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Summary  

 

Microcalcifications are frequently the sole mammographic indicator of breast cancer 

with several studies suggesting that their presence may also be indicative of 

increased tumour grade, HER2 overexpression and poor prognosis. Despite their 

widespread diagnostic usage, the mechanism by which microcalcifications form and 

their contribution to tumour progression remain poorly understood. Previously, our 

lab established an in vitro model using a murine cell line. In order to advance our 

understanding of these vital diagnostic markers, we have expanded these findings 

and developed a human in vitro model of microcalcification formation. 

Following extensive testing of a panel of human breast cancer cell lines, the MDA-

MB-231 and SKBR3 cell lines were identified as suitable for our studies. Positive 

mineralisation was observed in one out of three tested HER2+ cell lines, indicating 

HER2 overexpression by itself is insufficient to induce in vivo mineralisation. 

Formation of calcifications was accompanied by increased expression of the 

osteogenic markers RUNX2, BMP2, and ALP. Inhibition of the cation channel 

TRPM7 resulted in a dose-dependent decrease in calcium deposition, implicating a 

functional role for the channel. Calcification was also inhibited by the intracellular 

Ca2+ chelator BAPTA-AM and by Mg2+
. The role of other calcium handling proteins 

including PMCA1 and PMCA2 was also investigated. Finally, we investigated 

possible links between microcalcification and pro-tumourigenic effects. Culturing 

breast cancer cells in mineralisation media increased formation of tumourspheres, 

indicating an increase in cancer stem-cell properties. We also observed an 

increased IL-1ɓ, IL-6 and COX2 in both breast cancer cells and associated 

macrophages following stimulation with hydroxyapatite. Inflammatory cytokines 

were also observed to modulate in vitro mineralisation, suggesting a complex 

interplay between the formation and release of calcified particles and their 

subsequent interaction with surrounding tumour cells.  

The results of this thesis reaffirms and expands on our labs previous findings, that 

breast cancer cell lines can be utilised as effective in vitro model for tumour 

calcification and that formation of these calcifications is the result of an active, cell-

mediated process, involving interaction between mineralisation associated proteins 

including BMP2 and ALP, as well as Ca2+ channels and tumour associated 

cytokines.   



14 
 

  

  



15 
 

  

  

 Chapter 1.0 

General introduction 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



16 
 

1.1 Breast cancer 

1.1.1 Breast Cancer in Ireland 

Despite many advances in both detection and treatment, breast cancer remains a 

significant concern for the health of women worldwide. With an estimated 1.67 

million new cases diagnosed in 2012, breast cancer is the second most common 

cancer in the world and the fifth cause of death from cancer overall (WHO, 2017). 

Statistics on the Irish population match those seen worldwide. With an average of 

3,168 new cases of invasive breast cancer reported per year in Ireland between 

2015 to 2017 (NCRI, 2017), breast cancer is the most common form of cancer 

diagnosis in women, with the exception of non-melanoma skin cancer, representing 

almost a third of new female cancer cases. Breast cancer incidence amongst Irish 

women currently stands at 122.4 per 100,000. This compares poorly with the rest of 

Europe, with an average rate of 106.6 per 100,000. Ireland currently ranks 6th in 

Europe for breast cancer incidence (EUCAN, 2017).  

 

Figure 1.1 Female invasive breast cancer incidence trend:1994-2013. Incidence rate of invasive 
breast in Irish women displays an annual percentage change of +1.5% (95% CI 1.1-1.9%) in the 
period of 1994 to 2013. Reproduced from ñCancer Trends No 29. Breast cancerò (NCRI, 2016). 

 

1.1.2 Breast cancer aetiology  

As with all forms of cancer, the conversion of normal breast tissue to a cancerous 

lesion is a complex, multi-step process involving loss of proliferative control, 

suppression of apoptotic pathways, activation of angiogenic and survival pathways, 

acquisition of a migratory, invasive phenotype and evasion of anti-tumour immune 

responses (Hanahan and Weinberg, 2000).  
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Underlying this progression is an intricate mix of somatic mutations, genetic 

susceptibilities, diet, environmental factors and lifestyle choices. Unsurprisingly, the 

greatest risk factor is gender, with women accounting for over 99% of cases (NCRI, 

2017). Like most other forms of cancer, age has a significant impact on risk, with 

incidence peaking between 50 and 65. Incidence begins to decline after this point, 

primarily due to the post-menopausal status of this cohort. Early onset of 

menopause confers a decreased risk of breast cancer. The opposite effect is seen 

with early menstruation, with menarche earlier than 12 years of age conferring a 

significant increase in lifetime risk (Collaborative Group on Hormonal Factors in 

Breast, 2012). These results highlight the importance of ñlifetime exposureò to 

reproductive hormones. The role of endogenous hormones in the development of 

breast cancer is also demonstrated by the increased risks observed in users of 

hormonal birth-control and hormone replacement therapy (Gray et al., 2017). 

Approximately 10% of breast cancer cases can be attributed to an inherited, high-

penetrance genetic factor, of which the best characterised are the DNA repair genes 

BRCA1 and BRCA2 (Honrado et al., 2004). Estimates of penetrance vary 

significantly although a meta-analysis found cumulative breast cancer risks by age 

70 years of 57% and 47% for BRCA1 and BRCA2 carriers, respectively  (Chen and 

Parmigiani, 2007). A significant increase in ovarian cancer risk is also observed 

(40% for BRCA1 and 18% for BRCA2). Other characterised genetic risk factors 

include mutated TP53, loss of phosphatase and tensin homolog (PTEN) and 

mutations of phosphatidylinositol-4,5-bisphosphate 3-kinase (PI3K) (Harro and 

Monteiro, 2017).  

As with other cancers, lifestyle and diet are important contributors to breast cancer 

risk. Smoking plays a relatively small role in breast cancer risk in comparison to 

other cancers, although smokers do have a significantly increased risk, especially 

women who start smoking before delivery of their first child, when breast tissue is 

especially vulnerable to genotoxic damage (Gaudet et al., 2013, Catsburg et al., 

2015). Alcohol consumption, even in moderation is  a significant contributor to breast 

cancer risk (Chen et al., 2011). Association between breast cancer and alcohol 

consumption seems particularly strong for patients with estrogen receptor positive 

(ER+) tumours, as ethanol stimulates proliferation and aromatase expression in 

ER+ breast cancer cell lines (Etique et al., 2004).  
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Obesity significantly increases risk of post-menopausal breast cancer although 

surprisingly may decrease risk in pre-menopausal women (Suzuki et al., 2009). 

Obesity influences breast cancer risk and prognosis in multiple ways, including 

increased aromatase activity, secretion of inflammatory cytokines, elevated levels 

of mitogenic and pro-angiogenic factors including insulin and leptin, and increased 

risk of surgical complications (Chan and Norat, 2015). Composition of breast tissue 

also exerts a significant effect on breast cancer risk as women with a high 

percentage of dense breast tissue have a 4-6 fold increased risk compared to those 

with less dense breasts (Sak et al., 2015). 

Possible environmental risk factors include exposure to chemicals including 

dichlorodiphenyltrichloroethane (DDT), dioxins and air pollution (Rodgers et al., 

2018), ionising radiation (Gilbert, 2009) and exposure to light at night, resulting in 

disrupted circadian rhythm  (James et al., 2017). 

1.1.3 Types of breast cancer 

Breast cancer can be divided into many different types and subtypes, based on 

tissue of origin, gene expression profiles and hormone receptor status. Mammary 

gland epithelium consists of two cellular lineages: luminal cells (further subdivided 

into ductal and alveolar luminal cells) surrounding the ductal lumen and 

myoepithelial cells located in the basal compartment (Visvader, 2009). These two 

distinct cellular compartments are formed from a branching hierarchical structure of 

differentiation of mammary stem cells. The heterogeneity of breast cancer subtypes 

is now believed to reflect this hierarchy, with different molecular subtypes of breast 

cancer representing the original cell type from which a particular tumour is derived.  

The majority of breast cancer cases (75-90%) arise in the epithelial lining of the 

mammary glands. These can be further divided into lobular (10-15%) and ductal 

carcinoma (65-75%) (NCRI, 2012, NCRI, 2016). Both forms of carcinoma can be 

found in a ñpre-cancerousò, non-invasive in situ lesion, localised to the epithelial 

lining. Ductal carcinoma in situ (DCIS) was once a rare finding, but its incidence rate 

has increased rapidly due to the expansion of mammographic screening processes 

in many countries. DCIS does not usually cause a palpable lump, and the majority 

are detected by mammography (Carraro et al., 2014). Whilst DCIS (and the lobular 

equivalent, LCIS) are by themselves non-lethal, their detection is cause for concern 

as they are considered a precursor to invasive breast cancer.  
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This is evidenced by the significant increase in breast cancer risk in women with 

previously detected DCIS as well as genetic and histological similarities between 

DCIS and invasive tumours in the same patient (Carraro et al., 2014).  

Figure 1.2 Potential relationship between differentiation hierarchy of luminal and 
myoepithelial cell lineages and the molecular subtypes of breast cancer.  Luminal and 
myoepithelial cell lineages form as a result of differentiation of mammary stem cells, resulting in a 
branching hierarchy of cell types, which may be reflective of the high degree of heterogeneity within 
breast cancer. Reproduced from Visvader (2009).  

 

Breast tumours are also characterised by expression of three receptor proteins, 

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

factor receptor 2 (HER2). Expression of these receptors is typically examined by 

immunohistochemical analysis of biopsy samples and is a critical factor in 

determining future treatment. In addition, the usage of microarray analysis has also 

greatly expanded clinical understanding of different breast cancer subtypes and may 

yield a more complete picture than simple immunohistochemical analysis. A ground-

breaking study by Perou et al. analysed expression of a panel of 8,102 genes in 65 

surgical specimens, and found that tumours could be divided into 4 distinct, 

molecular subtypes based on expression patterns of a set of ñintrinsic genesò (Perou 

et al., 2000).  
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Subsequent analysis has further refined characterisation of these subtypes and 

showed links between subtype and patient prognosis (Sorlie et al., 2001). Luminal 

tumours constitute the largest subtype (~70%) of breast cancers and are 

characterised by their expression of genes associated with the ER signalling 

pathway (Eroles et al., 2012). Luminal tumours can be further divided into luminal-

A and luminal-B. Luminal-B tumours have increased expression of a group of 

proliferative genes, and tend to be associated with higher histologic grade and 

worse prognosis than luminal-A tumours (Ades et al., 2014).   

Approximately 20% of breast cancer cases fall into the category of HER2 enriched, 

defined by amplification of the HER2 gene (Eroles et al., 2012). No natural ligand 

has been identified for HER2. Instead, the HER2 extracellular domain exists 

permanently in a conformational state resembling that of an active receptor. The 

constitutionally active HER2 functions as a dimerisation partner for other members 

of the epidermal growth factor receptor family. Dimerisation triggers auto-

phosphorylation and activation of multiple cell signalling pathways including 

mitogen-activated protein kinase (MAPK), phospholipase C (PLC) and PI3-K 

(Koutras and Evans, 2008). HER2-positive tumours tend to be aggressive, with a 

high proliferative index, frequent relapse and decreased survival relative to the 

luminal subtype (Yersal and Barutca, 2014, Dai et al., 2015). Development of the 

recombinant monoclonal antibody trastuzumab (Herceptin) has significantly 

improved outcome for patients with HER2+ tumours (Rayson et al., 2014). 

Trastuzumab  binds to the extracellular domain of HER2 and is believed to function 

through numerous mechanisms including inhibition of the PI3K pathway (Delord et 

al., 2005) and promoting antibody-dependent cellular cytotoxicity (ADCC) based 

killing of tumour cells (Arnould et al., 2006). 

The basal-like subtype is named for its characteristic expression of genes usually 

associated with basal epithelial cells such as the cytokeratins CK-5/6, CK-14 and 

CK-17 (Perou et al., 2000). From an immunohistochemical view, basal-like tumour 

are usually characterised as triple-negative (ER-, PR-, HER2-). Although the terms 

ñbasalò and ñtriple-negativeò are often used interchangeably, and the two 

characterisations do share significant overlap, the terms are not synonymous, with 

one study demonstrating that up to 30% of triple-negative tumours do not fit into the 

basal-like subtype when analysed (Bertucci et al., 2008).  
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This discrepancy between the histological staining usually used to identify triple-

negative tumours and the gene expression based classification of the basal subtype 

reflects the high degree of heterogeneity of triple-negative breast cancers 

(Abramson and Mayer, 2014). From a clinical perspective, basal-like tumours are 

highly aggressive often associated with short overall survival time, higher recurrence 

rate and frequent metastasis (Abd El-Rehim et al., 2004, Banerjee et al., 2006, 

Foulkes et al., 2004).   

Normal-like breast cancers are poorly characterised with very few studies available 

in the literature. They are usually triple-negative but differ from basal-like cancers in 

their lack of CK5 and epidermal growth factor receptor (EGFR) expression. They 

also express several genes usually found in adipose tissue including fatty-acid 

binding protein 4 and peroxisome proliferator-activated receptor ɔ (PPARɔ) (Perou 

et al., 2000). Their prognosis lies in between that of luminal and basal-like. The 

existence of this particular subtype is still debatable with several studies suggesting 

that contamination of experimental samples with small amounts of non-cancerous 

cells from surrounding tissue may be responsible (Hu et al., 2006, Parker et al., 

2009, Prat and Perou, 2011, Sontrop et al., 2016). The observation that when 

cancerous cells are harvested for analysis through highly accurate micro-dissection, 

no traces of the normal-like subtype remains would seem to support the hypothesis 

that this subtype may be nothing more than a technical artefact (Weigelt et al., 

2010). 

The original grouping of four subtypes was expanded upon with the discovery of the 

claudin low subtype in 2007 (Herschkowitz et al., 2007). This subtype is named for 

its low expression of claudins 3, 4, 7 as well as several other genes in tight junctions 

and cell-cell adhesion such as occludin, and E-cadherin. Claudin low tumours share 

certain characteristics with basal-like tumours such as low expression of luminal 

genes and triple negative status. Despite low expression of proliferation related 

genes, claudin-low tumours tend to have a poor prognosis (Eroles et al., 2012, Prat 

and Perou, 2011). In addition, the METABRIC study used a combined molecular 

profiling of both gene expression and copy number alterations (CNAs) in 2,000 

breast cancer patients to generate 10 distinct ñintegrative clustersò, with significant 

variations in prognosis, expression profiles and genomic alterations (Curtis et al., 

2012). 
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The different molecular subtypes may represent the differentiation stage of the cell 

from which they are originally derived. For instance, expression analysis of luminal 

progenitor cells shows a close relationship with the basal-like subtype, while claudin-

low tumour most closely match the mammary stem cell population (Visvader and 

Stingl, 2014, Sreekumar et al., 2015). 

1.1.4 Treatment  

Current treatment of breast cancer will vary between patients depending on multiple 

factors but can involve endocrine therapy, broad cytotoxic chemotherapy, targeted 

molecular therapy, surgery and radiation therapy. An important early step in a 

patientôs treatment is to determine their tumours expression level (or lack thereof) 

of ER, PR and HER2 as this will guide treatment options. ER expression renders 

luminal type tumours vulnerable to hormonal based therapy and current standard 

treatment involves inhibition or modulation of the estrogen signalling pathway 

through agents such as aromatase inhibitors or the selective estrogen receptor 

modulator (SERM) tamoxifen which, when used as part of a five-year adjuvant 

therapy, reduces recurrence and mortality by approximately 50% and 30%, 

respectively (Early Breast Cancer Trialists' Collaborative, 2011). Current evidence 

now supports a longer treatment program, with 10 years usage of tamoxifen offering 

significant survival benefits in comparison to 5 years (Davies et al., 2013).  

Treatment of ER+ tumours will also vary depending on age of the patient and 

whether they are pre- or post-menopausal. Aromatase inhibitors, which function by 

blocking a key step in the estrogen biosynthesis pathway (aromatization of 

circulating androgens to estrone) are more effective than tamoxifen in post-

menopausal women (Dowsett et al., 2010). ER signalling can also be targeted via 

selective estrogen receptor degrader (SERD) drugs, of which fulvestrant was first-

in-class to be approved. Fulvestrant binds ER and creates an unstable complex, 

leading to increased degradation of the receptor (Nathan and Schmid, 2017). 

Patients with HER2 expressing tumours will usually be treated with trastuzumab or 

other HER2 targeting agents. Addition of trastuzumab to chemotherapy regimens 

improves overall survival by almost 35% (Moja et al., 2012) and also results in 

improvements to response and risk of recurrence (Esteva et al., 2010). Despite its 

significant impact on the treatment of HER2-amplified breast tumours, resistance 

remains a huge barrier.  
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Response rates to trastuzumab as a monotherapy are low, with intrinsic resistance 

observed in 66% to 88% of HER2-overexpressing tumours (Nahta and Esteva, 

2006, Oliveras-Ferraros et al., 2012) and even in patients that do respond to 

treatment, resistance typically sets in within a few months (Gajria and 

Chandarlapaty, 2011). Newer HER2 targeting drugs such as the tyrosine kinase 

inhibitor lapatinib or pertuzumab, another HER2 targeting antibody capable of 

blocking receptor dimerisation may improve patient response rate and outcome 

(Vrbic et al., 2013). Combination therapy with lapatinib and trastuzumab achieved a 

pathological complete response (pCR) of 51.3% compared to 29.5% for 

trastuzumab alone (Baselga et al., 2012). However, these new drugs are also 

subject to the development of resistance (Rexer and Arteaga, 2012). 

Triple-negative tumours lack robust molecular targets, thus making their treatment 

difficult. Treatment typically involves usage of cytotoxic chemotherapy, often a 

combination of anthracyclines and taxanes (Shastry and Yardley, 2013, Yao et al., 

2017). Response may be improved by addition of platinum drugs like carboplatin 

and certain forms of targeted therapy, including inhibitors of EGFR, poly(ADP-

ribose) polymerase (PARP) and PI3K (Abramson et al., 2015, Mayer et al., 2014). 

There is now a significant drive to identify novel targets in triple-negative tumours 

(Kalimutho et al., 2015). Cyclin-dependent kinase 7 (CDK7) was recently shown to 

be highly expressed in triple-negative breast cancer and can be targeted via 

combination of  CDK7 and BCL-2/BCL-XL inhibitors (Li et al., 2017). Basal-like 

tumours show higher sensitivity to a variety of chemotherapy regimens than other 

subtypes, although survival rates remain low (Carey et al., 2007, Shastry and 

Yardley, 2013, Yadav et al., 2014). 

Surgical treatment of breast cancer has changed radically over the years. The total 

removal of the breast (known as a mastectomy) that was once the mainstay of 

surgical treatment for breast cancer has been shown to offer no survival benefit over 

less extreme, breast conserving therapy, consisting of a lumpectomy to remove just 

the tumour and a small amount of surrounding tissue followed by radiation therapy 

(Johns and Dixon, 2016). Survival rates for breast cancer have improved 

considerably in the last few decades (NCRI, 2017) but issues such as drug 

resistance and lack of effective therapies for patients with advanced breast cancer 

remain a challenge.  
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As with most other forms of cancer, patients whose breast cancer is caught in the 

early stage will typically respond much better to treatment. Patients with advanced 

metastatic breast cancer have median survival from time of first distant metastasis 

ranging from 2.2 years for patients with a luminal A type tumour to only half a year 

for those with a basal-like cancer (Kennecke et al., 2010). Early detection is 

therefore crucial in ensuring the best possible chance for a patient to overcome their 

cancer. 

1.1.5 Mammographic screening 

To aid in this crucial endeavour of early detection, many countries now offer free x-

ray based screening programmes. Mammographic screening is offered to women 

in Ireland aged between 50 and 64 for free once every two years by BreastCheck. 

Since being established in 1998, the BreastCheck programme has provided 1.5 

million mammograms to over 500,000 women resulting in the early detection of over 

9,800 cases of breast cancer (BreastCheck, 2017). In 2015, 145,822 women 

received a mammogram through the BreastCheck programme (an uptake rate of 

74.7% of the 198,986 women invited).  Of these, 5,830 women were re-called for 

assessment, resulting in detection of 785 invasive breast tumours and 201 case of 

ductal carcinoma in situ (DCIS). Mammography in Ireland was implemented in a 

two-stage process, with approximately half of the country beginning screening in 

2000, with the other half initiating in 2007. This phased-rollout provides the 

opportunity for a closely-matched, geographical control group. A recent analysis of 

the impact of BreastCheck on breast cancer mortality found a 9% lower rate in the 

region with earlier implementation of screening, although the authors also point out 

the real benefit is likely to be higher as the full benefits of screening are only realised 

after many years of screening (Hanley et al., 2017).  

Despite a huge effort by many governments and healthcare organisations to 

promote screening, its routine uptake amongst the general population has long been 

a controversial issue. Many of the lesions detected through mammography are 

small, benign growths unlikely to progress to malignant breast cancer and pose little 

threat to the women. However, as prediction of which lesions will develop into full-

blown invasive cancer is difficult, women presenting with these types of growths will 

usually be treated.  
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There is still some debate as to whether the efficacy of mammography in catching 

early stage tumours is enough to mitigate the harms associated with overtreatment 

and with exposure of large numbers of women to unnecessary radiation, not to 

mention the emotional impact associated with a positive cancer diagnosis. A meta-

analysis of 11 large scale studies (all with a cohort size of at least 50,000) by the 

Independent UK Panel on Breast Cancer Screening demonstrated a reduction in 

relative risk of breast cancer mortality of 20% in patients who had undergone 

screening versus those who had not (Marmot et al., 2013). Other studies have 

reached similar conclusions (Nelson et al., 2009, The Canadian Task Force on 

Preventive Health Care, 2011, Pace and Keating, 2014, Weedon-Fekjær et al., 

2014).  

A meta-analysis by the Cochrane collaboration also arrived at a figure of 

approximately 20% but had very different conclusions. Pointing out issues with 

inadequate randomisation and bias associated with reporting cause of death, they 

concluded that several studies should be excluded from consideration. When these 

studies deemed inadequate were removed from analysis, the benefit of screening 

declined from an initial relative risk value of 0.81  to 1.02 (Gøtzsche and Jørgensen, 

2013). The findings of Gotzsche & Jorgensen have been challenged by many 

groups [summarised in (Feig, 2014)], although some other studies have been in 

support. For instance, a recent study argued that in many countries (including 

Ireland), breast cancer mortality had already started to decline before the 

implementation of screening (Bleyer et al., 2016). In addition, a recent analysis of 

the Dutch mammography screening programme from 1989 to 2013 found a steep 

increase in the incidence of both in situ and stage 1, but not stage 2-4 breast 

tumours (Fig.1.3), concluding that up to 24% of breast cancers found due to 

screening represented overdiagnosis (Autier et al., 2017). They also estimated 

screening to reduce mortality by 5% at most whilst improved treatment was 

associated with a 28% reduction. 

It is worth noting however, that although some disagreement may exist over the 

efficacy of mammography in population screening, its effectiveness as a diagnostic 

method is widely accepted. Mammographic imaging is combined with a clinical 

exam and analysis of a small biopsy sample (usually taken from a fine-needle 

aspiration or core-needle biopsy) into a ñtriple-assessmentò , which taken together  

demonstrates a sensitivity and specificity approaching 100% (Kharkwal et al., 2014, 
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Morris et al., 2001, Chalya et al., 2013). Whether or not mammography should be 

utilized in screening programmes remains a difficult question to answer. Clearly, a 

greater understanding of the underlying molecular mechanisms of breast cancer is 

required to fully determine which groups of women should be screened and if any 

of their detected lesions are likely to progress.  

 

Figure 1.3 Changes in age adjusted breast cancer incidence rate of different stages in women 
aged 50 or more in the Netherlands, 1989 to 2012. Significant increases were observed in both in 
situ and stage 1 but not more advanced tumours (stage 2-4). Reproduced from Autier (2007). 

 

1.2 Breast cancer and microcalcifications 

1.2.1 Mammary microcalcifications: An introduction 

Despite the controversy, mammographic screening remains a vital tool in early 

detection of breast cancer in many countries, with most utilizing the Breast Imaging 

Reporting and Data System (BI-RADS), a standardized system for classifying and 

reporting clinical findings from mammography. Mammograms are scored on a 

number of features including density, architectural distortions and calcifications, and 

placed into one of 7 BI-RADS categories, ranging from ñIncomplete Assessmentò 

(Category 0) up to ñKnown Biopsy-Proven Malignancyò (Category 6), each with a 

recommended course of action (Table 1.1) (Eberl et al., 2006).  
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Microcalcifications are small calcified deposits, appearing as bright white spots in 

mammograms. First identified in 1951 (Leborgne, 1951), they have long been a 

highly useful marker of breast cancer, with somewhere between 30 and 50% of non-

palpable tumours found in screening identified solely due to the presence of 

microcalcifications (Gülsün et al., 2003, Venkatesan et al., 2009). They are also 

present in the majority of DCIS cases (Hofvind et al., 2011). Microcalcifications are 

categorized based on their size, shape, chemical composition and spatial 

distribution within the breast.  

Structurally speaking microcalcifications can take several forms, ranging from a 

dispersal of fine particles classified as ñpowderyò up to long, branching structures 

called ñcasting-typeò. In addition to their morphology, microcalcifications can also be 

categorized based on their chemical structure. Type I calcifications are composed 

of calcium oxalate [CaC2O4·2H2O] crystals which take the form of amber coloured 

pyramidal structures whilst Type II consist of calcium phosphate in the form of 

calcium hydroxyapatite [Ca10(PO4)6(OH)2]  (Scimeca et al., 2014). Type I 

calcifications are generally found solely in benign tumours whilst type II calcifications 

are mostly seen in malignant tumours (Haka et al., 2002, Radi, 1989).The BI-RADS 

system includes specifications on how calcifications should be classified based on 

morphology and distribution (Eberl et al., 2006).  

1.2.2 Mammographic characterisation of microcalcifications  

Calcifications detected by mammography can be characterised based on a number 

of attributes, including morphology, size, distribution and number. Based on these 

features, radiographers will then assign calcifications to a BI-RADS category 

indicative of their likelihood of malignancy (Table 1.1). Calcification morphologies 

typically considered low-risk include ñpopcorn-likeò, eggshell or dystrophic, whilst 

calcifications of a coarse heterogeneous or fine-linear morphology convey a 

significantly increased risk of malignancy. A clear understanding of the relationship 

between different calcification morphologies and their formation can help inform 

clinical understanding as to which are likely to indicate the presence of cancerous 

tissue. For example, a benign eggshell-calcification is depicted below (Fig. 1.4 A). 

These thin, spherical structures usually form as the result of calcium deposition on 

the surface of an oil cyst, and are totally unrelated to breast cancer. In contrast, the 

long, thin branching structure of fine-linear type (often referred to as casting) 
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calcification (Fig. 1.4 B) indicates spread of calcium deposition along the inner duct, 

and is highly suggestive of malignancy (Rao et al., 2016). 

Suspicious microcalcifications can be further stratified with risk of malignancy based 

on morphology. A meta-analysis of 40 studies representing a total of 10,665 patients 

with mammographically detected calcifications demonstrated pooled malignancy 

rates of 13% for coarse heterogeneous, 27% for amorphous or indistinct, 50% for 

pleomorphic, and 78% for fine-linear (Rominger et al., 2012). Other studies have 

found similar results, with fine-linear calcifications regarded as extremely suspicious 

(Kim et al., 2015c, Bent et al., 2010).  

In addition to morphology, the spatial distribution of microcalcifications within the 

breast tissue can also inform clinical opinion (Bent et al., 2010, Burnside et al., 

2007). Calcifications grouped in a linear (representing spread of calcified deposits 

along a duct) or segmental pattern (calcium deposition within a duct and associated 

branches, following the shape of a breast lobe) are considered high risk, and are 

significantly more likely to represent a malignancy than calcifications in a clustered 

distribution (5 calcifications within an area of 1 cm2).  

Table 1.1. Breast imaging and reporting data system (BI-RADS) categories for mammography and 
its association with microcalcification appearance. Adapted from DôOrsi (2013). 

 

Category Description Management Likelihood of 
malignancy 

0 Incomplete Additional imaging required Not applicable 

1 Negative Continue routine screening 0% 

2 Benign Continue routine screening 0% 

3 Probably benign Short interval follow up 0 ï 2% 

4         
   A 
   B 
   C 

 
Low suspicion 

Intermediate suspicion 
High suspicion 

May require biopsy 

 
2 ï 10% 
10 ï 50% 
50 ï 95% 

5 Highly suggestive of 
malignancy 

Biopsy required >95% 

6 Biopsy proven malignancy Begin treatment Not applicable 

  Calcification morphology BI-RADS 
category 

Calcifications Typically benign 

Skin 
Vascular 
Dystrophic 
Eggshell 
Large rod-like 
Popcorn-like 

2 or 3 

 

Suspicious 

Amorphous  
Coarse heterogeneous 
Fine-pleomorphic 
Fine-linear (casting) 

4B 
4B 
4B 
4C 

 
Extremely suspicious 

Fine-linear (casting) in a 
segmental distribution 

5 
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In turn, clustered calcifications (an intermediate category) are considered more 

suspicious than calcifications in a diffuse (random distribution within the breast) or 

regional (calcifications spread in a larger volume >2 cm2). Some calcifications (eg. 

vascular or thick linear) can form a linear pattern, yet still be considered likely to be 

benign based on their underlying morphology (Arancibia Hernández et al., 2016). 

This highlights the necessity to consider both morphology and distribution of 

calcifications when assessing likelihood of malignancy.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1.4 Mammographic and histological appearance and distribution patterns of 
microcalcification. Mammographic appearance of benign (A) and malignant (B) microcalcifications 
can vary significantly. H&E stained section shows presence of calcification within ductal lumen (C). 
Images taken from Tabar and Dean (2008), Rao (2016) and D'Orsi (2013). Possible distributions of 
microcalcifications (D) are represented above in the following order; clustered, regional, diffuse, 
segmental and linear. Adapted from Arancbia Hernàndez (2016).  

(B) 

(C) 

(A) 

(D) 
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1.2.3 Chemical composition of microcalcifications  

In addition to their morphology and distribution pattern, microcalcifications can be 

categorised based on their chemical composition. Type I calcifications are 

composed of calcium oxalate [CaC2O4·2H2O] crystals whilst type II consist of 

calcium phosphate in the form of calcium hydroxyapatite [(Ca10(PO4)6(OH)2].  

Type I calcifications are generally found solely in benign tumours whilst type II 

calcifications may be found in either benign or malignant tumours (Radi, 1989, Haka 

et al., 2002). In an analysis of microcalcifications taken from 25 patients, Frappart 

et al.  found type II calcifications in all cases of infiltrating carcinomas and intraductal 

adenocarcinomas and in 50% of benign tumours whilst type I calcifications were 

only present in benign samples (Frappart et al., 1984). Similarly, Winston et al.  

examined biopsy samples from 55 women and found that in the 8 patients 

presenting with exclusively calcium oxalate calcifications, all had benign growths. In 

contrast, 40% (19/47) of patients with type II calcifications (either as the sole form 

of calcification present or in conjunction with type I crystals) had carcinoma (Winston 

et al., 1993).  

Although mammography cannot distinguish type I and type II calcifications, recent 

studies utilising Raman spectroscopy have shown that addition of this analysis 

technique could be a clinically useful strategy. Raman spectroscopy measures 

energy shifts in inelastically scattered light to generate a molecule-specific spectrum 

and has been used to analyse biopsy samples, successfully distinguishing type I 

and type II calcifications (Saha et al., 2011, Barman et al., 2013, Haka et al., 2002, 

Haka et al., 2005). Loss of light through scattering typically limits Raman 

spectroscopy analysis to a relatively shallow depth, recent developments have 

allowed for analysis at a depth of up to 40 mm of tissue (Ghita et al., 2017). This 

raises the possibility of utilising Raman analysis as a non-invasive, clinical imaging 

technique to identify calcifications likely to be representative of a malignancy. A 

recent study even found that Raman analysis of whole blood samples could detect 

shifts in the Raman spectrum characteristic of calcium oxalate and calcium 

hydroxyapatite, which were increased in blood from breast cancer patients (Bilal et 

al., 2016). 
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Raman analysis has also been used to identify several notable differences between 

benign and malignant calcifications. The carbonate content of calcifications is 

inversely correlated to malignancy, with calcifications representative of invasive, in 

situ and benign disease possessing a mean carbonate content of 1.41, 1.83 and 

2.08% respectively (Haka et al., 2002, Baker et al., 2010). Carbonate content was 

also significantly lower in high grade invasive cancers or DCIS tumours. When the 

ratio of protein matrix to mineral was analysed, the opposite pattern was observed, 

with increased protein content going from benign to in situ to invasive. Combining 

both these metrics yielded a linear discriminant model capable of identifying 

malignancy lesions with a sensitivity and specificity of 90% and 96%, respectively 

(Baker et al., 2010). 

A recent study using energy dispersive X-ray microanalysis to probe the chemical 

composition of microcalcifications in a group of patients with either benign or 

malignant breast lesions identified significant amounts of magnesium substituted 

hydroxyapatite, a novel form of microcalcification which was only found in malignant 

lesions (Scimeca et al., 2014). A subsequent study using X-ray diffraction  found 

small amounts of the  magnesium-containing calcium phosphate crystal whitlockite 

in calcification samples from breast cancer patients (Scott et al., 2016). The 

percentage of whitlockite in samples increased significantly from benign to in situ 

lesions to invasive tumours. The biological relevance of the magnesium content of 

microcalcifications remains unclear but its specificity to malignant lesions may prove 

highly valuable alongside carbonate percentage as a guide to distinguishing benign 

from malignant growths.   

1.2.4 Microcalcifications and patient prognosis 

In addition to their utility in the detection of breast cancer, the presence of 

calcifications on a mammogram may also be indicative of patient prognosis. Tabar 

et al. analysed mammograms of 343 patients with invasive breast cancers and 

found that 1-9 mm sized tumours with associated casting-type calcifications 

behaved as if they were much larger tumours with mortality rate similar to that seen 

in women with much larger, higher grade tumours (Tabár et al., 2000). This was 

followed by a second study by Tabar et al. with a larger cohort which found huge 

variation in survival rates of women diagnosed with small invasive tumours (Tabar 

et al., 2004).  
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Women with 1-9 mm tumours associated with casting-type calcifications had a far 

higher mortality rate than would be expected for tumours of this small size (20 year 

survival rate of 72% compared to 95% for women with similar sized lesions but 

without casting-type calcifications). Results from a study by Thurfjell et al. supports 

the findings of Tabar, with their analysis of 96 cases of invasive breast cancer cases 

showing a clear link between presence of casting-type calcifications and survival 

(Thurfjell et al., 2001). Similarly, Peacock et al. compared 50 women diagnosed with 

small invasive tumours and associated casting-type calcifications with tumour size 

and lymph node matched controls (Peacock et al., 2004).  

