell phenotype and pluripotency. These results suggest a potential treatment strategy 

to reduce the putative BCSC population, and therefore enhance the effectiveness of breast 

cancer prevention and treatment through the use of vitamin D compounds. 
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Figure 4.1 Mammosphere cell culture enriches for putative breast cancer stem cell 

subpopulations and markers of pluripotency in the MCF10DCIS cell line. 

(A) Flow cytometry analysis of putative breast cancer stem cell markers, CD44, CD24, 

CD49f, and ESA were assessed in MCF10DCIS cells in monolayer and mammosphere 

cell culture conditions. (B) qPCR analysis of markers of pluripotency were assessed in 

MCF10DCIS cells in monolayer and mammosphere cell culture conditions. The data are 

presented as the mean ± S.E.M. (n=4). * p < 0.05. Cycle numbers for qPCR are shown in 

parenthesis: OCT4 (#29), GATA3 (#26), KLF4 (#28), SOX2 (#34), and MYC (#24). 
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Figure 4.2 Dose optimization for the inhibition of mammosphere forming efficiency 

by 1α25(OH)2D3 and BXL0124 in MCF10DCIS cells. 

MCF10DCIS cells were plated at a density of 5,000 cells/mL in ultra-low attachment 24-

well plates and grown for 5 days in the presence of 125(OH)2D3 (10nM, 100nM) and 

BXL0124 (1nM, 10nM, and 100nM). Mammosphere forming efficiency (MFE) is shown. 

MFE was calculated by dividing the number of mammospheres (≥ 100 m) formed by 

the number of cells seeded, presenting this as a percentage. The data are presented as the 

mean ± S.E.M. (n=3). * p < 0.05.  
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Figure 4.3 Repression of the mammosphere forming efficiency by 1α25(OH)2D3 and 

BXL0124 in MCF10DCIS cells. 

(A) MCF10DCIS cells were plated at a density of 10,000 cells/mL in ultra-low 

attachment 6-well plates and grown for 4, 5 and 7 days in the presence of 125(OH)2D3 

(100 nM) and BXL0124 (10 nM). MCF10A cells were plated at a density of 10,000 
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cells/mL in ultra-low attachment 6-well plates and growing them for 5 days. 

Representative pictures of MCF10DCIS and MCF10A mammospheres are shown for 

phenotypic comparison, scale bar 100 m. (B) Quantification of the roundness of the 

mammospheres is shown. A value of 1.0 represents an object that is perfectly round. A 

value of 0.0 represents an object that is formless. At least eight different mammospheres 

from three separate experiments were quantified to give the average measure of 

roundness. The data are presented as the mean ± S.E.M. * p < 0.05, **p < 0.01. (C) 

Mammosphere forming efficiency (MFE) is shown. MFE was calculated by dividing the 

number of mammospheres (≥ 100 m) formed by the number of cells seeded, presenting 

this as a percentage. The data are presented as the mean ± S.E.M. (n=6). * p < 0.05, **p 

< 0.01. 
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Figure 4.4 1α25(OH)2D3 and BXL0124 decrease proliferation but do not affect 

apoptosis in MCF10DCIS mammospheres. 

(A) MCF10DCIS mammospheres were formed by plating 5,000 cells/mL in ultra-low 

attachment 6-well plates and growing them for 5 days. Western blot analysis was 

performed on mammospheres treated with DMSO control (Con), 125(OH)2D3 (125D3, 

100 nM) or BXL0124 (BXL, 10 nM), and analyzed for markers of proliferation, 

CyclinD1 and proliferating cell nuclear antigen (PCNA). Levels of β–actin were used as 

loading controls. (B) MCF10DCIS mammospheres were formed by plating 5,000 

cells/mL. Mammospheres were collected after 5 days of treatment with DMSO control, 

125(OH)2D3 (100 nM), or BXL0124 (10 nM), and analyzed by flow cytometry after 

staining with Annexin V and propidium iodide (PI). Experiments were performed in 

duplicate and representative histograms from flow cytometry are shown. 
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Figure 4.5 1α25(OH)2D3 and BXL0124 decrease the level of stem cell markers in 

MCF10DCIS mammospheres. 

(A) Western blot analysis was performed on mammospheres collected from 4, 5, and 7 

days of treatment with DMSO control (Con), 125(OH)2D3 (125D3, 100 nM) or 

BXL0124 (BXL, 10 nM), and analyzed for markers associated with stem cell 

maintenance. Levels of β–actin were used as loading controls. 
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Figure 4.6 Repression of stem cell genes and markers of pluripotency by 

1α25(OH)2D3 and BXL0124 in MCF10DCIS mammospheres. 

qPCR analysis was performed on mammospheres harvested after 5 days of growth to 

assess the gene expression of markers associated with the stem cell phenotype (A), stem 

cell signaling (B), and genes related to pluripotency (C). The data are presented as the 

mean ± S.E.M. (n=6). * p < 0.05, **p < 0.01. Cycle numbers for qPCR are shown in 

parenthesis: CD44 (#22), ITGA6 (#23), ITGB6 (#25), LAMA5 (#24), CD24 (#24), 

NOTCH1 (#27), JAG1 (#26), JAG2 (#28), NFKB1 (#26), OCT4 (#29), GATA3 (#26), 

KLF4 (#28), SOX2 (#34), and MYC (#24). 
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Figure 4.7 1α25(OH)2D3 and BXL0124 inhibit the self-renewal of MCF10DCIS 

mammospheres. 

(A) MCF10DCIS cells were plated at a density of 5,000 cells/mL in ultra-low attachment 

6-well plates and grown for 5 days with 125(OH)2D3 (100 nM) and BXL0124 (10 nM). 

Spheres were collected, dissociated, and re-plated at a density of 5,000 cells/mL for 

secondary and tertiary passages. Mammosphere forming efficiency (MFE) of primary, 



102 

 

 

 

secondary and tertiary passages of MCF10DCIS mammospheres is shown. MFE was 

calculated by dividing the number of mammospheres (≥ 100 m) formed by the number 

of cells seeded presenting this as a percentage. Experiments were performed in triplicate 

and the data are presented as the mean ± S.E.M. *p < 0.01. (B) Representative pictures of 

MCF10DCIS mammospheres from primary, secondary, and tertiary passages are shown 

for phenotypic comparison (scale bar 100 m).  
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Figure 4.8 Mammosphere cell culture enriches for putative breast cancer stem cell 

subpopulations in SUM159 and MCF-7 breast cancer cell lines. 

SUM159 and MCF-7 cells were grown in monolayer (ML) cell culture for 24 h or 

mammosphere (MS) cell culture for 5 days. Cells were stained with combinations of 

fluorophore labelled antibodies against CD24 and ESA, and then flow cytometry was 

performed. Representative histograms from flow cytometry are shown. The average 

percentage of putative breast cancer stem cell subpopulation, CD24
-
/ESA

+ 
from three 

independent experiments are represented as a bar graph to show the difference between 

the monolayer and mammosphere cell culture. The data are presented as the mean ± 

S.E.M. * p < 0.05. 
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Figure 4.9 Dose optimization for the inhibition of mammosphere forming efficiency 

by 1α25(OH)2D3 and BXL0124 in SUM159 and MCF-7 breast cancer cell lines. 

SUM159 (A) or MCF-7 (B) cells were plated at a density of 2,000 cells/mL in ultra-low 

attachment 24-well plates and grown for 5 days in the presence of 125(OH)2D3 (10nM, 

100nM) and BXL0124 (1nM, 10nM, and 100nM). Mammosphere forming efficiency 

(MFE) is shown. MFE was calculated by dividing the number of mammospheres (≥ 100 

m) formed by the number of cells seeded, presenting this as a percentage. The data are 

presented as the mean ± S.E.M. (n=3). * p < 0.05. 
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Figure 4.10 Inhibition of mammosphere self-renewal by 1α25(OH)2D3 and BXL0124 

in SUM159 mammospheres. 

(A) SUM159 cells were plated at a density of 2,000 cells/mL in ultra-low attachment 6-

well plates and grown for 5 days with 125(OH)2D3 (100 nM) and BXL0124 (10 nM). 