There were 5 deaths in the calcification group but none in the control, a difference 

that was found to statistically significant (Peacock et al., 2004). In a study of 498 

patients diagnosed with invasive breast cancer, Tsau et al.  found that the presence 

of casting calcifications was associated with a 3.47-fold increased hazard ratio for 

mortality compared to other mammographic findings (Tsau et al., 2015). Ling et al. 

found that women presenting with calcifications had a 2-fold increase in risk of 

relapse and a 2.4-fold increased risk of dying from breast cancer compared with 

women without calcifications (Ling et al., 2013). The most recent study identified for 

this literature review found patients with mammographic calcifications to have risk 

ratios of 2.46 for local recurrence, 2.24 for metastasis and 2.5 for mortality following 

breast-conserving therapy (Qi et al., 2017). 

It is worth noting that not all studies are in agreement over the prognostic value of 

calcifications. In a study of 515 women with 1ï15 mm tumours, the adjusted odds 

ratio for breast cancer death in patients with casting calcifications was 1.6 although 

this was not found to be significant (Månsson et al., 2009). James et al.  found the 

presence of casting-type calcifications to be associated with small, high-grade 

tumours but not with survival (James et al., 2003). Evans et al.  also did not find any 

association between patient survival and type calcifications (Evans et al., 2006).  

Many studies have also highlighted links between microcalcifications and increased 

risk of recurrence, with most studies finding between a 2- to 5- fold increase in risk. 

In a study of 409 patients treated with breast conserving surgery, Qi et al.  found a 

2.46 fold increased rate of local recurrence in patients with mammographically 

detected calcifications (Qi et al., 2017). Patients with calcifications in a linear or 

segmental distribution were particularly likely to suffer a relapse. 
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 Rauch et al. found a 5.2-fold increase in local recurrence in patients presenting with 

fine linear microcalcifications (Rauch et al., 2016). Increased risk of recurrence is 

supported by recent studies using the Oncotype assay, a diagnostic assay which 

uses a 21-gene expression signature to estimate likelihood of recurrence. Patients 

presenting with calcifications are significantly more likely to be assigned to the ñhigh-

riskò category than those without (Chae et al., 2016, Yepes et al., 2014, Woodard et 

al., 2017). In contrast, in a study of 937 cases of invasive carcinoma, Naseem et al. 

did not find any association between the presence of calcifications and recurrence 

(Naseem et al., 2015). A possible explanation for this may lie in the findings of 

Holmberg et al., which showed a 2.1-fold increase in recurrence in patients with fine 

linear calcifications compared to those without calcifications (Holmberg et al., 2013). 

Interestingly, when cases of invasive carcinoma and DCIS were analysed 

separately, this increase was found to mainly be confined to the DCIS sub-cohort. 

The fact that Naseem et al.ôs cohort consisted only of invasive carcinomas may 

explain their inability to detect any increase in recurrence risk in patients with 

calcification.  

Calcifications have also shown a significant association with high tumour grade. 

Rauch et al. found tumour grade to be significantly associated with calcification 

morphology, with the highest risk conveyed by fine-linear calcifications (3.4-fold 

increase relative to calcifications of a punctate/amorphous morphology (Rauch et 

al., 2016). Naseem et al. observed a borderline-significant (P=0.057) trend toward 

increased tumour grade in calcification associated tumours, with the rate of 

calcification increasing from 30.7% for grade I to 39.8% for grade II and 41.3% for 

grade III (Naseem et al., 2015). A recent study involving over 8,000 cases of invasive 

breast cancers found calcifications to be associated with 1.43-fold increased risk of 

high tumour grade  (Nyante et al., 2017). Similar results were found in an analysis 

of mammography data from over 7,000 patients in China (Zheng et al., 2017). 

Perhaps the most consistent finding in these studies is a strong association between 

the presence of calcifications and HER2 overexpression.  A recent microarray 

analysis found the ERBB2 gene to be amongst the most differentially expressed 

between patients with highly suspicious calcifications versus those without (Shin et 

al., 2017).  
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In addition, a meta-analysis encompassing a total of 17,745 breast cancers found 

that the presence of calcifications carried a pooled odds ratio of HER2 

overexpression of 3.14, regardless of whether the detected calcification was found 

with or without an associated mass (Elias et al., 2014).  

Calcifications may also be associated with tumour invasion into the lymphatic 

system, although not all studies are in agreement. Tabar et al. found the presence 

of casting calcifications to confer a 3.29-fold increased risk of positive lymph node 

status, relative to stellate lesions with no calcifications (Tabar et al., 2004). Several 

other studies have also found an increased rate of lymph node involvement in 

patients with calcifications (Ling et al., 2013, Zheng et al., 2017), although others 

have failed to find an association (Naseem et al., 2015, Shin et al., 2017).  

Similarly, inconsistent results were found with tumour size, with studies finding 

calcifications to be associated with either increased (Jiang et al., 2011, Ling et al., 

2013) or decreased tumours size (Nyante et al., 2017), or not associated at all 

(Naseem et al., 2015, Palka et al., 2007, Qi et al., 2017). 

Despite some disagreement within the literature, the majority of evidence thus far 

does seem to indicate an important role for microcalcifications, and in particular 

those of a casting-type morphology, in predicting prognosis, risk of malignancy, 

likelihood of recurrence and numerous other clinically important attributes.  Many of 

these discrepancies could likely be resolved through the usage of large-scale meta-

analysis, which has been done for some clinical factors relevant to mammographic 

calcifications, but not all. For instance, the relationship between calcification 

morphology and risk of malignancy was analysed by a meta-analysis encompassing 

over 10,000 patients and provided strong evidence of a high degree of risk 

associated with calcifications of a pleomorphic or fine-linear morphology (Rominger 

et al., 2012). 

A selection of some of the key studies demonstrating these associations is 

summarised in Table 1.2. A more comprehensive table can be found in the appendix 

(Table 8.1). 
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Table 1.2 Key studies demonstrating association between mammographic calcifications and 
key prognostic factors in breast cancer patients. Note, ñfine-linearò and ñcastingò are used 
interchangeable depending on terminology used within each individual study.  

References Study Cohort Key Findings 

(Bennett et 
al., 2011) 

232 screen-detected cases 
of invasive cancer 

¶ 3-fold increased hazard-ratio for mortality in 
patients with comedo-type DCIS with associated 
calcification. 

(Cen et al., 
2017b) 

419 cases of invasive 
ductal carcinoma with BI-
RADS 3ï5 calcifications 

¶ Calcification density associated with lymph node 
status 

(Ferranti et 
al., 2000) 

982 screen detected 
carcinomas 

¶ Presence of microcalcifications associated with 
increased tumour grade and size and positive 
node status. 

(Gajdos et 
al., 2002) 

543 mammographically 
detected nonpalpable 
malignancies 

¶ Calcifications associated with more extensive 
intraductal carcinoma and HER2 positivity, 
invasive cancers presenting as masses with 
calcifications associated with lymphatic invasion 

(Hofvind et 
al., 2011) 

217 cases of pure DCIS  
with no microinfiltration 

¶ 84% of DCIS cases with associated  fine linear 
and fine linear branching calcifications were high 
grade lesions. 

(Holmberg et 
al., 2013) 

Case-cohort study of 198 
patients with DCIS 

¶ 16-fold increased relative risk of ipsilateral, in situ 
recurrence in patients with casting-calcifications 

(Kim et al., 
2008) 

Analysis of ultrasound 
findings in 435 invasive 
cancers and 23 cases of  
DCIS 

¶ Presence of calcifications  significantly associated 
with high grade and HER2 positivity in DCIS 

(Ling et al., 
2013) 

721 cases of  confirmed  
invasive ductal carcinoma 

¶ Significantly decreased RFS and OS in patients 
with calcifications 
¶ Increased tumour size and lymph node 

involvement, lower ER/PR expression and higher 
HER2 expression 

(Naseem et 
al., 2015) 

937 cases of breast cancer 

¶ Calcifications more common in patients with 
HER2 over-expression, heterogeneous density 
and multifocal breast disease. Borderline 
significant (p = 0.057) with increased grade. 
¶ No significant association between calcifications 

and node status, tumour size or rate of 
recurrence. 

(Rauch et al., 
2016) 

1657 patients with DCIS 
and calcifications 

¶ Casting calcifications associated with high tumour 
grade, increased risk of recurrence and 
comedonecrosis 

(Tabár et al., 
2000) 

343 screen detected 
invasive cancers, 1-14 mm 
size 

¶ 20 year survival of 55% for patients with casting 
calcifications versus 87% for patients without 
¶ Greater likelihood of high-grade tumours in 

patients with casting calcifications 

(Tabar et al., 
2004) 

714 screen detected 
invasive cancers, 1-14 mm 
size 

¶ Presence of casting calcifications associated with 
higher histological grade, positive lymph node 
status and decreased survival 

(Tsau et al., 
2015) 

498 patients diagnosed 
with invasive breast cancer 

¶ Casting calcifications associated with 3.47-fold 
increased hazard ratio for mortality 

(Wang et al., 
2008) 

Retrospective study of  
preoperative 
mammograms in  152 
breast carcinoma  patients 

¶ Higher rate of HER2 over-expression, TNM III 
stage and axillary lymph node metastasis in 
patients with calcifications. 

(Qi et al., 
2017) 

409 patients with breast 
carcinoma treated with 
breast conserving surgery 

¶ Calcifications associated with risk ratios of 2.46 
for local recurrence, 2.24 for metastasis and 2.5 
for mortality. 
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1.2.5 Biological effects of microcalcifications  

With a significant body of evidence to demonstrate a link between calcifications and 

a range of prognostic factors, it is interesting to speculate how the presence of 

calcifications could potentially be directly influencing tumour behaviour. The first 

studies to investigate the potential biological significance of calcifications on breast 

cancer found that stimulation of MCF-7 and Hs578T breast cancer cell lines with 

synthetic, hydroxyapatite (HA) particles (representative of malignancy associated, 

type II microcalcifications) lead to increased mitogenesis (Morgan et al., 2001). Pathi 

et al. also observed increased proliferation in both MDA-MB-231 and MCF-7 cells 

grown on HA-mineralised scaffolds as compared to non-mineralised scaffolds (Pathi 

et al., 2010).  

Although the precise mechanism of HA stimulation in breast cancer cells has not 

been fully elucidated, direct cell-crystal contact and intracellular dissolution of the 

crystals appears to be essential as separation of cells and the crystals by transwell 

membranes results in an elimination of HA induced mitogenic response (Cooke et 

al., 2003). Similar effects were seen when cells were treated with the vacuolar type 

proton pump ATPase inhibitor bafilomycin A1 to inhibit lysosomal dissolution of the 

HA crystals, indicating the importance of both endocytosis and intracellular crystal 

dissolution in cellular response to HA. HA crystals exert a stimulatory effect on other 

cell types by a bi-phasic mechanism, involving a rapid but transient spike in 

intracellular Ca2+ followed by a second, slower but longer acting rise in Ca2+  over 

time (Halverson et al., 1998). HA stimulation of cells cultured in a Ca2+ free media 

abolished the first peak but not the second. In contrast, the second phase could be 

blocked by the addition of ammonium chloride which alkalises phagolysosomes and 

inhibits intracellular dissolution of calcium containing crystals. These results indicate 

that HA crystals stimulate an initial influx of Ca2+ from the extracellular media by 

direct cell-crystal interactions before phagocytosis and dissolution yields a second, 

gradual rise in intracellular Ca2+.  

In addition to stimulating proliferation, HA crystals also exert a potent inflammatory 

effect in breast cancer cells. HA stimulated MCF-7 cells display increased levels of 

prostaglandin E2 (PGE2) (Morgan et al., 2001). This increase was likely mediated 

by increased expression of cyclooxygenase-2 (COX2), as HA crystals upregulate 

COX2 expression (Cooke et al., 2003), and blocking COX2 activity with aspirin lead 

to a decrease of PGE2 in HA stimulated cells (Morgan et al., 2001).  
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COX2 is a significant promoter of breast tumour development. COX-2 is upregulated 

in breast cancer, with one study even finding a link between increased 

immunohistochemical staining for COX-2 and the presence of mammographic 

calcifications (Qiu et al., 2017). Long term aspirin use decreases risk of developing 

breast cancer (Luo et al., 2012) and may improve patient survival (Fraser et al., 

2014). In addition, COX-2 expression is associated with tumour size and grade 

(Miglietta et al., 2010) and promotes epithelial-mesenchymal transition (EMT) and 

invasion (Bocca et al., 2014). Considering the multiple tumour-promoting effects 

associated with COX-2 expression in breast tissue, the link between 

microcalcifications and COX-2 may play a role in the unusually aggressive nature 

of calcification-associated tumours observed in some studies (Tabár et al., 2000, 

Tabar et al., 2004).  

HA was also found to upregulate production of matrix metalloproteinases (MMPs) 

in both normal and cancerous breast cells (Cooke et al., 2003, Morgan et al., 2001). 

MMPs are known promoters of metastasis and tumour growth due to their role in 

degradation of the extracellular matrix (ECM) surrounding the tumour.  Multiple 

studies have shown HA has also been shown to upregulate MMP expression in 

other cell types (Cheung et al., 1997, McCarthy et al., 1992, McCarthy et al., 2001, 

Reuben et al., 2001). MMPs are multi-functional promoters of breast tumour 

progression. In addition to their well-known activity in promoting invasion via ECM 

degradation, MMPs can also activate and release precursor growth factors from 

surrounding tissue, decrease apoptotic signalling through cleavage of Fas ligands, 

promote EMT and modulate tumour-immune surveillance via proteolytic activation 

of TGF-ɓ (Gialeli et al., 2011, Kessenbrock et al., 2010). Many of the biological 

effects of HA stimulation demonstrated in both breast cancer and other cell types 

are known promoters of tumour progression and invasion. It seems likely that the 

presence of calcifications within the tumour microenvironment could be directly 

stimulating both tumour other associated cells, and potentially play a role in the 

tumours spread.  

A detailed understanding of the formation process of microcalcifications could 

therefore help inform clinical understanding of the early events of breast 

tumourigenesis.  
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1.3 In vivo mineralisation  

 1.3.1 Physiological mineralisation  

In addition to forming type II microcalcifications, hydroxyapatite is also present under 

normal physiological conditions, forming the primary inorganic component of bone, 

teeth and other calcified structures. Formation of HA microcalcifications in breast 

tumours is likely to follow a similar process. Physiological mineralisation is regulated 

primarily by a mesenchymal cell known as an osteoblast. These cells lay down a 

network of ECM proteins, primarily collagen I which is subsequently mineralised with 

hydroxyapatite (Tomoaia and Pasca, 2015). Multiple methods of mineralisation 

have been proposed in the literature. 

Matrix vesicles are small (20-200 nm) spherical particles that bud off from the outer 

membrane of chondrocytes, osteoblasts, and odontoblasts. Their membranes are 

enriched in several factors crucial to mineralisation including tissue non-specific 

alkaline phosphatase (TNAP), ectonucleotide pyrophosphatase/phosphodiesterase 

(ENPP1), annexins and phosphatidyl serine (Golub, 2009). Matrix vesicles may 

facilitate mineralisation by concentrating Ca2+ and phosphate (Pi), regulating the 

ratio of Pi to its inhibitory counterpart pyrophosphate (PPi) and providing nucleation 

sites. Vesicles are then released from mineralising cells where they can deposit  

calcium phosphate onto nearby collagen (Anderson, 2003). Mineralisation-

competent vesicles have been shown to be released from vascular smooth muscle 

cells in in vitro models of vascular calcification and to be important mediators of 

pathological calcification (Kapustin et al., 2011). The release of exosomes, which 

share many similarities to matrix vesicles (Shapiro et al., 2015), has been 

demonstrated in breast cancer cells and appears to stimulate a range of tumour 

promoting effects, including drug-resistance, invasion and immune modulation 

(Lowry et al., 2015, Wu et al., 2016). 

Collagen may also directly promote its own mineralisation. The 3D arrangement of 

collagen results in a staggered arrangement and a series of ñholesò that can act to 

nucleate Ca2+ and Pi ions (Xu et al., 2015b). Mineral deposition can occur both 

inside (intrafibrillar) and outside (interfibrillar)  collagen polypeptide (Landis and 

Jacquet, 2013). Recent evidence also suggests that mineralisation may begin with 

deposition of an amorphous calcium-phosphate product within the collagen fibrils, 

before subsequent crystallisation to hydroxyapatite  (Boonrungsiman et al., 2012, 

Mahamid et al., 2011).  
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Apoptosis also seems to play a role in biomineralisation. Terminally differentiated, 

hypertrophic chondrocytes in the growth plate of long bones are observed to 

undergo a carefully coordinated program of apoptotic death leaving behind a 

scaffold for osteoblast mediated mineralisation (Kronenberg, 2003). They also leave 

behind small membrane enclosed vesicles containing fragments of the former cells 

contents called apoptotic bodies. Due to the non vascularised nature of articular 

cartilage and absence of phagocytes that would normally remove remains of  

apoptotic cells, chondrocytes apoptotic bodies are believed to remain within the 

ECM of developing bones and precipitate calcium in a similar manner to matrix 

vesicles (Hashimoto et al., 1998). Apoptotic bodies have been shown to be an 

important contributor to pathological vascular calcification (Proudfoot et al., 2000, 

Reynolds et al., 2004). 

1.3.2 Phosphate-phosphate balance 

Regardless of the precise mechanism by which mineralisation occurs, a crucial 

factor in regulating this process is the balance between phosphate (Pi) and 

pyrophosphate (PPi), and the enzymes responsible for their production. PPi, which 

consists of two molecules of Pi joined by an ester bond, acts as a vital endogenous 

inhibitor of mineralisation, primarily through adsorption to the forming HA crystals 

and interfering with nucleation (Golub, 2009). PPi is produced extracellularly by the 

transmembrane enzyme ectonucleotide pyrophosphatase/phosphodiesterase 1 

(ENPP1), which degrades extracellular ATP to PPi and AMP, as well as 

intracellularly as a by-product of several metabolic pathways and exported out of 

the cell by ankylosis protein (ANK) (Terkeltaub, 2001). Interestingly, ENPP1 can 

also positively regulate mineralisation in certain contexts. Osteoblast specific 

deletion of ENPP1 results in improperly differentiated and inactive osteoblasts (Nam 

et al., 2011).  

Mice with Enpp1 knockdown display extensive calcification of the cardiovascular 

system, highlighting its importance in preventing aberrant mineralisation (Li et al., 

2014b). The inhibitory effect of ENPP1 and its PPi product are counteracted by the 

activity of the alkaline phosphatase (ALP) enzyme which hydrolyses PPi to Pi, 

simultaneously removing a source of inhibition and producing free Pi for HA 

formation (Millán, 2013). This double-action makes ALP activity a powerful driver of 

both physiological and pathological mineralisation.  
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Mice with a knockout mutation in the alkaline phosphatase 2 (Akp2) gene exhibit 

significant  mineralisation defects (Yamamoto et al., 2011). The primary role of ALP 

in promoting mineralisation may lie in its ability to remove the inhibitory effect of PPi, 

rather than generation of free Pi (OôNeill, 2006).  

A second phosphatase has now been identified with an important role in regulating 

Pi levels in matrix vesicles. The phosphatase PHOSPHO1 is highly specific for 

phosphoethanolamine and phosphocholine, two membrane phospholipids that are 

enriched in the membrane of matrix vesicles (Roberts et al., 2004) and its 

expression in mineralised tissue is over 100 times greater than in soft tissue 

(Roberts et al., 2007). PHOSPHO1 is present within matrix vesicles and its inhibition 

significantly reduces the mineralising capability of these vesicles (Roberts et al., 

2007). Phospho1ī/ī mice display severe skeletal defects including decreased bone 

density, spontaneous fractures and scoliosis (Yadav et al., 2011). This phenotype 

is not reversed by ALP overexpression and knockout of both PHOSPHO1 and ALP 

resulted in the almost total absence of skeletal mineralisation, indicating that the two 

proteins have complimentary but non-redundant roles in mineralisation.  

1.3.3 Regulators of in vivo mineralisation 

In addition to the Pi-PPi balance previously discussed, a range of other inhibitors 

have been described that tightly regulate calcium deposition to specific locations in 

the body. The vitamin K-dependent calcification inhibitor matrix gla protein (MGP) 

inhibits mineralisation through a variety of mechanisms including binding Ca2+ions, 

direct inhibition of crystal growth and modulation of osteogenic signalling pathways 

(Proudfoot and Shanahan, 2006). Mgpï/ï mice develop extensive vascular 

calcification and typically die after 2 months (Luo et al., 1997, El-Maadawy et al., 

2003). The inhibitory effect of MGP on minimisation is dependent on ɔ-carboxylation 

of five glutamate residues to create Ca2+binding sites (Schurgers et al., 2013).  

Fetuin-A is a liver produced, plasma protein that acts as a mineralisation inhibitor by 

binding Ca2+and Pi ions, resulting in formation of large protein-mineral aggregates, 

stabilising the minerals as colloids and facilitating their transport and clearing 

(Jahnen-Dechent et al., 2011). Osteopontin (OPN) is a highly-phosphorylated 

protein, ubiquitously expressed but found in high concentrations in areas of 

mineralised tissues including ectopic calcifications (Hunter, 2013). Removal of 

phosphorylation from OPN significantly reduces its inhibitory effect on HA formation 

(Hunter et al., 1994).  
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OPN also appears to have a highly disorganised structure, with this flexible structure 

allowing for multiple binding interactions between the protein and HA crystals 

(Azzopardi et al., 2010). 

In addition to inhibitor proteins, mineralisation is also regulated by the levels of 

particular ions. Unsurprisingly, the levels of both Ca2+and Pi ions significantly 

promote  development of mineralisations (Villa-Bellosta et al., 2011, Lau et al., 

2010). Increased Pi levels can cause formation of HA nanocrystals, which trigger 

osteogenic changes in vascular smooth muscle cells (Sage et al., 2011). In contrast, 

Mg2+ ions are potent inhibitors of HA crystal nucleation. Mg2+ inhibits formation of 

HA crystals by numerous mechanisms including blocking attachment sites for 

Ca2+and Pi ions, disrupting the crystal structure and by stabilising the precursor 

amorphous calcium-phosphate stage, preventing its conversion to mature HA (Ding 

et al., 2014). Other ions have also shown mineralisation regulatory function, 

including NaCl, KCl and bicarbonate (Villa-Bellosta et al., 2011). 

1.3.4 Pathological calcification 

Together, these various mineralisation inhibitors tightly regulate deposition of 

calcium and prevent the pathological mineralisation of soft tissue. However, this 

careful balance is perturbed in a number of diseases, resulting in formation of 

ectopic calcifications. A well-studied example is vascular calcification. Vascular 

calcification is caused by disruption of the various inhibitory processes previously 

described, resulting in deposition of calcium within the collagenous matrix of the 

intimal or medial layers of the arterial wall. This causes a stiffening of the arterial 

wall, and a substantial increase in risk of atherosclerosis and other forms of 

cardiovascular disease (Towler and Demer, 2011). Vascular calcification may be 

triggered by a variety of conditions including inflammation and oxidative stress 

(Byon et al., 2008), kidney dysfunction and elevated serum Pi (Hruska et al., 2007) 

aging and diabetes (OôNeill, 2006). Studies have implicated an active, cell regulated 

process in the formation of calcium deposits within the vasculature. Vascular smooth 

muscle cells (VSMCs) grown under mineralisation promoting conditions undergo 

phenotypic conversion to an osteogenic state, upregulating mineralisation 

associated genes including ALP, bone morphogenetic protein 2 (BMP2) and the 

osteogenic transcription factor runt-related transcription factor 2 (RUNX2) (Chen et 

al., 2006b). 
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Ectopic expression of bone associated genes in conjunction with loss of typical 

VSMC markers like smooth muscle specific Ŭ-actin results in a mineralisation 

promoting phenotype and subsequent deposition of calcium. Differentiation to this 

osteogenic phenotype seems to be crucial to mineralisation as mice with smooth 

muscle specific Runx2 knockout do not undergo vascular calcification (Sun et al., 

2012).  

 

Figure 1.5 Vascular calcification as an imbalance between calcification promoters and 
inhibitors. Under normal physiological conditions, soft tissue mineralisation is prevented through a 
careful balance of mineralisation promoting factors (e.g. Ca2+/Pi concentrations, inflammatory 
cytokines, apoptosis) and mineralisation inhibitors (e.g. Mg2+, osteopontin). This balance can be 
knocked out of place by various causes including injury to the vessel wall, diabetes, cardiovascular 
disease or impaired kidney function, resulting in transdifferentiation of vascular smooth muscle cells 
(VSMCs) to an osteoblastic-like phenotype, capable of promoting mineralisation of the local 
extracellular matrix. 
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1.4 Formation of breast microcalcifications 

1.4.1 Osteomimicry of breast cancer cells  

As a well-established form of pathological calcification, it is possible that results from 

studies of vascular calcification may provide clues to the origin of breast 

microcalcifications. In particular, the finding of a cell-driven process of formation 

coupled with phenotypic conversion to an osteoblast-like state are highly interesting 

as expression of bone associated proteins in breast tumours is well established. 

Ectopic expression of mineralisation associated genes in breast tissue may also be 

a significant promoter of tumourigenesis, with many studies highlighting tumour 

prompting effects for these genes. BMP2 is expressed in both primary breast 

tumours and many breast cancer cell lines (Alarmo and Kallioniemi, 2010), and 

seems to contribute to EMT and development of cell-stemness via the Rb and CD44 

signalling (Huang et al., 2017). RUNX2 is highly expressed in triple-negative breast 

tumours and appears to act as marker within this subtype (McDonald et al., 2014, 

Das et al., 2009). 

It is also speculated that acquisition of this osteomimetic phenotype may underlie 

the high frequency of bone-metastases in breast cancer (Awolaran et al., 2016). 

Overexpression of the bone-matrix protein bone sialoprotein (BSP) in MDA-231BR, 

a sub-clone of the MDA-MB-231 cell line that metastasises exclusively to the brain, 

resulted in acquisition of a bone-seeking metastatic phenotype (Zhang et al., 2004). 

ENPP1 is upregulated in cell lines capable of metastasising to the bone models 

(MDA-MB-231) compared to those incapable (MCF-7/SKBR3), and its 

overexpression results in a significant increase in the number of bone metastases 

formed (Lau et al., 2013). A recent study found that co-stimulation of breast cancer 

cells with fibroblast conditioned media and BMP2 resulted in an EMT effect and 

generation of osteoblast-like breast cancer cells. Acquisition of an osteoblast-like 

phenotype was accompanied by ectopic expression of a host of bone associated 

genes, as well as an increase in proliferation, drug resistance and migration towards 

osteoblast cells, indicating a propensity towards bone metastasis (Tan et al., 2016). 

Acquisition of this phenotype involved signalling through RUNX2, already 

established as a vital contributor to pathological calcification (Sun et al., 2012). 
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1.4.2 Osteomimicry of breast cancer cells and microcalcifications 

In addition to contributing to tumour growth and development, several groups have 

noted an association between expression of mineralisation associated genes and 

the presence of microcalcifications and hypothesised that osteomimicry of breast 

tumours could be involved in the formation of microcalcifications. Bellahcene & 

Castronovo found increased immunostaining for osteonectin and osteopontin in in 

situ and invasive breast carcinomas when compared with normal breast tissue 

(Bellahcène and Castronovo, 1995). They also noted that microcalcifications, when 

present, were usually found in areas with high immunoreactivity.  

Osteopontin is an important inhibitor of calcium deposition in soft tissue (Steitz et 

al., 2002) and is believed to act as an inducible inhibitor (Speer et al., 2002). 

Therefore, the increased expression observed in calcification associated tumours 

may reflect a protective response and an attempt to limit further calcification.  In a 

study of 141 cases of invasive carcinoma, Wang et al.  found that microcalcifications 

were significantly more common in osteopontin positive tumours (54.3% vs 30.6% 

for osteopontin negative tumours) and were particularly frequent when calcifications 

were found in combination with a mass (72.7% for osteopontin positive tumours vs 

18.2% for osteopontin negative tumours) (Wang et al., 2010b). The majority of 

calcifications found in osteopontin positive tumours were of a pleomorphic 

morphology, a form of calcification significantly associated with malignancy (Kim et 

al., 2015c). Scimeca et al.  also found significantly increased osteopontin in 

infiltrating carcinomas with microcalcifications compared to those without, and also 

observed a focal staining pattern with high osteopontin signal around calcifications 

(Scimeca et al., 2014). Similar levels of upregulation were also observed for BMP2 

and the mesenchymal marker vimentin, leading to the authors conclusion that 

formation of microcalcifications results from an EMT process and acquisition of an 

osteogenic phenotype.  

Bellahcène et al.  also demonstrated increased expression of BSP in breast 

carcinomas, with particularly high staining in samples with associated 

microcalcifications (Bellahcène et al., 1994, Castronovo and Bellahcène, 1998). 

DAPI staining also revealed the presence of DNA within microcalcifications, leading 

to the hypothesis that microcalcifications may represent the ñfossilsò of cancer cells, 

formed from mineralisation of secreted proteins around individual or clusters of 

breast cancer cells.  
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Bone sialoprotein (BSP) is a non-collagenous glycosylated phosphoprotein. Multiple 

lines of evidence implicate BSP as a potent inducer of mineralisation. (Gordon et 

al., 2007). Significant amounts of BSP are found in matrix vesicles (Nahar et al., 

2008) where it is believed to play an important role in HA nucleation. BSP also plays 

an important role in development of breast tumours. BSP transfected breast cancer 

cells tend to metastasise to bone at a greater rate than their wild type counterparts 

(Zhang et al., 2004) and increased serum BSP levels is associated with bone 

metastases (Klevesath et al., 2013). 

Breast carcinomas with associated calcifications have also recently been shown to 

display high levels of the transient receptor potential (TRP) ion channels TRPC1 

and TRPM7  (Mandavilli et al., 2013). The functional relationship between these 

channels and microcalcifications has not been explored, although both channels 

have previously been shown to be significantly upregulated in breast carcinomas 

and to play a role in migration, invasion and proliferation (Guilbert et al., 2009, 

Ouadid-Ahidouch et al., 2012, Middelbeek et al., 2012). 

Although many of these studies have been simply correlative, some have shown 

clear mechanistic links between mineralisation genes and the generation of 

microcalcifications. Most of these studies have focused on BMP2. R3230 rat tumour 

cells transfected with human-BMP2 form tumours with extensive areas of 

calcification following implantation into the mammary fat pad of a Fischer 344 rat 

(Liu et al., 2008). Observations of increased serum BMP2 in rats implanted with 

BMP2 overexpressing cells lead the authors to then test for humoral effects of BMP2 

in formation of microcalcifications. Subsequent analysis demonstrated that rats with 

bilateral implantation (one fat pad with transfected cells, the other with 

untransfected) formed calcifications in both transfected and untransfected sides, 

indicating that BMP signalling can act humorally to induce microcalcification 

formation.  

A second study by the same group demonstrated that transfection wasnôt 

necessary: a single intraperitoneal injection of BMP2 into Fischer 344 rats bearing 

syngeneic R3230 breast tumours was sufficient to induce microcalcification 

formation in a dose and time dependent manner (Liu et al., 2010).  This model has 

since been used to develop novel HA-specific fluorescent probes for in vivo imaging 

of microcalcifications (Bhushan et al., 2008, Inoue et al., 2011).  
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Formation of calcifications has also been observed in xenograft studies of BMP2 

overexpressing MCF-7 cells (Clement et al., 2005). BMP2 overexpression may not 

be necessary for in vivo formation of microcalcifications as several studies have 

demonstrated positive mineralisation of breast tumours in mouse models using 

untransfected cell lines. Evidence from our group showed that implantation of the 

murine 4T1.2 cell line into the mammary fat pads of female BALB/c mice results in  

development of microcalcifications in 5/6 tumours (Cox et al., 2012a). The human 

triple-negative MDA-MB-231 cell line has also been shown to form calcified tumours 

following subcutaneous injection (Felix et al., 2015, Wilson et al., 2014). 

1.4.3 In vitro models of mineralisation 

Understanding the mechanisms of mineralisation in both physiological and 

pathological contexts has necessitated the development of reliable in vitro models. 

Mineralisation assays are most commonly used to explore physiological 

mineralisation by osteoblasts and mesenchymal stem cells, but have also been 

adapted to studies of vascular calcification and other forms of pathological calcium 

deposition. Mineralisation can be induced by culturing suitable cells for relatively 

long periods (often up to 4 weeks) with a combination of reagents designed to 

support calcification. Multiple formulations have been described within the literature, 

but almost all contain a source of Pi. Although this can be achieved by direct addition 

of inorganic sodium phosphate (Schäck et al., 2013), more common is the usage of  

ɓ-glycerophosphate, an ester compound of phosphoric acid and glycerol, which acts 

as an organic Pi donor via cleavage by the alkaline phosphatase enzyme. ɓ-

glycerophosphate is rapidly hydrolysed to free Pi in osteoblast cultures (Boskey et 

al., 1996).  

Ascorbic acid (usually in the form of ascorbic acid 2-phosphate, a stable, long-acting 

derivative) is also frequently added to osteogenic medias. Ascorbic acid is an 

essential co-factor for the enzyme prolyl hydroxylase, which hydroxylates proline 

residues in collagen. This post-translational modification is essential for formation 

of collagens distinctive helical structure (Langenbach and Handschel, 2013). 

Collagen provides a structural framework for deposition of calcium phosphate and 

formation of larger mineralised structures  (Veis and Dorvee, 2013). A typical 

formulation of osteogenic media is 10 mM ɓ-glycerophosphate and 50 µg/mL 

ascorbic acid.  
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Additional Ca2+ can also be added (Yang et al., 2004) although this is generally not 

necessary as the level of Ca2+ already present in standard tissue culture media is 

sufficient for mineralisation without supplementation. Finally, the synthetic 

glucocorticoid dexamethasone acts as a potent stimulator of osteogenic 

differentiation in certain cell types. Dexamethasone is typically used at a 

concentration of 10 or 100 nM and has been shown to exert a species specific effect, 

increasing mineralisations in cultures of cells derived from both human and rat 

sources whilst inhibiting osteogenic differentiation of murine cells (Taylor et al., 

2014). 

Mineralising cells often display a lag-phase before calcium deposition first becomes 

apparent. This is characterised by a phase of proliferation, increase in ALP activity, 

upregulation of various mineralisation associated genes and assembly of a 

collagenous matrix, suitable for mineralisation (Hoemann et al., 2009). 

Mineralisation can be assessed in a variety of ways but perhaps the most common 

is by histological staining and visual inspection. Two commonly used stains in the 

study of mineralising cells are Alizarin Red S and von Kossa, which test for the 

presence of Ca2+ and Pi, respectively. Other metrics such as changes in expression 

of mineralisation associated genes, measurement of ALP activity by enzymatic 

assay and quantification of deposited calcium are also routinely performed.  

A more detailed inspection of the chemical and morphological characteristics of 

deposited minerals can be performed using a variety of techniques, including x-ray 

diffraction, Raman spectroscopy or electron microscopy. These techniques allow for 

confirmation that any mineralisations formed in in vitro cultures are representative 

of physiological mineralisations (Boskey and Roy, 2008).  

1.4.4 Development of an in vitro model of microcalcification  

Using the same reagents and protocols from established osteoblast studies 

(Langenbach and Handschel, 2013), our group developed the first in vitro model of 

microcalcification.  A combination of 10 mM ɓ-glycerophosphate and 50 µg/mL 

ascorbic acid (termed osteogenic cocktail or OC) was found to effectively induce 

mineralisation in several breast cancer cell lines. The majority of this previous work 

was done using the murine 4T1 cell line, a highly tumourigenic and invasive cell line 

originally derived from a spontaneously arising mammary tumour of a MMTV+ 

BALB/c mouse (Pulaski and Ostrand-Rosenberg, 2001).  
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Positive mineralisation was observed in both 4T1 and a highly-metastatic sub-clone, 

4T1.2 (Cox et al., 2012a, Cox et al., 2012b). Mineralisation was also observed in the 

triple-negative, human cell line Hs578Ts(i)8, an invasive Hs578T sub-clone 

(Hughes et al., 2008), derived through sequential passaging Hs578T cells through 

a Matrigel invasion chamber. Interestingly, mineralisation was not observed in the 

parental Hs578T cell line, indicating that at some point in their transition to a more 

aggressive phenotype, the cells acquired mineralisation capability. This finding may 

be relevant to the findings of an unusually aggressive nature demonstrated for small 

tumours with associated calcifications  (Tabár et al., 2000, Tabar et al., 2004). 

Analysis of deposited mineralisations in all cell lines by Raman spectroscopy 

confirmed the presence of hydroxyapatite, representative of malignancy associated 

type II microcalcifications (Frappart et al., 1984). No calcium oxalate (typically 

associated with benign breast lesions) was detected in any mineralising cell line, 

confirming the clinical relevance of the calcifications formed by this model. 4T1 and 

4T1.2 cells mineralised in both the presence and absence of dexamethasone, 

although to a significantly greater extent when dexamethasone was excluded, whilst 

Hs578Ts(i)8 cells required the presence of dexamethasone in order to undergo 

mineralisation. This is in agreement with previous findings of dexamethasoneôs 

species-specific effect (Langenbach and Handschel, 2013). No mineralisation was 

observed in the non-tumourigenic MCF10a cell line. 

1.4.5 Key findings from our in vitro model of microcalcification 

Findings from our previous work have contributed significantly to understanding of 

the formation of microcalcifications. Perhaps the key outcome of these studies was 

the demonstration of an active, regulated process of mineral deposition with many 

similarities to physiological mineralisation (Cox et al., 2012a, Cox et al., 2012b).  

Mineralisation was found to be highly dependent on activity of ALP. All cell lines 

found capable of mineralisation had significant levels of ALP activity, whilst the non-

mineralising MCF10a cell line had no detectable ALP activity. Addition of the ALP 

inhibitor levamisole completely blocked mineralisation of cells cultured with ɓ-

glycerophosphate, although it had no effect on cells mineralised with inorganic Pi, 

as free Pi was readily available without requiring hydrolysis of ɓ-glycerophosphate 

by ALP.  
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Mineralisation was also blocked by addition of phosphonoformic acid, an inhibitor of 

Na(+)-dependent Pi transporters. Unlike ALP inhibition, targeting Pi transport was 

effective in experiments with both organic ɓ-glycerophosphate and inorganic sodium 

phosphate. Mineralisation was also highly increased when exogenous ALP was 

included in culture media, further highlighting the central role of this enzyme in 

formation of mineralisations. Addition of exogenous BMP2 resulted in a 30-fold 

increase in calcium deposition. In a qPCR analysis, upregulation of BSP and 

collagen I was observed in mineralising 4T1 cells.  

Expression of the mineralisation inhibitor protein osteopontin was also increased 

after 21 days under mineralisation promoting conditions, although direct addition of 

exogenous osteopontin did not decrease mineral formation, likely due to the high 

levels of ALP present in mineralising cell lines. Phosphorylation of certain amino 

acid residues is known to be critical to osteopontins role as a mineralisation 

regulator and removal of these phosphorylations by ALP inhibits the  function of 

osteopontin (Jono et al., 2000). The 4T1 cell line represents a robust model for 

mammary calcifications, as positive mineralisation was also observed in cells 

cultured in a 3D collagen scaffold as well as following implantation in a mouse 

xenograft model.  Some of the key findings of our previous studies are highlighted 

in Fig. 1.6, below.  

1.4.6 Other in vitro studies of mammary calcification  

Since its development, other groups have also utilised our model to probe the 

molecular mechanisms underlying formation of mammary calcifications. Zheng et 

al.  examined the role of carbonic anhydrase I (CA1) in mineralising 4T1 cells (Zheng 

et al., 2015). CA1 belongs to a family of enzymes that catalyse the interconversion 

of carbon dioxide and water to bicarbonate. CA1 has previously been shown to 

promote the formation of calcium carbonate which may facilitate formation of 

microcalcifications by acting as a seed for subsequent hydroxyapatite formation 

(Adeva-Andany et al., 2015). CA1 expression was significantly increased in cases 

of breast cancer compared with benign fibroadenomas and was increased further 

by incubation with OC media. Inhibition of CA1 activity by the small molecule 

inhibitor acetazolamide resulted in decreased CA1 expression and calcium 

deposition. CA1 has not been studied much in relation to breast cancer, but other 

carbonic anhydrase enzymes have been shown to be important regulators of 

tumourigenesis. 
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 Most notably CAIX, a hypoxia-inducible protein, is crucial in allowing breast cancer 

cells to survive in a harsh, hypoxic microenvironments (Span et al., 2003). CAIX is 

highly expressed in breast cancer cells (detected in 25/39 malignant tumours versus 

no detection in 3 normal breast tissue samples) and is associated with HER2 

expression (Bartosova et al., 2002).  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1.6 Proposed mechanism of mammary cell mineralisation. Hydrolysis of ɓ-
glycerophosphate (ɓG) by extracellular alkaline phosphatase (ALP) results in release of free 
phosphate (Pi) and glycerol (G). Pi is transported inside the cell by type II family of Na-Pi 
cotransporters, where it combines with calcium (Ca) to form hydroxyapatite (HA). ALP also mediates 
the degradation of pyrophosphate (PPi), thus removing its inhibitory effect on mineralisation. ALP 
also dephosphorylates osteopontin (OPN). Adapted from (Cox et al., 2012a). 

 

More recently, Dang et al.   used inorganic Pi to induce mineralisation in the human 

MCF-7 cell line and highlighted a role for secretory pathway Ca2+-ATPases SPCA1 

and SPCA2 in development of microcalcifications (Dang et al., 2017). Expression of 

SPCA1 and SPCA2 was elevated by the presence of OC media and transfection 

with a SPCA2 containing plasmid resulted in significant increases in calcium 

deposition. Transfection with a catalytically inactive SPCA2 mutant failed to increase 

calcification, highlighting the importance of an active pumping process. In a 

bioinformatic analysis, they also observed expression of SPCA2 to be highest in 

HER2 overexpressing cells, the subtype of breast cancer most commonly 

associated with the presence of microcalcifications.  
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SPCA2 expression is significantly increased in breast cancer where it induces 

constitutive Ca2+influx and signalling via an unconventional activation of the store-

operated Ca2+ channel Orai1 (Feng et al., 2010). Expression of SPCA1/2 is also 

significantly increased during lactation and appears to act as  important mediators 

of transcellular migration of Ca2+(Cross et al., 2013). Ca2+entering at the basolateral 

side of ductal epithelial cells is pumped into vesicles by SPCA1/2, before packaging 

into micelles and exocytosis into the lumen. Calcifications can also sometimes be 

found during lactation although these are usually considered to display a benign 

morphology  (Joshi et al., 2013). 

The involvement of SPCA proteins in both breast cancer and lactation is interesting 

as although other studies have pointed out potential links between the physiological 

role of breast tissue in concentrating Ca2+ during lactation and a possible 

dysregulation of these Ca2+ handling pathways in the development of 

microcalcifications (Cross et al., 2014), this represents the first piece of in vitro 

evidence in support of such a link. Ca2+ levels in breast epithelial cells are controlled 

by a wide variety of pumps, channels and buffer proteins. It seems highly likely that 

SPCA1 and SPCA2 are not the only Ca2+ transport proteins to be involved in 

formation of microcalcifications. Transepithelial transport of Ca2+during lactation is 

handled by two sets of ATPase pumps. In addition to the SPCA proteins previously 

discussed, the plasma membrane Ca2+- ATPase (PMCA) family of Ca2+transporters 

also play a significant role in both physiological Ca2+ transport and breast tumour 

progression (Peters et al., 2016). Furthermore, Mandavilli et al.  showed high 

expression of the Ca2+ channels TRPC1 and TRPM7 in carcinomas with associated 

calcifications (Mandavilli et al., 2012). Both of these Ca2+ transporters may 

potentially contribute to the formation of microcalcifications but have never been 

examined in an in vitro setting.  

1.4.7 Remaining questions surrounding the formation of 

microcalcifications 

Although the development of an in vitro model of microcalcification has significantly 

enhanced our understanding of the in vivo generation of microcalcifications, many 

questions still remain regarding their formation. The majority of previous work has 

focused on the murine 4T1 cell line.  
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Although studies from both our lab and others has shown successful mineralisation 

in some human breast cancer cell lines, the number of cell lines tested to date for 

mineralisation potential is low and not representative of the diverse range of 

molecular subtypes of breast cancer. Although microcalcifications show a strong 

association with the HER2 subtype in patient studies (Killelea et al., 2013b, Wang 

et al., 2008), it is not currently known if any particular subtypes of breast cancer cell 

lines are more likely to mineralise under in vitro conditions.  

Using the inhibitor compound phosphonoformic acid, a vital role was previously 

established for active Pi transport. However, microcalcifications are composed of 

both Ca2+ and Pi. Results from other studies have demonstrated a role for SPCA 

proteins in formation of microcalcifications (Dang et al., 2017) and other groups have 

suggested the involvement of other Ca2+ transporters (Mandavilli et al., 2012, Cross 

et al., 2014). It is not currently known if calcifications will occur more readily under 

increased Ca2+ conditions, and if so, what transport mechanisms are involved. Is 

influx of Ca2+ into mineralising cells required or is a simple increase in extracellular 

Ca2+ sufficient to induce mineralisation? The balance between various promoters 

and inhibitors is known to be central to the development of other forms of 

pathological calcification but remains an unexplored possibility in the context of 

mammary calcifications. Which of the previously identified regulators of 

physiological and pathological calcification also play a role in controlling breast 

calcification and how do they relate to tumour phenotype and behaviour?  

Finally, although several studies have found associations between the presence of 

microcalcifications and tumour aggressiveness, direct in vitro evidence of a 

mechanistic link between these two features is relatively sparse. Stimulation of 

breast cancer cells has been shown to upregulate various inflammatory markers 

and metalloproteinase activity, as well as increase proliferation (Cooke et al., 2003, 

Morgan et al., 2001, Morgan et al., 2004).  

However, the number of inflammatory markers studied to date is low. In addition, 

links between calcifications and other potentially tumour promoting effects such as 

generation of cancer stem cells remains unexplored.  

 



53 
 

1.5 Thesis overview 

This thesis aims to expand on previous findings on the in vitro formation of breast 

microcalcifications.  The involvement of an active regulated process in the formation 

of breast calcifications has been demonstrated (primarily in mouse derived cell lines) 

although many questions remain regarding both the mechanism of formation and 

potential consequences on cell behaviour. The primary hypothesis of this thesis is 

that human breast cancer cell lines can be utilised as an effective model of 

microcalcification formation and that calcification may be linked to cell phenotype 

and the development of tumour promoting effects. Each chapter is summarised 

below. Each results chapter (3, 4 and 5) contains a brief introduction of information 

relevant to that chapter, results and a discussion and conclusion section.  

¶ Chapter 1 is a comprehensive literature review of relevant information regarding 

breast cancer, the clinical relevance of breast microcalcifications, mechanisms 

of in vivo mineralisation and in vitro methods for their study, previous findings 

on the in vitro formation of microcalcifications and significant areas warranting 

further research.  

¶ Chapter 2 describes the materials and methods used in this thesis.  

¶ Chapter 3 aims to form a comprehensive survey of the mineralisation potential 

of a panel of breast cancer cell lines representative of all major molecular 

subtypes. 

¶ Chapter 4 explores if an imbalance between pro- and anti-mineralisation 

regulators could mediate formation of microcalcifications. In addition, several 

Ca2+ handling proteins will be investigated.   

¶ Chapter 5 investigates potential links between the presence of calcifications and 

several known tumour promoting effects such as inflammation and generation 

of cancer stem cells. 

¶ Chapter 6 contains an overall discussion of this thesis and conclusion. 

¶ Chapter 7 contains reference details for all studies cited in this thesis.  

¶ Chapter 8 is an appendix and contains supplementary experimental information 

as well as details of presentations, conferences attended, outreach work and 

other significant activities carried out during the course of this thesis.  
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 Chapter 2.0 

Materials and methods  
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2.1 Cell culture materials and methods 

2.1.1 Equipment  

All cell lines were cultured in a cell culture incubator (Panasonic IncuSafe), 

maintained at 37°C and 5% CO2. All cell culture procedures were carried out inside 

a laminar flow biosafety cabinet (Haier) to maintain sterility. Sterile technique was 

utilised at all times with standard practice including spraying all items to enter the 

hood with 70% ethanol, allowing 15 minutes of airflow through the cell culture hood 

before starting any procedure, addition of bactericidal agents to water baths, and 

routine cleaning of all cell culture equipment. All liquid reagents not certified sterile 

by the manufacturer were sterilised by passing through a 0.2 µm syringe filter. Cells 

were maintained in T75 or T175 tissue culture flasks (Sarstedt). All cell culture 

plastics were either provided in individually wrapped, sterile packages or were 

sterilised by autoclave (15 minutes, 121°C). All images of cells were captured using 

a ZEISS Axiocam ERc 5s camera module (5 megapixels) connected to a Nikon 

Eclipse TS100 inverted microscope. Cells were routinely checked for Mycoplasma 

contamination with the MycoAlert kit (Lonza). No contamination was detected at any 

point in our investigations.  

2.1.2 Cell culture reagents 

All cell culture reagents were purchased from Labtech International. All breast 

cancer cell lines were maintained in DMEM or RPMI media, supplemented with 10% 

heat-inactivated foetal bovine serum (FBS), 1% penicillin/streptomycin and 2 mM L-

glutamine. The monocytic THP-1 cell line was maintained in RPMI supplemented 

with 10% heat-inactivated foetal bovine serum (FBS), 1% penicillin/streptomycin, 2 

mM L-glutamine, 10 mM HEPES and 0.05 mM ɓ-mercaptoethanol. Media 

requirements for each cell line are detailed below (Table 2.1).  

2.1.3 Subculture  

All breast cancer cell lines were adherent, requiring trypsination in order to be 

subcultured or used for experiments. Growth media was removed before cells were 

gently washed with pre-warmed Ca2+/Mg2+ free PBS. After addition of pre-warmed 

trypsin solution (0.25% trypsin, 0.02% EDTA in Ca2+/Mg2+ free PBS), flasks were 

returned to a 37°C incubator until cells could be dislodged by gentle tapping (usually 

2-8 minutes).  
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Pre-warmed media was added (twice the original volume of trypsin) and the 

suspended cells were transferred to centrifuge tubes and spun for 5 minutes at 350 

x g. Supernatant was removed and the cell pellet was gently resuspended in fresh 

media.  

Cells were counted by mixing 40 µL of cell suspension with 40 µL of a 0.4% trypan 

blue/PBS solution and 120 µL of culture media to create a 1:5 dilution. 10 µL of this 

dilution was loaded into a haemocytometer and analysed under 40X magnification. 

Dead cells were distinguished from live cells through uptake of the trypan blue dye. 

Cell counts were performed in all 4 corner squares. The average of these 4 counts 

was corrected for dilution factor (5X) and multiplied by 104 to calculate the total 

number of cells in 1 mL. 

Table 2.1 Growth media requirements, seeding density and original source of all cell lines 
used. For cells cultured in DMEM, a high-glucose formulation (4,500 mg/L) was used for routine 
growth, while a low-glucose format (1,000 mg/L) was used for mineralisation assays.  

Cell Line 
Molecular 
Subtype 

Growth Media 
Seeding Density 

(6 well plate) 

MCF-7 Luminal DMEM + 10ug/mL insulin 0.15 x106 

HER2-MCF-7 
Luminal 

 (HER2 Positive) 
DMEM + 10ug/mL insulin 0.15 x106 

SKBR3 HER2 DMEM 0.2x106 

ZR-75-1 Luminal DMEM 0.4 x106 

MDA-MB-231 Basal DMEM 0.2 x106 

HCC1954 
Basal  

(HER2 Positive) 
RPMI 0.25 x106 

THP-1 Monocytic cell line 
RPMI + 10 mM HEPES +  
0.05 mM ɓ-mercaptoethanol. 

2 x106 

 

2.1.4 Long term storage and recovery of cell lines 

Cells to be stored were trypsinised as described above, and resuspended in 

RecoveryÊ freezing medium (ThermoFisher). Cells were transferred to sterile 

cryovials and stored overnight at -80°C in a CoolCell (Sigma) to provide a consistent 

1°C/minute freezing rate. Cells were then transferred to a liquid nitrogen dewar for 

long term storage. Cells were recovered from storage by removal from the dewar, 

rapid thawing in a 37°C waterbath, dilution with pre-warmed media, centrifugation 

at 350 x g for 5 minutes, resuspension in fresh media and addition to a cell culture 

flask at an appropriate concentration. 
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2.2 Assessment of breast cancer mineralisation 

2.2.1 Reagent preparation 

The individual components of the osteogenic cocktail (OC) were prepared by 

dissolving ɓ- glycerophosphate (Sigma) to a concentration of 1 M and ascorbic acid 

(Sigma) as a 5mg/mL solution in sterile, cell-culture grade water. Dexamethasone 

(Sigma) was dissolved in DMSO to a concentration of 100 µM. All reagents were 

sterilised by passing through a 0.22 µm rated syringe filter and subsequently frozen 

in single use aliquots. Mineralisation media was prepared by diluting ɓ-

glycerophosphate and ascorbic acid 100-fold in the appropriate culture media for 

the cell line to be tested, for a final concentration of 10 mM and 50 µg/mL 

respectively. Dexamethasone was diluted 1,000-fold for a final concentration of 100 

nM. All other compounds used in the course of this study were dissolved in PBS or 

DMSO (according to manufacturerôs instructions) at an appropriate concentration, 

aliquoted into single-use tubes and stored at -20°C. 

2.2.2 Experimental set-up 

Cells to be tested for mineralisation capability were seeded into 6 well tissue culture 

plates in regular growth media and grown to 70 ï 80% confluence (See Table 2.1 

for typical seeding densities). Media was removed and either replaced with fresh 

growth media (Control), media supplemented with an osteogenic cocktail (10 mM 

ɓ-glycerophosphate and 50 µg/mL ascorbic acid) or media supplemented with 

osteogenic cocktail and 100 nM dexamethasone. Cells were grown under these 

conditions for up to 28 days, with half the media in each well changed twice a week. 

Mineralisation was assessed on a weekly basis, using Alizarin Red S and von Kossa 

staining, as well as the o-cresolphthalein complexone (OCP) calcium assay. Viability 

was monitored using the Alamar Blue assay. Protocols for all techniques are 

detailed below.  

2.2.3 Alamar Blue  

In order to ensure that none of our experimental treatments were having an adverse 

effect on cell lines during testing, cell viability was monitored using the resazurin 

based Alamar Blue assay (Invitrogen). Media was removed from wells to be tested, 

followed by a rinse with pre-warmed PBS. Alamar Blue reagent was diluted 1:10 in 

the appropriate growth media for the cell line being tested and added to the cells 

(2mL per well). All samples were incubated at 37ºC for 2 hours.  
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100 µL was transferred in triplicate to a 96 well plate and fluorescence was 

measured using a Wallac plate-reader (excitation at 530 nm, emission at 590 nm). 

Data was standardised by assigning a value of 1 to readings from ñday 7 Controlò 

and expressing all subsequent readings as a factor of this value.  

2.2.4 Alizarin Red S Staining  

Wells to be stained were fixed by removal of culture media, followed by rinsing with 

warm PBS and fixation in 10% formaldehyde-PBS solution for 30 minutes. Once 

fixation was complete, the formaldehyde solution was removed and all wells were 

allowed to air dry. Alizarin Red S (Sigma, 122777) was prepared as a 2% solution 

in distilled water, adjusted to pH 4.4 with ammonium hydroxide and filtered through 

a 0.22 µm rated syringe filter to remove any undissolved particulate. Wells were 

rinsed once with water then incubated with 1.5 mL of the Alizarin solution for 4 

minutes at room temperature. The staining solution was subsequently removed and 

each well was washed 4 times with distilled water to reduce nonspecific binding. 

Wells were allowed to air dry then analysed by light microscopy. Bright red staining 

indicates a positive result for calcium. The specific formulation of Alizarin used in 

our studies (2%, pH 4.4) has previously been optimised for hydroxyapatite staining 

(Shoji, 1993), the same calcium phosphate crystals found in type II calcifications 

often associated with malignant disease. In contrast, calcium oxalate (the principal 

component of benign type calcifications) will only stain with Alizarin at a pH of 7 

(Proia and Brinn, 1985). 

2.2.5 von Kossa Staining  

von Kossa staining was carried out on separate wells, to verify results from Alizarin 

staining. All wells were fixed following the same procedure used for Alizarin stained 

wells. 1.5 mL of a 5% silver nitrate solution (Sigma) was added to each well and 

plates were incubated for 1 hour under a desktop lamp. Silver nitrates solution was 

then removed and all wells were washed 3 times with distilled water. Wells were 

incubated with 1.5 mL of a 5% sodium thiosulphate solution (Sigma, 72049) for 2 

minutes to remove any unreacted silver. After removal of the sodium thiosulphate 

and 3 washes with distilled water, plates were allowed to air dry before examination 

by light microscopy. Dark brown/black staining indicates a positive result for calcium 

phosphate. von Kossa is an indirect method of detecting calcium deposits, which 

relies on substitution of associated Pi with silver ions (Rungby et al., 1993).  

Subsequent reduction to metallic silver results in dark brown to black staining.  
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Both Alizarin Red S and von Kossa have previously been used to successfully 

identify breast microcalcifications, both in vitro (Cox et al., 2012a) and in vivo 

(Wilson et al., 2014). 

2.2.6 o-cresolphthalein complexone (OCP) calcium assay  

Samples for the OCP assay were created by removal of medium from each well, 

rinsing once with PBS and incubating with 500 µL of 1 M nitric acid for 1 hour to 

dissolve any calcium deposits. Samples were stored at -20 ºC until analysis. 

Samples were diluted in 1 M nitric acid to within range of the assays standard curve 

(typically a 1:2 ï 1:100 dilution). 70 µL of each dilution was added to a 96 well plate 

in triplicate followed by 70 µL OCP solution (Sigma) and 175 µL of amino-2-methyl-

1-propanol (AMP; Sigma). Ca2+ and OCP form a bright purple complex which is 

stabilised by AMP. A standard curve was generated by diluting a Ca2+ solution 

(Sigma) in nitric acid to a range of 0ï10 ppm. A representative standard curve is 

shown in the appendix (Fig. 8.1). Absorbance was read at 572 nm on a Wallac plate 

reader.  

2.2.7 BCA Protein Assay  

Following extraction of Ca2+ by nitric acid, protein samples were generated by rinsing 

wells twice with ddH2O before adding 500 µL of a 0.1 N NaOH, 0.1% SDS solution 

to each well and incubating at room temperature until the cell monolayer was 

observed to have dissolved. Supernatants were transferred to fresh Eppendorf 

tubes, centrifuged at 14,000 x g for 10 minutes to pellet any cell debris and stored 

at -20 ºC. Protein quantitation was carried out using a QuantiPro BCA Assay Kit 

(Sigma, QPBCA) following manufacturerôs instructions. Briefly, samples were 

diluted in PBS to within range of the kits standard curve (typically a 1:200 ï 1:500 

dilution) and incubated for 1 hour at 37ºC with 200 µL the prepared BCA reagent. 

Absorbance was read at 562 nm using a Wallac plate reader. A representative 

standard curve is shown in the appendix (Fig. 8.2) The total protein amount of each 

well was calculated by comparison to a BSA standard curve and used to standardise 

results from the OCP calcium assay. 

2.2.8 Alkaline phosphatase assay 

To measure alkaline phosphatase (ALP) activity, cells were washed once with cold 

PBS, scraped into 1 mL PBS, pelleted by 5 minutes centrifugation at 400 x g and 

resuspension in 100 µL ALP buffer (100 mM Tris-HCL pH 9.5, 100 mM NaCl, 5 mM 

MgCl, 1% Triton X-100).  
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Samples were placed on ice for 1 hour with occasional vortexing, before storage at 

-20ºC. For analysis, ALP samples were thawed and diluted with ALP buffer (typically 

between 1:3 to 1:50). 50 µL of each samples was added to a flat bottom, clear plastic 

96-well plate along with 50 µL of p-nitrophenyl phosphate (pNPP) chromogenic 

substrate (Sigma).  

A standard curve of purified bovine ALP (Sigma) was prepared in the range of 0 ï 

100 mU/mL using the batch information sheet to calculate units of enzymatic activity. 

Samples were incubated at 37ºC for 30 minutes. A representative standard curve is 

shown in the appendix (Fig. 8.3). ALP activity results in conversion of the colourless 

pNPP substrate to a yellow-coloured product. Absorbance was measured by Wallac 

plate reader at 405 nm. All results were normalised to protein content as determined 

by BCA assay (As described in 2.2.9). 

2.3 Gene expression analysis 

2.3.1 mRNA Isolation 

To analyse changes in gene expression, cells were drained of culture media and 

rinsed once with PBS. 1 mL of Trizol (Invitrogen) was added to each well. Cell 

monolayers were dispersed by repeated pipetting of the Trizol across the surface of 

each well. Samples were transferred to sterile, nuclease free Eppendorf tubes and 

incubated at room temperature for 5 minutes. 200 µL of chloroform was added to 

each sample followed by vigorous shaking for 15 seconds. Samples were incubated 

at room temperature for 2 minutes then centrifuged at 14,000 x g for 20 minutes at 

4 ºC. The RNA containing, upper aqueous layer was carefully removed, taking care 

not to disturb the DNA containing interphase and transferred to a fresh Eppendorf 

tube. RNA was precipitated by addition of molecular biology grade isopropanol (500 

µL per tube) followed by incubation at room temperature for 10 minutes and 

centrifugation at 14,000 x g for 20 minutes at 4ºC.  

Supernatants were removed and the RNA pellet was washed by addition of 1 mL 

molecular biology grade ethanol (70%, prepared with nuclease free water), 

vortexing of each sample and centrifugation at 14,000 x g for 10 minutes at 4ºC. 

Supernatants were removed and the RNA pellet was air-dried in a laminar flow PCR-

workstation for 10 minutes. RNA was dissolved in 20 µL of nuclease free water and 

heated to 55 ºC for 10 minutes.  
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RNA was quantified by absorbance at 260 nm and purity by the ratio of absorbance 

at 260/230 nm and 260/280 using a NanoDrop 2000 spectrophotometer. Samples 

were stored at -80ºC.  

2.3.2 Nucleic acid quantification 

RNA and DNA were quantified using a NanoDrop 1000 spectrophotometer. To 

initialise the instrument, the pedestal was first wiped with a lint-free tissue before 1 

µL nuclease free water was loaded. The instrument arm was gently lowered into 

place and the NanoDrop software was allowed to run through the initialisation 

program. A blank reading was then taken using the same solvent as the sample to 

be tested (either nuclease free water or TE buffer). Samples were then loaded and 

analysed using the ñNucleic acidsò option (selecting either DNA or RNA as 

appropriate). Upper and lower pedestals were wiped clean with a lint-free tissue in 

between samples. Purity was determined by 260/280 and 260/230 ratios. Pure RNA 

generally displays a 260/280 ratio of ~2.0 while DNA should be between 1.8-2. 

Significant differences from these ratios may indicate contamination by salts, 

proteins or ethanol.  

2.3.3 cDNA synthesis & qPCR analysis  

1µg of RNA was transcribed to cDNA using Applied Biosystems High Capacity 

cDNA Reverse Transcription Kit, following manufacturerôs recommendations. 

Primer sequences were either taken from pre-existing studies or designed using 

NCBI Primer Blast (Available at http://www.ncbi.nlm.nih.gov/tools/primer-blast/). All 

primers sequences are listed below (Table 2.2). Primers were resuspended in 

nuclease free water to a concentration of 100 µM to create a master-stock. Working-

stock aliquots were made by diluting master-stock 1:10 in nuclease free water to a 

concentration of 10 µM.   

cDNA was diluted 1:10 in nuclease free water and 4 µL cDNA was used in each 

qPCR reaction. Changes in gene expression were analysed using the SensiFAST 

SYBR Lo-ROX qPCR kit (Bioline). Each reaction contained 4 µL cDNA, 10 µL 

SensiFAST, 0.8 µL forward primer, 0.8 µL reverse primer and 4.4 µL nuclease free 

water. Primer specificity was confirmed after each run by melt curve analysis. A 

representative graph is included in the appendix (Fig. 8.5 B). Reactions were carried 

out in an AB7500 qPCR system using the following temperature profile: 95 ºC for 2 

minutes followed by 40 cycles of 95ºC for 15 seconds (denaturation), 60ºC for 15 

seconds (annealing) and 72ºC for 30 seconds (elongation).  



62 
 

Fluorescence data was acquired during the elongation stage. A representative 

graph is included in the appendix (Fig. 8.5 A).  

Purified primers were purchased from Sigma while qPCR microplates and seals 

were purchased from FisherScientific. Results were normalised to a housekeeping 

gene (18S) and analysed using the delta-delta-Ct (ddCt) method. 

 

Table 2.2 Primer sequences utilised for qPCR 

Target Forward primer Reverse primer 

18S AACCCGTTGAACCCCATT CCATCCAATCGGTAGTAGCG 

ALP CCACGTCTTCACATTTGGTG ATGGCAGTGAAGGGCTTCTT 

BMP2 TCAAGCCAAACACAAACAGC ACGTCTGAACAATGGCATGA 

COX2 AAGTCCCTGAGCATCTACGG ACTGCTCATCACCCCATTCA 

E-cadherin TGCCCAGAAAATGAAAAAGG GTGTATGTGGCAATGCGTTC 

ENPP1 CAAAGGTCGCTGTTTCGAGAG TGCACGTCTCCTGGTAATCTAAA 

gp130 CGGACAGCTTGAACAGAATGT ACCATCCCACTCACACCTCA 

IL-1ɓ ATGATGGCTTATTACAGTGGCAA GTCGGAGATTCGTAGCTGGA 

IL-6 AGTTCCTGCAGAAAAAGGCA AAAGCTGCGCAGAATGAGAT 

MGP TCCGAGAACGCTCTAAGCCT GCAAAGTCTGTAGTCATCACAGG 

mIL-6R CATTGCCATTGTTCTGAGGTTC GTGCCACCCAGCCAGCTATC 

Nanog GGTGTGACGCAGAAGGCCTCA CCCAGTCGGGTTCACCAGGCA 

Oct4 GGCTCGAGAAGGATGTGGTCCG GGGCTCCCATAGCCTGGGGT 

PMCA1 ACCCACTGAGTCTCTCTTGC TCTGAAGGAGGAGCATGCAA 

PMCA2 CCAGTACAAACGCCACCAAA CTGGCTCCGAATGAACATGG 

RUNX2 CCTGAACTCTGCACCAAGTC GAGGTGGCAGTGTCATCATC 

sIL-6R GCGACAAGCCTCCCAGGTTC GTGCCACCCAGCCAGCTATC 

Snail TAGCGAGTGGTTCTTCTGCG AGGGCTGCTGGAAGGTAAAC 

Sox2 GGGGAAAGTAGTTTGCTGCC CGCCGCCGATGATTGTTATT 

TRPC1 ATCAAAAGGCAAGGTCAAACGG ACAGATCTTGGCGCAGTTCGT 

TRPM7 CAGAAACCAAGCGCTTTCCT AATTCAACGGCCAACTGACC 

Twist GGACAAGCTGAGCAAGATTCA CGGAGAAGGCGTAGCTGAG 

Vimentin GAGAACTTTGCCGTTGAAGC GCTTCCTGTAGGTGGCAATC 

 

 

2.3.4 Semi-quantitative PCR 

In some cases, gene expression was assessed by semi-quantitative PCR rather 

than qPCR.  Each PCR reaction was set up the same as for qPCR, but substituting 

MyTaq Red (Bioline) for SensiFAST qPCR reagent. Reactions were carried out in 

an Applied Biosystems ProFlex PCR  



63 
 

System using the following temperature profile: 95ºC for 2 minutes followed by 15-

35 cycles (depending on target expression level) of 95ºC for 15 seconds 

(denaturation), 60ºC for 15 seconds (annealing) and 72ºC for 30 seconds 

(elongation). A final elongation step of 72ºC for 7 minutes was followed by an 

indefinite hold at 4ºC.  

2.3.5 Agarose gel electrophoresis 

Agarose gels were prepared by microwaving a 1.2% solution of agarose (Sigma) in 

TAE buffer. Solution was allowed to cool slightly before adding SYBR Safe DNA 

stain (ThermoFisher) at a 1:30,000 dilution. The solution was poured into a gel 

casting chamber, with a comb inserted to form wells. The gel was allowed to solidify 

at room temperature for 40 minutes before submersion in TAE buffer. DNA samples 

were then carefully loaded into the wells. MyTaq Red contains a red dye and 

glycerol, eliminating the need for addition of a loading dye. A 100-1,0000 bp ladder 

(Medical Supply Company) was included to allow for assessment of band size. Gels 

were run at a constant voltage of 100V for 45-60 minutes, until dye had migrated 

most of the way down the gel. Bands were imaged using an Amersham 600 imaging 

system, using blue light excitation (460 nm). Densitometry analysis of bands was 

performed using ImageJ. 