Spheres were collected, dissociated, and re-plated at a density of 2,000 cells/mL for 

secondary and tertiary passages. Mammosphere forming efficiency (MFE) of primary, 
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secondary and tertiary passages of SUM159 mammospheres is shown. MFE was 

calculated by dividing the number of mammospheres (≥ 100 m) formed by the number 

of cells seeded presenting this as a percentage. Experiments were performed in triplicate 

and the data are presented as the mean ± S.E.M. *p < 0.01. (B) Representative pictures of 

SUM159 mammospheres from primary, secondary, and tertiary passages are shown for 

phenotypic comparison (scale bar 200 m). 
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Figure 4.11 1α25(OH)2D3 and BXL0124 inhibit the self-renewal of MCF-7 

mammospheres. 

(A) MCF-7 cells were plated at a density of 2,000 cells/mL in ultra-low attachment 6-

well plates and grown for 5 days with 125(OH)2D3 (100 nM) and BXL0124 (10 nM). 

Spheres were collected, dissociated, and re-plated at a density of 2,000 cells/mL for 

secondary and tertiary passages. Mammosphere forming efficiency (MFE) of primary, 

secondary and tertiary passages of MCF-7 mammospheres is shown. MFE was calculated 
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by dividing the number of mammospheres (≥ 100 m) formed by the number of cells 

seeded presenting this as a percentage. Experiments were performed in triplicate and the 

data are presented as the mean ± S.E.M. *p < 0.01. (B) Representative pictures of MCF-7 

mammospheres from primary, secondary, and tertiary passages are shown for visual 

comparison of colony formation (scale bar 200 m). 
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Figure 4.12 1α25(OH)2D3 and BXL0124 inhibit the self-renewal of MCF-7 

mammospheres supplemented with Estradiol. 

(A) MCF-7 cells were plated at a density of 2,000 cells/mL in ultra-low attachment 6-

well plates and grown for 5 days with Estradiol (1nM) or Estradiol (1nM) in the presence 

of 125(OH)2D3 (100 nM) and BXL0124 (10 nM). Primary spheres from control and 

Estradiol treatment were collected, dissociated, and re-plated at a density of 2,000 
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cells/mL for secondary passage. Mammosphere forming efficiency (MFE) of primary and 

secondary passages of MCF-7 mammospheres is shown. MFE was calculated by dividing 

the number of mammospheres (≥ 100 m) formed by the number of cells seeded 

presenting this as a percentage. Experiments were performed in triplicate and the data are 

presented as the mean ± S.E.M. *p < 0.01. (B) Representative pictures of MCF-7 

mammospheres from primary and secondary passage from estradiol treated primary 

mammospheres are shown for visual comparison of colony formation (scale bar 200 m).  
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Figure 4.13 Comparison of xenograft growth from MCF10DCIS monolayer and 

mammosphere cell culture. 

 (A) Mammosphere (10
5
) and monolayer (10

5
) cells were injected into the mammary fat 

pad of nu/nu mice and tumor growth was assessed. Average tumor growth curves are 

shown. (monolayer n=2; mammospheres n=3). Tumor volume (V; cubed centimeters) 

was calculated using the equation V = D*d
2
/2 where D (centimeters) and d (centimeters) 

are the largest and smallest perpendicular diameters. (B) Average final tumor weights at 

necropsy are shown, monolayer (n=2) and mammosphere (n=3), mean ± S.E.M. (C) A 

summary of the number of tumors formed and time to tumor formation for each cell 

culture condition is shown in a table. 
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Chapter 5: Inhibition of the breast cancer stem cell subpopulation by 

vitamin D and a Gemini vitamin D analog  

 

5.1. Rationale 

Based on data from the previous chapter, it is suggested that vitamin D 

compounds can inhibit the breast cancer stem cell (BCSC) population; however, effects 

on mammosphere cell do not directly address the BCSC-containing subpopulation. Our 

laboratory has previously demonstrated that BXL0124 was capable of decreasing the 

expression of CD44, which has been identified as a cancer stem cell marker (147). We 

have also shown that the CD44
+
/CD24

-
 subpopulation was reduced with BXL0124 

treatment of MCF10DCIS cells (147). These studies have stimulated further investigation 

of the inhibitory effects of vitamin D and its analogs on the putative BCSC population. 

Typically, fluorescence-activated cell sorting (FACS) has been used to identify 

populations of cancer cells that contain cancer stem cells (237). Different combinations 

of cell surface markers such as CD44, CD49f, CD24, and CD29 as well as the activity of 

certain enzymes such as aldehyde dehydrogenase isoform 1 (ALDH1) have been used to 

identify BCSCs (238). In this study we utilized the cell surface markers CD44 and CD24 

to assess the role of vitamin D compounds on the putative CD44
+
/CD24-/

low
  breast 

cancer stem cell population in vitro and in vivo. 

 

5.2. Materials and Methods 
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5.2.1. Reagents and Cell Culture 

1,25(OH)2D3 and a Gemini vitamin D analog [BXL0124; 1,25-dihydroxy-20R-

21(3-hydroxy-3-deuteromethyl-4,4,4-trideuterobutyl)-23-yne-26,27-hexafluoro-

cholecalciferol, >95% purity] (Figure 1) were provided by BioXell, Inc. (Nutley, NJ) and 

dissolved in dimethyl sulfoxide (DMSO). For in vivo animal experiments, BXL0124 was 

diluted in DMSO and PBS (Sigma, MO) for intraperitoneal administration. The 

MCF10DCIS human breast cell line was provided by Dr. Fred Miller at the Barbara Ann 

Karmanos Cancer Institute (Detroit, MI). The MCF10DCIS cell line was authenticated by 

short tandem repeat profiling at American Type Culture Collection (ATCC, Manassas, 

VA). MCF10DCIS human breast cancer cells were maintained in Dulbecco's Modified 

Eagle's Medium (DMEM)/F12 medium supplemented with 5% horse serum, 1% 

penicillin/streptomycin, and 1% HEPES solution at 37°C, 5% CO2.  

 

5.2.2. Flow Cytometry and FACS 

In monolayer cell culture, MCF10DCIS cells were grown to 50% confluence and 

were subsequently treated with fresh medium containing the indicated concentrations of 

125(OH)2D3 or BXL0124 for 24 h. Cells were harvested and processed for further 

analysis. The detailed procedure was described previously (147). MCF10DCIS cells were 

stained with antibodies against CD44-FITC (Cat. 555478), CD49f-FITC (Cat. 561893) 

and CD24-PE (Cat. 555428) from BD Biosciences (San Jose, CA). The stained 

MCF10DCIS cells were analyzed by flow cytometry using an FC500 Analyzer (Beckman 

Coulter) to determine the percentage of different CD44/CD24 and CD49f/CD24 
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subpopulations. The acquisition of ≥ 10,000 cells per treatment was analyzed. FACS was 

performed by staining MCF10DCIS monolayer cells with CD44 and CD24 and sorting 

into three populations, CD44
+
/CD24

-
, CD44

+
/CD24

low
, and CD44

+
/CD24

high
. These 

subpopulations were then used for qPCR analysis and mammosphere cell culture.  

 

5.2.3. Aldefluor Assay 

The ALDEFLUOR kit (Cat. 01700, StemCell Technologies) was used to assess 

ALDH enzymatic activity. MCF10DCIS cells were harvested and stained according to 

the manufacturer’s protocol. Briefly, cells (2 × 10
5
 cells) were incubated in 

ALDEFLUOR assay buffer containing ALDH substrate (300 µM) for 40 min. In each 

experiment, a sample of cells was stained under identical conditions with 1.5 mM of 

diethylaminobenzaldehyde (DEAB) reagent (Cat. 01705, StemCell Technologies) a 

specific ALDH inhibitor, as a negative control. The samples were assessed by flow 

cytometry by measuring ALDEFLUOR fluorescence vs. side scatter (SSC) histogram. 