2.3.6 siRNA knockdown  

siRNA knockdown was performed using Lipofectamine RNAiMAX transfection 

reagent (Biosciences) and pre-designed siRNA (Sigma). Details of all siRNA used 

are detailed below (Table 2.2). siRNA was suspended in nuclease free water to a 

concentration of 100 µM. Single use aliquots of 10 µM were then prepared in 

nuclease free water from the master stock. Transfection was performed on actively 

dividing cells at approximately 60-80% confluency.  Briefly, 250 µL serum free 

OptiMEM media (Gibco) was added to two separate Eppendorf tubes. 6 µL 

Lipofectamine was added to one tube, and 2µL of 10 µM siRNA was added to the 

second tube.  

The two tubes were then combined and mixed by gentle pipetting before incubation 

at room temperature for 15-20 minutes. Finally, 500 µL of the transfection mix was 

added dropwise to cells in a 6 well plate, containing 1.5 mL DMEM. Plates were 

gently rocked to ensure even distribution of transfection complexes, and returned to 

the incubator. Changes in gene expression was assessed 72 hours post transfection 

by qPCR.  
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Table 2.3 Pre-designed siRNA (Sigma) utilised in this study. 

 
 

 

 

 

2.3.7 Plasmid preparation and purification  

pCMV-Runx2 plasmid was kindly supplied by Prof. G. Karsenty (Columbia 

University, New York). This plasmid contains a full-length copy of the mouse Runx2 

cDNA, which shares 93% homology with the human mRNA (Zhang et al., 2000). 

pCMV-Runx plasmid was supplied absorbed onto filter paper. Plasmid was first 

extracted by incubation in 100 µL TE buffer at room temperature for 20 minutes. 3µL 

(~100ng) was used to transform a 30 ÕL aliquot of DH5Ŭ competent E.coli cells 

(ThermoFisher).  

Cells were incubated on ice for 30 minutes, heat-shocked for 30 seconds at 42°C, 

then returned to ice for 2 minutes. 950 µL pre-warmed SOC media was added and 

cells were incubated in a 37°C shaking incubator for 1 hour. 100 µL was spread onto 

Luria-Bertani (LB) agar plates with 100 µg/mL ampicillin and incubated overnight at 

37°C.  The following morning, a single colony was inoculated into 5 mL LB with 100 

µg/mL ampicillin. After 12-18 hr incubation in a 37°C shaking incubator, bacterial 

cells were pelleted by centrifugation at 15,000 x g for 2 minutes.  Bacterial pellets 

were then used to isolate and purify plasmid using Monarch plasmid miniprep kit 

(New England BioLabs), following the manufacturerôs instructions.  

pCMV-GFP plasmid to be used as a control was provided by Addgene. This plasmid 

was provided in the form of an ñagar-stabò culture. A sterile inoculating loop was 

used to streak an LB agar + 100 µg/mL ampicillin plate directly from the agar culture. 

From that point on, plasmids were isolated following the procedure previously 

described. Stocks of plasmid containing E.coli were prepared by mixing 500 µL of 

an overnight bacterial culture with 500 µL 50% sterile glycerol. This stock was stored 

at -80°C and used to produce further cultures for plasmid preparation.  

siRNA Product code 

Universal negative control SIC001 

TRPM7 SASI_Hs01_00120022 

Runx2 SASI_Hs01_00222686 

PMCA1 SASI_Hs01_00039081 

PMCA2 SASI_Hs01_00155229 
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2.3.8 Plasmid transfection  

Plasmids were transfected into breast cancer cells following the same procedure 

used to transfect siRNA (2.3.6). 5 µg of plasmid was used to transfect a single well 

of a six-well plate. Increased expression was confirmed 72 hours post transfection 

by qPCR.  

2.4 Hydroxyapatite stimulation experiments  

2.4.1 Experimental set up 

Cells to be stimulated were seeded into 6 well plates and grown to confluency. Cells 

were rendered quiescent by overnight serum starvation (0.5% FBS). Hydroxyapatite 

(HA) nanoparticles (Sigma) were measured into glass vials, sealed with aluminium 

foil and sterilised/depyrogenated by heating to 200°C for 2 hours. HA particles were 

suspended in culture media and dispersed by sonication immediately prior to use. 

HA was used at a concentration of 50, 100 or 200 µg/cm2. HA concentration was 

measured in µg/cm2 as the crystals are comprised of an insoluble precipitate which 

rapidly sinks to the bottom of a tissue culture plate once added. Calculating HA 

concentration by surface area, rather than volume allowed for a consistent exposure 

between different plate sizes. 

Conditioned media (CM) was generated by incubating confluent, serum-starved 

MDA-MB-231 cultures with 1 mL DMEM (0.5% FBS) or HA particles suspended in 

1 mL DMEM (0.5% FBS) for 24 hours. CM was transferred to an Eppendorf tube 

and centrifuged for 5 minutes at 14,000 x g in a chilled centrifuge (4°C). Conditioned 

media was transferred to a new Eppendorf, taking care not to disturb the pelleted 

HA. Conditioned media was stored at -80°C before usage. Cell monolayers were 

collected in 1 mL Trizol and used for mRNA purification and analysis. In some 

experiments, MDA-MB-231 cells were cultured with the intracellular Ca2+ chelator 

BAPTA-AM (20 µM for 4 hours) to suppress intracellular Ca2+ increase upon HA 

stimulation. Control samples were treated with a DMSO vehicle control.  

2.4.2 THP-1 macrophage differentiation 

The THP-1 human monocytic cell line was grown as a suspension culture and 

required differentiation to adherent macrophages with phorbol 12-myristate 13-

acetate (PMA) before usage in experiments.  

THP-1 cells were seeded into 6 well plates at a concentration of 1-3x106 cells/well 

in RPMI supplemented with 10 mM HEPES and 0.05 mM ɓ-mercaptoethanol. PMA 
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(Sigma) was added at a concentration of 10 nM. Cells were incubated for 24 hours 

before the PMA containing media was removed. Successful differentiation was 

confirmed by observation under microscope. Differentiated cells adhered to the 

tissue culture plate. Representative images of PMA differentiated THP-1 cells 

showing clear morphological differences are included in the appendix (Fig. 8.6). 

Fresh RPMI was added and the cells were returned to the incubator for 24 hours. 

Finally, cells were serum starved in 0.5% FBS DMEM overnight before stimulation 

with HA particles or MDA-MB-231 conditioned media.  

2.4.3 IL-6 ELISA 

IL-6 concentration of MDA-MB-231 conditioned media was measured by ELISA 

(Immunotools) following manufacturer instructions. Briefly, high-binding ELISA 

plates (SantaCruz) were incubated with IL-6 capture antibody diluted 1:100 in PBS 

(100 µL/well) overnight at room temperature. Plates were washed 4x with PBST 

(PBS + 0.1% Tween-20) in between all subsequent steps. Wells were blocked for 2 

hours at room temperature with 300 µL 2% BSA in PBS. Blocking buffer was 

removed before addition of samples in triplicate. A standard curve was prepared 

from purified rh-IL6 using serial dilution in ELISA diluent (PBST+ 1% BSA). Plates 

were incubated for 2 hours at room temperature. Samples were decanted and 100 

µL of detection antibody diluted 1:100 in ELISA diluent. Plates were incubated for 2 

hours at room temperature before removal of antibody solution and addition of HRP-

streptavidin diluted 1:1000 in ELISA diluent. Plates were incubated for 30 minutes 

at room temperature. HRP solution was decanted and wells were incubated with 

100 µL TMB solution (Biolegend) at room temperature on an orbital shaker, with 

colour development monitored. The reaction was stopped by addition of 50 µL 1M 

HCL, and absorbance was measured at 450 nm.  

2.5 SDS-PAGE and western blotting  

2.5.1 Sample preparation 

To prepare samples for analysis by western blot, cells were washed once with ice-

cold PBS. Cells were scraped into ice-cold PBS and pelleted by centrifugation at 

400 x g for 5 minutes at 4°C. Supernatant was removed and pellets were solubilised 

in 100 µL RIPA buffer (Sigma) with proteinase and phosphatase inhibitor cocktails 

(Sigma) added at a concentration of 1% each. Samples were stored on ice for 30 

minutes with occasional vortexing. Samples were centrifuged at 14,000 x g for 5 

minutes at 4°C to pellet any insoluble material. Protein concentration was 



67 
 

determined by BCA assay, and samples were diluted with water to achieve equal 

concentrations. A 5X SDS loading buffer (250 mM Tris-HCl, pH 6.8, 10% SDS, 30% 

glycerol, 5% ɓ-mercaptoethanol, 0.05% bromophenol blue) was added and samples 

were boiled at 95°C for 5 minutes.  

2.5.2 SDS-PAGE gel preparation  

Gel casting apparatus was assembled by placing a rubber seal between two glass 

plates and clamping in place. The seal was checked for leaks by filling the inner 

chamber of the glass plates with water. Resolving and stacking gel solutions were 

prepared as detailed below, leaving out the APS and TEMED until immediately 

before casting. A 10% acrylamide gel was chosen based on the molecular weights 

of the proteins to be analysed. The resolving gel was poured first and overlaid with 

water-saturated butanol to exclude oxygen. Once the lower, resolving layer was 

polymerised (30-40 minutes), the butanol was decanted and resolving gel was 

rinsed with ddH2O. The stacking gel was then added and a gel comb inserted to 

create wells.  

 Table 2.4 SDS-PAGE gel formulation 

 

 

 

 

 

2.5.3 SDS-PAGE gel electrophoresis and transfer  

SDS-PAGE gels were placed into the electrophoresis chamber (Atto) and the inner 

chamber was filled with SDS running buffer (25 mM Tris, 192 mM glycine, 0.1% 

SDS). Samples were then carefully loaded into gel wells. Gels were run at 60 V until 

samples migrated to the boundary of the two gel layers, then switched to 120 V for 

the remainder of the run. Samples were run until the dye band migrated to the 

bottom of the gel. A pre-stained 10 to 245 kDa protein ladder (Assay Genie) was 

run alongside samples to allow for size determination. After run completion, the 

apparatus was disassembled, and the gels removed from their glass plates Gels 

were equilibrated for 10 minutes in transfer buffer (25 mM Tris, 192 mM glycine, 

10% Resolving gel   5% Stacking gel  

Water 2.7 mL  Water 1.4 mL 

1.5 M Tris-HCL, pH 8.8 1.75 mL  0.5 M Tris-HCL, pH 6.8 620  µL 

30% acrylamide 2.3 mL  30% acrylamide 425  µL 

10% SDS 70 µL  10% SDS 25  µL 

10% APS 70 µL  10% APS 25  µL 

TEMED 3 µL  TEMED 2.5 µL 
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10% methanol). PVDF membrane was activated in methanol for 30 seconds, then 

incubated in transfer buffer for 10 minutes.  

Transfer sandwich was assembled as detailed in Fig. 2.1. The transfer apparatus 

was assembled, filled with chilled transfer buffer and an icepack to prevent excess 

heat build-up and run at 200 mA for 90 minutes. Once the run was completed, the 

transfer apparatus was disassembled and the membrane rinsed in ddH2O.  

 

 

 

 

Figure 2.1 Assembly order of transfer sandwich for western blotting.  

2.5.4 Western blotting 

Membranes were blocked for 1 hour at room temperature with 5% BSA in TBS, then 

incubated overnight on a roller at 4°C with primary antibody in TBST + 5% BSA. All 

antibodies used are detailed below (Table 2.5). Membranes were washed for 5 

minutes in TBST 3 times, then incubated for one hour at room temperature with 

secondary antibody in TBST + 5% BSA. Membranes were again washed 3 times for 

5 minutes. Finally, ECL detection reagent (GE Healthcare) was added and the 

membranes were imaged using an Amersham 600 imaging system. Bands were 

quantified by densitometry (ImageJ) and normalised to ɓ-actin controls. 

  

Table 2.5 Primary and secondary Western blotting antibodies.  

Target Species Supplier Concentration 

ɓ-actin Mouse, monoclonal Santa Cruz 1:1,000 

STAT3 Mouse, monoclonal Novus Biologicals 1:1,000 

pSTAT3 Mouse, monoclonal Novus Biologicals 1:1,000 

Secondary antibody, anti-mouse Goat, anti-mouse Santa Cruz 1:2,000 

 

2.6 Tumoursphere assays 

Poly2-hydroxyethyl methacrylate (pHEMA, Santa Cruz) was used to create non-

adherent tissue culture plates. A solution of 120 mg/ml pHEMA in 95% ethanol was 

stirred overnight at 65°C to create a 10X solution. This stock was diluted 1:10 in 

Negative plate 

Positive plate 

Filter paper x2 

Filter paper x2 

Gel  

PVDF membrane 
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95% ethanol and used to coat a 6-well plate (1mL/well). Plates were left in a 37°C 

incubator for 48 hours to dry. 

Cells were trypsinised as previously described, passed several times through a 25 

G needle to ensure a single cell suspension and resuspended in serum-free 

DMEM/F12 supplemented with 2% B27 serum-free supplement (Biosciences) and 

20 ng/mL epidermal growth factor (Immunotools) at a concentration of 2,500 

cells/mL. 2 mL cell suspension (5,000 cells total) was added to each well of a 

pHEMA coated 6-well plate. Plates were gently rocked to evenly disperse the cells, 

then returned to the incubator for up to 7 days. Formation of tumourspheres was 

observed by light microscopy at 40X magnification and spheres over 50 µm were 

counted in each well.  

In some replicates, spheres were collected by centrifugation, resuspended in 500 

µL PBS and deposited onto poly-lysine coated microscope slides (Sigma) using a 

Cytospin 4 cytocentrifuge (ThermoFisher) and Shandon EZ Single cytofunnels 

(ThermoFisher), which separate cells from a liquid suspension and deposits them 

as a thin layer. Cells were spun for 5 minutes at 55 x g. 

2.7 In vivo work 

In vivo samples were generated and kindly provided by Dr. Will Brackenbury 

(University of York, U.K.). Experiments were approved by the University of York 

Ethical Review Process. 1×106 MDA-MB-231-GFP cells were suspended in Matrigel 

and injected into both inguinal mammary fat pads of six-week-old female 

Rag2ī/ī Il2rgī/ī mice under isoflurane anaesthesia. Mice were euthanized when 

primary tumours reached 10% of starting body weight, or at the first sign of 

discomfort from metastatic burden.  

Tumours were fixed in 4% paraformaldehyde and frozen. Cryosections were cut and 

transferred to glass slides. Sections were stained by Alizarin Red S as previously 

described.   

2.8 Raman spectroscopy  

2.8.1 Sample preparation 

To prepare samples for Raman spectroscopy analysis, 20mm diameter calcium 

fluoride windows (Crystan) were placed in the bottom of 6-well plates and incubated 

with 2 mL DMEM at 37°C for 1 hour. MDA-MB-231 cells were seeded at a 

concentration of 0.8x106 cells/well. The following day, media was removed and cells 
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were switched to either OC+Dex or DMEM with 10 mM sodium phosphate, 50 µg/mL 

ascorbic acid and 100 nM dexamethasone media to induce mineralisation. Cells 

grown in DMEM media alone were used as a control. Samples were taken at days 

3, 7, 11 and 14. Media was removed and each window was washed once with PBS, 

fixed in 10% formalin-PBS for 30 minutes, rinsed with ddH2O and air dried.  

2.8.2 Raman spectroscopy analysis 

All Raman analysis was carried out by Pascaline Bouzy (Department of Physics & 

Astronomy, University of Exeter). Raman analysis was performed using an InVia 

Renishaw Raman micro-spectrometer coupled to a Leica microscope with a 50X 

long working distance objective. The excitation beam was an 830 nm diode laser 

with a laser power around 100 mW.  For these experiments, the instrument was 

configured with a 600 lines per mm diffraction grating. The maps were collected with 

an exposure time of 30 s and a step size of 9.9 µm using the WiRE 4.0 software 

(Renishaw, Gloucestershire, UK). Spectra were extracted from the maps for each 

condition using Matlab software (Mathworks, USA). An average of 40 spectra was 

analysed per sample. Each mean spectrum was reduced in the spectral region 500-

1800 cm-1, baseline corrected (elastic function with 9 points), vector normalised and 

smoothed with Savistsky-Golay algorithm (polynom order 2 and window 9) using 

OPUS software (Bruker Optics GmbH). 

2.9 Statistics  

All statistical analysis was carried out using GraphPad Prism 7 software. Student t-

tests were used to compare two treatment groups. Differences between multiple 

treatment groups were analysed be one-way or two-way ANOVA, with post-hoc 

analysis to confirm significance. A P value of less than 0.05 was deemed statistically 

significant. 
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Chapter 3.0  

Establishment of an in vitro model 

of mammary calcification in human 

breast cancer cells 
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3.1 Introduction  

3.1.1 In vitro mineralisation models 

Previous work from this lab resulted in the development of the first in vitro model of 

microcalcification formation. This model was based on studies of osteoblast 

mineralisation, which utilise a number of osteogenic reagents to initiate cell 

differentiation, activation of pro-mineralisation signalling pathways and the 

development of calcium deposits (Langenbach and Handschel, 2013).  

The three main osteogenic reagents utilised in this study are ɓ-glycerophosphate, 

ascorbic acid and dexamethasone. ɓ-glycerophosphate is an ester compound of 

phosphoric acid and glycerol, which acts as an organic Pi donor via cleavage by the 

alkaline phosphatase enzyme. This release of Pi is essential to the formation of 

calcium-phosphate deposits. Ascorbic acid is essential for secretion and maturation 

of extracellular matrix components (ECM), most notably collagen. Collagen provides 

a structural framework for deposition of calcium phosphate and formation of larger 

mineralised structures  (Veis and Dorvee, 2013). Finally, dexamethasone is used to 

increase expression of mineralisation promoting genes and drive differentiation of 

osteoblasts to a mineralising phenotype. Dexamethasone exerts a species specific 

effect, increasing mineralisations in cultures of cells derived from both human and 

rat sources whilst inhibiting osteogenic differentiation of murine cells (Taylor et al., 

2014). Together, these three reagents create the optimum environment for in vitro 

mineralisation.  

Mineralisation is routinely tested using both histological staining and direct 

quantification of deposited calcium. Two commonly used stains in the study of 

mineralising cells are Alizarin Red S and von Kossa. Alizarin Red S, when used at 

an acidic pH, binds to Ca2+ ions at the surface of hydroxyapatite crystals, staining 

areas of high calcium concentration a bright-red (Moriguchi et al., 2003).  von Kossa 

is an indirect method of detecting calcium deposits, which relies on substitution of 

associated Pi with silver ions (Rungby et al., 1993).  Subsequent reduction to 

metallic silver results in dark brown to black staining. Both of these stains have 

previously been used to successfully identify breast microcalcifications, both in vitro 

(Cox et al., 2012a) and in vivo (Wilson et al., 2014).  
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The mammary calcification model developed previously in our lab, using the same 

reagents and protocols from established osteoblast studies (Langenbach and 

Handschel, 2013), revealed an active, regulated process of mineral deposition with 

many similarities to physiological mineralisation. The majority of this previous work 

focused on the murine 4T1 cell line, which was shown to effectively mineralise when 

incubated with a combination of ɓ-glycerophosphate and ascorbic acid. 

Mineralisation was found to be dependent on activity of alkaline phosphatase (or 

free Pi) and the sodium-dependent Pi cotransporter, PiT-1.  

Two separate formulations of mineralisation promoting media were used, ɓ-

glycerophosphate and ascorbic acid (OC) or ɓ-glycerophosphate, ascorbic acid and 

dexamethasone (OC+Dex). Testing a panel of cell lines in both the presence and 

absence of dexamethasone allowed for the identification of optimal mineralisation 

conditions for each cell line, which are likely to vary in their reaction to 

dexamethasone depending on their original source. For instance, in these previous 

studies the human derived Hs578Ts(i)8 cell line required dexamethasone for 

mineralisation whilst the murine 4T1 cell line exhibited significantly less calcium 

deposition in dexamethasone containing media.  

Since development of our model of breast microcalcification formation, other groups 

have utilised it to investigate novel players in the process, including the secretory 

pathway Ca2+ -ATPases (SPCA) Ca2+ efflux channels (Dang et al., 2017) and 

carbonic anhydrase (Zheng et al., 2015). 

3.1.2 Human breast cancer cell lines and microcalcifications   

Although previous work from this lab has looked at mineralisation in human breast 

cancer cell lines, the number of cells examined was low and not representative of 

the diversity of breast cancer subtypes. Only one human breast cancer cell line was 

found to successfully mineralise. Hs578Ts(i)8 is a highly invasive sub-clone of the 

triple-negative Hs578T cell line, derived from sequential passages through a 

Matrigel invasion chamber (Hughes et al., 2008) and was found to develop 

mineralisation after 21 days when cultured with OC+Dex.  Interestingly, no 

mineralisation was observed in the parental Hs578T cell line, indicating a possible 

relationship between the aggressiveness of a cell line and the ability to form 

microcalcifications.   
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This may have some clinical relevance in consideration of certain studies finding 

associations between mammographic detection of microcalcifications and 

increased tumour aggressiveness and poor prognosis (Tabár et al., 2000, Tabar et 

al., 2004, Qi et al., 2017, Zheng et al., 2017). Negative results were also observed 

in the immortalised, non-tumourigenic MCF10A cell line.  

This finding that the ability to mineralise is not a universal attribute of breast cancer 

cell lines may signify the importance of a particular cell lines genetic background.  

Cell lines derived from different molecular subtypes of breast tumour vary 

significantly in their aggressiveness, gene expression profiles, cytokine secretion 

and responsiveness to therapeutic agents (Holliday and Speirs, 2011). It is not 

currently known if any particular subtypes of breast cancer cell lines are more likely 

to mineralise under in vitro conditions. In patient studies, microcalcifications show 

strong association with the HER2 overexpressing subtype of breast cancer (Killelea 

et al., 2013a, Cen et al., 2017a, Bae et al., 2013). However, the hypothesis that the 

in vitro mineralisation potential of cell lines follows a similar pattern remains 

untested. A thorough examination of the mineralisation potential of a representative 

selection of human breast cancer cells is thus merited.  

3.1.3 Aims of this chapter 

The primary aims of this chapter are as follows.  

¶ Investigate a panel of human breast cancer cell lines for in vitro mineralisation 

potential. 

¶ Identify any notable differences in tumour subtype between mineralising and 

non-mineralising cell lines. 

¶ Examine effect of both organic and inorganic phosphate sources on cell 

mineralisation.  

¶ Investigate the interactions between the alkaline phosphatase enzyme and 

ɓ-glycerophosphate and the role of released Pi in initiation of mineralisation.  
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3.2 Results 

3.2.1 Establishment of standard mineralisation and staining procedure 

for murine 4T1 cell line 

In order to provide a positive control with which to compare our panel of human 

breast cancer cell lines to, we elected to begin with the murine 4T1 cell line, which 

has previously been shown by our lab to be an effective model of microcalcification 

formation (Cox et al., 2012a). 4T1 cells were cultured for up to 28 days in DMEM 

culture media (Control) or DMEM supplemented with 50 µg/ml ascorbic acid and 10 

mM ɓ-glycerophosphate (OC) or OC with 100 nM dexamethasone (OC + Dex). 

Identical plates were formalin fixed and stained at weekly intervals (7, 14, 21 and 28 

days). Samples were stained with Alizarin Red S (2%, pH 4.4) and von Kossa (5% 

silver nitrate) to detect the presence of calcium and phosphate, respectively. 

Positive staining was observed in both Alizarin Red S stained (Fig. 3.1 A) and von 

Kossa stained samples (Fig 3.1 B), beginning at day 21 and increasing in intensity 

by day 28. These two positive staining results together strongly indicate the 

presence of calcium phosphate in the form of hydroxyapatite, which was previously 

confirmed by Raman spectroscopy (Cox et al., 2012a). 

 

 

 

 

 

 

 

 

 

Figure 3.1 Positive mineralisation in 4T1 cells.   Representative images were captured at 10X 
magnification of Alizarin Red S stained (A) and von Kossa stained (B) cell monolayers at the specified 
time points. Positive staining was observed in both Alizarin Red S (A) and von Kossa (B) stained 
samples, when cells were cultured in OC supplemented media. Control=regular growth media. OC 
(osteogenic cocktail) = 50 µg/ml ascorbic acid and 10 mM ɓ-glycerophosphate. Dex=100 nM 
dexamethasone. Scale bar represents 50 µm.  
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3.2.2 Assessing mineralisation potential of MCF-7 cells  

The ER+ luminal A cell line MCF-7 was selected as the first human cell line to test 

for mineralisation capability. Following the previously established protocol for the 

murine 4T1 cell line, MCF-7 cells were grown in 6-well plates for up to 28 days in 

DMEM culture media (Control) or DMEM supplemented with ascorbic acid and ɓ-

glycerophosphate (OC) or OC with dexamethasone (OC + Dex). One replicate plate 

was formalin fixed and stained with Alizarin Red S and von Kossa at weekly 

intervals. Neither stain resulted in a positive result at any time point or treatment 

group (Fig. 3.2 A, B).  

 Calcium was extracted from the cell monolayer by a 1-hour incubation with nitric 

acid, before quantification by the o-cresolphthalein complexone (OCP) assay. 

Results were normalised against protein content as measured by bicinchoninic acid 

(BCA) assay. Calcium content of MCF-7 cell monolayers grown in control media 

averaged 5.7-9.2 ppm/mg protein throughout the 28-day time course (Fig. 3.2 C). 

No significant increases were observed in cells cultured in OC or OC+Dex media at 

any time point. An alamar blue assay was also conducted to determine if any 

treatment group was having a detrimental effect on cell viability. Cells cultured in 

control media or either of the mineralisation promoting media maintained good 

viability throughout the experiment as evidenced by the similar viability values at all 

tested time points (Fig. 3.2 D). 

These results demonstrate that microcalcification formation is not a universal 

property of human breast cancer cell lines.  
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Figure 3.2 MCF-7 cells do not undergo in vitro microcalcification formation.   Representative 
images were captured at 10X magnification of Alizarin Red S stained (A) and von Kossa stained (B) 
cell monolayers at the specified time points. No positive staining (red for Alizarin Red S, dark 
brown/black for von Kossa) was observed at any time point or treatment group. The calcium content 
of MCF-7 cell monolayers was determined by the o-cresolphthalein (OCP) assay and normalised to 
protein content (C). Each time point represents mean + SD (n=3).  The viability of MCF-7 cells 
cultured in control media or media supplemented with OC or OC+Dex was determined by Alamar 
blue assay (D). Each time point represents mean + SD (n=3). Statistical significance was determined 
by two-way ANOVA. Control=regular growth media. OC (osteogenic cocktail) = 50 µg/ml ascorbic 
acid and 10 mM ɓ-glycerophosphate. Dex=100 nM dexamethasone. Scale bar represents 50 µm. 
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3.2.3 Assessing mineralisation potential of HER2 overexpressing 

 MCF-7 cells  

Several studies have found an increased rate of HER2 overexpression in patients 

presenting with microcalcification associated  breast tumours (Cen et al., 2017a, 

Elias et al., 2014, Li et al., 2014a). However, a potential role between the HER2 

receptor and the in vitro formation of microcalcifications has never been explored. 

We repeated our mineralisation experiment with a HER2 overexpressing sub-clone 

of the luminal MCF-7 cell line (Pegram et al., 1997), to assess any difference in 

mineralisation capability between the parental and HER2 expressing cell lines. 

Similar to the parental cell line, no positive staining was detected by Alizarin Red S 

or von Kossa staining in HER2-MCF-7 cells in any treatment group (Fig. 3.3 A, B). 

Calcium content of HER2-MCF-7 cells grown in control media ranged from 10.3ï

14.2 ppm/mg protein, which was not statistically different from the calcium content 

of both HER2-MCF-7 cells grown in OC or OC+Dex supplemented media (9.5 ï 

16.8 and 8.9 ï 18.5 ppm/mg protein, respectively) and to the parental MCF-7 cell 

lines, indicating that HER2 overexpression does not alter either the mineralisation 

potential or basal calcium content of the parental MCF-7 cell line (Fig. 3.3 C). Finally, 

the viability of HER2-MCF-7 cells was tested with an alamar blue assay. No 

significant changes were detected between groups at any time point (Fig. 3.3. D). 

Results of this experiment demonstrate that HER2 overexpression is not sufficient 

by itself to induce mineralisation. 

 

 

 

 

 

 

 

 

 
 
 



79 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 3.3 HER2 overexpressing MCF-7 cells do not undergo in vitro microcalcification 
formation.   Representative images were captured at 10X magnification of Alizarin Red S stained 
(A) and von Kossa stained (B) cell monolayers at the specified time points. No positive staining (red 
for Alizarin Red S, dark brown/black for von Kossa) was observed at any time point or treatment 
group. The calcium content of HER2-MCF-7 cell monolayers was determined by the o-
cresolphthalein (OCP) assay and normalised to protein content (C). Each time point represents mean 
+ SD (n=3).  The viability of HER2-MCF-7 cells cultured in control media or media supplemented 
with OC or OC+Dex was determined by Alamar blue assay (D). Each time point represents mean + 
SD (n=3). Statistical significance was determined by two-way ANOVA. Control=regular growth 
media. OC (osteogenic cocktail) = 50 µg/ ml ascorbic acid and 10 mM ɓ-glycerophosphate. Dex=100 
nM dexamethasone. Scale bar represents 50 µm. 
 
 

3.2.4 Assessing mineralisation potential of ZR-75-1 cells  

We next assessed the mineralisation potential of the luminal B ZR-75-1 cell line. 

Similar to our previous investigations into luminal cell lines, results for the ZR-75-1 

cell line were also found to be negative.  No positive staining was observed at any 

time point in either Alizarin Red S (Fig. 3.4 A) or von Kossa stained (Fig. 3.4 B) 

samples. Similar results were observed in the OCP assay, with not significant 

differences observed between any group at any time point (Fig. 3.4 C). Unlike our 

other tested cell lines, we did see some significant differences in viability between 

groups, with a slight drop in viability observed in OC samples at day 14 compared 

to control samples (Fig. 3.4 D, P < 0.05).  
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Figure 3.4 ZR-75-1 cells do not undergo in vitro microcalcification formation.   Representative 
images were captured at 10X magnification of Alizarin Red S stained (A) and von Kossa stained (B) 
cell monolayers at the specified time points. No positive staining (red for Alizarin Red S, dark 
brown/black for von Kossa) was observed at any time point or treatment group. The calcium content 
of ZR-75-1 cell monolayers was determined by the o-cresolphthalein (OCP) assay and normalised 
to protein content (C). Each time point represents mean + SD (n=3).  The viability of ZR-75-1 cells 
cultured in control media or media supplemented with OC or OC+Dex was determined by Alamar 
blue assay (D). Each time point represents mean + SD (n=3). Statistical significance was determined 
by two-way ANOVA *P<0.05. Control=regular growth media. OC (osteogenic cocktail) = 50 µg/ ml 
ascorbic acid and 10 mM ɓ-glycerophosphate. Dex=100 nM dexamethasone. Scale bar represents 
50 µm. 

3.2.5 Assessing mineralisation potential of SKBR3 cells 

We next selected the HER2 overexpressing SKBR3 cell line. Positive mineralisation 

results were observed in this cell as evidenced by strong staining in both Alizarin 

Red S (Fig. 3.5 A) and von Kossa (Fig. 3.5 B). Staining was first evident at day 14 

for both stains, in cells cultured in OC+Dex media. Some staining was observed in 

cells grown with OC media alone, although significantly fainter. Both Alizarin Red S 

and von Kossa staining increased in intensity throughout the time course, with cells 

grown with OC+Dex displaying markedly greater staining at all time points tested 

than cells grown in OC alone.  
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 Calcium content of control cells did not vary significantly throughout the course of 

this experiment, varying from 5.4 ï 34.8 ppm/mg protein (Fig 3.5 C). In contrast, 

cells grown in either OC or OC+Dex media began to accumulate calcium by day 14. 

Calcium in cells incubated with OC rose to 130 ppm/mg protein by day 14 and 

stayed at approximately that level for the remainder of the experiment. Cells grown 

in OC+Dex media continually increased their calcium content, rising to 222.5 

ppm/mg protein by day 21 (P < 0.05) and 271.2 ppm/mg protein by day 28 (P < 

0.01). A small decrease in viability was observed in OC+Dex treated groups at day 

28 (P < 0.05, Fig. 3.5 D).  

Figure 3.5 SKBR3 cells undergo in vitro microcalcification formation.   Representative images 
were captured at 10X magnification of Alizarin Red S stained (A) and von Kossa stained (B) cell 
monolayers at the specified time points. Positive staining (red for Alizarin Red S, dark brown/black 
for von Kossa) was observed in OC+Dex treated cells beginning at day 14. The calcium content of 
SKBR3 cell monolayers was determined by the o-cresolphthalein (OCP) assay and normalised to 
protein content (C). Each time point represents mean + SD (n=3).  The viability of SKBR3 cells 
cultured in control media or media supplemented with OC or OC+Dex was determined by Alamar 
blue assay (D). Each time point represents mean + SD (n=2). Statistical significance was determined 
by two-way ANOVA. *P<0.05, **P<0.01. Control=regular growth media. OC (osteogenic cocktail) = 
50 µg/ ml ascorbic acid and 10 mM ɓ-glycerophosphate. Dex=100 nM dexamethasone. Scale bar 
represents 50 µm. 
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3.2.6 Assessing mineralisation potential of HCC1954 cells 

To further test a possible role for HER2 in microcalcification formation, we selected 

another HER2 positive cell line, HCC1954. Unlike the SKBR3 cell line, HCC1954 

was not capable of mineralising in vitro, as evidenced by lack of either Alizarin Red 

S (Fig 3.6 A) or von Kossa (Fig 3.6 B) staining. Calcium content of HCC1954 as 

measured by OCP assay was not significantly altered in any group throughout the 

time course of this experiment (Fig 3.6 C). All three groups displayed a rise in 

calcium content at day 28, although this result was not statistically significant. As 

this increase occurred in only one replicate and was not accompanied by any 

positive Alizarin Red S or von Kossa staining, this rise in calcium levels was likely 

an anomaly and not the result of a mineralisation process. Viability of HCC1954 cells 

remained relatively unchanged throughout the 28 time course (Fig. 3.6 D).  

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.6 HCC1954 cells do not undergo in vitro microcalcification formation.   Representative 
images were captured at 10X magnification of Alizarin Red S stained (A) and von Kossa stained (B) 
cell monolayers at the specified time points. No positive staining (red for Alizarin Red S, dark 
brown/black for von Kossa) was observed at any time point or treatment group. The calcium content 
of HCC1954 cell monolayers was determined by the o-cresolphthalein (OCP) assay and normalised 
to protein content (C). Each time point represents mean + SD (n=3).  The viability of HCC1954 cells 
cultured in control media or media supplemented with OC or OC+Dex was determined by Alamar 
blue assay (D). Each time point represents mean + SD (n=2). Control=regular growth media. OC 
(osteogenic cocktail) = 50 µg/ ml ascorbic acid and 10 mM ɓ-glycerophosphate. Dex=100 nM 
dexamethasone. Statistical significance was determined by two-way ANOVA. Scale bar represents 
50 µm. 
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3.2.7 Assessing mineralisation of MDA-MB-231 cells  

The final cell line to be tested in our panel was the triple-negative MDA-MB-231 cell 

line. Results for this cell line were positive, with both Alizarin Red S and von Kossa 

staining first appearing in cells cultured in OC+Dex media at day 14 (Fig. 3.7 A, B).  

Both staining modalities initially appeared faint, gradually increasing in intensity over 

the remainder of the time course. Analysis of calcium content revealed substantial 

differences between treatment groups (Fig. 3.7 C). Cells grown in control media 

displayed a calcium content of between 12.8 ï 34.9 ppm/mg protein, with cells 

grown in OC media exhibiting similar levels (9.3 ï 38.9 ppm/mg protein).  

 

 

 

 

 

 

 

 

Figure 3.7 MDA-MB-231 cells undergo in vitro microcalcification formation.   Representative 
images were captured at 10X magnification of Alizarin Red S stained (A) and von Kossa stained (B) 
cell monolayers at the specified time points. No positive staining (red for Alizarin Red S, dark 
brown/black for von Kossa) was observed at any time point or treatment group. The calcium content 
of MDA-MB-231 cell monolayers was determined by the o-cresolphthalein (OCP) assay and 
normalised to protein content (C). Each time point represents mean + SEM (n=3).  The viability of 
MDA-MB-231 cells cultured in control media or media supplemented with OC or OC+Dex was 
determined by Alamar blue assay (D). Each time point represents mean + SD (n=3). Statistical 
significance was determined by two-way ANOVA. **P<0.01, ****P<0.0001. Control=regular growth 
media. OC (osteogenic cocktail) = 50 µg/ ml ascorbic acid and 10 mM ɓ-glycerophosphate. Dex=100 
nM dexamethasone. Scale bar represents 50 µm. 
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In cells grown in OC+Dex media, calcium content began to raise at day 14 (48.6 

ppm/mg protein), with the increase in calcium reaching statistical significance at day 

21 (137.4 ppm/mg protein, P < 0.01) and day 28 (345.8 ppm/mg protein, P < 

0.0001). Alamar blue assays showed a steady increase in cellular viability in all three 

groups during the 28-day time course, with all three groups displaying an 

approximate threefold increase at day 28 compared to day 7 (Fig. 3.7 D). No 

significant differences were found between treatment groups at any time point.  

 

3.2.8 Summary of characterisation study for mineralisation-capable 

human breast cancer cell lines 

Results of our screen are illustrated in Table 3.1. In summary, the luminal breast 

cancer cell lines MCF-7 (as well as a HER2 overexpressing clone) and ZR-75-1 as 

well as the HER2 overexpressing HCC1954 did not produce calcifications under any 

of our tested in vitro conditions. Positive mineralisation was noted for the HER2 

overexpressing SKBR3 and the triple negative MDA-MB-231 cell lines.  

Table 3.1 Summary of a characterisation study of the mineralisation potential of a panel of 
human breast cancer cell lines  

 

3.2.8 Investigating the specific mineralisation requirements of the MDA-

MB-231 cell line 

Although both SKBR3 and MDA-MB-231 cells were capable of producing 

mineralisations, results from MDA-MB-231 cells tended to be slightly more reliable 

and consistent. In addition, the MDA-MB-231 cell line maintained greater viability 

during long-term (28 days) studies (Fig. 3.5 D, 3.7 D) and was used for the majority 

of this thesis, although certain studies were also conducted with both SKBR3 and 

MCF-7 cells.   

 

Cell line Subtype 
In vitro 

mineralisation 
capability 

Initial 
mineralisation 

Mineralisation 
requirements 

MCF-7 Luminal A No - - 

HER2-MCF-7 
Luminal 

(with HER2 
overexpression) 

No - - 

ZR-75-1 Luminal B No - - 

SKBR3 HER2 overexpressing Yes Day 14 OC+Dex > OC 

HCC1954 HER2 overexpressing No - - 

MDA-MB-231 Triple negative Yes Day 14 OC+Dex 
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To evaluate the specific mineralisation requirements for the MDA-MB-231 cell line 

and optimise our protocol, cells were next cultured in either control DMEM media or 

media supplemented with OC+Dex or individual components of the OC+Dex 

formulation (ascorbic acid, ɓ-glycerophosphate and dexamethasone). Alizarin Red 

S staining at day 21 revealed a strong osteogenic response only in cells treated with 

the full OC+Dex supplemented media (Fig 3.8 A). No individual component was 

capable of inducing mineralisation by itself.  

We also investigated the potential effect of different formulations of DMEM cell 

culture media, in particular glucose concentrations as previous studies on in vitro 

calcification models have found regulatory effects of glucose concentration on 

calcium deposition (Balint et al., 2001, Garcia-Hernandez et al., 2012). Our previous 

characterisation study on the mineralisation potential of human breast cancer cell 

lines utilised a low-glucose formulation of DMEM media (5.5 mM). MDA-MB-231 

cells were cultured in either low or high glucose (25 mM) formulations of OC+Dex 

supplemented media for up to 28 days prior to fixation and staining with Alizarin Red 

S. Cells were observed to begin mineralising by day 14 when cultured in OC+Dex 

supplemented low glucose DMEM, as opposed to day 21 for high glucose (Fig. 3.8 

B).  

 

 

 

 

 

 

 

 

 

Figure 3.8 Assessing the mineralisation requirements of MDA-MB-231 cells. Representative 
images were captured at 10X magnification of Alizarin Red S stained MDA-MB-231 cells grown in 
control media, OC+Dex media or media supplemented with individual components of OC+Dex (A). 
Alizarin Red S staining was carried out at day 21. Control = DMEM, AA = 50 µg/ ml ascorbic acid, 
ɓG = 10 mM ɓ-glycerophosphate, OC (osteogenic cocktail) = AA & ɓG, Dex=100 nM 
dexamethasone. The effect of glucose concentration on MDA-MB-231 mineralisation was assessed 
by culturing cells in low (5.5 mM) or high glucose (25 mM) OC+Dex supplemented DMEM (B). Scale 
bar represents 50 µm. 
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Alizarin Red S staining was substantially stronger at all time points for cells cultured 

in low glucose DMEM. These findings are in agreement with previous, unpublished 

results from this lab (Fig. 8.7). Low glucose DMEM was thus selected as the optimal 

mineralisation media for the rest of our studies. 

In addition to glucose concentration, we also wanted to examine if providing cells 

with a collagen rich environment could enhance their osteogenic differentiation. 

Collagen is known to provide a structural framework for deposition of calcium 

phosphate (Veis and Dorvee, 2013) and some studies have shown enhanced 

osteogenic differentiation of mesenchymal cells when cultured on collagen coated 

plates (Chiu et al., 2012, Chiu et al., 2014). In order to determine if collagen could 

also improve our in vitro assay, we compared collagen coated to standard tissue 

culture plates, analysing both calcium deposition and ALP activity.  

Figure 3.9 Investigating the effect of collagen coating on MDA-MB-231 mineralisation.  MDA-
MB-231 cells were cultured for up to 28 days in control media or OC+Dex supplemented media. Cells 
were cultured on either standard tissue culture plates (Col -) or plates pre-coated in collagen (Col +). 
Calcium content was measured at day 28 by OCP assay (A) ALP activity was measured at day 14 
by chromogenic conversion of para-nitrophenyl phosphate (B). Each point represents mean + SD 
(N=2). Statistical significance was determined by two-way ANOVA. ***P<0.001.  
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We did not observe any significant alterations in either calcium deposition (Fig. 3.9 

A) or ALP activity (Fig. 3.9 B) in MDA-MB-231 cells cultured on collagen coated 

plates. We therefore elected to use standard tissue culture plates for the duration of 

our studies. 

3.2.9 Alkaline phosphatase and microcalcifications  

Of central importance to our OC+Dex combination is the organic Pi source ɓ-

glycerophosphate, which is degraded by the alkaline phosphatase (ALP) enzyme to 

release free Pi, required for development of mineralisation (Beck et al., 2000). We 

examined ALP in mineralising MDA-MB-231 cells via enzymatic assay (monitoring 

chromogenic  conversion of para-nitrophenylphosphate to para-nitrophenol) and 

quantitative polymerase chain reaction (qPCR). Endogenous levels of ALP activity 

in unstimulated MDA-MB-231 cells (control DMEM media) varied between 135 ï 

313 mU/mg protein over the 28 day time course (Fig. 3.10 A).  

 

Addition of OC supplementation was observed to slightly depress ALP activity, 

dropping to a low of 68.5 mU/mg protein at day 7, although this change was not 

statistically significant. No significant differences were observed in either control or 

OC treated cells throughout the 28 days, indicating that ALP activity in the MDA-

MB-231 cell line remains relatively stable without additional stimulation. In contrast, 

the addition of dexamethasone promoted a strong induction of ALP activity, which 

increased continually throughout the time course, reaching a peak of 1004 mU/mg 

protein at day 28 (P < 0.0001). Levels of ALP activity were significantly greater in 

OC+Dex supplemented media compared to both control and OC groups, at days 

14, 21 and 28. In addition, ALP activity of OC+Dex stimulated cells increased in a 

continuous, time-dependent manner, with higher levels observed at days 21 (P < 

0.05) and 28 (P < 0.001) as compared to the earliest time point of 7 days.  
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Figure 3.10 Activity and expresson of ALP enzyme in mineralising MDA-MB-231 cells. ALP 
activity was analysed every 7 days by incubation with the ALP substrate p-nitrophenyl phosphate 
(PNPP), monitoring absorbance at 405 nm (A). ALP activity was normalised to protein content. Each 
point represents the mean + SD (n=4).  Changes in gene expression were monitored by qPCR (B). 
Each point represents mean + SD (N=4). Statistical significance was determined by two-way 
ANOVA. *P<0.05, **P<0.01, **P<0.001, ****P<0.0001.  
 

 

Analysis of ALP expression by qPCR also revealed significant changes (Fig. 3.10 

B), with ALP expression at day 14 increased two-fold in OC+Dex stimulated cells 

compared to control at the same time (P < 0.01). RNA samples were not taken from 

cells grown in OC media due to lack of positive mineralisation, preventing 

comparision of the effect of OC+Dex media versus OC alone on ALP expression. 

Taken together, these results show that dexamethasone acts as a potent ALP 

inducer, at both a transcriptional and activity level. In contrast, the lack of increased 

ALP activity in cells treated with OC alone suggests that neither ɓ-glycerophosphate 

or ascorbic acid acts as an ALP inducer in the absence of dexamethasone. 

(A)  

(B)  
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We next examined ALP activity in two other breast cancer cell lines from our panel, 

the mineralising SKBR3 and non-mineralising MCF-7 cell lines. In the SKBR3 cell 

lines, ALP activity of control cells varied between 35.4 and 64.7 mU/mg, with no 

significant changes observed between any time points (Fig. 3.11 A). Levels were 

similar in cells grown in OC media (15.8 - 68.5 mU/mg). Some increases were 

observed in cells grown in OC+Dex media. Unlike dexamethasone stimulated MDA-

MB-231 cells, which continually increased ALP activity over the entire 28-day time 

course, ALP levels of dexamethasone stimulated SKBR3 cells increased only 

temporarily at day 7 up to 210 mU/mg, which was significantly increased as 

compared to both control (35.4) and OC (21.4) values at the same time point (P < 

0.01). ALP levels in OC+Dex stimulated cells was similar to both control and OC 

groups at all other time points. No significant increases were observed at any time 

point or treatment group for the non-mineralising MCF-7 cell line (Fig. 3.11 B).  

By taking ALP activities of MDA-MB-231, SKBR3 and MCF-7 cells grown in control 

media over a 28 day time period, we were able to analyse endogenous levels of 

ALP activity in unstimulated cells (Fig. 3.11 C). Even without the substantial increase 

of ALP activity induced by OC+Dex, MDA-MB-231 cells grown in standard DMEM 

media demonstrated a relatively high level of ALP activity, ranging from 40 to 580 

mU/mg protein and averaging at  249.7. This was significantly elevated relative to 

ALP levels of both SKBR3 (P < 0.05) and MCF-7 (P < 0.0001). Alhough levels of 

ALP activity in SKBR3  cells were lower than MDA-MB-231, they remained 

signicantly elevated relative to the non-mineralising MCF-7 cells line  (31.98 v 1.77, 

P < 0.05).  
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Figure 3.11 Comparison of ALP activity in mineralising and non-mineralising breast cancer 
cells. ALP activity was analysed in SKBR3 (A) and MCF-7 cells (B) every 7 days by incubation with 
the ALP substrate p-nitrophenyl phosphate (PNPP), monitoring absorbance at 405 nm. ALP activity 
was normalised to protein content. Statistical significance was determined by two-way ANOVA 
(N=3). ALP activity was compared between three cell lines (MDA-MB-231, SKBR3 & MCF-7) by 
taking all ñControlò values througout each time point, for a total of N=12 for each cell line. *P<0.05, 
**P<0.001, ****P<0.0001. 
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3.2.10 Exogenous ALP promotes in vitro mineralisation in breast cancer 

cell lines  

As the mineralisation capable MDA-MB-231 and SKBR3 cell lines displayed a 

significantly higher level of ALP activity  than the non mineralising MCF-7 cell line, 

we hypothesised that increased ALP activity is a key difference between 

mineralising and non-mineralising cell lines. To test this, we cultured MCF-7 cells in 

OC or OC+Dex media in either the presence or absence of exogenous ALP. Cells 

were formalin fixed after 7 days and stained with Alizarin Red S. As observed 

previously, no positive staining was observed in OC or OC+Dex stimulated MCF-7 

cells in the absence of ALP, indicating no mineralisation (Fig. 3.12). However, the 

addition of exogenous ALP promoted a strong mineralisation effect, as evidenced 

by the significant Alizarin Red S staining by day 7.  

 
 
 
 
 
 
 
 
 

 

 
 
 

 
 
 
Figure 3.12 Exogenous ALP promotes mineralisation in non-mineralising MCF-7 cells. 
Representative images (N=2)  were captured at 10X magnification of Alizarin Red S stained MCF-7 
cells cultured for 7 days in control, OC or OC+Dex supplemented media in either the presence or 
absence of exogenous ALP (200 mU/mL). Positive Alizarin Red S staining at day 28 indicates a 
strong mineralisation effect. Scale bar represents 50 µm.  

 
 

We next examined if addition of exogenous ALP could enhance the ability of MDA-

MB-231 cells to produce microcalcifications. Cells were grown in control, OC or 

OC+Dex media, in either the presence or absence of exogenous ALP. Addition of 

ALP resulted in significantly darker staining in OC+Dex stimulated cells by day 28 

(Fig. 3.13). Exogenous ALP also produced  a positive Alizarin Red S staining in OC 

stimulated cells although this staining appeared more widespread and non-specific 

than the staining observed in OC+Dex induced mineralisation samples.  

 

Control  OC  OC+Dex  

-  

+ 

ALP  
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Interestingly, although Alizarin Red S staining in cells cultured with both OC+Dex 

and ALP displayed the same non-specific distribution as cells cultured with OC and 

ALP, localised deposits of increased intensity staining were also observed against 

the high background level of staining, similar to the more localised staining observed 

in OC+Dex induced mineralisation samples. We speculate that this different staining 

pattern between OC and OC+Dex samples in the presence of exogenous ALP 

indicates that the dexamethasone in our OC+Dex treatment groups is exerting a 

pro-mineralisation  effect outside of its role in increasing ALP activity, possibly via 

an increase in expression of bone associated proteins which may act to nucleate 

calcium-phosphate mineralisation, resulting in the more physiologically relevant and 

localised staining pattern observed.  

 

 

 

 

 
 
 
 
 

 
 
 
 
Figure 3.13 Exogenous ALP promotes mineralisation increases MDA-MB-231 mineralisation. 
Representative images (N=2) were captured at 10X magnification of Alizarin Red S stained MDA-
MB-231 cells cultured for 28 days in control, OC or OC+Dex supplemented media in either the 
presence or absence of exogenous ALP (1U/mL). Positive Alizarin Red S staining at day 28 indicates 
a strong mineralisation effect. Scale bar represents 50 µm. 

 
 

Considering the profound effect of exogenous ALP on mineralisation, we next 

examined whether inhibition of endogenous ALP activity would suppress MDA-MB-

231 mineralisation. We found that additon of 100 µM levamisole significantly 

reduced Alizarin Red S staining in OC+Dex cultured MDA-MB-231 cells (Fig. 3.14). 

Positive red staining was observed in OC+Dex cultured MDA-MB-231 cells by day 

14. However, this was markedly reduced in wells with levamisole. Levamisole did 

not induce any difference in Alizarin Red S staining in either control or OC cultured 

cells.  

 

 

 

Control  OC  

ALP  

-  

+ 

OC+Dex  



93 
 

 

 

 
 
 
 
 
 
 
 
 
 
 
Figure 3.14 Effect of the ALP inhibitor levamisole on MDA-MB-231 mineralisation. 
Representative images (N=2) were captured at 10X magnification of Alizarin Red S stained MDA-
MB-231 cells cultured for 14 days in control, OC or OC+Dex supplemented media in either the 
presence or absence of 100 µM levamisole. Positive Alizarin Red S staining was observed in 
OC+Dex cutured cells by day 14, which was reduced by the addition of levamisole. Scale bar 
represents 50 µm. 

 

3.2.11 Bioinformatic analysis of ALP expression 

In order to extend our in vitro findings of the importance of ALP activity on breast 

cancer cell mineralisation to patient data, we utilised a bioinformatics approach. We 

used Breast Cancer Gene-Expression Miner (Jézéquel et al., 2013), which is 

capable of pooling expression data from multiple datasets and correlating with 

clinical attributes, to analyse expression of ALP in breast cancer patients. We first 

looked at expression of ALP in patients with HER2+ tumours, as this is the molecular 

subtype most commonly associated with the presence of microcalcificaitons. No 

significant differences were observed in ALP expression according to HER2 status 

(Fig. 3.15 A).  Comparing patients with triple-negative tumours did reveal a small 

but significant increase (Fig. 3.15 B). This is in keeping with our findings of high 

levels of ALP activity in the triple-negative MDA-MB-231 cell line (Fig. 3.10, 3.11). 

We next looked at expression of ALP in patients with metastatic lesions, as ALP has 

shown some promise as a marker for metastatic progression (Reale et al., 1995, Du 

et al., 2014). Using another bioinformatics tool, R2, we analysed expression of ALP 

by two separate clinical data tracks available within the software, ñmetastatic 

indicatorò and ñinfiltrating ductal carcinoma v. metaplastic carcinomaò. Both 

analyses indicated a higher exppression of ALP in a metaplastic context (Fig 3.15 

C,D).  
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Figure 3.15 Bioinformatic analysis of ALP expression.  Breast Cancer Gene-Expression Miner 
was used to compare levels of ALP expression in patients with and without HER2 amplification (A) 
and patients with or without triple-negative tumours (B). The R2 bioinformatics tool was used to 
analyse differential ALP expression in metastatic tumours (C,D). Reported P-values were computed 
by the online site. 

 
 

3.2.12 Inorganic Pi and breast cancer cell mineralisation  

In studies of both physiological and pathological mineralisation, ALP promotes 

calcium deposition by degrading the mineralisation inhibitor PPi and  releasing free 

Pi, simultaneously reducing the levels of anti-calcification factors and increasing 

levels of pro-calcification factors. A recent study demonstrated a modified in vitro 

model of breast cancer calcification, utilising inorganic Pi instead of the organic ɓ-

glycerophosphate used in our model (Dang et al., 2017). To test the efficacy of free, 

inorganic- Pi in our model we cultured MDA-MB-231 cells with 50 µg/mL ascorbic 

acid and 10 mM sodium phosphate, both with and without dexamethasone. 

  

(A) (B) 
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 Positive staining by both Alizarin Red S (Fig. 3.16 A) and von Kossa (Fig. 3.16 B) 

was observed beginning at day 7, increasing in intensity by day 14. Staining also 

appeared greater in cells cultured with both Pi and dexamethasone.  

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
Figure 3.16 Inorganic Pi induced mineralisation of MDA-MB-231 cells. Representative images 
(N=2) were captured at 10X magnification of MDA-MB-231 cells cultured in control media, media 
supplemented with 50 µg/mL ascorbic acid and 10mM sodium phosphate (AA/Pi) or ascorbic acid, 
sodium phosphate and 100 nM dexamethasone (AA/Pi+Dex). Cells were fixed at days 7 and 14 and 
stained with Alizarin Red S (A) or von Kossa (B). Positve staining was observed for both AA/Pi and 
AA/Pi+Dex at both days 7 and 14, with AA/Pi+Dex cultured cells displaying more intense staining. 
Scale bar represents 50 µm. 
 

 

Analysis of ALP activity of MDA-MB-231 cells cultured under inorganic Pi conditions 

revealed significant alterations, both between control and Pi stimulated samples, 

and between inorganic and organic Pi sources (Fig. 3.17).  ALP activity of MDA-MB-

231 cultured with AA/Pi+Dex rose five-fold compared to control samples at day 7 (P 

< 0.01). This increase appeared to be transient, as ALP activity in AA/Pi+Dex 

stimulated cells fell to 1.7 fold of control samples by day 14. This was a significant 

contrast to results of ALP assays carried out in cells cultured in calcification-

promoting media with organic ɓ-glycerophosphate, where ALP activity continually 

rose throughout the time course (Fig. 3.10).  
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Figure 3.17 ALP activity of MDA-MB-231 cells under inorganic phosphate conditions. MDA-
MB-231 cells were cultured in control media, media supplemented with 50 µg/mL ascorbic acid and 
10 mM sodium phosphate (AA/Pi) or ascorbic acid, phosphate and 100 nM dexamethasone 
(AA/Pi+Dex). ALP activity was analysed at 7 and 14 days by incubation with the ALP substrate p-
nitrophenyl phosphate (PNPP), monitoring absorbance at 405 nm. ALP activity was normalised to 
protein content, and expressed relative to control samples. Statistical significance was determined 
by two-way ANOVA (N = 2). **P<0.01 
 

ALP results from SKBR3 cells cultured with inorganic Pi were largely the same as 

those from MDA-MB-231 cells. AA/Pi+Dex induced a significant increase in ALP 

activity in comparison to both control (3.15 fold, P < 0.0001) and AA/Pi (5.25 fold, P 

< 0.0001) stimulated cells at day 7, before dropping significantly. By day 14, ALP 

values were significantly lower in both AA/Pi and AA/Pi+Dex groups than control 

samples (~80% reduction, P < 0.001).  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3.18 ALP activity of SKBR3 cells under inorganic phosphate conditions. SKBR3 cells 
were cultured in control media, media supplemented with 50 µg/mL ascorbic acid and 10 mM sodium 
phosphate (AA/Pi) or ascorbic acid, phosphate and 100 nM dexamethasone (AA/Pi+Dex). ALP 
activity was analysed at 7 and 14 days by incubation with the ALP substrate p-nitrophenyl phosphate 
(PNPP), monitoring absorbance at 405 nm. ALP activity was normalised to protein content, and 
expressed relative to control samples. Statistical significance was determined by two-way ANOVA 
(N = 2). *P<0.05, ***P<0.001, ****P<0.0001. 
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We finally investigated the mineralisation potential of MCF-7 cells in the presence 

of inorganic Pi. These cells had previously been found incapable of forming 

mineralisations in the presence of the organic phosphate source ɓ-

glycerophosphate (Fig. 3.2). In contrast to results observed under organic 

phosphate conditions, inorganic Pi sucessfully induced mineralisation in the MCF-7 

cell line (Fig. 3.19). Positive Alizarin Red S staning was observed at days 7 and 14, 

in cells cultured in in both AA/Pi and AA/Pi+Dex.  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3.19 Inorganic Pi induced mineralisation of MCF-7 cells. Representative images (N=3) 
were captured at 10X magnification of MCF-7 cells cultured in control media, media supplemented 
with 50 µg/mL ascorbic acid and 10mM sodium phosphate (AA/Pi) or ascorbic acid, sodium 
phosphate and 100 nM dexamethasone (AA/Pi+Dex). Cells were fixed at days 7 and 14 and stained 
with Alizarin Red S. Positve staining was observed for both AA/Pi and AA/Pi+Dex at both days 7 and 
14.  Scale bar represents 50 µm. 
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3.3 Discussion 

In addition to their routine use as mammographic indicators of possible breast 

cancer, microcalcifications have also shown significant promise as predictive and 

prognostic factors (Tabár et al., 2000, Tabar et al., 2004). Despite significant 

improvements in our understanding of microcalcification formation in recent years, 

many questions remain unanswered. Previous work from our lab has highlighted the 

role of an active, regulated cellular process with many similarities to physiological 

mineralisation in the formation of microcalcifications (Cox et al., 2012a, Cox et al., 

2012b).  

To date, the number of cell lines investigated for mineralisation potential is relatively 

small. In addition, much of the previous work from our lab has focused on the murine 

4T1 cell line. Although results from this cell line yielded many key insights into the 

molecular mechanisms underlying formation of microcalcifications, we felt that the 

clinical relevance of our work would be improved by expansion of the model to 

include a variety of human derived cell lines. In particular, we sought a 

comprehensive analysis of the mineralisation potential of different subtypes of 

human breast cancer cells, which had not previously been carried out. The aim of 

this first chapter was to build on our previous findings by investigating a panel of 

human breast cancer cell lines representative of all major molecular subtypes, 

identify suitable cell lines for further study, develop a reliable and effective in vitro 

model of microcalcification formation and begin to probe the mechanisms 

responsible for calcium deposition. Our panel of cell lines was chosen to provide a 

broad representation of the highly heterogeneous makeup of breast cancer, with all 

major molecular subtypes included. The protocol that we used to induce 

mineralisation consists of prolonged incubation with ascorbic acid, ɓ-

glycerophosphate as a source of Pi and the synthetic glucocorticoid 

dexamethasone. These reagents are routinely used in studies of osteoblast 

mineralisation (Langenbach and Handschel, 2013) and were also shown in previous 

work from our lab to constitute an effective model of mineral deposition in breast 

cancer cell lines. 

In keeping with previous work from this group (Cox et al., 2012a), we found the 

ability to mineralise in vitro to be highly dependent on the individual cell line with 

only two cell lines found to be capable of in vitro mineralisation.  
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Positive deposition of calcium was observed in both the HER2+ SKBR3 and the 

triple negative MDA-MB-231 cell lines, but not for any other tested cell line. Positive 

mineralisation was first observed in the SKBR3 cell by day 14 in both Alizarin Red 

S (Fig. 3.5 A) and von Kossa (Fig. 3.6 B) stained cells. The specific formulation of 

Alizarin used in our studies (2%, pH 4.4) has previously been optimised for 

hydroxyapatite staining (Shoji, 1993), the same calcium phosphate crystals found in 

type II calcifications, often associated with malignant disease. On the other hand, 

calcium oxalate (the principal component of benign type calcifications) will only stain 

with Alizarin at a pH of 7 (Proia and Brinn, 1985). This differential staining pattern 

indicates that the calcified deposits produced in our studies most likely consist of 

the clinically relevant calcium phosphate species hydroxyapatite. Further 

characterisation of our in vitro samples using Raman spectroscopy to confirm the 

presences of hydroxyapatite will be discussed in a later chapter (Fig. 5.22). 

Mineralisation was also confirmed via OCP assay (Fig. 3.5 C).  

In contrast to MDA-MB-231 cells which required both OC and Dex, SKBR3 cells 

produced mineralisations in both OC and OC+Dex supplemented media. SKBR3 

cells represent the HER2 subtype of breast cancer most commonly associated with 

the appearance of microcalcifications (Elias et al., 2014). Therefore, the ability to 

mineralise without Dex may reflect a greater innate inability to produce 

mineralisations than the MDA-MB-231 cell line which requires additional stimulation 

to begin the process of mineralisation.  

Interestingly, we did not see positive results in either the HER2+ HCC1954 cell line 

(Fig. 3.6) or a HER2 overexpressing strain of the luminal MCF-7 cell line (Fig. 3.3). 

These results were intriguing as a large body of literature has shown a strong 

association between the presence of microcalcifications on mammography scans 

and HER2 overexpression. A recent microarray analysis found the ERBB2 gene to 

be amongst the most differentially expressed between patients with highly 

suspicious calcifications versus those without (Shin et al., 2017). In addition, a meta-

analysis encompassing a total of 17,745 breast cancers found that the presence of 

calcifications carried a pooled odds ratio of HER2 overexpression of 3.14, 

regardless of whether the detected calcification was found with or without an 

associated mass (Elias et al., 2014).  
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Calcification morphology may also be predictive of HER2 status. In one study, 

patients with calcifications of a suspicious morphology (pleomorphic, fine linear or 

branching) were 2.5 fold more likely to display HER2 overexpression than patients 

with more benign calcifications (amorphous, coarse heterogeneous) (Cen et al., 

2017a). Although we did identify one HER2 overexpressing cell line capable of 

producing calcifications, it is unclear why the two other cell lines did not respond in 

a similar manner. Naseem et al.  found microcalcifications in approximately 50% of 

HER2+ patients (Naseem et al., 2015). A similar figure of 56% was reported by Seo 

et al.  (Seo et al., 2006). These results indicate that although there is a strong 

tendency for HER2+ tumours to exhibit calcifications, it is not a universal trait.  It is 

likely that although HER2 may be contributing to the promotion of calcification, its 

expression is not sufficient by itself. This is evidenced by the lack of calcification in 

two HER2 expressing cell lines in our panel and by up to 50% of patients with 

HER2+ tumours. It is of interest that the SKBR3 cell line has a higher HER2 

expression level than both the HCC1954 (Bashari et al., 2016, Conley et al., 2016) 

and HER2-MCF-7 (Pegram et al., 1997) cell lines, potentially explaining why it alone 

of all tested HER2+ cell lines was capable of in vitro mineralisation. 

In addition to SKBR3, we also observed positive mineralisation in the MDA-MB-231 

cell line. The MDA-MB-231 cell line is representative of the triple negative subtype, 

which are not commonly associated with the mammographic appearance of 

microcalcifications (Yang et al., 2008). When cultured with a combination of OC and 

dexamethasone, MDA-MB-231 cells produced calcified deposits, visible by day 14 

(Fig 3.7). Positive red staining was observed in Alizarin Red S stained samples 

indicated a positive result for calcium rich deposits (Fig 3.7 A). Deposits of calcium 

was confirmed using the quantitative OCP calcium assay which detected statistically 

significant differences in calcium normalised to protein by day 21 onwards (Fig. 3.7 

C). At its peak on day 21, calcium levels were increased 27-fold in OC+Dex treated 

cells compared with cells grown with control media (P < 0.001).   

The finding of a positive mineralisation result in MDA-MB-231 (Fig. 3.7) cells was 

somewhat unexpected as these cells are known to form osteolytic lesions following 

bone metastasis  (Gregory et al., 2013). Under normal physiological conditions, 

bone remodelling is controlled by a careful balance between osteoclastic bone 

resorption and osteoblastic bone formation (Rucci, 2008).  
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Establishment of metastatic lesions within the bone results in a dysregulation of this 

balance and leads to either the formation of osteolytic lesions and a loss of bone 

strength, or osteoblastic lesions associated with abnormal calcium deposition. 

Formation of these lesions causes the release of sequestered growth factors and 

stimulation of further tumour growth (Mundy, 2002). MDA-MB-231 cells are 

generally regarded as osteolytic lesion forming, as conditioned media derived from 

these cells promotes osteoblast apoptosis (Mastro et al., 2004), alters their 

differentiation and mineralisation capability (Barnes et al., 2004) and induces an 

inflammatory response (Kinder et al., 2008), all of which leads to a substantial 

alteration of normal bone remodelling.  

A possible explanation for the formation of calcifications by a cancer cell line known 

for inducing bone loss may lie in the different microenvironment between a localised 

breast tumour with associated microcalcifications and an advanced bone metastatic 

lesion. In metastatic lesions, breast cancer cells exert much of their osteolytic 

activity indirectly by targeting local osteoclasts and osteoblasts (Gregory et al., 

2013, Tiedemann et al., 2009), whereas in our model it is the cells themselves that 

are directly responsible for the formation of mineralisations. It is possible that a 

difference between indirect and direct effects of MDA-MB-231 cells may explain the 

different effect on mineralisation between the two settings.  

Calcifications are relatively rare in triple-negative tumours. Yang et al.  reported 

calcifications in only 15% of patients with triple negative tumours, suggesting that 

the low rate of ductal-carcinoma in situ (DCIS) observed amongst these patients 

may explain the relative rarity of calcification associated triple negative tumours 

(Yang et al., 2008). Many breast tumours start as small localised lesions known as 

DCIS that may progress to invasive tumours over  time (Ben-Aharon et al., 2013). 

The molecular subtype of tumour strongly influences both the likelihood of 

progression to invasive disease and the speed at which this takes place, with 

several studies suggesting that triple negative tumours may progress at a 

significantly faster rate than average (Badve et al., 2011, Gorringe and Fox, 2017). 

In contrast, HER2+ tumours progress relatively slowly. In a direct comparison of the 

two tumour types, one study concluded that the speed of progression could be up 

to three times greater in triple negative tumours than HER2+ tumours (Perez et al., 

2013).  
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As microcalcifications are strongly associated with the presence of DCIS (Hofvind 

et al., 2011), the significant differences in time spent at a DCIS stage between 

HER2+ and triple negative tumours may explain the different rates of associated 

microcalcifications observed between these two tumour types.  

In addition, although MDA-MB-231 cells may seem unlikely to form calcifications 

based on their triple negative status, they do possess a number of other cellular 

characteristics that have been associated with the presence of microcalcifications 

in patient studies, including high vimentin expression and mesenchymal 

characteristics (Scimeca et al., 2014) and expression of Ca2+ channels TRPM7 

(Mandavilli et al., 2013) and SPCA (Dang et al., 2017). This is supported by findings 

both from our work (Chapter 5) and others (Wilson et al., 2014) that MDA-MB-231 

form microcalcifications in vivo following subcutaneous injection. The fact that MDA-

MB-231 cells can mineralise in an in vivo setting without addition of any additional 

reagent highlights their suitability for usage in our studies. 