 

5.2.4. Quantitative Real-Time Polymerase Chain Reaction Analysis 

These procedures have been reported previously (201, 202). The Taqman® probe-

based gene expression system from Applied Biosystems (Foster City, CA) was used to 

detect the genes of interest. Labeled primers for GAPDH (Hs02758991), CD44 

(Hs01075861), ITGA6 (Hs01041011), ITGB6 (Hs00168458), LAMA5 (Hs00966585), 

CD24 (Hs03044178), NOTCH1 (Hs01062014), JAG1 (Hs01070032), JAG2 
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(Hs00171432), NFKB1 (Hs00765730), OCT4 (POU5F1) (Hs00999634), GATA3 

(Hs00231122), KLF4 (Hs00358836), SOX2 (Hs01053049), and MYC (Hs00153108) VDR 

(Hs00172113), MUC1 (Hs00159357), ALDH1A1 (Hs00946916), NANOG (Hs04260366), 

and BMP4 (Hs03676628) were used in analysis. GAPDH was used to normalize other 

genes for variations in RNA quality and amount of cDNA input. 

 

5.2.5. Mammosphere Forming Assay 

MCF10DCIS cells were grown to 50% confluence and cells were detached with 

StemPro Accutase (Life Technologies). Cells were then plated at 5,000 cells/mL in 6-

well ultra-low attachment plates and maintained in Mammocult serum-free medium 

supplemented with hydrocortisone and heparin (Stem Cell Technologies). Photos of 

mammospheres were taken, and the numbers of mammospheres were counted in order 

determine the mammosphere forming efficiency (MFE). The MFE was calculated by 

dividing the number of mammospheres (≥100 m) formed by the number of single cells 

seeded.  

 

5.2.6. Xenograft Animal Studies and Tumor Dissociation 

All animal studies were approved by the Institutional Review Board for the 

Animal Care and Facilities Committee of Rutgers University. Female nude mice (5-6 

weeks old) were purchased from Charles River Laboratories (Wilmington, MA). They 

were allowed to acclimate for two weeks at which time they were injected (7-8 weeks 
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old) with human MCF10DCIS cells into the mammary fat pad or subcutaneously on the 

left dorsal flank at 10
6 

cells per site and treatment beginning the following day. Mice 

were treated with DMSO control or BXL0124 (0.1µg/kg Body Weight) via 

intraperitoneal injection six times per week for the experimental period. Animals were 

palpated twice each week to check for tumor formation and total body weights were 

measured weekly. Upon detection, tumors were measured with a vernier caliper and 

tumor volume (V; cubed centimeters) was calculated using the equation V = D*d
2
/2 

where D (centimeters) and d (centimeters) are the largest and smallest perpendicular 

diameters, respectively. Upon termination of the experiment, animals were sacrificed, 

tumors were excised, snap frozen in liquid nitrogen for qPCR analysis and dissociated for 

further analysis. Xenografts were removed, weighed, and a section of tumor (weighing 

between 0.15-0.30g) was mechanically disaggregated using scalpels and tweezers in 

RPMI 1640 medium containing 2% FBS. This suspension was then enzymatically 

dissociated using StemPro Accutase (Life Technologies) at 37°C for three hours using 

mechanical dissociation by way of pipetting several times every 30 m. The resulting cell 

suspension is filtered through a 40 μm cell strainer to remove clumps. This gives a single 

cell suspension which is stained with CD44 and CD24 and analyzed by flow cytometry to 

assess the CD44/CD24 subpopulations from tumors. Dead cells were excluded from 

analysis by staining with 7-actinoaminomycin-D (7-AAD) (Cat. 51-68981E, BD 

Biosciences, San Jose, CA). After dissociation, 10
6
 cells were injected into the mammary 

fat pad of new batches of mice to form secondary xenografts. Secondary xenografts were 

allowed to grow for 28 days, at which time tumors were excised, weighed, dissociated, 

and analyzed by flow cytometry for CD44/CD24 expression. 
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5.2.7. Statistical analysis  

Statistical significance was evaluated using the Student’s t-test. 

 

5.3. Results 

5.3.1 CD44 and CD24 are markers for putative breast cancer stem cell 

subpopulations in MCF10DCIS cells 

Fluorescence-activated cell sorting (FACS) or flow cytometry have been used to 

identify populations of cancer cells that contain cancer stem cells (237). Different 

combinations of cell surface markers such as CD44, CD49f, CD24, ESA, and CD29 as 

well as the activity of certain enzymes such as aldehyde dehydrogenase isoform 1 

(ALDH1) have been used to identify BCSCs (238). We analyzed combinations of these 

markers by flow cytometry in MCF10DCIS cells to assess the optimal markers to use in 

this cell line for further analysis. Double staining with CD44/CD24 showed a population 

that was 100% CD44 positive and CD24 expression ranged from negative expression 

(approximately 41% of total population) to high expression (approximately 24% of total 

population). The putative breast cancer stem cell population CD44
+
/CD24

-/low 
population 

comprised approximately 68.7% of the total population (Fig. 5.1). Double staining of 

CD49f/CD24 showed that MCF10DCIS was 100% CD49f-positive and the putative 

CD49f
+
/CD24

-/low
 subpopulation was 69.0% (Fig. 5.1). By staining with CD24/ESA we 

observed that MCF10DCIS expressed ESA in all cells, suggesting that staining with ESA 
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will not further enrich for BCSCs in the MCF10DCIS cell line. We also utilized the 

Aldefluor assay to assess the enzymatic activity of ALDH. The putative BCSC 

population is believed to have enhanced ALDH activity. MCF10DCIS cells were 93.1% 

ALDH positive (Fig. 5.1). Due to this high level we did not further utilize ALDH as a 

marker to sort BCSCs in MCF10DCIS cells. Based on these results we utilized the cell 

surface markers, CD44, CD49f, and CD24 for further analysis of BCSCs in MCF10DCIS 

cells. 

 

5.3.2. 125(OH)2D3 and BXL0124 decrease the breast cancer stem cell population in 

MCF10DCIS cells 

MCF10DCIS cells represent a basal-like or claudin-low breast tumor subtype, 

which typically carries a poor prognosis (239). These cells are primarily CD44
+ 

and 

CD49f
+
. We first examined the addition of CD24 as a marker to further define 

subpopulations within MCF10DCIS cells. Breast cancer stem cells are thought to reside 

in the CD44
+
/CD24

-/low
 and CD49f

+
/CD24

-/low
 subpopulations of cells (240, 241). These 

populations were decreased with 125(OH)2D3 (100 nM) and BXL0124 (10 nM) 

treatment (Fig. 5.2). The CD44
+
/CD24

-/low
 subpopulation was decreased from 68.7% in 

the control to 42.9% with 125(OH)2D3 (p < 0.01) and to 40.3% with BXL0124 

treatment (p < 0.01). Similarly, the CD49f
+
/CD24

-/low 
population was decreased from 

69.0% to 37.6% with 125(OH)2D3 (p < 0.01) and to 39.7% with BXL0124 treatment (p 

< 0.05). Concomitantly, the CD44
+
/CD24

high
 cell fraction was increased from 31.3% to 

59.7% and 57.1% with 125(OH)2D3 and BXL0124 treatments, respectively, and the 
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CD49f
+
/CD24

high
 population was increased from 31.0% to 62.4% with 125(OH)2D3 and 

to 60.3% with BXL0124 treatment (Fig. 5.2). These data indicate that 125(OH)2D3 and 

BXL0124 treatments shift the CD44
+
/CD24

-/low
 and CD49f

+
/CD24

-/low
 subpopulations to 

populations that are more CD44
+
/CD24

high
 and CD49f

+
/CD24

high
. 

 

5.3.3. Fluorescently activated cell sorting (FACS) was used to sort the MCF10DCIS 

cells using CD44 and CD24 

FACS analysis was used to sort MCF10DCIS cells into three subpopulations, 

CD44
+
/CD24

-
, CD44

+
/CD24

low
, and CD44

+
/CD24

high
 (Fig. 5.3A).  After FACS sorting, 

the three populations were assessed by flow cytometry to validate the cell sorting 

experiment (Fig. 5.3B). After flow analysis the CD44
+
/CD24

-
 subpopulation was 85.2% 

pure and observed to overlap into the CD44
+
/CD24

low 
population by 3.9%. The sorted 

CD44
+
/CD24

low 
population was 81.7% pure and overlapped into the CD44

+
/CD24

- 
by 

18.3%. Finally, the CD44
+
/CD24

high 
subpopulation was 71.2% pure and overlapped into 

the CD44
+
/CD24

low
 subpopulation by 11.2%. These results suggest that FACS sorting is 

a sufficient method to sort subpopulations for assessment of these subpopulations and the 

effects of vitamin D compounds on these populations.  

 

5.3.4. The CD44
+
/CD24

-/low 
putative breast cancer stem cell population has higher 

expression of notch signaling ligands, Jag1 and Jag2 
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After FACS analysis cells were analyzed by qPCR to examine gene expression 

changes between the three sorted subpopulations. The CD44
+
/CD24

high 
subpopulation 

was set to 1 and the other subpopulations were assessed in relation to this. CD24 

expression was 74% and 82% lower in CD44
+
/CD24

low
 (p < 0.01) and CD44

+
/CD24

-
 (p < 

0.01), respectively (Fig. 5.4A). Another luminal marker, MUC1, was lower by 68% and 

81% in CD44
+
/CD24

low
 (p < 0.01) and CD44

+
/CD24

-
 (p < 0.01), respectively (Fig. 5.4D). 

Integrin ITGA6 expression was increased by 32% and 23% in CD44
+
/CD24

low
 (p < 0.01) 

and CD44
+
/CD24

-
 (p < 0.01), respectively, compared to the CD44

+
/CD24

high 
population 

(Fig. 5.4A). 

Key molecules involved in notch stem cell signaling were also regulated in the 

CD44
+
/CD24

low
 and CD44

+
/CD24

-
 subpopulations, suggesting enhanced stem cell 

signaling in these populations. Ligand JAG1 expression was 32% and 10% higher in 

CD44
+
/CD24

low
 (p < 0.01) and CD44

+
/CD24

-
 (p < 0.01), respectively, compared to the 

CD44
+
/CD24

high 
population (Fig. 5.4B). Another notch ligand, JAG2 expression was 50% 

and 66% greater in CD44
+
/CD24

low
 (p < 0.01) and CD44

+
/CD24

-
 (p < 0.01), respectively 

(Fig. 5.4B). 

SOX2, a gene involved in pluripotency and maintenance of the stem cell 

population was 62% and 52% lower in CD44
+
/CD24

low
 (p < 0.01) and CD44

+
/CD24

-
 (p < 

0.01), respectively (Fig. 5.4C). The expression of other transcription factors did not show 

significant differential expression between the three subpopulations assessed (Fig. 5.4C).  
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5.3.5. Vitamin D compounds repress the mammosphere formation of putative breast 

cancer stem cell subpopulations  

MCF10DCIS cells were sorted and assessed in the mammosphere forming assay 

with vitamin D compound treatment. The putative breast cancer stem cell populations, 

CD44
+
/CD24

low
 and CD44

+
/CD24

-
 had a higher mammosphere forming efficiency 

compared to the CD44
+
/CD24

high
 population (Fig. 5.5 A). The CD44

+
/CD24

high
 

population was 63.6% and 66% lower in the CD44
+
/CD24

-
 (p < 0.01) and 

CD44
+
/CD24

low
 (p < 0.01) populations, respectively (Fig. 5.5A). This data points toward 

the notion that these putative BCSC subpopulations have an enriched population capable 

of growth in non-adherent conditions, and hence stem cell activity. The MFE of 

CD44
+
/CD24

- 
spheres was significantly reduced upon treatment with 125(OH)2D3 

(68.7% inhibition, p < 0.01) or BXL0124 (62% inhibition, p < 0.05) (Fig. 5.5A). 

Similarly the MFE of the CD44
+
/CD24

low
 subpopulation was repressed with 

125(OH)2D3 (77.0% inhibition, p < 0.01) or BXL0124 (68.3% inhibition, p < 0.01). 

When CD44
+
/CD24

high
 spheres were grown in the presence of 125(OH)2D3 (100 nM) or 

BXL0124 (10 nM) there was not a significant decrease in the number of mammosphere 

colonies (Fig. 5.5A). Images of spheres visually reconfirmed the quantification of MFE 

in the three subpopulations with vitamin D treatments (Fig. 5.5B).  

 

5.3.6. BXL0124 treatment of MCF10DCIS xenografts shifts the CD44/CD24 

population to a CD24
high

 expressing population 
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BXL0124 was assessed in two separate experiments of MCF10DCIS mammary 

fat pad xenografts from mice injected with a different number of cells. Animals injected 

with 10
5
 MCF10DCIS cells were assessed over 62 days. Tumors formed by day 21 in the 

control group and by day 25 in the BXL0124 treated group. BXL0124 treated animals 

showed a reduction in average tumor volume by day 62 with a 52.3% reduction in tumor 

size (Fig. 5.6A). Tumor weight was also reduced by 51.8% from control (1.68g) treated 

mice to BXL0124 (0.81g) treated mice (Fig. 5.6B). Tumors were excised, dissociated, 

and the CD44/CD24 subpopulations were analyzed by flow cytometry (Fig. 5.6D). There 

was a shift to a population that is more CD44
+
/CD24

high
 with BXL0124 treatment. There 

was an 81% increase in the average CD44
+
/CD24

high 
population shifting from 2.2% in the 

control group to 4% in the BXL0124 treatment group (Fig. 5.6C). 

This assay was repeated in animals injected with 10
6
 MCF10DCIS cells and 

assessed over 35 days. Tumors formed by day 5 in both the control and BXL0124 treated 

groups. BXL0124 showed a reduction in average tumor volume by day 35 with a 35% 

reduction in tumor size (Fig. 5.7A). Tumor weight was also reduced by 37.5% from 

control (0.64g) treated mice to BXL0124 (0.40g) treated mice (Fig. 5.7B). Tumors were 

excised, dissociated, and the CD44/CD24 subpopulations were analyzed by flow 

cytometry (Fig. 5.7D). The CD24
high

 subpopulation was gated to assess the levels of this 

population in tumors (Fig. 5.7D, green box). There was a shift to a population that is 

more CD44
+
/CD24

high
 with BXL0124 treatment. There was an 80% increase in the 

average CD44
+
/CD24

high 
population shifting from 10% in the control group to 18% in the 

BXL0124 treatment group (Fig. 5.7C). 
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5.3.7. BXL0124 reduces the expression of stem cell markers and markers of 

pluripotency in MCF10DCIS xenografts 

BXL0124 treated tumors which showed a shift to a higher CD24 expressing 

population (Fig. 5.7), were assessed by qPCR for key markers associated with the cancer 

stem cell phenotype and pluripotency. Genes such as CD44, CD24, SOX2, KLF4, OCT4, 

ALDH1A1, and MYC, were assessed. Cell surface receptor CD44 expression was 

decreased by 20% with BXL0124 (p < 0.05) (Fig. 5.8). CD24 expression was modestly 

decreased by 23% with BXL0124. ALDH1A1, a putative cancer stem cell marker in 

breast cancer was decreased by 60% with BXL0124 (p < 0.05) (Fig. 5.8). The 

pluripotency marker OCT4 was decreased by 30% with BXL0124 treatment in 

MCF10DCIS xenografts (p < 0.05) (Fig. 5.8). Treatment with BXL0124 also decreased 

MYC expression by 15%, although this result was not significant. The expression of 

transcription factors SOX2 and KLF4 were not significantly inhibited with BXL0124 

treatment in MCF10DCIS xenograft tumors. 

 

5.3.8. Effects of BXL0124 on re-established MCF10DCIS xenograft model 

Cancer stem cells are defined by their ability to produce progressively growing 

tumors consisting of cells from the original tumor. To further assess the BCSC inhibiting 

potential of BXL0124, a limiting dilution transplant experiment was used with the 

MCF10DCIS xenograft model (Fig 5.9). For the primary assay mice were treated with 

BXL0124 (0.1 µg/kg body weight/day) at day 1 after tumor implantation and observed 

over the course of 35 days. BXL0124 treatment showed a decrease in tumor volume and 
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weight (Fig 5.7A,B; 5.10A,B). The putative BCSC population was shifted to a population 

that is more CD24
high

 (Fig. 5.7C,D; 5.10C) and genes for putative BCSC markers, CD44, 

ALDH1A1, OCT4 were reduced (p < 0.05) (Fig 5.8). 