We also investigated several ER+ luminal cell lines, including MCF-7 and ZR-75-1. 

Both of these cell lines tested negative for mineralisation potential. Identification of  

tumour receptor status is important in determining the most appropriate treatment 

strategy (Dunnwald et al., 2007). Although microcalcifications have a clear benefit 

in identifying HER2 overexpressing tumours (Naseem et al., 2015), their 

effectiveness in diagnosing ER and PR status is unclear, with several studies 

disagreeing on the association between calcifications and hormone receptor status 

(Killelea et al., 2013a, Gajdos et al., 2002, Griniatsos et al., 1995, Karamouzis et al., 

2002, Naseem et al., 2015). 

In a recent study Dang et al.  observed positive mineralisation in MCF-7 cells, in 

contrast to our own findings (Dang et al., 2017). This discrepancy is explained by 

the modified version of our protocol utilised in their study, in which ɓ-

glycerophosphate was substituted with inorganic Pi. Usage of inorganic Pi results in 

an ALP independent mechanism of mineralisation, as the Pi necessary for calcium 

deposition is readily available to the cells without requiring ALP mediated 

degradation of ɓ-glycerophosphate. We found similar results when we tested MCF-

7 cells with both inorganic Pi (Fig. 3.19) or ɓ-glycerophosphate with added 

exogenous ALP (Fig. 3.12).  
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In models of both physiological and pathological mineralisation, ALP plays a two-

fold role in the induction of mineralisation. Degradation of PPi to free Pi results in 

both a reduction in an anti-mineralisation agent and an increase in an important pro-

mineralisation factor, tipping the balance in favour of calcium deposition. Several 

studies have suggested that removal of inhibitory PPi may be of greater importance 

than the release of free Pi (OôNeill, 2006). Mice with a knockout mutation in the 

alkaline phosphatase 2 (Akp2) gene exhibit impaired skeletal mineralisation. 

Crossing Akp2-/-  mice deficient in either Enpp1 or Ank  results in a normalisation of 

extracellular PPi levels and mineralisation potential (Hessle et al., 2002, Harmey et 

al., 2004).  

Although these findings indicate that MCF-7 cells may mineralise under appropriate 

conditions, we elected to utilise cells that were shown to be capable of mineralising 

under the influence of ɓ-glycerophosphate for the remainder of our work. Utilising 

an organic source of Pi that requires ALP mediated degradation mimics the 

requirement of PPi degradation to yield positive mineralisation results and may 

result in a more selective mechanism of mineral deposition and a more 

physiologically relevant model. In addition, preliminary results from a Raman 

spectroscopy analysis suggest that the deposits formed by cells cultured in the 

organic ɓ-glycerophosphate may be more representative of the microcalcifications 

found in breast cancer patient than those formed under the influence of inorganic Pi 

(data not shown).   

The requirement for activation of ALP activity partially explains the cell line specific 

results observed in this chapter as levels ALP activity were significantly higher in the 

mineralising MDA-MB-231 and SKBR3 cell lines than the non-mineralising MCF-7 

(Fig. 3.11). Similar results were found in a previous study, where ALP activity of 

mineralising 4T1 cells was significantly higher than the non-tumourigenic (and non-

mineralising) MCF10A (Cox et al., 2012a). In addition to possessing naturally 

greater levels of ALP activity, both MDA-MB-231 and SKBR3 cells significantly 

increased ALP levels in OC+Dex media, indicating a greater ability of these cell lines 

to respond and adapt to mineralisation promoting conditions (Fig. 3.10, 3.11).  

Interestingly, although both mineralising cell lines displayed alterations to ALP 

activity following incubation with mineralisation promoting media, there was some 

notable differences between the two cell lines.  
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ALP activity of MDA-MB-231 cells was highly responsive to dexamethasone, with 

significant increases observed from day 14 onwards as compared to control or OC 

media (Fig. 3.11). At day 7, OC+Dex treated cells displayed a 3-fold increase 

compared to control values. This augmentation of ALP activity increased over time, 

with the difference between control and OC+Dex values rising to a 6-fold difference 

by day 28. In contrast, ALP activity seemed less affected by the presence of OC or 

OC+Dex containing media in the SKBR3 cell line, as an approximate 6-fold increase 

was observed, but only at one-time point (day 7) in the OC+Dex group (Fig. 3.11 A). 

Interestingly, although MDA-MB-231 cells tended to possess a higher level of ALP 

activity compared to SKBR3 (249.7 v 31.98 mU/mg protein, P < 0.05), they were 

unable to mineralise in the absence of dexamethasone, unlike SKBR3, which 

mineralised in both the presence and absence of dexamethasone (although to a 

greater extent when dexamethasone was included).  

If formation of microcalcifications were a simple function of cellular ALP activity, we 

would expect MDA-MB-231 cells to mineralise under both OC and OC+Dex 

conditions, similar to SKBR3. This highlights that a certain level of ALP activity is 

essential to mineralisation under conditions of organic Pi but this is not the sole 

determinant of which cell lines will successfully mineralise. Formation of 

microcalcifications is likely to involve a coordinated expression of bone associated 

proteins and the activation of ALP activity. This is evidenced by several papers that 

have noted increased levels of certain bone proteins in breast tumours, in particular 

those tumours presenting with calcifications. Bellachène et al.  found high 

expression of bone sialoprotein, osteonectin and osteopontin in breast tumours with 

associated calcifications (Bellahcène and Castronovo, 1995, Bellahcène et al., 

1994). Scimeca et al. found similar increases in osteopontin as well as bone 

morphogenetic protein 2 (Scimeca et al., 2014).  

Another possible explanation of the dexamethasone-dependent mineralisation in 

MDA-MB-231 cells may lie in the cells expression of the enzyme ectonucleotide 

pyrophosphatase/phosphodiesterase 1 (ENPP1). As previously discussed, a 

balance between extracellular Pi and PPi regulates mineral deposition in vivo  

(Sapir-Koren and Livshits, 2011). ENPP1 is one of the key players in regulation of 

this balance via its role in degrading extracellular nucleotide triphosphates (most 

notably ATP) to yield the inhibitory PPi.  



105 
 

MDA-MB-231 cells have previously been shown to express a significantly higher 

level of ENPP1 than both MCF-7 and SKBR3 cells (Lau et al., 2013). The potential 

role of PPi and ENPP1 in our model will be explored in the next chapter.  

The importance of ALP activity in the formation of microcalcifications was further 

shown by the significant decrease in positive Alizarin Red S staining in mineralising 

MDA-MB-231 cells treated with the ALP inhibitor levamisole (Fig. 3.14), and in the 

successful mineralisation results observed in MCF-7 cells when cultured with 

exogenous ALP (Fig. 3.12). Within the context of breast cancer, ALP has been 

shown to be a useful marker for a number of important clinical factors. Most notably, 

ALP may function as a marker of metastatic disease, with patients with bone 

metastases displaying significantly increased serum ALP levels (Reale et al., 1995, 

Singh et al., 2013, Ramaswamy et al., 2000). A recent meta-analysis showed a two-

fold increase in serum levels of a skeletal-specific isoform of ALP in patients with 

osseous metastases versus patients with other forms of metastatic lesion (Du et al., 

2014). Serum ALP levels are also predictive of bone metastasis in prostate cancer 

(Koo et al., 2015), a cancer with similar rate of bone metastases as breast cancer 

(Kakhki et al., 2013). Increased serum ALP is associated with dense breast tissue 

(Kim et al., 2015a), a known risk factor for developing breast cancer. Dense breast 

tissue has also been shown in some studies to display higher rates of calcification 

(Naseem et al., 2015, Skandalis et al., 2011). When combined with two other 

commonly used clinical lab measurements (haemoglobin and international 

normalized ratio) into a prognostic model, serum ALP levels were recently shown to 

predict patients with an increased risk of recurrence (Zhu et al., 2017). Similar 

results were reported previously by Keshaviah et al.  who showed ALP levels to 

effectively predict tumour recurrence when combined with the cancer antigen Ca2+ 

15-3 (Keshaviah et al., 2007). Finally, ALP may function as a prognostic marker in 

triple-negative breast cancer (Chen et al., 2016) and in patients undergoing surgery 

for metastatic breast cancer (Yoo et al., 2017). These associations are supported 

by our findings of high ALP activity in the triple-negative, metastatic MDA-MB-231 

cell line (Fig. 3.11), and by bioinformatics analysis showing increased ALP 

expression in triple-negative tumours (Fig. 3.15 B) and metastatic tumours (Fig. 3.15 

C, D). 
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In addition to demonstrating the MDA-MB-231 cell line as a suitable model system 

for the formation of microcalcifications, we also wanted to optimise some key 

characteristics of our cell culture environment to ensure optimal conditions for 

mineralisation. We first looked at the effect of glucose concentration on mammary 

calcification due to the pro-mineralisation effect high-glucose has been observed to 

exert on other forms of pathological soft-tissue calcification. In our studies, elevated 

glucose levels were observed to delay the onset of calcium deposition, with no 

positive staining observed in Alizarin Red S stained samples (Fig 3.8 B) until day 21 

in comparison to MDA-MB-231 cells cultured in low-glucose media, which displayed 

positive staining by day 14.  

The precise influence of glucose concentration on mineralisation is still not fully 

understood. In human alveolar bone-derived cells, high glucose concentrations 

upregulated expression of several genes associated with mineralisation including  

bone sialoprotein (BSP), osteocalcin (OCN) and Runx2 and increased deposited 

calcium (Garcia-Hernandez et al., 2012). Other studies have also demonstrated 

increased calcification under high glucose conditions (Li et al., 2007, Inagaki et al., 

2010). For example, high glucose levels increased expression of the osteoblast 

transcription factor RUNX2, osteocalcin and BMP2 and enhanced calcification in 

bovine vascular smooth muscle cells (Chen et al., 2006a). However, other groups 

have found a decrease in mineralisation in response to elevated glucose (Balint et 

al., 2001, Zhen et al., 2010). Many of these studies on the effect of glucose 

concentration on mineralisation have utilised a variety of cell sources, which may 

help explain the apparent contradiction within their results as well as highlight the 

complexity and species specificity of cellular response to altered glucose levels.   

We also investigated if coating tissue culture plates with a thin layer of collagen 

could further support the development of calcifications in vitro. No effect was 

observed on either calcium deposition (Fig. 3.9 A), or ALP activity (Fig. 3.9 B). 

Previous work from our lab also analysed any potential alteration in the development 

of microcalcifications by a collagen rich environment, by seeding 4T1 cells onto a 

3D scaffold of collagen-glycosaminoglycan (Cox et al., 2012b), a model previously 

developed for bone tissue engineering research. Although positive mineralisation 

results were observed in these scaffolds, positive staining in a 3D environment was 

first observed at day 14, in comparison to day 11 when cells were grown as a 

monolayer.  
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However, this apparent delay in mineralisation may simply represent the time taken 

for cells seeded on the exterior of the scaffold to infiltrate within the structure, prior 

to commencement of mineral deposition. Matthews et al. observed significantly 

increased differentiation of both primary rat osteoblasts and MC3T3-E1 cells when 

grown in a 3D collagen gel (Matthews et al., 2014). Interestingly, this effect was not 

observed when cells were grown on collagen coated plates, suggesting that the 3D 

structure of a collagen network is essential for its pro-osteogenic effect. The coating 

procedure used in our study resulted in a thin, 2-dimensional layer of collagen, 

indicating that our findings of no significant effect on cellular mineralisation are in 

agreement with the work of Matthews et al. Previous studies on mammary 

calcification utilised 3D models and only used histological stains to confirm the 

presence of mineralisations within the scaffold, and did not use any quantitative 

measurements to assess any potential pro-osteogenic effect of growing within a 

collagen-enriched environment. As such, this study is the first to directly measure 

the effect of collagen coating on the in vivo development of microcalcifications. Due 

to the lack of significant changes, we elected to carry out the remainder of our 

studies using standard tissue-culture plates, without any additional coating.  

Our studies have identified two additional mineralisation-capable cell lines, in 

addition to the three identified in previous studies; 4T1, 4T1.2 and Hs578Ts(i)8 (Cox 

et al., 2012a). So far, the majority of cell lines identified as mineralisation-capable 

are highly aggressive and tumourigenic. In a comprehensive analysis of the 

invasiveness and migratory capability of a panel of commonly used breast cancer 

cell lines, Zajchowski et al. classified MCF-7, SKBR3, ZR-75-1 as ñweakly invasiveò 

whilst MDA-MB-231 was found to be one of the most invasive  (Zajchowski et al., 

2001). The possible link between malignancy and the ability to mineralise in vitro is 

further evidenced by the fact that whilst the parental Hs578T was not capable of 

mineralising, the more invasive sub-clone Hs578Ts(i)8, generated through 

sequential passages through a Matrigel invasion chamber (Hughes et al., 2008) was 

successful in mineralising (Cox et al., 2012a). 

Another property common to many mineralisation capable cell lines is their gene 

expression profile, which tends to be more mesenchymal/basal than non-

mineralising cells. MDA-MB-231, Hs578Ts(i)8 and 4T1 have all been classed as 

either basal or claudin low (Holliday and Speirs, 2011). The mesenchymal-like 

phenotype of most mineralisation capable cells is interesting in light of the fact that 
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mesenchymal stem cells are capable of undergoing osteogenic differentiation when 

cultured in similar conditioned to those used in our studies (Birmingham et al., 2012). 

Other groups have also highlighted links between the presence of 

microcalcifications and a mesenchymal phenotype. Scimeca et al detected 

increased expression of the mesenchymal marker vimentin in patient samples with 

associated calcifications compared those without (Scimeca et al., 2014) and 

hypothesised that under certain conditions, breast cancer cells may be capable of 

acquiring mesenchymal properties and differentiating towards an osteoblast-like 

phenotype capable of mineralising.  

 

3.4 Summary and conclusions  

In the first phase of this thesis, we have achieved many of our short term goals, 

including identification of two novel mineralising breast cancer cell line and 

characterisation of their mineralisation characteristics, such as time of calcification, 

levels of deposited calcium and necessary conditions. This was done by a 

comprehensive analysis of a panel of human breast cancer cell lines, representative 

of all major molecular subtypes. These studies involved prolonged periods of up to 

28 days under osteogenic conditions although mineralisation was often evident 

earlier. This is the first time such an analysis of human cell lines has been carried 

out and, to the best of our knowledge, the first identification of a HER2+ cell line 

capable of mineralisation.  

The similarities in media requirements for successful mineralisation to those utilised 

in in vitro studies of osteoblasts, mesenchymal stem cells and other cell types 

capable of undergoing osteogenic differentiation are in agreement with previous 

work from our lab, and highlight the importance of an active and regulated cellular 

process underlying the formation of microcalcifications.  

This concept of a link between a cellular mediated process and the development of 

calcifications is further underlined by our findings of the crucial nature of alkaline 

phosphatase activity, and by results from other groups demonstrating upregulation 

of various bone associated proteins, Ca2+ regulating channels and other known 

mediators of physiological mineralisation. Many of these other key players will be 

explored in the subsequent chapters.  
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In conclusion, our main findings from this chapter are as follows; 

¶ Following a characterisation study of a representative panel of human breast 

cancer cell lines, two additional cell lines were added to the list of identified 

mineralisation-capable cell lines. The HER2+ SKBR3 and triple-negative 

MDA-MB-231 cell lines form calcified deposits when cultured with the 

appropriate agents. 

¶ HER2 expression may be linked to development of calcifications but is not 

sufficient by itself to induce in vitro mineralisation. 

¶ Alkaline phosphatase activity is essential to development of calcifications 

although is not the sole determining factor.  

¶ Cell lines incapable of mineralising in the presence of ɓ-glycerophosphate 

can be induced to form calcifications when cultured with inorganic Pi or 

exogenously added ALP. 
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 Chapter 4.0  

Microcalcifications as a result of 

loss of endogenous mineralisation 

inhibitors and alteration of Ca2+  

transport pathways 
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4.1 Introduction 

After establishing an effective, reproducible model of microcalcification formation in 

a human breast cancer cell line, we next sought to examine any potential links 

between the formation of microcalcifications in breast cancer and known mediators 

of physiological mineralisation. Previous work from our lab demonstrated the 

formation of microcalcifications in a murine breast cancer cell line to result from an 

active, regulated process (Cox et al., 2012a, Cox et al., 2012b). Results from the 

previous chapter support this hypothesis, in particular highlighting the importance of 

the ALP enzyme, suggesting that a similar mechanism is likely to be involved in our 

human derived cell model. Physiological mineralisation is a highly complex process 

and occurs as the result of a carefully orchestrated programme, with contributions 

from a large number of effector proteins, regulatory factors, homeostatic pathways 

and feedback loops.  

4.1.1 Mineralisation associated proteins and breast cancer  

Interestingly, many of the key players in physiological mineralisation are also found 

in close proximity to calcified deposits in a variety of pathological mineralisation 

diseases, suggesting a common pathway (Kirsch, 2006, Dhore et al., 2001).  Breast 

microcalcifications display a similar pattern, with many studies highlighting strong 

expression of bone associated proteins such as BMP2, osteonectin, osteopontin, 

and bone sialoprotein in the vicinity of mammary microcalcifications (Bellahcène and 

Castronovo, 1995, Bellahcène et al., 1994, Scimeca et al., 2014, Oyama et al., 

2002). 

Although there seems to be significant evidence of an association between the 

expression of various bone associated proteins and the presence of mammary 

microcalcifications, an examination of any potential functional roles in calcification 

formation remains mostly unexplored. A few key players have been studied, 

perhaps most significantly, the role of ALP, with results from both the previous 

chapter in this thesis and earlier studies (Cox et al., 2012a, Cox et al., 2012b) 

showing a vital role for the ALP enzyme within our in vitro model. In addition, 

previous results from both our group and others show increased calcification in cells 

stimulated with recombinant BMP2 (Cox et al., 2012b, Dang et al., 2017).  
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Outside the context of microcalcifications, many of the key bone-associated proteins 

highlighted in these studies have been implicated in breast cancer. For instance, the 

mineralisation inhibitor matrix gla protein (MGP) which inhibits the development of 

vascular calcification by multiple mechanisms, including attenuation of BMP2-

mediated osteogenic signalling and direct inhibition of calcium crystal growth 

(Proudfoot and Shanahan, 2006) may also be significant in breast cancer, as high 

MGP expression is associated with increased relapse-free survival (RFS) in luminal 

breast cancer patients (Tuo and Ye, 2017) and repression of MGP in MCF-7 breast 

cancer cells via miR-155 results in increased proliferation and invasion (Tiago et al., 

2016). 

Another important factor in both osteogenesis and breast cancer is the runt-related 

transcription factor 2 (RUNX2) which acts as a master transcription factor for 

osteogenic differentiation in osteoblasts, mesenchymal stem cells and vascular 

smooth muscle cells (Vimalraj et al., 2015, Bruderer et al., 2014). RUNX2 

expression is increased in breast tumours compared to normal breast tissue and is 

particularly highly expressed in aggressive, invasive cell lines (Chang et al., 2014). 

Knockdown of RUNX2 in MDA-MB-231 cells significantly reduces expression of 

MMP2, MMP13, and vascular endothelial growth factor (VEGF), resulting in 

decreased invasive ability (Pratap et al., 2005).  

4.1.2 Calcium/Magnesium balance  

In addition to the important regulatory role played by protein inducers/inhibitors, 

development of calcifications is also strongly influenced by the local concentration 

of Pi and Ca2+, which precipitate under appropriate conditions to form calcium 

phosphate mineral deposits, most notably hydroxyapatite. In our in vitro studies, ɓ-

glycerophosphate acts as an organic Pi donor following degradation by the ALP 

enzyme. As discussed in the previous chapter, the pro-mineralisation activity of Pi 

ions is counteracted by a careful balance of PPi.  

In contrast to Pi, which requires supplementation to reach concentrations conducive 

to mineralisation, cell culture media typically contains a sufficient Ca2+ concentration 

(1.8 mM in standard DMEM). Some studies have indicated that an elevated Ca2+ 

level may promote the formation of calcifications (Yang et al., 2004) although this 

theory has not been tested in the context of mammary calcifications.  
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Ca2+  homeostasis is modulated by a wide variety of channels and transport proteins 

and dysregulation of Ca2+ signalling has been suggested as an  important 

contributor to tumourigenesis (Chen et al., 2013). The biological effects of Ca2+ are, 

to an extent, antagonised by the presence of Mg2+ ions (Jahnen-Dechent and 

Ketteler, 2012). Mg2+ seems to act as a potent inhibitor of vascular calcification as 

several clinical trials have shown decreased incidence of coronary artery 

calcification in patients with high intakes of dietary magnesium (Posadas-Sanchez 

et al., 2016, Hruby et al., 2014), whilst in vitro studies have demonstrated a number 

of anti-calcification effects including downregulation of ALP activity and decreased 

expression of osteogenic factors (Bai et al., 2015, Xu et al., 2015a). Magnesium has 

also been linked to breast cancer, with some studies suggesting  an imbalance in 

serum Ca2+/Mg2+ ratios to be associated with increased risk of breast cancer   (Tao 

et al., 2016, Abdelgawad et al., 2015).  

A key player in the regulation of cellular Mg2+ homeostasis is the transient receptor 

potential cation channel, subfamily M, member 7 (TRPM7) protein. This cation 

channel is permeable to a range of divalent cations, although predominantly 

conducts Ca2+ and Mg2+. TRPM7 channel activity can be modulated by a variety of 

factors, including mechanical force, intracellular Mg2+ concentration, growth factors 

and reactive oxygen species (Visser et al., 2014). TRPM7 is often observed to exert 

a protective effect in studies of pathological calcification via its role in mediating Mg2+ 

influx, which acts to downregulate pro-osteogenic signalling pathways and attenuate 

development of a mineralisation-competent phenotype (Louvet et al., 2013, 

Montezano et al., 2010, Sonou et al., 2017).  

However, a recent study found that that TRPM7 channel activity promoted IL-18 

mediated vascular calcification in rat vascular smooth muscle cells (Zhang et al., 

2017). In addition, Mandavilli demonstrated high immunohistochemical staining for 

the TRPM7 protein in patients with calcification associated breast tumours 

(Mandavilli et al., 2013). Within the context of breast cancer, TRPM7 has been 

linked to proliferation (Guilbert et al., 2009), EMT (Davis et al., 2014) and tumour 

metastasis (Middelbeek et al., 2012). Considering the important role in both 

pathological calcification and breast cancer, we hypothesised a potential role for the 

channel in the development of microcalcifications.  
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In summary, a significant body of evidence now exists to suggest a link between 

certain bone associated proteins, including MGP, BMP2 and RUNX2, and the 

development of mammary calcifications. However, direct in vitro evidence is lacking 

for most of these factors. The aim of this chapter therefore, will be to investigate the 

expression and function of known mediators and inhibitors of mineralisation within 

our in vitro model and to explore any potential role for TRPM7 and other Ca2+ 

transport proteins. 

 

4.1.3 Aims of this chapter 

The specific aims of this chapter were as follows 

¶ Investigate potential roles for known inhibitors of pathological calcification, 

including PPi and Mg2+. 

¶ Analyse changes in expression of mineralisation associated genes and their 

potential contribution. 

¶ Examine if altered Ca2+ levels can initiate or promote development of 

microcalcifications. 

¶ Analyse potential roles for TRPM7 and other Ca2+ transport proteins.  

 

 

 

 

 

 

 

 

 

 

 



115 
 

4.2 Results 

4.2.1 BMP-2 expression in mineralising MDA-MB-231 cells  

The BMP family of proteins are potent regulators of osteoblast differentiation and 

activity (Dhore et al., 2001) and have also been implicated in several pro-oncogenic 

mechanism in breast cancer, including apoptotic resistance and angiogenesis (Tuo 

and Ye, 2017). We started our investigation into the role of BMP2 in 

microcalcification formation by assessing BMP2 expression in OC+Dex treated cells 

by qPCR (Fig 4.1). BMP2 expression was increased approximately 3-fold after 3 

days incubation with OC+Dex media, in comparison to control values at the same 

time point (P < 0.01). This increase in expression was transient and returned to 

control values by day 7.  

 

 

 

 

 

 

 

 

Figure 4.1 Expression of BMP2 in mineralising MDA-MB-231 cells. qPCR analysis of BMP2 
expression in mineralising MDA-MB-231 cells at the indicated time points. BMP2 expression is 
increased 3 fold in OC+Dex stimulated cells at day 3. All data points represent mean + SD (N=3). 
Statistical significance was determined by two-way ANOVA. **P<0.01. 

After establishing upregulation of BMP2 in mineralising breast cancer cells, we 

hypothesised that BMP2 could be helping to promote the development of 

microcalcifications. To test this hypothesis, we cultured MDA-MB-231 cells in 

OC+Dex media with or without recombinant BMP2, and examined for mineralisation 

by Alizarin Red S staining and by quantification of deposited calcium. BMP2 was 

used at a concentration of either 10 or 100 ng/mL, which have previously been 

shown to induce osteoblastic differentiation (Schurgers et al., 2008, Tuo and Ye, 

2017, Tiago et al., 2016).  
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Although our lower tested concentration of 10 ng/mL of BMP2 had no significant 

impact on MDA-MB-231 mineralisation, the higher concentration of 100 ng/mL 

significantly increased both Alizarin Red S staining (Fig. 4.2 A) and deposited 

calcium (Fig. 4.2 B) in OC+Dex treated MDA-MB-231 cells after 28 days. Calcium 

deposition was increased 2.4-fold in cells treated with 100 ng/mL compared to 

OC+Dex alone (177 v 433 ppm/mg, P < 0.05). No positive Alizarin Red S staining 

was detected in cells cultured in OC, even at the highest tested concentration of 

BMP2, indicating that although BMP2 may augment the development of 

microcalcifications, it does not replace the pro-osteogenic signal generated by 

dexamethasone.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.2 BMP2 promotes MDA-MB-231 calcification. Representative images (10X 
magnification) of Alizarin Red S stained MDA-MB-231 cells cultured in OC/OC+Dex media and rh-
BMP2 at the indicated concentration for 28 days (A). Calcium content as measured by OCP assay, 
normalised to protein content (B). Significant increases in deposited calcium were observed in cells 
cultured with 100 ng/mL. All data points represent mean + SD (N=3). Statistical significance was 
determined by one-way ANOVA. *P<0.05. Scale bar represents 50 µm. 
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We next examined the effect of BMP2 on ALP activity in MDA-MB-231 cells. Similar 

to the results of our calcium quantification study, only the higher concentration of 

100 ng/mL was observed to influence ALP activity, with treated cells displaying a 

50% increase (P < 0.001) compared to cells grown in OC+Dex media or OC+Dex 

media with 10 ng/mL BMP2 (Fig. 4.3). Exogenous BMP2 at a concentration of 10 

ng/mL did not appear to stimulate ALP activity. 

 

 

 

 

 

 

 

 

 

 

Figure 4.3 BMP2 stimulates MDA-MB-231 alkaline phosphatase activity. ALP activity of MDA-
MB-231 cells cultured for 28 days in OC+Dex supplemented media with rh-BMP2 at the indicated 
concentration. ALP activity was increased by 50% in cells cultured with 100 ng/mL BMP2. All data 
points represent mean + SD (N=4). Statistical significance was determined by one-way ANOVA. 
***P<0.05. 

 

Due to the significant pro-mineralisation effect of exogenous BMP2 observed in 

MDA-MB-231 cells, we wondered if addition of BMP2 to previously non-mineralising 

cell lines could promote the development of calcifications. Despite its mineralisation 

promoting effect in MDA-MB-231 cells, BMP2 did not alter the mineralisation 

capability of the luminal MCF-7 cell line, with no positive Alizarin Red S staining 

observed following addition of either 10 or 100 ng/mL of recombinant BMP2 (Fig. 

4.4). 
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Figure 4.4 BMP2 does not alter mineralisation capability of luminal MCF-7 cells. Representative 
images (10X magnification) of Alizarin Red S stained MCF-7 cells cultured in OC/OC+Dex media 
and rh-BMP2 at the indicated concentration for 28 days (A). No significant alteration in staining was 
observed between any treatment group (N=3). Scale bar represents 50 µm. 

 

4.2.2 Loss of ENPP1 expression in mineralising MDA-MB-231 cultures 

Results from our previous chapter showed that onset of mineralisation is 

accompanied by activation of the ALP enzyme, as measured by enzymatic assay 

and qPCR (Fig. 3.11). ALP is a key regulator of mineralisation via its activity in 

reducing levels of the potent anti-calcification molecule PPi and in turn, increasing 

levels of free Pi to promote development of calcium phosphate precipitation. PPi is 

predominantly produced from ATP, which is exported to the extracellular 

environment where it can be subsequently degraded to PPi by the ectonucleotide 

pyrophosphatase/ phosphodiesterase 1 (ENPP1) enzyme (Villa-Bellosta and Egido, 

2017). 

As we have already demonstrated the importance of increased ALP activity in our 

model, we next decided to examine the potential role of ENPP1 and PPi in breast 

calcifications. We first examined expression of ENPP1 over a 14-day time course in 

mineralising MDA-MB-231 cells. Treatment with OC+Dex strongly suppressed 

expression of ENPP1 by over 50% at all examined time points, with an 80% 

decrease observed by day 14 (Fig 4.5 B, P < 0.0001).  
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Figure 4.5 Onset of MDA-MB-231 mineralisation is accompanied by downregulation on 
ENPP1. The relationship between the mineralisation-inhibiting pyrophosphate (PPi) and 
mineralisation-promoting phosphate (Pi) in the formation of hydroxyapatite calcifications is detailed 
(A). qPCR analysis of ENPP1 revealed significant decreases in expression in OC+Dex treated cells 
at all time points (B). Each time point represents the mean + SD (N=3). Statistical significance was 
determined by two-way ANOVA, **P<0.01, ***P<0.001, ****P<0.0001.  

As the loss of ENPP1 expression from mineralising MDA-MB-231 cells was likely to 

result in decreased levels of the anti-mineralisation agent PPi, we next examined 

the direct effect of PPi on mineralising cell cultures. MDA-MB-231 cells cultured in 

OC+Dex media displayed strong Alizarin Red S staining by day 14, as expected. 

Addition of sodium PPi at either 100 or 200 µM markedly decreased positive 

staining, indicating a decreased ability to produce microcalcifications under high- 

PPi conditions (Fig 4.6 A).  PPi also blocked the increased ALP activity seen in cells 

grown in OC+Dex media (Fig. 4.6 B). Finally, as ALP activity contributes to 

mineralisation in part by degradation of PPi and reduction of its inhibitory effect 

(Sapir-Koren and Livshits, 2011), we treated PPi with ALP prior to using it in our 

mineralisation studies.  
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PPi that had been previously treated with ALP was significantly less effective at 

inhibiting mineralisation, as evidenced by the greater level of Alizarin Red S staining 

compared to cells grown in OC+Dex media with untreated-PPi (Fig. 4.6 C). We did 

note that although ALP treatment reduces the inhibitory effect of PPi, cells grown 

with ALP-treated PPi still displayed lower levels of Alizarin Red S staining than cells 

grown without any PPi, most likely indicating incomplete degradation of PPi.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.6 Anti-mineralisation effect of PPi in MDA-MB-231 cells. Representative images (10X 
magnification) of Alizarin Red S stained MDA-MB-231 cells cultured for 14 days in OC+Dex media 
supplemented with PPi at the indicated concentration (A). ALP activity, as measured at day 7 by 
incubation with the chromogenic substrate para-nitrophenyl phosphate also showed attenuation of 
OC+Dex mediated increase with 100 µM PPi (B). PPi treated with 1U/mL bovine ALP had a reduced, 
but still present inhibitory effect on MDA-MB-231 mineralisation (C). Each point represents mean + 
SD (N=3). Statistical significance was determined by one-way ANOVA. **P<0.01. Scale bar 
represents 50 µm. 
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4.2.3 Decreased MGP expression in mineralising MDA-MB-231 cells  

In addition to PPi, several other mineralisation inhibitors act to keep pathological 

mineralisation from developing and spreading. These include Mg2+, fetuin-A and 

matrix gla protein (MGP) (Kirsch, 2006). MGP is a vitamin-K dependent calcification 

inhibitor that binds Ca2+  with high affinity through its gamma-carboxyglutamic (GLA) 

domain (Schurgers et al., 2008). MGP may also play a role in tumour development 

(Gheorghe and Craciun, 2016). We observed a significant reduction in MGP 

expression in MDA-MB-231 cells cultured in OC+Dex media at all tested time points, 

with expression at day 14 being decreased by approximately 70% (Fig 4.7, P < 

0.0001). This decrease was also observed to be time-dependent, as levels at day 

14 were significantly lower than days 3 and 7 (P < 0.01).  

 

 

 

 

 

 

 

Figure 4.7 OC+Dex decreases MGP expression in MDA-MB-231 cells. MGP expression in 
mineralising MDA-MB-231 cells as analysed by qPCR at the indicated time points. OC+Dex potently 
decreased MGP expression at all tested time points. Each point represents mean + SD (N=3). 
Statistical significance was determined by two-way ANOVA. **P<0.01, ****P<0.0001. 

 

4.2.4 RUNX2 and MDA-MB-231 mineralisation 

The RUNX2 transcription factor is vital for generation of mature osteoblasts 

(Franceschi et al., 2003), and also plays a role in development of vascular 

calcification (Lin et al., 2015). RUNX2 is also upregulated in invasive breast tumours 

and promotes invasion and metastasis (Vishal et al., 2017). To examine any 

potential role for RUNX2 in the development of microcalcifications, we first analysed 

RUNX2 expression in our two mineralisation-capable cell lines (MDA-MB-231 and 

SKBR3) and a non-mineralising cell line (MCF-7).  
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In agreement with previous studies of increased RUNX2 expression in invasive 

breast cancer cell lines, we observed approximately 7-fold greater RUNX2 

expression in MDA-MB-231 cells than both SKBR3 and MCF-7 cell lines (P < 0.05).  

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.8 Elevated RUNX2 expression in MDA-MB-231 cells. Gel electrophoresis images (1.2% 
agarose) of RUNX2 and 18S PCR products from mRNA isolated from confluent, unstimulated cell 
cultures (A). Expression of RUNX2 in the indicated cell lines was analysed by densitometry (B). Each 
point represents mean + SD (N=3). Statistical significance was analysed by one one-way ANOVA. 
*P<0.05.  

 

We next investigated any potential alterations in RUNX2 expression during the 

mineralisation process. qPCR analysis of OC+Dex stimulated MDA-MB-231 cells 

revealed a 50% upregulation at the two earliest time points tested (Fig. 4.9; days 3 

& 7, P < 0.05).  
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Figure 4.9 OC+Dex increases RUNX2 expression in MDA-MB-231 cells. RUNX2 expression in 
mineralising MDA-MB-231 cells as analysed by qPCR at the indicated time points. OC+Dex potently 
increased RUNX2 expression at days 3 and 7. Each point represents mean + SD (N=4). Statistical 
significance was determined by two-way ANOVA. *P<0.05. 