In the second serial passage in animals, primary tumors were excised, dissociated 

and then implanted into new mice (Fig. 5.9). Mice implanted with secondary tumor cells 

were not treated with vehicle control or BXL0124. Tumors formed by day 5 in both the 

control and BXL0124 treated groups. Control tumors reached a tumor volume of 1.70 

cm
3
 and secondary tumors from BXL0124 reached a volume of 1.74 cm

3
 at 28 days (Fig 

5.10D). Tumor weight was not significantly changed from secondary tumors from control 

(0.85g) or BXL0124 (1.17g) (Fig. 5.10E). Tumors were excised, dissociated, and the 

CD44/CD24 subpopulations were analyzed by flow cytometry. There was not a 

significant change in the CD44/CD24 subpopulations in secondary xenografts. 

CD44
+
/CD24

high
 subpopulations were 1.25% and 1.61% in secondary tumors from 

control or BXL0124, respectively (Fig. 5.10F). 

It is also interesting to note that tumor growth was much more rapid in secondary 

xenografts when compared with the primary xenografts. Control tumors of primary 

xenografts reached a volume of 0.77 cm
3
 in 35 days, and the secondary xenografts 

reached 1.7 cm
3 

(2.2x larger than primary) in 28 days (Fig. 5.10A,D). The 

CD44
+
/CD24

high
 subpopulation was 10% in primary control tumors and decreased to 

1.25% in secondary tumors, suggesting a shift to a population that is more CD24 

negative. This would suggest that these tumors are more aggressive, as was observed.  
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5.3.9. Secondary xenografts from BXL0124 treated primary xenografts do not show 

a reduction of stem cell markers or markers of pluripotency  

There was no change in CD24 expression in secondary tumors from either control 

or BXL0124 treated primary tumors (Fig. 5.10F). These tumors were assessed by qPCR 

for key markers associated with the cancer stem cell phenotype and pluripotency, such as 

CD44, CD24, SOX2, KLF4, OCT4, ALDH1A1, and MYC. Cell surface receptor CD44 

expression was modestly increased by 12% in secondary tumors from BXL0124 (Fig. 

5.11). CD24 expression was increased by 99% in secondary tumors from BXL0124 (p < 

0.01) (Fig. 5.11). ALDH1A1, a putative cancer stem cell marker in breast cancer was 

unchanged in secondary tumors from BXL0124 (Fig. 5.11). 

The pluripotency marker OCT4 was increased by 21% in secondary tumors from 

BXL0124 treated primary tumors (p < 0.01) (Fig. 5.11). Transcription factor KLF4 

(Kruppel-like factor 4) expression was decreased by 45% in secondary tumors from 

BXL0124 treated primary tumors (p < 0.01) (Fig. 5.11). Levels of the gene MYC were 

increased by 63% in secondary tumors from BXL0124 treated primary tumors (p < 0.01) 

(Fig. 5.11). SOX2 was not significantly altered in secondary tumors from BXL0124 

treated primary tumors. 

 

5.4. Discussion 

Accumulating evidence has shown that breast cancer stem cells (BCSCs) are 

responsible for the initiation, maintenance, and progression of breast cancer (224). We 

have previously shown that vitamin D compounds can inhibit the formation of 
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mammosphere colonies, indicating their potential to inhibit the breast cancer stem cell 

(BCSC) population. Despite this the mammosphere assay is an indirect method to assess 

the role of therapeutic compounds on BCSCs. For this reason we utilized the specific cell 

surface markers, CD44, CD49f, and CD24 to further confirm the effects of vitamin D 

compounds on BCSCs.  

MCF10DCIS falls under the basal-like or claudin-low breast tumor subtype, 

which consist primarily of a CD44
+
 population (242-244). For this reason we attempted 

to utilize ESA as a secondary marker to further enrich for BCSCs in the primarily CD44
+
 

and CD49f
+
 MCF10DCIS cell line. However, the cells were entirely ESA positive, so this 

marker did not further enhance the ability to distinguish a stem cell-like population in this 

cell line (Fig 5.1). We isolated the putative CD44
+
/CD24

-/low
 BCSC subpopulation by cell 

sorting. We characterized this subpopulation by qPCR analysis and, interestingly found 

that CD24
-/low

 was correlated with an up-regulation of the Notch signaling pathway 

ligands, Jagged 1 and Jagged 2. This is consistent with a previous report by our 

laboratory demonstrating increased Jagged 2 levels, and in turn increased activation of 

Notch1 in CD44
+
/CD24

- 
and CD44

+
/CD24

low
 subpopulations (245). This implicates 

Notch1 signaling, which has been a well-established driver of BCSCs, in the putative 

BCSC subpopulation that we isolated (95, 133). 

In this study, we found that the CD44
+
/CD24

-/low
 stem cell enriched population of 

MCF10DCIS cells is shifted to a predominantly CD44
+
/CD24

high
 population upon 

treatment with 125(OH)2D3 or BXL0124 (Fig. 5.2). Supporting this finding, the 

CD49f
+
/CD24

-/low
 population was shifted to a primarily CD49f

+
/CD24

high
 population 

upon treatment with 125(OH)2D3 or BXL0124 (Fig. 5.2). The shift to a CD24
high 
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population suggests that treatment with vitamin D compounds has the potential to 

specifically alter signaling or differentiation of the putative BCSC subpopulation. 

The CD44
+
/CD24

-
, CD44

+
/CD24

low
,
 

or CD44
+
/CD24

high 
subpopulations were 

utilized in mammosphere forming conditions. There was a significant increase in 

mammosphere formation of CD44
+
/CD24

-
, CD44

+
/CD24

low
 compared to the 

CD44
+
/CD24

high
 subpopulation, suggesting that these two subpopulations have an 

enriched cell population with self-renewal and BCSC properties. When the CD44
+
/CD24

-

and CD44
+
/CD24

low
 spheres were grown in the presence of 125(OH)2D3 or BXL0124, 

there was a significant reduction in mammosphere formation. However, this effect was 

not observed in the CD44
+
/CD24

high 
population, suggesting that vitamin D compounds 

have preferential inhibitory activity to the putative BCSC subpopulations.  

Despite these results in the mammosphere assay, when MCF10DCIS cells were 

FACS sorted and separate populations were injected into nu/nu mice they failed to show 

a difference in tumor initiation or growth between the sorted subpopulations (Appendix 

1). Insight into these results could be partially explained by the dynamics of cell sorting. 

Purified populations act as a snapshot and reflect the state of a population at a given 

moment in time. Common markers used for cancer stem cells change their expression 

with the cell cycle, during EMT, and during quiescent or activated states (246, 247). 

Consistent with this hypothesis, we observed a change in the tumor populations after 

tumors were excised (Appendix 2). Similarly we observed sorted subpopulations revert to 

the parental population after sorting and maintaining in cell culture for two or more 

passages (Appendix 3). This cell state transition was consistent with previous reports 

which showed that purified populations could reconstitute the proportions of populations 
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observed in the parental cell line, specifically in relation to CD44/CD24 sorted cells 

(248). 

 MCF10DCIS xenografts treated with BXL0124 showed a shift to a population 

that is more CD24
high

. The shift to a higher CD24 expressing subpopulation observed in 

xenografts is also consistent with our findings in vitro which showed that 125(OH)2D3 

or BXL0124 shifted the CD44
+
/CD24

-/low
 to a predominantly CD44

+
/CD24

high
 

population. This CD24 shift was correlated to the transcriptional repression of CD44, 

OCT4, and ALDH1A1 by BXL0124 in vivo contributing to the reduced tumor burden 

(249). CD44 is a key regulator in extracellular matrix interactions and cancer stem cells, 

and correlates with the invasive and metastatic phenotype in breast cancer (182, 250). 

Previous data from our laboratory identified that CD44-STAT3 signaling is critical for 

MCF10DCIS cell invasion (202). Oct-4 is a transcription factor that forms a heterodimer 

with Sox2 and regulates stem cell self-renewal capacity, and the knockdown of Oct4 

promotes differentiation (234, 235). Oct-4 is also expressed significantly higher in 

cancerous tissues than adjacent-tumor tissues and was expressed in CD44
+
/CD24

-
 tumor 

cells (249, 251). Bourguignon et al. demonstrated that the CD44 ligand, hyaluronic acid, 

initiates the interaction between CD44 and Nanog leading to the activation of the Nanog–

Oct4 network (252). This process has also been associated with activation of multidrug-

resistant genes and tumor progression in other cancer types (252). Aldehyde 

dehydrogenase 1 (ALDH1), is composed of six enzymes that are expressed at high levels 

in stem cells and are involved in the regulation of stem cell function. ALDH1A1 was 

correlated with a poor prognosis and reduced overall survival in breast cancer patients 

(253-255). Therefore, the shift to a CD24
high

 population and the down-regulation of these 
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three markers indicates potential BXL0124-mediated repression of a cancer stem cell 

population in MCF10DCIS xenografts.  

Ideally, tumors that form initially in primary mice are again assessed for the 

content of cells with cancer stem cell activity, demonstrated through injection and re-

established tumor formation in secondary mice (256). Primary xenografts from control 

and BXL0124 treated mice were excised dissociated and injected into a secondary set of 

mice without treatment to assess the long term effects of BXL0124 on the cancer stem 

cell subpopulation. We did not observe a significant shift to a higher CD24 expressing 

population in secondary tumors and markers that were correlated with a CD24
high

 shift, 

CD44, OCT4, and ALDH1A, were not reduced in secondary xenografts derived from 

primary BXL0124 treated xenografts. These factors suggest that the BCSC population is 

not regulated in secondary tumors, explaining the lack of reduction in tumor burden. 

These data suggest that reduction of the BCSC population by BXL0124 is a transient 

process and constant stimulation by BXL0124 or vitamin D compounds is required to 

sustain the reduced stemness of breast cancer cells.  

 

5.5 Conclusion 

We have provided evidence in vitro that vitamin D compounds repressed the 

BCSC population. We have also demonstrated that BXL0124 was effective at targeting 

the putative BCSC subpopulation and pluripotency genes in vivo. BXL0124 repressed the 

stem cell phenotype by regulating stemness genes including CD44, OCT4, and 

ALDH1A1. Our data, in part, contribute to the mechanism by which vitamin D 
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compounds reduce breast tumor growth, and point to effects mediated at the level of 

putative breast cancer stem cells. 
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Figure 5.1 Levels of putative breast cancer stem cell markers in the MCF10DCIS 

cell line. MCF10DCIS cells were grown in monolayer cell culture for 24h without 

treatment 

Cells were stained with combinations of antibodies against CD44, CD49f, CD24, ESA, as 

well as assessed for aldehyde dehydrogenase activity (ALDH) by using the Aldefluor 

assay. Flow cytometry analysis was performed. Representative histograms from flow 

cytometry are shown. Blue boxes highlight the putative breast cancer stem cell containing 

subpopulation for given markers. SSA - single-scattering albedo. 
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Figure 5.2 1α25(OH)2D3 and BXL0124 repress the breast cancer stem cell 

subpopulations in MCF10DCIS cells 

MCF10DCIS cells were grown in monolayer cell culture and treated with 125(OH)2D3 

(100 nM) and BXL0124 (10 nM) for 24 h. Cells were stained with combinations of 

antibodies against CD44 or CD49f and CD24, and then flow cytometry was performed. 

Representative histograms from flow cytometry of MCF10DCIS cells treated with 

vitamin D compounds are shown. Different subpopulations based on varying levels of 

CD24 are highlighted on the histograms with bold rectangles. The average percentage of 

CD44
+
/CD24

-/low
 and CD49f

+
/CD24

-/low
 subpopulations as well as the CD44

+
/CD24

high
 

and CD49f
+
/CD24

high
 subpopulations from three independent experiments are represented 

as a bar graph to show the difference between the control and treatment groups. The data 

are presented as the mean ± S.E.M. * p < 0.05, ** p < 0.01.
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Figure 5.3 Flow cytometry verification of FACS sorted subpopulations of 

MCF10DCIS cells based on CD44 and CD24 cell sorting 

 (A) MCF10DCIS cells were grown in monolayer cell culture and harvested after 48h. 

Cells were stained with antibodies to CD44 and CD24, and then they were sorted into 

three subpopulations by fluorescently activated cell sorting (FACS), CD44
+
/CD24

high
, 

CD44
+
/CD24

low
, and CD44

+
/CD24

-
. (B) After FACS sorting the three subpopulations 

were immediately analyzed by flow cytometry to validate that the three subpopulations 

were sorted correctly and that there was little contamination between the three 

subpopulations.  
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Figure 5.4 Gene expression of breast cancer stem cell markers in MCF10DCIS 

subpopulations 

qPCR analysis was performed MCF10DCIS subpopulations after FACS sorting for genes 

associated with (A) surface markers, (B) stem cell signaling, (C) genes related to 

pluripotency, and (D) differentiation associated genes. The data are presented as the mean 

± S.E.M. (n=6). * p < 0.05. Cycle number averages for qPCR are shown in parenthesis: 

CD44 (#2), CD24 (#22), ITGA6 (#21), ITGB6 (#23), LAMA5 (#22), NOTCH1 (#23), 

JAG1 (#22), JAG2 (#24), NFKB1 (#23), OCT4 (#27), GATA3 (#24), KLF4 (#26), SOX2 

(#34), MYC (#22), VDR (#26), MUC1 (#28), NANOG (#32), and BMP4 (#33). 
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Figure 5.5 Vitamin D compounds repress the formation of putative breast cancer 

stem cell subpopulations in mammosphere cell culture 

(A) MCF10DCIS cells were stained with antibodies to CD44 and CD24, they were sorted 

into three subpopulations by fluorescently activated cell sorting (FACS), 

CD44
+
/CD24

high
, CD44

+
/CD24

low
, and CD44

+
/CD24

-
. These subpopulations were plated 

at a density of 5,000 cells/mL into mammosphere cell conditions and grown for 5 days in 

the presence of 125(OH)2D3 (100 nM) and BXL0124 (10 nM). Mammosphere forming 

efficiency (MFE) of primary MCF10DCIS mammospheres from different subpopulations 

is shown. MFE was calculated by dividing the number of mammospheres (≥ 100 m) 

formed by the number of cells seeded presenting this as a percentage. Experiments were 

performed in triplicate and the data are presented as the mean ± S.E.M. * p < 0.05, ** p < 

0.01. (B) Representative pictures of primary MCF10DCIS mammospheres from different 

subpopulations is shown for visual comparison of colony formation (scale bar 400 m). 
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Figure 5.6 BXL0124 treatment of MCF10DCIS xenografts shifts the CD44+/CD24- 

subpopulation to a population that is more CD24high 

(A) BXL0124 (0.1 μg/kg body weight) was administered via intraperitoneal (i.p.) 

injection to MCF10DCIS (10
5
 cells) xenografted nu/nu mice (n=3-4) once a day 6 times a 

week. Average tumor growth curves are shown. Tumor volume was measured twice a 

week. Tumor weight and was measured at necropsy. (B) Average final tumor weights at 

necropsy are shown, control (n=3) and BXL0124 (n=4), mean ± S.E.M. (C) Average 

percentage of the CD44
+
/CD24

high
 subpopulation in MCF10DCIS tumors treated with 

BXL0124 (0.1 μg/kg body weight) is shown, control (n=3) and BXL0124 (n=4), mean ± 

S.E.M. Tumors were excised and dissociated by mechanical and enzymatic digestion then 

analyzed by flow cytometry for CD44 and CD24 expression. (D) Histograms from flow 

cytometry analysis of CD44/CD24 staining of tumor samples are shown. Each histogram 

represents one xenografted MCF10DCIS tumor. Green boxes highlight the 

CD44
+
/CD24

high
 subpopulation.  



137 

 

 

 

 

Figure 5.7 BXL0124 treatment of MCF10DCIS xenografts shifts the CD44+/CD24- 

subpopulation to a population that is more CD24high 

(A) BXL0124 (0.1 μg/kg body weight) was administered via intraperitoneal (i.p.) 

injection to MCF10DCIS (10
6
 cells) xenografted nu/nu mice (n=6-7) once a day 6 times a 

week. Average tumor growth curves are shown. Tumor volume was measured twice a 

week. Tumor weight was measured at necropsy. (B) Average final tumor weights at 

necropsy are shown, control (n=6) and BXL0124 (n=7), mean ± S.E.M. (C) Tumors were 

excised and dissociated by mechanical and enzymatic digestion then analyzed by flow 

cytometry for CD44 and CD24 expression. Average percentage of the CD44
+
/CD24

high
 

subpopulation in MCF10DCIS tumors treated with BXL0124 (0.1 μg/kg body weight) is 

shown, control (n=6) and BXL0124 (n=7), mean ± S.E.M., * p < 0.05. (D) Histograms 

from flow cytometry analysis of CD44/CD24 staining of tumor samples are shown. Each 
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histogram represents one xenografted MCF10DCIS tumor. Green boxes highlight the 

CD44
+
/CD24

high
 subpopulation. 
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Figure 5.8 BXL0124 represses markers of pluripotency and cancer stem cell genes 

in MCF10DCIS xenografts 

Tumors were excised and dissociated by mechanical and enzymatic digestion then 

analyzed by qPCR for genes associated with pluripotency and the stem cell phenotype. 