 

To investigate a potential role for RUNX2 in the development of breast tumour 

mineralisations, we used a siRNA approach to knock down RUNX2 expression in 

MDA-MB-231 cells. Cells were transfected with either a RUNX2 targeting or a 

negative-control siRNA. RUNX2 expression was decreased by approximately 60% 

72 hours post-transfection, as measured by qPCR (Fig. 4.10 A). After a 72-hour 

transfection period, cells were switched to OC+Dex supplemented media, with 

mineralisation assessed at day 14. Alizarin Red S staining revealed significant red 

staining in both control and RUNX2-siRNA transfected wells (Fig. 4.10 B). 

Quantification of extracted calcium revealed a 20% decrease in cells transfected 

with a RUNX2-targeting siRNA versus those transfected with a control-siRNA (Fig. 

4.10 C).  
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Figure 4.10 siRNA knockdown of RUNX2 decreases MDA-MB-231 mineralisation. RUNX2 
knockdown efficiency in MDA-MB-231 cells transfected with a RUNX2 targeting or a negative-control 
siRNA, as assessed by qPCR (A). Representative images (10X magnification) of Alizarin Red S 
stained cells cultured post siRNA transfection for 14 days in OC+Dex media (B). Calcium content as 
measured by OCP assay, normalised to protein content showed a significant decrease in RUNX2-
siRNA treated cells (C). Each data point represents mean + SD (qPCR N=3, OCP N=5). Statistical 
significance was determined by t-test. *P<0.05, **P<0.01. Scale bar represents 50 µm. 

Considering the reduction in calcification observed in RUNX2-siRNA treated cells, 

we next sought to determine if mineralisation could be increased via upregulation of 

the RUNX2 gene. MDA-MB-231 cells were transfected with a plasmid containing 

RUNX2 cDNA under control of a CMV promoter. This plasmid contained a full-length 

copy of the mouse RUNX2 cDNA, which shares 93% homology with the human 

mRNA (Zhang et al., 2000) and has previously been used successfully to upregulate 

RUNX2 expression in human cells (Jiménez et al., 1999). As a control, replicate 

wells were transfected with a control plasmid containing GFP (CMV-GFP). 
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RUNX2 expression, examined by qPCR 72-hours post transfection, showed an 80-

fold increase (P < 0.01) in cells transfected with CMV-RUNX2 compared to CMV-

GFP, indicating successful transfection and target upregulation (Fig. 4.11 A). 

Following transfection, cells were then switched to OC+Dex supplemented media 

and cultured for 14 days prior to analysis of deposited calcium levels. Despite a 

significant increase in RUNX2 expression, this did not alter the development of 

calcifications in MDA-MB-231 cells, as no significant difference was observed in 

calcium levels between control or RUNX2 transfected cells (Fig 4.11 B).  

Figure 4.11 Overexpression of RUNX2 does not alter MDA-MB-231 mineralisation. Expression 
of RUNX2 in MDA-MB-231 cells 72-hours post transfection with a plasmid containing full-length 
mouse RUNX2 cDNA under the control of a CMV promoter (CMV-RUNX2) or a control plasmid 
containing GFP (CMV-GFP) as measured by qPCR (A). Calcium content, as measured by OCP 
assay normalised to protein content, in cells cultured for 14 days post transfection in OC+Dex media 
did not reveal any significant alterations (B). All data points represent mean + SD (qPCR N=3, 
calcium N=6). Statistical significance was determined by t-test.  **P<0.01 

 

4.2.5 Role of intracellular Ca2+ accumulation and TRPM7 channel 

activity in microcalcification formation 

Malignancy associated microcalcifications are composed of calcium phosphate 

crystals, most commonly hydroxyapatite (Tse et al., 2008). In the previous chapter, 

we investigated the effect of Pi on the in vivo formation of calcifications. We next 

sought to examine the role of Ca2+. Standard DMEM media contains 1.8 mM Ca2+. 

This is slightly lower than serum Ca2+ levels which are typically between 2.2 and 2.7 

mM (Abdelgawad et al., 2015). To assess how elevated serum Ca2+ levels may 

impact the development of calcifications, we supplemented DMEM media with 

calcium chloride to either 2.2 or 2.7 mM, representing a 25 and 50 % increase in 

available Ca2+, respectively.  
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Cells were cultured in this high- Ca2+ media, supplemented with OC or OC+Dex 

reagents for 14 days before assessing for mineralisation. Cells grown in OC media 

did not display any Alizarin Red S staining at either elevated Ca2+ levels, indicating 

that increased Ca2+ cannot promote mineralisation in the absence of 

dexamethasone stimulation (Fig. 4.12 A). In contrast, cells grown in OC+Dex media 

displayed significantly increased staining when cultured at 2.2 or 2.7 mM Ca2+ 

compared to basal 1.8 mM. This was confirmed via quantification of extracted 

calcium deposits, with cells grown at 2.7 mM Ca2+ displaying an almost 4-fold 

increase in calcium measurements (Fig. 4.12 A, P < 0.05). Cells grown at 2.2 mM 

Ca2+ displayed a trend towards increased calcification although this did not reach 

statistical significance (2.5-fold increase, P=0.18).  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.12 Effect of increased Ca2+ levels on MDA-MB-231 mineralisation. Representative 
images (10X magnification) of Alizarin Red S stained MDA-MB-231 cells cultured for 14 days in either 
OC or OC+Dex media at the indicated Ca2+ concentration (A). Basal Ca2+concentration in DMEM 
(1.8 mM) was supplemented with calcium chloride to the indicated concentrations. Calcium content, 
as measured by OCP assay normalised to protein content revealed increased mineralisation in 
OC+Dex cultured cells at 2.7 mM Ca2+ (B). Each point represents mean + SD (N=4). Statistical 
significance was determined by one-way ANOVA. *P<0.05. Scale bar represents 50 µm. 
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After observing the increased levels of mineralisation in cells cultured in high Ca2+ 

conditions, we next examined if alterations in intracellular Ca2+ levels may be 

involved in the development of mineralisations. BAPTA-AM is a membrane-

permeable chelator complex, consisting of the chelator compound BAPTA bound to 

an acetoxymethyl (AM) group by ester linkage. BAPTA-AM is inactive until it crosses 

the cell membrane and has its AM group removed by cellular esterases. This limits 

the compounds activity to an intracellular context and allows for blockade of 

intracellular rises in Ca2+. BAPTA-AM decreased MDA-MB-231 mineralisation in a 

dose-dependent manner, with cells cultured in 10 µM displaying an almost 80% 

reduction in calcium deposition (Fig. 4.13 A, P < 0.05). 5 µM displayed a strong 

trend towards reduced calcification, but this did not reach statistical significance. 

Chelation of intracellular Ca2+ also decreased cellular ALP activity (Fig. 4.13 B). 

Cells cultured in 5 µM BAPTA-AM had a 25% reduced ALP activity, although similar 

to results from our calcification assay, this fell just short of statistical significance 

(P=0.0505). 10 µM BAPTA-AM reduced ALP activity of MDA-MB-231 cells by 

almost 50% (P < 0.01). 

Figure 4.13 MDA-MB-231 mineralisation is inhibited by intracellular Ca2+ chelation. Calcium 
content, as measured by OCP assay normalised to protein content of MDA-MB-231 cells cultured 
for 14 days in OC+Dex media with BAPTA-AM at the indicated concentration (B). Significant 
decreases were observed in cells cultured with 10 µM. Similar decreases were also observed in ALP 
activity at day 14 (B). Each point represents mean + SD (N=4). Statistical significance was 
determined by one-way ANOVA. *P<0.05, **P<0.01 

These results suggest that an intracellular accumulation of Ca2+ is an important step 

in the development of microcalcifications, which concurs with previous studies 

(Kapustin et al., 2011). Intracellular Ca2+ influx in tumour cells is a complex 

relationship between many different Ca2+ pumps, channels and transport proteins 

(Stewart et al., 2015).   
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Several members of the transient receptor potential (TRP) family of ion channels 

have been implicated in the development and spread of breast tumours and may 

constitute novel therapeutic targets (Ouadid-Ahidouch et al., 2012). Of particular 

interest, the transient receptor potential melastatin type 7 (TRPM7) channel has 

been shown to be an important regulator of Ca2+ influx in breast cancer (Guilbert et 

al., 2009) and has also been shown to be highly expressed in breast tumours with 

associated microcalcifications (Mandavilli et al., 2013). We hypothesised that 

TRPM7 may play a role in the intracellular influx of Ca2+ leading to onset of 

mineralisation. Using qPCR, we examined expression of both TRPM7 and the 

related TRPC1 channel, which has also been shown to be highly expressed in 

calcification associated breast tumours (Mandavilli et al., 2013).  Expression of 

TRPM7 was observed to increase in a time-dependent manner over a 14-day time 

course (Fig. 4.14 A, 1.6-fold compared to control at day 14, P < 0.001). Expression 

of TRPC1 was also upregulated, albeit in a transient fashion (2-fold increase at day 

7, P < 0.05). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.14 Upregulation of TRPM7 and TRPC1 channels during MDA-MB-231 mineralisation. 
Expression of TRPM7 (A) and TRPC1 (B) in MDA-MB-231 cells cultured for 14 days in OC+Dex 
supplemented media was examined by qPCR at the indicated time points. Each data point 
represents the mean + SD (N=3). Statistical significance was determined by two-way ANOVA. 
*P<0.05, ***P<0.001. 
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To examine a potential role for the TRPM7 channel in the generation of 

microcalcifications, we tested the ability of MDA-MB-231 cells to mineralise under 

the effect of the TRP channel modulator 2-APB. Although no difference in Alizarin 

Red S staining was observed for the two lowest tested concentrations (10 µM and 

100 µM), the higher concentrations of 150 µM and 200 µM noticeably decreased 

staining, indicating an inhibition of calcium deposition (Fig. 4.15 A). Quantitative 

measurement of calcium content revealed a slight increase in calcium at 10 µM 2-

APB, although this did not reach statistical significance (Fig. 4.15 B). 150 and 200 

µM 2-APB both significantly decreased calcium, with 200 µM leading to a total 

inhibition of mineralisation (97% decrease compared to control, P<0.05).  

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.15 Inhibition of MDA-MB-231 mineralisation by the TRP channel modulator 2-APB. 
Representative images (10X magnification) of Alizarin Red S stained MDA-MB-231 cells cultured for 
28 days in OC+Dex media with 2-APB at the indicated concentration (A). Measurement of calcium 
content of cell monolayers showed significantly decreased calcium at 150 and 200 µM (B). Calcium 
content was normalised to protein content, and expressed relative to control values. Each data point 
represents the mean + SD (N=4). Statistical significance was determined by one-way ANOVA. 
*P<0.05, **P<0.01. Scale bar represents 50 µm. 
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Although these results indicated a possible role for the TRPM7 channel in 

microcalcification development, it is important to note that 2-APB is not a specific 

TRPM7 inhibitor. Other studies have utilised 2-APB to block TRPM7 activity at 

concentrations ranging from 10 to 500 µM (Chokshi et al., 2012, Guilbert et al., 2009, 

Li et al., 2006). However, 2-APB has been shown to block several other TRP family 

members at these concentrations, including TRPM2 (Togashi et al., 2008) and 

TRPC5 (Xu et al., 2005) as well as activating TRPV1, TRPV2, and TRPV3 (Hu et 

al., 2004). To address any potential issues with the selectivity of 2-APB, we repeated 

the experiment using  NS8593, a TRPM7 inhibitor with significantly improved 

specificity (Chubanov et al., 2012). Results with NS8593 were even more significant, 

with all tested concentrations leading to a significant decrease in both Alizarin Red 

S staining and calcium content (Fig. 4.16). NS8593 effectively blocked  calcium 

deposition by 65% even in the lowest tested concentration of 2 µM, which roughly 

corresponds to the IC50 of the TRPM7 channel (Chubanov et al., 2012).  

 

 

 

 

 

 

 

 

 

 

 

Figure 4.16 Inhibition of MDA-MB-231 mineralisation by the TRPM7 channel inhibitor NS8593. 
Representative images (10X magnification) of Alizarin Red S stained MDA-MB-231 cells cultured for 
28 days in OC+Dex media with NS8593 at the indicated concentration (A). Alizarin Red S staining 
revealed decreased calcium deposition at all tested concentrations. Measurement of calcium content 
of cell monolayers also showed significant decreases (B). Calcium content was normalised to protein 
content, and expressed relative to control values. Each data point represents the mean + SD (N=3). 
Statistical significance was determined by one-way ANOVA. **P<0.01, ***P<0.001. Scale bar 
represents 50 µm. 
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We next examined the effect of TRPM7 inhibition on ALP activity. For both inhibitors, 

the second highest concentration from our previous dose-response experiments 

was selected for further study. Both TRPM7 inhibitors significantly decreased ALP 

activity in mineralising MDA-MB-231 cells (Fig 4.17). Similar to results from our 

mineralisation assays, the more selective NS8593 was markedly more effective at 

inhibiting ALP activity, with a dose of 10 µM decreasing ALP activity by 

approximately 80% (P<0.0001) compared to an 18% reduction by 150 µM 2-APB 

(P<0.01).  

 

 

 

 

 

 

 

 

 

 

 

Figure 4.17 Inhibition of MDA-MB-231 ALP activity by the 2-APB and NS8593. ALP activity of 
MDA-MB-231 cells cultured for 14 days in OC+Dex supplemented media with 2-APB (150 µM), 
NS8593 (10 µM) or DMSO vehicle control. ALP activity was measured by incubation with the ALP 
substrate PNPP, normalised to protein content and expressed relative to vehicle-control treated cells. 
Each data point represents the mean + SD (N=2). Statistical significance was determined by t-test. 
**P<0.01, ****P<0.0001. 

 

Finally, we verified our findings from inhibitor studies using siRNA to knockdown 

TRPM7 in mineralising MDA-MB-231 cells. Knockdown efficiency, as measured by 

qPCR at 72 hours, was 60% (Fig. 4.18 A).  Following a 72-hour incubation period 

with siRNA complexes, cells were switched to OC+Dex supplemented media for 14 

days. Knockdown of TRPM7 decreased calcium deposition by approximately 25% 

at day 14 (Fig. 4.18 C).  A decrease in Alizarin Red S staining was also noted (Fig. 

4.18 B).  
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Figure 4.18 siRNA knockdown of TRPM7 reduces MDA-MB-231 mineralisation. TRPM7 
knockdown efficiency in MDA-MB-231 cells transfected with a TRPM7 targeting or a negative-control 
siRNA, as assessed by qPCR (A). Representative images (10X magnification) of Alizarin Red S 
stained cells cultured post siRNA transfection for 14 days in OC+Dex media (B). Calcium content 
was normalised to protein content, and expressed relative to control values (C). Reduced 
mineralisation was demonstrated by Alizarin Red S staining (B) and quantitative calcium 
measurement (C) at day 14. Each data point represents the mean + SD (N=5). Statistical significance 
was determined by t-test. *P<0.05, ****P<0.0001. Scale bar represents 50 µm. 
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4.2.6 Breast calcifications and magnesium  

Interestingly, although we have shown evidence of a role for the TRPM7 channel in 

promoting calcification of breast cancer cells, studies of other forms of pathogenic 

mineralisation have actually shown TRPM7 to act in a protective manner. In addition 

to mediating influx of Ca2+ ions, TRPM7 is also permeable to a range of other 

divalent cations including Mg2+, Zn2+, Mn2+, and Co2+ (Monteilh-Zoller et al., 2003). 

In studies of vascular calcification, TRPM7 has been shown to exert a protective 

effect by promoting influx of Mg2+, a potent inhibitor of calcium deposition (Sonou et 

al., 2017, Louvet et al., 2013, Montezano et al., 2010).  

We first examined if Mg2+ had the same protective effect in our model as has been 

demonstrated in other studies. MDA-MB-231 cells were cultured under mineralising 

conditions in DMEM media with unaltered Mg2+ levels (0.8 mM) or DMEM 

supplemented with magnesium chloride to yield a total Mg2+ concentration of 1.5 or 

3 mM. These concentrations have previously been used in other studies of the anti-

mineralisation effect of Mg2+ (Xu et al., 2015a, Montezano et al., 2010). Cells were 

cultured for up to 28 days under these conditions before assessment of 

mineralisation.  

Similar to results from studies in other cell types, we observed a strong reduction in 

mineralisation in cells cultured under increased Mg2+ conditions. Alizarin Red S 

staining was very faint in 1.5 and 3 mM groups compared to 0.8 (Fig. 4.19 A). These 

results were confirmed by measurement of deposited calcium (Fig. 4.19 B), with an 

approximate 80% reduction observed at day 21 for both increased Mg2+ groups 

(P<0.05), and a 70% and 90% reduction for 1.5 and 3 mM respectively at day 28 

(P<0.0001). Increased Mg2+ also potently inhibited mineralisation in cells 

mineralised with inorganic Pi (Fig. 4.19 C), rather than our standard OC+Dex 

formulation (containing organic ɓ-glycerophosphate). Addition of extra Mg2+ had no 

observable effect on cells grown in standard DMEM media without OC+Dex 

supplementation, with no mineralisation observable in any group (Fig. 4.20). 
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Figure 4.19 Magnesium potently inhibits development of MDA-MB-231 calcifications. 
Representative images (10X magnification) of Alizarin Red S stained MDA-MB-231 cells cultured for 
28 days in OC+Dex media with Mg2+ at the indicated concentration (A). Magnesium chloride was 
used to adjust total Mg2+ concentration from basal (0.8 mM) to 1.5 or 3 mM. Measurement of calcium 
content of cell monolayers demonstrated an almost total inhibition of mineralisation under increased 
Mg2+ conditions (B). Alizarin Red S stained images of MDA-MB-231 showing strong anti-
mineralisation effect of Mg2+ under inorganic Pi conditions (C). Each data point represents the mean 
+ SD (N=2). Statistical significance was determined by one-way ANOVA. **P<0.01, ***P<0.001. 
Scale bar represents 50 µm. 
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Figure 4.20 Magnesium does not affect MDA-MB-231 cultured in non-calcifying media. 
Representative images (10X magnification) of Alizarin Red S stained MDA-MB-231 cells cultured for 
28 days in standard DMEM media with Mg2+ at the indicated concentration (A). Magnesium chloride 
was used to adjust total Mg2+ concentration from basal (0.8 mM) to 1.5 or 3 mM. No significant 
differences were observed in Alizarin staining or by measurement of calcium content of cell 
monolayers (B). Each data point represents the mean + SD (N=2). Statistical significance was 
determined by one-way ANOVA. Scale bar represents 50 µm. 

 

Analysis of ALP activity also revealed a significant influence for Mg2+ concentration 

Cells cultured for 14 days in OC+Dex media experienced a two-fold increase in ALP 

activity compared to cells grown in control media. This increase was almost totally 

abolished at 1.5 or 3 mM Mg2+ (Fig. 4.21). Increased Mg2+ also decreased ALP 

activity by approximately 50% in control cells, although this did not reach statistical 

significance.  
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Figure 4.21 Magnesium alters ALP activity in MDA-MB-231 cells. ALP activity of MDA-MB-231 
cells cultured for 14 days in control media or OC+Dex supplemented media at the indicated Mg2+ 
concentration. Cells were lysed and ALP activity was measured by incubation with the ALP substrate 
p-nitrophenyl phosphate (PNPP), monitoring absorbance at 405 nm. ALP activity was normalised to 
protein content and expressed relative to vehicle-control treated cells. Each data point represents 
the mean + SD (N=3). Statistical significance was determined by two-way ANOVA *P<0.05. 

 

After demonstrating a clear anti-mineralisation effect for Mg2+ in the development of 

breast calcifications, we next sought to investigate any potential interaction between 

this protective effect and activity of the TRPM7 channel.  TRPM7 exerts a protective 

effect on several forms of pathological calcification, primarily through its role in Mg2+ 

influx (Montezano et al., 2010, Louvet et al., 2013). To test this, we once again 

cultured MDA-MB-231 cells with OC+Dex media with increased Mg2+ (1.5 mM), and 

either TRPM7 inhibitor or vehicle control. Similar to previous results, addition of 

extra Mg2+ almost totally abolished calcium deposition, as measured by both Alizarin 

Red S staining (Fig. 4.22 A) and calcium measurement (Fig. 4.22 B, C). Addition of 

either TRPM7 inhibitor had no effect on MDA-MB-231 mineralisation and did not 

attenuate the anti-mineralisation effect of Mg2+. Indeed, higher doses of the two 

inhibitor compounds even seemed to further decrease deposited calcium compared 

to Mg2+ alone. This is in contrast to other studies which have shown a partial reversal 

of Mg2+ôs anti-mineralisation effect upon inhibition of TRPM7 channel activity 

(Montezano et al., 2010, Louvet et al., 2013). 
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Figure 4.22 Inhibition of 
TRPM7 channel does not 
attenuate anti-mineralisation 
effect of magnesium. 
Representative images (40X 
magnification) of Alizarin Red S 
stained MDA-MB-231 cells 
cultured for 28 days in OC+Dex 
media with 1.5 mM magnesium 
and either 2-APB or NS8593 at 
the indicated concentration (A).  
No differences were observed in 
Alizarin staining at any 
concentration of either inhibitor. 
Calcium content also did not 
differ significantly between any 
concentration (B). Each data 
point represents the mean + SD 
(N=2). Statistical significance 
was determined by one-way 
ANOVA. Scale bar represents 
50 µm. 
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We also investigated any potential link between either Mg2+ or TRPM7 inhibition and 

cell proliferation. Previous studies have shown conflicting results on the importance 

of the TRPM7 channel in regulating breast cancer proliferation (Guilbert et al., 2009, 

Middelbeek et al., 2012). Analysis of MDA-MB-231 cells cultured in either 1.5 mM 

Mg2+ or 10 µM NS8593 for 72 hours did not reveal any significant differences in 

proliferation, as measured by MTT assay (Fig. 4.23).   

 

 

 

 

 

 

 

 

 

Figure 4.23 MDA-MB-231 proliferation is not affected by magnesium or inhibition of the 
TRPM7 channel.  Proliferation of MDA-MB-231 cells cultured for 48 hours in control media, high- 
Mg2+ media (1.5 mM) or 10 µM NS8593 was measured via MTT assay. No significant difference was 
observed between any treatment group. Each data point represents the mean + SD (N=3). Statistical 
significance was determined by one-way ANOVA. 

 

 

4.2.7 PMCA channels and MDA-MB-231 mineralisation  

In addition to Ca2+ influx channels such as TRPM7, we also wanted to investigate a 

possible role for Ca2+ efflux channels. A recent study utilising a modified version of 

our model demonstrated a role for the secretory pathway calcium ATPase (SPCA) 

channels SPCA1 and SPCA2 in the formation of microcalcifications (Dang et al., 

2017). SPCA pumps use ATP hydrolysis to drive active Ca2+ transport into the Golgi 

compartment (Vandecaetsbeek et al., 2011). Intracellular Ca2+ levels are also 

regulated by a second set of ATPase pumps, the plasma membrane Ca2+ ATPases 

(PMCA1 ï PMCA4) family which exports Ca2+ through the plasma membrane to the 

extracellular environment.  
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PMCA2 is essential for lactation through its role in pumping Ca2+ ions into the milk 

duct (Reinhardt et al., 2004) and has also previously been suggested to play a role 

in the development of microcalcifications, likely via promoting the accumulation of 

Ca2+  within the ductal lumen (Cross et al., 2014). 

To test this hypothesis, we performed siRNA knockdown of PMCA1 and PMCA2. 

Knockdown efficiency, as confirmed by qPCR 72 hours post-transfection, was 

approximately 75% and 65% for PMCA1 and PMCA2 respectively (Fig. 4.24 A, C). 

Following transfection, siRNA treated cells were switched to OC+Dex media for 14 

days before assessment of mineralisation. Cells treated with PMCA1-siRNA did not 

display any alteration in calcium deposition compared to control-siRNA treated cells 

(Fig. 4.24 B). However, cells treated with PMCA2-siRNA displayed approximately 

30% decreased mineralisation compared to control-siRNA treated cells (Fig. 4.24 

D). Knockdown of PMCA2 was also observed to result in markedly lower Alizarin 

Red S staining (Fig. 4.24 D). 

Finally, we examined expression of both PMCA1 and PMCA2 in mineralising MDA-

MB-231 cells. Although we did observe a strong trend towards increased PMCA1 

expression in cells grown with OC+Dex media, these did not reach statistical 

significance (Fig. 4.25 A). We also did not observe any significant differences in 

PMCA2 expression (Fig. 4.25 B) 
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Figure 4.24 PMCA1/2 and MDA-MB-231 mineralisation. qPCR analysis of knockdown efficiency 
in MDA-MB-231 cells transfected with PMCA1 (A) or PMCA2 (C) targeting or a negative-control 
siRNA. Calcium content of MDA-MB-231 cells cultured for 14 days in OC+Dex media revealed a 
significant decrease in cells transfected with PMCA2-siRNA (D) but not PMCA1-siRNA (C). Calcium 
content was analysed by OCP, normalised to protein content, and expressed relative to control 
values. Reduced mineralisation in PMCA2-siRNA treated cells was confirmed by Alizarin Red S 
staining, representative image shown at 10X magnification (E). Each data point represents the mean 
+ SD (PMCA1 calcium N=4, qPCR N=2, PMCA2 calcium + qPCR N=3). Statistical significance was 
determined by t-test. *P<0.05, ****P<0.0001. Scale bar represents 50 µm. 
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Figure 4.25 Expression of PMCA1/2 in mineralising MDA-MB-231 cells. Expression of PMCA1 
(A) and PMCA2 (B) in MDA-MB-231 cells cultured for 14 days in OC+Dex supplemented media was 
examined by qPCR at the indicated time points. Each data point represents the mean + SD (N=4). 
Statistical significance was determined by two-way ANOVA.  
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4.3 Discussion 

In a recent review of Ca2+ signalling pathways in breast cancer, Cross et al.  

proposed a mechanism of microcalcification formation, involving a dysregulation of 

Ca2+ transport in conjunction with ñabnormal expression of bone matrix proteinsò 

(Cross et al., 2014). This potential model is supported by numerous patient studies 

highlighting increased expression of bone associated proteins including BMP2, 

osteonectin, osteopontin, and bone sialoprotein (Bellahcène and Castronovo, 1995, 

Bellahcène et al., 1994, Scimeca et al., 2014, Oyama et al., 2002) as well as the 

Ca2+ channels TRPC1 and TRPM7 (Mandavilli et al., 2013) in the vicinity of 

microcalcifications. However, this theory remains untested. The aim of this chapter 

therefore was to utilise our in vitro model to explore potential roles for both markers 

of physiological osteoblastic mineralisation, and cellular Ca2+ transport proteins in 

the development of breast calcifications.   

We began with BMP2, which has previously been shown to promote mineralisation 

of breast cancer cells in studies from both our lab and other groups (Cox et al., 

2012b, Dang et al., 2017). Our findings were in agreement with these previous 

studies, with MDA-MB-231 cells cultured with 100 ng/mL of rh-BMP2 displaying a 

2.4-fold increase in deposited calcium (Fig. 4.2 B) and 50% greater ALP activity (Fig. 

4.3). A novel finding from our BMP2 studies was the lack of positive mineralisation 

in the non-mineralising MCF-7 cell line when BMP2 was included in their growth 

media (Fig. 4.4). These results indicate that although BMP2 promotes and increases 

mineralisation in cell lines that are capable of undergoing in vitro mineralisation, it 

does not in of itself induce their formation. MDA-MB-231 cells have previously been 

shown to produce significantly greater amounts of endogenous BMP2 than MCF-7 

cells (Arnold et al., 1999).  

The role of BMP2 in breast cancer is complex and incompletely understood, with 

much contradiction within the literature. Stimulation of MCF-7 and MDA-MB-231 

cells with BMP2 has been shown to inhibit proliferation, promote apoptosis and 

decrease their tumour formation in a nude mice xenograft model (Chen et al., 2012, 

Ghosh-Choudhury et al., 2000b). Other studies have also shown BMP2 to exert a  

potent anti-proliferative effect on breast cancer cells (Ghosh-Choudhury et al., 

2000a, Arnold et al., 1999, Soda et al., 1998). Although these results suggest that 

BMP2 acts as a tumour suppressor, other studies have found contradictory results.  
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A recent study by Huang et al.  provided a comprehensive analysis of induction of 

both EMT and cell stemness in BMP2 stimulated MCF-7 cells, demonstrating a 

significant increase in tumourigenic properties (Huang et al., 2017). Noting the 

discrepancy between their findings of increased tumour growth following BMP2 

stimulation versus the decreased growth observed in other studies (Chen et al., 

2012, Ye et al., 2013), the authors noted that induction of apoptosis may play a more 

important role at an early stage of tumour development, with a low number of tumour 

cells, before development of EMT and stemness take over as the dominant factor 

in tumour response to BMP2 stimulation. In addition, BMP2 overexpression 

promotes migration and invasion in the MCF-7 cell line, as well as supporting 

estrogen-independent growth in a xenograft model  (Clement et al., 2005). 

Interestingly, the BMP2 overexpressing MCF-7 sub-clones were observed to form 

calcified deposits in xenograft models, further highlighting the importance of BMP2 

in the development of microcalcifications. A recent literature review of the often-

contradictory studies on the role of BMP2 in tumour growth noted that studies 

showing a tumour promoting effect for BMP2 tended to be more comprehensive, 

examining both ñthe invasiveness and migration properties of tumour cells in 

addition to proliferationò and concluding that the overall balance of data supported 

a pro-tumourigenic role for BMP2 (Tian et al., 2017).  

Although other studies have highlighted a pro-mineralisation effect of BMP2 in 

breast calcification (Cox et al., 2012b, Dang et al., 2017), this is the first study to 

demonstrate its upregulation during formation of microcalcifications. If BMP2 does 

indeed exert a pro-tumourigenic effect on breast tumours, the increase in BMP2 

expression we observed (Fig. 4.1) in mineralising MDA-MB-231 cells may be 

clinically relevant. A study by Tan et al.  provided strong evidence for a link between 

expression of bone associated genes and acquisition of a bone metastatic capability 

(Tan et al., 2016). Co-stimulation of breast cancer cells with fibroblast conditioned 

media and BMP2 induced an EMT effect resulting in generation of osteoblast-like 

breast cancer cells. This phenotype was accompanied by upregulation of a host of 

bone associated genes including RUNX2 and acquisition of an osteomimetic 

phenotype, as well as an increase in proliferation, drug resistance and migration 

towards osteoblast cells, indicating a propensity towards bone metastasis.  
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As an increase in RUNX2 was also observed in mineralising MDA-MB-231 cells 

(Fig. 4.9), alterations in gene expression observed within our model leading to 

deposition of calcium may alter cellular metastatic ability, although this theory has 

not been directly examined and will require significant further work. 

To the best of our knowledge, no studies have looked at a possible link between the 

presence of microcalcifications in primary breast tumours and the later development 

of bone metastases, it is tempting to speculate that upregulation of bone associated 

proteins within mineralising breast tumour cells may result in a bone-homing 

phenotype and an increased capability to spread and thrive within the skeletal 

system. Interestingly, previous studies from our lab found that 4T1.2, a sub-clone of 

the murine 4T1 cell line that preferentially metastasizes to the bone (Lelekakis et 

al., 1999), more readily developed calcifications when injected into the mammary 

fat pad of BALB/c mice than their parental 4T1 line (Cox et al., 2012a).  

BMP2 also remains the only mineralisation associated gene with direct in vivo 

evidence as a promoter of microcalcification formation. In addition to the previously 

mentioned study of BMP2-overexpressing MCF-7 cells (Clement et al., 2005), 

results from Liu et al. demonstrated that subcutaneous implantation of human-BMP2 

transfected R3230 rat tumour cells into the mammary fat pad of a Fischer 344 rat 

results in large areas of calcification in all mice implanted with the transduced cells 

(Liu et al., 2008). Interestingly, when rats were implanted bilaterally (one fat pad with 

transfected cells, the other with untransfected), calcifications were observed not only 

in the fat pad with BMP2 expressing cells, but also in the untransfected side, 

indicating that BMP signalling can act humorally to induce microcalcification 

formation. A second study by the same group demonstrated that transfection wasnôt 

necessary: a single intraperitoneal injection of BMP2 into Fischer 344 rats bearing 

syngeneic R3230 breast tumours was sufficient to induce microcalcification 

formation in a dose and time dependent manner (Liu et al., 2010).   

In addition to BMP2, we also examined the role of the osteogenic transcription factor 

RUNX2 in formation of microcalcifications. RUNX2 acts as a ñmaster regulatorò of 

chondrocyte and osteoblast differentiation (Komori, 2009) and also appears to be 

an important driver of pathological calcification, as studies have shown high RUNX2 

expression in calcified atherosclerotic lesions (Byon et al., 2011). In addition, 

RUNX2-deficient vascular smooth-muscle cells fail to mineralise both in vitro and in 

vivo  (Lin et al., 2015, Sun et al., 2012).  
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RUNX2 is highly expressed in triple-negative breast tumours and appears to act as 

marker within this subtype (McDonald et al., 2014, Das et al., 2009). We found 

significantly greater RUNX2 expression in the triple-negative MDA-MB-231 cell line 

than SKBR3 or MCF-7, in agreement with other studies (Leong et al., 2010). RUNX2 

expression was further increased following stimulation with OC+Dex media (Fig. 

4.9). Previous work from our group examined expression of RUNX2 in mineralising 

4T1 murine breast cancer cells, but no increase in expression was observed (Cox 

et al., 2012b). This difference may potentially be explained by the murine origin of 

the cell line utilised in previous work, compared to the exclusively human derived 

cell lines used in our studies. This therefore represents the first report of an increase 

in this vital osteogenic transcription factor in the context of breast calcification.  

In addition to changes in expression, we also sought to demonstrate a functional 

role for RUNX2 in the formation of microcalcifications. Although we did not observe 

a total inhibition of calcification in siRNA treated cells (20% reduction in comparison 

to control siRNA treated cells, Fig. 4.10), we assessed mineralisation a relatively 

long time period after transfection (72 hours transfection & 14 days in OC+Dex 

media), by which point RUNX2 expression was likely to have recovered. Repeating 

the experiment with a longer acting knockdown strategy, like a shRNA containing 

plasmid may yield more conclusive results. Unexpectedly, despite the decrease in 

calcification observed in MDA-MB-231 with suppressed RUNX2 expression, we did 

not observe any increases in cells transfected with a RUNX2 expressing plasmid 

(Fig. 4.11). This may be due to the already high level of RUNX2 expression in MDA-

MB-231 cells (Fig. 4.8). 