The data are presented as the mean ± S.E.M. (n=6-7). * p < 0.05. Cycle number averages 

for qPCR are shown in parenthesis: CD44 (#20), CD24 (#26), SOX2 (#34), KLF4 (#29), 

OCT4 (#27), ALDH1A1 (#29), and MYC (#24). 
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Figure 5.9 Schematic of MCF10DCIS xenograft tumorigenicity assay in nu/nu mice 

after BXL0124 treatment in primary xenografts and secondary xenografts 

 Cancer stem cells are defined by their ability to produce progressively growing tumors 

consisting of cells from the original tumor. For this reason they are implicated in tumor 

initiation and progression. Limiting-dilution or clonal tracking of tumor cells are classical 

strategies that are used to determine the tumor initiating capacity and frequency of breast 

cancer stem cells. Therefore MCF10DCIS tumors that form during vehicle (DMSO) and 

BXL0124 treatment (0.1 μg/kg body weight by i.p. injections) in primary tumors are 

tested for their breast cancer stem cell content by harvesting then dissociating and serial 

passaging the primary xenografts into nude mice.  
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Figure 5.10 BXL0124 treatment does not result in long term effects on tumor 

growth in secondary MCF10DCIS xenografts relative to untreated mice. 

(A) BXL0124 (0.1 μg/kg body weight) was administered via intraperitoneal (i.p.) 

injection to nu/nu mice with mammary fat pad MCF10DCIS (10
6
 cells) xenografts (n=6-

7) once a day 6 times a week. Average tumor growth curves are shown. Tumor volume 

was measured twice a week. Tumor weight was measured at necropsy. (B) Average final 

tumor weights at necropsy are shown, control (n=6) and BXL0124 (n=7), mean ± S.E.M. 

(C) Tumors were excised and dissociated by mechanical and enzymatic digestion then 

analyzed by flow cytometry for CD44 and CD24 expression. Average percentage of the 

CD44
+
/CD24

high
 subpopulation in MCF10DCIS tumors treated with BXL0124 (0.1 μg/kg 

body weight) is shown, control (n=6) and BXL0124 (n=7), mean ± S.E.M., * p < 0.05. 

(D) Primary xenografts from the control group and BXL0124 treated group were excised, 

dissociated and reinjected (10
6
 cells) into the mammary fat pad of nu/nu mice (n=8 per 
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group). Average tumor growth curves are shown. Tumor volume was measured twice a 

week. Tumor weight was measured at necropsy. (E) Average final tumor weights at 

necropsy are shown, n=8, mean ± S.E.M. (F) Tumors were excised and dissociated by 

mechanical and enzymatic digestion then analyzed by flow cytometry for CD44 and 

CD24 expression. The average percentage of the CD44
+
/CD24

high
 subpopulation in 

secondary untreated MCF10DCIS tumors from primary control and primary BXL0124 

treated tumors is shown, n=8, mean ± S.E.M.  
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Figure 5.11 Secondary MCF10DCIS xenografts from BXL0124 treated primary 

xenografts do not show reductions in pluripotency genes 

Tumors were excised and dissociated by mechanical and enzymatic digestion then 

analyzed by qPCR for genes associated with pluripotency and the stem cell phenotype. 

The data are presented as the mean ± S.E.M. (n=5). * p < 0.01. Cycle number averages 

for qPCR are shown in parenthesis: CD44 (#20), CD24 (#26), SOX2 (#34), KLF4 (#29), 

OCT4 (#27), ALDH1A1 (#29), and MYC (#23) 
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Chapter 6: Conclusion 

Breast cancer is a collection of genetically diverse diseases with distinct 

histopathological features progressing from pre-malignant hyperplasia to invasive and 

ultimately metastasis. With more advanced screening methods, the early stages of breast 

cancer are becoming more common but therapeutic agents for their treatment are limited. 

As such it is important to test potential therapeutics for their breast cancer preventive and 

inhibitory effects in the early stages of breast cancer. In this study we assessed vitamin D 

compounds for their inhibition of breast cancer progression and regulation of breast 

cancer stem cells (BCSCs). 

In the MCF10DCIS model of breast cancer progression a vitamin D analog, 

BXL0124, inhibited ductal carcinoma in situ (DCIS) progression to IDC. BXL0124 

treatment decreased cell proliferation and maintained vitamin D receptor (VDR) levels in 

tumors. BXL0124 treated cells maintained the critical myoepithelial cell layer and 

basement membrane involved in DCIS structures. In addition, BXL0124 treatment 

reduced the mRNA levels of matrix metalloproteinases (MMPs), contributing to the 

inhibition of invasive transition. 

Breast cancer stem cells (BCSCs) are a subset of tumor cells that are believed to 

be the cells responsible for the establishment and maintenance of tumors. Moreover, 

BCSCs are suggested to be the main cause of progression to metastasis and recurrence of 

cancer because of their tumor-initiating abilities and resistance to conventional therapies.  

Since BCSCs are a major factor involved in breast cancer progression we assessed 

the role of vitamin D compounds on this population. These studies showed that the 
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mammosphere formation and self-renewal of mammospheres was inhibited by treatment 

with vitamin D compounds (125(OH)2D3 or BXL0124). These effects were attributed to 

the repression of markers associated with the stem cell-like phenotype and signaling, 

such as CD44, CD49f, c-Notch1, and pNFB in vitro. In turn the repression of 

pluripotency genes, OCT4 and KLF-4, and CD44 were also observed in mammospheres, 

contributing to the inhibition of stem cell self-renewal. This data suggests that a 

regulatory loop of these signaling markers and transcription factors likely plays a role in 

the inhibition of BCSCs by vitamin D compounds. 

The putative CD44
+
/CD24

-/low
 breast cancer stem cell population was reduced in 

vitro, suggesting the inhibition or repression of the BCSC population. Vitamin D 

compounds specifically inhibited the mammosphere formation of BCSC subpopulations 

and did not have significant effects on the CD44
+
/CD24

high
 subpopulation. MCF10DCIS 

xenografts treated with BXL0124 showed a shift to a population that is more CD24
high

. 

The shift to a higher CD24 expressing subpopulation observed in xenografts is consistent 

with our findings in vitro and points to the regulation of the BCSC subpopulation in vivo. 

The CD44
+
/CD24

high
 subpopulation in MCF10DCIS expresses lower levels of notch 

signaling, which contribute to the reduced tumor burden observed in these xenografts 

(245). Supporting this, BXL0124 has been shown to decrease notch signaling both in 

vitro and in mammosphere cell culture (245, 257). Also consistent with our previous 

findings in vitro we observed the repression of CD44 and OCT4, as well as ALDH1A1 in 

xenografts.  

The wide range of biological activities of vitamin D and its analogs have 

suggested their potential as therapeutic agents in breast cancer (258). However the 
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investigation of VDR levels in clinical samples of breast cancer suggested that vitamin D 

supplementation would be most beneficial as a preventative agent due to higher VDR 

levels in normal mammary tissue. We demonstrated the preventive potential of the 

Gemini vitamin D analog, BXL0124 on the inhibition of breast cancer progression, and 

inhibitory effects of vitamin D compounds on the breast cancer stem cell population in 

vitro and in vivo. Overall these results contribute to the understanding of vitamin D 

mediated reduction in tumor growth and progression in breast cancer.  
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Chapter 7: Future Directions 

Our studies show that vitamin D compounds could be effective treatment options 

to inhibit the progression of pre-malignant lesions of the breast due to regulation of the 

breast cancer stem cell (BCSC) population. These studies have prompted novel questions 

as to the mechanistic understanding of stem cell regulation by vitamin D, as well as other 

roles that vitamin D compounds might play in the inhibition of breast cancer.  

From the results in these studies we hypothesize that BXL0124 treatment affects 

BCSCs leading to a more differentiated tumor cell type with a greater ability to form 

organized structures and maintain cell polarity. DCIS is now seen as a diverse stage of 

breast cancer where the degree of differentiation within the DCIS lesion has a significant 

impact on the outcome of the tumor (259). DCIS cases exhibiting low differentiation 

most often progress to invasive carcinoma, whereas cases of high differentiation are less 

likely to do so (259). Based on our data we hypothesize that BXL0124 treatment can 

maintain the differentiated state of progenitors and stem cells. Signals from the stromal 

environment could induce the de-differentiation of myoepithelial cells back to a 

progenitor or stem-like state in normal progression. As a consequence, the myoepithelial 

cell layer is gradually lost transiting to an invasive phenotype.  

We observed a correlation of increased CD24 expression with a decrease in 

transcription of CD44, OCT4, and ALDH1A1 with the gemini vitamin D analog, 

BXL0124, in MCF10DCIS xenografts. Vitamin D mediated reduction of pluripotency 

markers, such as OCT4, KLF-4, and GATA3, in vitro was also detected. The activation of 

Oct4 has been shown to promote de-differentiation and induce a cancer stem cell 
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phenotype (260). Similarly, the knockdown of Oct4 promotes differentiation (234, 235). 

A study by Bourguignon and colleagues linked the activation of CD44 with downstream 

stimulation of the Nanog-Oct4 network (252). Therefore it is possible that BXL0124 is 

exerting its stem cell inhibitory effects by down-regulation of CD44 with downstream 

effects on the stem cell markers, Oct4, and ALDH1A1, leading to differentiation of stem 

cells to more mature "normal” cancer cells. To study this we would utilize the 

mammosphere assay which allows the differentiation of stem cells to multiple lineages. 

Such lineage markers (Table 1.3) would be assessed in MCF10DCIS, MCF-7, and 

SUM159 primary, secondary, and tertiary spheres in the presence of vitamin D 

compounds to see if the markers are altered. These markers would also be assessed 

during breast cancer progression using xenografts of the MCF10DCIS cell line at the 

critical DCIS to IDC transition observed at weeks 3 and 4. These studies would provide a 

unique mechanism by which vitamin D compounds could maintain the differentiated 

state of BCSCs along a specific lineage to impede the progression of breast cancer. 

Since we observed a shift of the CD44
+
/CD24

-/low 
subpopulation to a population 

that is more CD44
+
/CD24

high
 that was correlated to a repression of OCT4 transcription in 

vitro and in vivo, we propose to assess the role of CD24 and OCT4 on tumor progression. 

We will utilize RNA interference as well as gene overexpression in the nonmalignant cell 

line MCF10A in comparison to the malignant cell line MCF10DCIS. Xenograft 

transplantation using the nonmalignant MCF10A and malignant MCF10DCIS cell line 

will be conducted. Upon establishment of tumors, inhibition of CD24 and OCT4 

expression can be achieved using short interfering RNA. These markers can then be 

assessed on the basis of tumor burden, breast cancer progression and the levels of BCSCs 
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within the tumors. Utilizing the nonmalignant cell line MCF10A will help determine the 

role of these markers in malignant transformation, and assess whether their regulation is 

sufficient to induce a tumorigenic cell line.  

Studies have shown that cells that survive chemotherapy are enriched for putative 

BCSCs and these cells were capable of increased colony formation and enrichment of the 

CD44
+
/CD24

-/low
 population (89, 90, 261). Therefore the combination of stem cell 

targeting therapies with chemotherapy or traditional therapies may target the whole 

cancer cell population and offer a strategy for more effective treatments (262).  Based on 

experiments in future directions we suggest that vitamin D compounds might 

differentiate BCSCs to a bulk population that would be more susceptible to 

chemotherapy. Vitamin D treatment may be a useful adjuvant therapy used prior to or in 

conjunction with other treatment modalities. In order to study this vitamin D would be 

administered in combination with a variety of first line therapeutics, such as docetaxel 

and cisplatin in an animal model of breast cancer progression. Xenograft transplantation 

experiments using cell lines from multiple subtypes of breast cancer would be treated 

with monotherapy of each agent and in combination with vitamin D compounds, to assess 

their therapeutic effects. To further assess the effects of the treatments on BCSC and 

regulation of differentiation, tumors would be evaluated for the amount of remaining 

stem cell subpopulations as well as differentiated cell populations.  

We have suggested that vitamin D compounds inhibit breast cancer progression 

from DCIS to IDC by way of BCSC regulation. CSCs are believed to compose a 

subpopulation in tumors which are responsible for drug resistance, tumor recurrence, and 

metastasis (85-88). The prevalence of CD44
+
/CD24

-/low
 cells in breast cancer has been 
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implicated in distant metastases (263). Since vitamin D compounds are capable of 

shifting this population to a higher CD24 expressing population we hypothesize that 

vitamin D compounds might further inhibit metastasis as breast tumors progress. The 

metastatic MDA-MB-231 cell line, an estrogen-independent breast cancer cell line 

derived from the pleural effusion of a cancer patient, can be used in a mouse model of 

metastasis via intravenous injection of the cells into immunodeficient mice. Xenografts 

using the MCF10CA1a cell line injected subcutaneously into mice could investigate this 

hypothesis. Treatment of these two models with vitamin D compounds and analysis of 

sites of metastasis in breast cancer, such as lung, brain, and bone would give new insights 

into the mechanistic role of vitamin D. Although the implantation of established cell lines 

derived from human breast cancer is relatively simple and allows the genetic or 

pharmacological manipulation of the implanted cells, there are clear limitations to such 

models. First, immune responses, which have a key role during tumor development, are 

impaired in immunocompromised mice. Second, stromal components are not of tumor 

origin.   

Vitamin D compounds might have other anti-cancer effects in addition to their 

proposed role in the inhibition of breast cancer progression and effects on the BCSC 

subpopulation. This makes them desirable preventive and therapeutic candidates for 

breast cancer. Future studies will elucidate mechanisms by which these compounds 

inhibit breast cancer progression and provide a better understanding of how to best utilize 

them clinically.   
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Appendix 

 

Appendix 1. Tumorigenicity of FACS sorted MCF10DCIS subpopulations in vivo. 

(A) MCF10DCIS cells were FACS sorted by CD44 and CD24 into two subpopulations, 

CD44
+
/CD24

high 
and CD44

+
/CD24

-/low
, these two populations were then recombined to 

reform the whole tumor cell population (B) Average tumor growth curves are shown. The 

two FACS sorted subpopulations were injected to subcutaneous xenografts (10
5
 cells). 

The recombined population was injected subcutaneously (10
5
 cells) and into the 

mammary fat pad (10
5
 cells) of nu/nu mice. (C) A summary of tumor formation for each 

subpopulation is shown. 
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Appendix 2. Flow cytometry analysis of CD44 and CD24 levels in MCF10DCIS 

subpopulation subcutaneous xenografts. (A) Tumors from subpopulations 

(CD44
+
/CD24

high 
and CD44

+
/CD24

-/low
) and recombined populations were excised, 

dissociated, and analyzed by flow cytometry for CD44 and CD24 expression. The 

average of each subpopulation is represented in a bar graph as the mean ± S.E.M., n=2-3 

(B) Histograms from flow cytometry analysis of CD44/CD24 staining of tumor samples 

are shown. Each histogram represents one xenografted tumor. Colored boxes highlight 

the gating used for different subpopulations. Blue - CD44
low

/CD24
high

, Red - CD44
-

/CD24
-
, Green – CD44

low
/CD24

low
 and Purple - CD44

+
/CD24

low
. 



153 

 

 

 

 

Appendix 3. Passage of MCF10DCIS subpopulations in monolayer cell culture after 

FACS sorting. (A) MCF10DCIS were FACS sorted based on CD44 and CD24 

expression. These sorted cells were then plated in monolayer cell culture. After 48h of 

growth they were assessed by flow cytometry for CD44 and CD24. Histograms for each 

subpopulation are shown. (B) After 48h of growth in the primary passage cells were 

harvested and passed to a second passage. After 72h of growth in secondary passage the 

cells were assessed by flow cytometry for CD44 and CD24. Histograms for each 

subpopulation are shown.   
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