In breast cancer, RUNX2 significantly influences development of metastases. 

Knockdown of RUNX2 in MDA-MB-231 cells has a significant effect on their 

tumourigenic properties including reductions in metalloproteinase expression, 

migration and invasion whilst RUNX2 overexpression in MCF-7 cells increases 

migration (Leong et al., 2010, Pratap et al., 2005, Mendoza-Villanueva et al., 2010). 

The presence of mammographic calcifications has been associated in some studies 

with an increased risk of positive lymph-node status (Cen et al., 2017a, Tabar et al., 

2004, Jiang et al., 2011). In addition, stimulation of breast cancer cells with 

hydroxyapatite nanoparticles increases migration in a scratch wound assay (Cox et 

al., 2012a) and upregulates metalloproteinase activity (Morgan et al., 2001), two key 

markers of increased migration and invasion.  
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If our in vitro findings of increased RUNX2 in mineralising breast cancer cells are 

truly indicative of the in vivo mechanism of microcalcification formation, altered 

RUNX2 signalling may play a role in the increased invasion capability of 

mineralisation associated tumours.  

In addition to the mineralisation promoting bone associated genes BMP2 and 

RUNX2, we also investigated potential roles for two genes typically recognised as 

anti-mineralisation factors.  Both ENPP1 and MGP were observed to be significantly 

decreased in mineralising MDA-MB-231 cells (Fig. 4.5, 4.7), indicating a shift 

towards a mineralisation-capable phenotype. MGP is a vitamin K-dependent 

calcification inhibitor, which inhibits mineralisation through a variety of mechanisms 

including binding Ca2+ ions, direct inhibition of crystal growth and modulation of 

osteogenic signalling pathways (Proudfoot and Shanahan, 2006). The importance 

of MGP in preventing ectopic mineralisation is evidenced by Mgpï/ï mice, which 

develop extensive vascular calcification and typically die after 2 months (Luo et al., 

1997, El-Maadawy et al., 2003). MGP acts as a tumour suppressor gene in ER+ 

breast cancer as loss of MGP expression increases proliferation in MCF-7 cells 

(Tiago et al., 2016) whereas high expression is associated with increased RFS in 

patients with luminal breast tumours (Tuo and Ye, 2017). Part of  the anti-

mineralisation effect of MGP comes from its ability to bind to and modulate BMP2 

(Zebboudj et al., 2002). Therefore, a decrease in MGP expression in breast tumours 

may limit their capacity to control the previously discussed pro-tumourigenic effects 

of BMP2.  

In the previous chapter, we demonstrated the vital role of ALP activity in our in vitro 

model. ALP promotes mineralisation by degrading PPi, which simultaneously 

increases levels of free Pi and deceases concentrations of the mineralisation 

inhibitor PPi. The primary enzyme responsible for maintenance of PPi 

concentrations is the transmembrane ENPP1 protein which produced PPi through 

hydrolysis of extracellular nucleotide triphosphates, most notably ATP. Similar to 

Mgpï/ï mice, Enpp1ī/ī mice display widespread ectopic mineralisation (Hajjawi et al., 

2014). PPi inhibits mineralisation through binding to hydroxyapatite crystals and 

preventing further growth, as well as upregulating expression of the mineralisation 

inhibitor protein osteopontin (Addison et al., 2007).  
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Interestingly, ENPP1 can also positively regulate mineralisation in certain contexts 

as  osteoblast specific deletion of ENPP1 results in improperly differentiated and 

inactive osteoblasts (Nam et al., 2011). Stimulation of MDA-MB-231 cells with 

OC+Dex media was observed in our studies to significantly reduce expression of 

ENPP1 (Fig. 4.5 B). The reduced ENPP1 activity we observed in mineralising breast 

cancer cells would result in a lowered extracellular concentration of PPi and a loss 

of its inhibitory effect. In combination with the increased ALP activity demonstrated 

in the previous chapter, this decrease in ENPP1 activity acts in tandem by 

simultaneously decreasing the amount of PPi produced and increasing the enzymes 

necessary to degrade any PPi that is made.  

The importance of PPi levels in regulating development of breast mineralisations is 

highlighted by the strong inhibition of calcium deposition in MDA-MB-231 cells 

cultured in OC+Dex media with exogenous PPi (Fig. 4.6A). In addition, exogenous 

PPi completely blocked the increase in ALP activity observed in OC+Dex stimulated 

MDA-MB-231 cells (Fig. 4.6 B). These results show that PPi exerts a strong anti-

mineralisation effect in our in vitro model, similar to its role in other models of 

pathological calcification. MDA-MB-231 cells have previously been shown to 

express a significantly higher level of ENPP1 than both MCF-7 and SKBR3 cells 

(Lau et al., 2013). Although we did not test this hypothesis, it is possible that the 

high expression of ENPP1 in the MDA-MB-231 cell line would result in a significant 

production of extracellular PPi, initially forming an inhibitory roadblock to 

mineralisation. However, as we demonstrated by qPCR, OC+Dex stimulation 

appears to be a potent suppressor of ENPP1 expression, thus overcoming this initial 

inhibition and allowing for mineralisation to proceed.  

In this way, results from our qPCR studies show that onset of mineralisation in the 

MDA-MB-231 cell line is preceded not only by upregulation of mineralisation 

promoting factors (ALP, BMP2, RUNX2) but also by a concurrent downregulation of 

inhibitory factors (MGP, ENPP1). High ENPP1 expression may also partly explain 

the requirement of dexamethasone for MDA-MB-231 mineralisation in contrast to 

SKBR3 cells, which express lower ENPP1 and mineralise in OC media alone. 

However, varying expression of ENPP1 cannot be the primary cause behind our 

finding of positive mineralisation being restricted to certain cell lines, as the (non-

mineralising) MCF-7 cell line also expresses low levels of ENNP1.  
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In contrast to MGP, in which decreased expression is associated with a worse 

prognosis (Tuo and Ye, 2017), the decrease in ENPP1 expression we observe in 

our model may decrease the tumourigenic capability of MDA-MB-231 cells. ENPP1 

is a powerful driver of invasion in breast cancer cells and is highly upregulated in 

breast cancer cell lines capable of forming bone metastases (MDA-MB-231, MDA-

MB-468) relative to cell lines that do not form bone metastases (MCF-7, SKBR3), 

(Lau et al., 2013). In addition, loss of ENPP1 repression by miR-27b increases drug 

resistance and cancer stem cell properties in MCF-7 cells (Takahashi et al., 2015). 

In summary, ENPP1 appears to act as an inhibitor of microcalcification formation 

via production of PPi, and its differential expression between cell lines may play a 

role in response to mineralisation promoting conditions.   

In addition to exploring functional roles for bone associated proteins in the 

development of breast calcifications, our second aim for this chapter was to examine 

how alterations in the Ca2+ handling system of breast cancer cells could potentially 

contribute to mineralisation. Ca2+ plays diverse roles in tumour biology and can act 

in either a pro- or anti-tumourigenic capacity. Increased intracellular Ca2+ is an 

important step in induction of apoptosis and increased Ca2+ efflux capacity has been 

linked to drug resistance (Dubois et al., 2013). On the other hand, Ca2+ influx can 

also promote tumourigenic effects including EMT, (Davis et al., 2014), increased 

proliferation (Guilbert et al., 2009) and invasion (Meng et al., 2013). High Ca2+ levels 

increase proliferation in MCF-7 cells through the TRPC1 channel (El Hiani et al., 

2009a, El Hiani et al., 2009b). This channel has previously been shown to be highly 

expressed in breast tumours with associated microcalcifications (Mandavilli et al., 

2013). Although we did not explore a functional role for the TRPC1 channel in cell 

mineralisation, it is interesting to note that we did observe an increase in TRPC1 

expression in MDA-MB-231 cells cultured in OC+Dex media (Fig. 4.14). Ca2+ influx 

may also play a role in the upregulation of inflammatory markers observed in 

hydroxyapatite stimulated breast cancer cells (Morgan et al., 2001, Morgan et al., 

2004), a hypothesis that will be further explored in the next chapter.   

High intake of dietary calcium appears to be protective against breast cancer, as a 

recent meta-analysis found evidence of an inverse doseïresponse association 

between calcium intake and breast cancer, especially in premenopausal women 

(Hidayat et al., 2016).  
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Although we could not find any data in the literature on a potential link between 

altered serum Ca2+  levels and mammary calcifications, increased serum Ca2+  

levels may promote development of other forms of pathological calcification (Wang 

et al., 2010a). We did observe a significant increase in mineralisation in cells 

cultured in 2.7 mM versus 1.8 mM Ca2+ (Fig. 4.12). Although this finding of increased 

calcification in cells cultured in a high Ca2+ environment is not surprising, it was 

interesting to note that increased Ca2+ did not induce mineralisation in cells cultured 

in OC without dexamethasone, indicating that mineralisation cannot proceed based 

on a simple increase in available extracellular Ca2+ without a source of Pi.  

Although previous work from our lab established a vital role for influx of Pi ions via 

type III Na(+)/Pi channels Pit-1 and Pit-2  in the development of microcalcifications 

(Cox et al., 2012a), the significance of Ca2+ influx has not been previously explored. 

Kapustin et al.  reported that mineralisation in VSMCs can be inhibited by blocking 

intracellular Ca2+ accumulation either by the intracellular Ca2+ chelator BAPTA-AM 

or the T-type Ca2+ channel blocker nickel chloride (Kapustin et al., 2011). We 

observed similar effects, with significant reductions in calcium deposition in cells 

treated with BAPTA-AM (Fig. 4.13). Interestingly, ALP activity was also decreased 

in BAPTA-AM treated cells, indicating that ALP expression may be Ca2+ regulated 

in MDA-MB-231 cells. Additionally, hydroxyapatite crystals have been shown to 

induce Ca2+ influx into a variety of cell types (Nguyen et al., 2012, Halverson et al., 

1998, McCarthy et al., 1998, Ewence et al., 2008). If a rise in intracellular Ca2+ is 

involved in mineralisation, then the initial deposition of hydroxyapatite could promote 

intracellular Ca2+ accumulation, creating a self-sustaining loop and possibly inducing 

osteogenic changes in nearby cells. 

The decreased mineralisation observed in BAPTA-AM treated cells indicates that 

intracellular influx and accumulation of Ca2+ is an important step in the initiation of 

cell mineralisation, similar to previous reports. A wide range of possible Ca2+ 

transport channels may be involved in this intracellular flow of Ca2+, but we chose 

to focus on the TRPM7 channel, which was previously shown to be upregulated in 

breast tumours with associated calcifications (Mandavilli et al., 2013). Deposition of 

Ca2+ in our MDA-MB-231 model was significantly decreased by two different TRPM7 

channel inhibitors (Fig. 4.15, 4.16).  and also by siRNA knockdown (Fig. 4.18) of the 

channel.  
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Interestingly, many of the previous studies on TRPM7 and calcification have shown 

it to exert a protective effect. TRPM7 is a non-selective cation channel, permeable 

to a range of ions and acts as an important regulator of Mg2+ homeostasis 

(Ryazanova et al., 2010). This role in Mg2+ influx seems to be essential to TRPM7 

mediated protection.  

In vitro studies of vascular calcification have shown that increasing Mg2+ 

concentration upregulates expression of calcification inhibitors including MGP and 

osteopontin, as well as decreasing RUNX2 expression, suppressing ALP activity 

and leading to an overall reduction in levels of deposited calcium   (Xu et al., 2015a, 

Montezano et al., 2010, Montes de Oca et al., 2014). Blockade of TRPM7 activity 

with the one of the same inhibitors used in our studies (2-APB) attenuates many of 

these anti-mineralisation effects and allows for calcification to proceed. In 

agreement with previous studies of other forms of pathological calcification, we 

found a potent anti-mineralisation effect of Mg2+ in our in vitro model, with an almost 

total suppression of calcium deposition in MDA-MB-231 cells cultured in either 1.5 

or 3 mM Mg2+ (Fig. 4.19), as well as significant reductions in ALP activity (Fig. 4.21).  

However, the anti-mineralisation effect of Mg2+ did not appear to be TRPM7 

dependent in our model, as inhibition of TRPM7 channel did not reverse the 

suppression of mineralisation observed in MDA-MB-231 cells grown in OC+Dex 

media with increased Mg2+ levels (Fig. 4.22). Although this finding is in disagreement 

with some of the literature, recently Zhang et al.   demonstrated a pro-calcification 

effect for TRPM7 in VSMCs (Zhang et al., 2017). VSMCs grown in a calcifying media 

containing the same concentration of ɓ-glycerophosphate used in our studies 

(although without dexamethasone) displayed a dose-dependent increase in 

calcification when stimulated with IL-18. This increase was completely blocked by 

either the TRPM7 inhibitor 2-APB or siRNA knockdown of TRPM7. In addition, many 

of the key findings from this study match those of our own. For example, not only 

was TRPM7 expression increased by the presence of calcifying media but the 

addition of 2-APB decreased both calcification and ALP activity. In summary, 

although previous studies have tended to show an anti-mineralisation effect of 

TRPM7 in vascular calcification we have shown strong evidence of a pro-

calcification effect for the channel in the context of breast microcalcifications.  
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Some studies have suggested that breast cancer patients are likely to have lower 

serum Mg2+ levels than control (Abdelgawad et al., 2015, Sartori et al., 1992). 

Decreased serum concentrations would result in a reduction of the anti-

mineralisation effect of Mg2+ and may promote the development of 

microcalcifications. Studies in vascular calcification have drawn similar conclusions, 

with significantly lower serum Mg2+ levels found in patients with calcifications than 

those without (Ishimura et al., 2007). Outside its role in inhibiting their formation, 

several recent studies have shown other interesting links between Mg2+ and 

microcalcifications. Scimeca et al.  used energy dispersive x-ray microanalysis to 

probe the chemical composition of microcalcifications in a group of patients with 

either benign or malignant breast lesions and identified significant amounts of 

magnesium substituted hydroxyapatite, a novel form of microcalcification which was 

only found in malignant lesions (Scimeca et al., 2014). This was followed by a study 

using X-ray diffraction, which found small amounts of the  magnesium-containing 

calcium phosphate crystal whitlockite in calcification samples from breast cancer 

patients (Scott et al., 2016). The percentage of whitlockite found in samples 

increased significantly from benign to in situ lesions to invasive tumours. The clinical 

significance of these findings are not yet fully understood although a recent study 

found increased osteogenic differentiation of mesenchymal stem cells cultured on 

synthetic whitlockite nanoparticles (Kim et al., 2017), suggesting that an initial 

deposition of whitlockite by breast cancer cells could promote further development 

of microcalcifications. 

Whitlockite is formed under acidic conditions (Jang et al., 2014). As tumour cells are 

known to acidify their extracellular environment (Kato et al., 2005), altered pH 

conditions in the tumour vicinity could promote the development of whitlockite 

deposits and may explain the greater concentration of this novel form of 

microcalcification in invasive versus benign lesions. Interestingly, a recent report by 

Zheng et al.  showed that inhibition of carbonic anhydrase 1 (CA1) partially inhibits 

mineralisation in 4T1 cells (Zheng et al., 2015). As many carbonic anhydrase 

isoforms are important regulators of tumour pH (Kato et al., 2005), increased activity 

of these enzymes may be important  in creating the extracellular conditions 

conducive to formation of whitlockite deposits.  
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Carbonic anhydrase activity may also promote development of hydroxyapatite 

calcifications indirectly by facilitating calcium carbonate deposition which can act as 

a seed for subsequent hydroxyapatite formation (Adeva-Andany et al., 2015). 

We did observe a significant reduction in ALP activity in cells cultured under high- 

Mg2+ conditions, which is in agreement with previous studies (Xu et al., 2015a), and 

is likely to form part of Mg2+ôs protective effect. However, as Mg2+ also inhibited 

mineralisation in cells cultured with inorganic Pi (a non ALP-dependent model of 

mineralisation), this cannot be the sole mechanism responsible. We also did not find 

Mg2+ôs protective effect in our model to be dependent on the TRPM7 channel, in 

contrast to several previous studies (Montezano et al., 2010, Sonou et al., 2017).  

Finally, we looked at potential role for the PMCA1 and PMCA2 Ca2+ transporters. 

Although siRNA knockdown of PMCA1 did not alter calcium deposition in MDA-MB-

231 cells, knockdown of PCMA2 decreased calcium deposition by approximately 

30% (Fig. 4.24D). Although we were unable to further investigate any potential 

mechanisms for PMCA2 mediated calcification, it is of interest that expression of 

PMCA2 is strongly correlated with HER2, and PMCA2 regulates proliferation, HER2 

signalling and localization as well as proliferation in the HER2+ SKBR3 cell lines 

(Jeong et al., 2016). As microcalcifications are most commonly found in HER2+ 

tumours (Cen et al., 2017a), the association between PMCA2 and HER2 further 

supports a possible role for PMCA2 in the development of microcalcifications. 

Interestingly, in the course of this chapter we have shown evidence for the 

involvement of both Ca2+ influx (TRPM7) and Ca2+ efflux (PMCA2) channels. 

TRPM7 is expressed in the ductal epithelial layer, and is increased in tumour 

compared to normal tissue (Ouadid-Ahidouch et al., 2012, Guilbert et al., 2009). We 

could not find any reports in the literature on the cellular localisation of TRPM7 in 

breast epithelial cells, but if TRPM7 were to be expressed at the basolateral side 

then it could facilitate Ca2+ entry and accumulation within the cell before PMCA2 

pumps the Ca2+ back out of the cell, into the ductal lumen. In this way, both Ca2+ 

influx (TRPM7) and efflux (PMCA2) channels could be involved in transepithelial 

movement of Ca2+ across the epithelial cell barrier and into the lumen of the duct, 

facilitating formation of calcifications. This transepithelial flow of Ca2+ would, to some 

extent, mimic the normal physiological function of breast tissue, lactation.  
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Calcifications can also sometimes be found during lactation (Joshi et al., 2013), 

when breast epithelial cells undergo considerable remodelling of tissue architecture 

and  increased expression of Ca2+ transport proteins.  

Following entry to the epithelial cell layer at the basolateral side, Ca2+ is either 

directly exported out of the cell into the ductal lumen by PMCA2 or diverted into the 

Golgi system by two the secretory pathway calcium-ATPases, SPCA1 and SPCA2, 

before release via exocytosis (VanHouten et al., 2007).   A recent study by Dang et 

al.  showed that overexpression of SPCA proteins significantly increases calcium 

deposition in breast cancer cells (Dang et al., 2017). Although our findings of a role 

for PMCA2 in MDA-MB-231 mineralisation are preliminary, it is of interest that both 

our group and others have now shown evidence for a pro-mineralisation effect of 

Ca2+ channels known to be important in lactation. Although we did not examine 

changes in intracellular Ca2+ concentration, measurement of any such changes may 

shed light on the precise role of intracellular Ca2+ levels on the development of 

microcalcifications. Similar approaches have been used to demonstrate increased 

cytosolic Ca2+ in models of vascular calcification (Kapustin et al., 2011, Rodenbeck 

et al., 2017).  

Cross et al. recently proposed that microcalcifications could arise from a 

combination of abnormal expression of bone associated proteins combined with 

altered Ca2+ secretion in the absence of Ca2+  buffer proteins (Cross et al., 2014). 

In this chapter, we have shown evidence in support of this theory, with altered 

expression patterns observed in several key calcification inhibitors and promoters. 

Although many of these factors have previously been hypothesised to play a role in 

mammary calcification, this represents the first direct in vitro evidence in their favour 

and further supports the concept of an active, cell mediated process underlying the 

formation of breast microcalcifications.  
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4.4 Summary and conclusions  

In conclusion, our main findings from this chapter are as follows; 

¶ BMP2 is upregulated in OC+Dex treated MDA-MB-231 cells and promotes 

ALP activity and mineralisation. 

¶ PPi is an effective inhibitor of breast cancer mineralisation. Decreased 

ENPP1 expression in mineralising cells may lead to lower levels of this 

important inhibitor molecule.  

¶ RUNX2 is highly expressed in MDA-MB-231 cells and is further increased by 

OC+Dex. Knockdown of RUNX2 expression in MDA-MB-231 cells decreases 

calcification although overexpression by a RUNX2-expressing plasmid does 

not have any significant effect.  

¶ TRPM7 promotes formation of MDA-MB-231 mineralisation, likely by 

supporting intracellular Ca2+ accumulation.  

¶ Increased Mg2+ levels strongly inhibit MDA-MB-231 ALP activity and 

mineralisation. This effect is not dependent on TRPM7 activity.  

¶ Knockdown of PMCA2 decreases formation of microcalcifications.  
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Chapter 5.0  

Inflammation and cancer stemness: 

Investigating potential tumour 

promoting effects of microcalcifications 
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5.1 Introduction 

5.1.1 Tumour promoting effects of microcalcifications  

The presence of mammographic calcifications has been linked to a variety of 

negative prognostic factors, including tumour grade, lymph node involvement and 

risk of recurrence (Table 1.2). In particular, studies from Tabar et al.  have shown 

an unusually aggressive nature for small tumours presenting with associated 

calcifications (Tabár et al., 2000, Tabar et al., 2004). One potential explanation for 

this association is a direct stimulatory effect of calcifications on the tumour and/or 

surrounding tissue.  

In the previous two chapters, we showed altered expression of a number of genes 

in mineralising breast cancer cells. Although most of these genes are most 

commonly studied within the context of mineralisation, they have all been found to 

also play active roles in regulation of breast tumourigenesis. For example, we found 

high expression of RUNX2 in MDA-MB-231 (Fig. 4.8) which was further increased 

following 72 hours culture in OC+Dex media (Fig. 4.9). Although best known as a 

master-regulator of osteoblast differentiation, RUNX2 expression in breast tumours 

has also been linked to tumour invasion and metastasis (Wysokinski et al., 2015). It 

is possible that the altered expression profile we observed in mineralising breast 

cancer cells could affect tumour behaviour and promote a more aggressive 

phenotype. This theory is supported by increased expression of several proteins 

known to promote tumour progression in breast tumours with associated 

calcifications (Scimeca et al., 2014, Bellahcène and Castronovo, 1995, Bellahcène 

et al., 1994). 

A direct effect of calcifications on the tumour is also possible as stimulation of breast 

cancer cells with exogenous hydroxyapatite (HA) nanoparticles results in 

upregulation of numerous inflammatory mediators, including COX2, prostaglandins, 

matrix metalloproteinases and IL-1ɓ (Cooke et al., 2003, Morgan et al., 2001). This 

mechanism is believed to be a Ca2+ signalling dependent process, based on findings 

from studies using fibroblasts in which a two-phase increase in intracellular Ca2+ is 

observed (Halverson et al., 1998). An initial transient spike in intracellular Ca2+, likely 

caused by direct activation of ion channels on the cell membrane, followed by 

phagocytosis and dissolution of the HA crystal resulting in a slower-acting but 

sustained rise in Ca2+ over a number of hours.  
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HA stimulation may also increase proliferation (Morgan et al., 2001) and migration 

(Cox et al., 2012a) in breast cancer cells. 

In the previous two chapters we established an in vitro model of mammary 

calcification using human breast cancer cell lines and utilised it to probe the 

involvement of various promoters and inhibitors or physiological mineralisation as 

well as tumour micro-environmental factors. In this final chapter, we aim to 

investigate potential links between mammary calcifications and tumour promoting 

effects, in particular inflammation and the promotion of cancer stemness. 

In addition, we will present results from a Raman spectroscopy analysis of the 

chemical composition of in vitro calcification samples produced during this thesis as 

well as confirm the in vivo mineralisation potential of the MDA-MB-231 cell line. It is 

hoped that this will further support the applicability of our in vitro model and 

demonstrate its clinical relevance.  

5.1.2 Aims of this chapter 

The primary aims of this chapter are as follows.  

¶ Characterise the inflammatory output of HA stimulated breast cancer cells  

¶ Investigate the influence of inflammatory cytokines on the formation of 

microcalcifications 

¶ Explore any links between mammary calcifications and cancer stemness 

¶ Utilise Raman spectroscopy to characterise the chemical composition of in 

vitro calcification samples 

¶ Confirm the in vivo mineralisation potential of the MDA-MB-231 cell line 
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5.2 Results 

5.2.1 Inflammatory effect of hydroxyapatite on breast cancer cells 

Several previous studies have found significant upregulation of inflammatory 

markers in breast cancer cells treated with HA (Cooke et al., 2003, Morgan et al., 

2001). However, the number of genes analysed is relatively small and only includes 

COX2, IL-1ɓ, MMP1, MMP2 and MMP9. In addition, the effects of HA stimulation 

on the triple-negative MDA-MB-231 cell line has not been previously examined. We 

therefore sought to increase the number of cells with a characterised response to 

HA stimulation, and expand the number of inflammatory markers studied..  

We began by examining expression of COX2, an inflammatory mediator previously 

shown to be significantly upregulated in HA treated MCF-7 and Hs578T breast 

cancer cells (Cooke et al., 2003). Serum-starved (0.5 % FBS overnight) MDA-MB-

231 cells were incubated with HA at a concentration of 50, 100, or 200 µg/cm2. HA 

concentration was measured in µg/cm2 as the crystals are comprised of an insoluble 

precipitate which rapidly sinks to the bottom of a tissue culture plate once added. 

Calculating HA concentration by surface area, rather than volume allowed for a 

consistent exposure between different plate sizes. Exposure to HA significantly 

upregulated COX2 expression in MDA-MB-231 cells, with all tested concentrations 

(Fig. 5.1) HA used at a concentration of 200 µg/cm2 had the greatest effect, with a 

5.3-fold increase in COX2 expression compared to control (**P<0.01) although this 

was not found to be significantly greater than other concentrations.  

A previous dose-response of COX2 stimulation by HA showed maximum 

upregulation between 100 and 180 µg/cm2 (Cooke et al., 2003). Based on this, and 

our finding of no major differences between any of our tested concentrations, we 

elected to continue the rest our study using HA at a concentration of 100 µg/cm2.  
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Figure 5.1 Hydroxyapatite upregulates COX2 in MDA-MB-231 cells.  qPCR analysis of COX2 
expression in serum-starved MDA-MB-231 cells treated with 50, 100 or 200 µg/cm2 HA for 24 hours. 
Each point represents mean + SD (N=4). Statistical significance was determined by one-way 
ANOVA. *P<0.05, **P<0.01. 

 

We next decided to investigate expression of IL-6, which has been highlighted in 

other studies of pathological calcification (Fukuyo et al., 2014), HAïinduced 

inflammatory conditions (Jin et al., 2011) and breast cancer (Knupfer and Preiss, 

2007). Stimulation of serum-starved MDA-MB-231 cells with 100 µg/cm2  HA 

resulted in a 3.7-fold increase in IL-6 expression after 24 hours (Fig. 5.2 A). Robust 

induction of IL-6 expression was also confirmed in cells grown in full serum media 

(10% FBS), with similar levels of upregulation observed. Increased IL-6 production 

was also confirmed by ELISA analysis, with IL-6 levels in conditioned media from 

HA-stimulated cells increased to 565.4 ± 53 pg/mL, compared to 245.1 ± 49.99 

pg/mL in control samples (Fig. 5.2 B).  

Stimulation of breast cancer cells by HA nanoparticles has previously been shown 

to require direct cell-crystal contact, phagocytosis and intracellular crystal 

dissolution (Cooke et al., 2003). Blockade of this interaction inhibits the mitogenic 

effect of HA in breast cancer cells. However, a potential role for Ca2+ influx has not 

previously been explored in its inflammatory effect.  
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Figure 5.2 Hydroxyapatite upregulates IL-6 in MDA-MB-231 cells. qPCR analysis of IL-6 
expression in cells grown in 0.5 or 10 % FBS media stimulated for 24 hours with 100 µg/cm2  HA (A). 
Increased IL-6 expression was confirmed by ELISA in 0.5% FBS samples (B). Each point represents 
mean + SD (qPCR, N=3. ELISA, N=10). Statistical significance was determined by one-way ANOVA. 
*P<0.05, **P<0.01, ***P<0.001. 

We next examined HA-stimulation of IL-6 in cells in the presence of the intracellular 

Ca2+ chelator BAPTA-AM, shown in the previous chapter to inhibit MDA-MB-231 

mineralisation (Fig. 4.13). We found that inhibition of intracellular Ca2+ accumulation 

by administering BAPTA-AM 4 hours prior to HA exposure completely blocked any 

increase in IL-6 expression. qPCR analysis showed a 3.8-fold increase in IL-6 

expression in HA-stimulated MDA-MB-231 cells (Fig. 5.3 A).  
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No significant increases were seen in cells pre-treated with BAPTA-AM. Similar 

results were seen by ELISA analysis, with a significant increase in IL-6 levels of 

conditioned media taken from HA-treated cells that was blocked by prior treatment 

with BAPTA-AM (Fig. 5.3 B). In addition to crystal dissolution, HA may also raise 

intracellular Ca2+ levels by direct activation of membrane bound ion channels 

(Halverson et al., 1998). Intake of Ca2+ via the TRPM7 channel, which was shown 

in the previous chapter to be involved in formation of microcalcifications (Fig. 4.15-

4.18), has also been demonstrated to regulate activation of signal transducer and 

activator of transcription factor 3 (STAT3), an important component of the IL-6 

signalling pathway (Davis et al., 2014). We hypothesised that activation of TRPM7 

activity could be involved in induction of IL-6 expression by HA. Inhibition of TRPM7-

mediated Ca2+ influx by prior treatment with NS8593 did not alter expression of IL-

6 in HA-stimulated MDA-MB-231 cells, indicating that activation of the TRPM7 

channel is not involved in the inflammatory effect of HA in breast cancer (Fig. 5.3).  

Figure 5.3 Upregulation of IL-6 in hydroxyapatite-stimulated cells is inhibited by intracellular 
Ca2+ chelation.  IL-6 production in serum starved MDA-MB-231 24 hours post stimulation with 100 
µg/cm2 HA was assessed by qPCR (A) and ELISA (B). Cells were treated with 20 µM BAPTA-AM or 
vehicle control 4 hours prior to HA stimulation. HA induced an approximate 4-fold increase in IL-6 
levels, which was blocked by prior treatment with BAPTA-AM. Upregulation of IL-6 was unaffected 
by inhibition of TRPM7 by 20 µM NS8593 (C). Each point represents mean + SD (N=3, qPCR. N=4, 
ELISA). Statistical significance was determined by one-way ANOVA. *P<0.05. 
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5.2.2 THP-1 monocytes and HA stimulation 

Secretion of inflammatory cytokines from tumour cells can influence other cells in 

the microenvironment. Tumour associated macrophages (TAMs) can comprise up 

to 50% of a tumours volume (Vinogradov et al., 2014) and are potent promoters of 

tumour growth and metastasis. The human monocytic THP-1 cell line can be 

differentiated into macrophages by stimulation with phorbol 12-myristate 13-acetate 

(PMA) and used as in vitro studies of TAM function (Genin et al., 2015).  

We first tested the effect of direct HA stimulation on THP-1 macrophages (Fig. 5.4 

A). IL- 1ɓ was highly upregulated in HA stimulated THP-1 cells (6.4-fold increase, P 

<0.0001). In contrast, although IL-6 and COX2 were both strongly upregulated in 

MDA-MB-231 cells, HA stimulation did not have any significant effect on either of 

these genes in the THP-1 cell line. To test if the increased expression of 

inflammatory markers observed in HA stimulated MDA-MB-231 cells could influence 

TAMs, we stimulated MDA-MB-231 cells for 24 hours in serum-free media with HA 

and used the conditioned media (CM) to stimulate PMA-derived THP-1 

macrophages (Fig. 5.4 A). Control media was generated by culturing MDA-MB-231 

cells in serum-free media for 24 hours. Control CM increased IL-6 expression in 

THP-1 3.6-fold (P <0.05), COX2 expression 2.5-fold (P < 0.05) and IL- ɓ 4-fold (n.s). 

In all three tested genes, expression tended to be increased to a greater extent by 

conditioned media from HA stimulated MDA-MB-231 cells, however none of these 

changes were found significant.  
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Figure 5.4 Increased expression of inflammatory markers in THP-1 macrophages following 
stimulation with HA or MDA-MB-231 conditioned media. PMA-derived THP-1 macrophages were 
treated with 100 µg/cm2 HA or conditioned media from MDA-MB-231 cells for 24 hours. Direct 
stimulation with HA increased IL- ɓ significantly (A). Conditioned media from MDA-MB-231 cells (231 
CM) increased expression in all three markers with media taken from HA stimulated cells (231 CM-
HA) tending to induce a greater increase (B). All data points represent the mean + SD (A N=5, B 
N=4). Statistical significance was determined by one-way ANOVA. *P<0.05, **P<0.01, ***P<0.001, 
****P<0.0001. 
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5.2.3 Inflammatory cytokines and formation of microcalcifications 

After demonstrating significant upregulation of IL-6 in HA-stimulated breast cancer 

cells, we next wanted to determine if IL-6 played any role in the formation of 

mineralisations. IL-6 signals through a receptor complex consisting of the gp130 

subunit, common to several cytokine receptors, and the IL-6 receptor. IL-6 can also 

bind to a soluble form of the IL-6 receptor (sIL-6R), produced by enzymatic cleavage 

or alternative splicing to activate an alternative, trans-signalling pathway (Fig. 5.5 A) 

(Mihara et al., 2012). MDA-MB-231 cells have been shown to express high levels of 

IL-6, and the gp130 receptor subunit although studies have disagreed on their 

expression level of IL-6R (Zhong et al., 2016, Douglas et al., 1997, Bharti et al., 

2015, Casneuf et al., 2016).  As the MDA-MB-231 cell line may not express 

membrane bound IL-6R, and addition of exogenous sIL-6R has previously been 

shown to activate IL-6 signalling in cells without sufficient IL-6R, we tested the effect 

of both IL-6 and sIL-6R on MDA-MB-231 mineralisation.  

MDA-MB-231 cells were cultured with OC+Dex and either IL-6, sIL-6R or a 

combination of both at a concentration of 100 ng/mL. Whilst IL-6 had no significant 

impact on calcium deposition, addition of sIL-6R at 100 ng/mL significantly 

increased MDA-MB-231 calcification as measured by Alizarin Red S staining and 

quantitative analysis (Fig. 5.5 B, C). Unusually, when sIL-6R was used in 

combination with IL-6, the increase in mineralisation was repressed.  Analysis of 

ALP activity did not reveal any significant differences between cells cultured with IL-

6 or sIL-6R (Fig. 5.5 D).  

We also assessed mineralisation in cells cultured in OC media without 

dexamethasone. As previously seen, no positive Alizarin Red S staining was 

observed in cells cultured in OC media alone (Fig. 5.6 A). Addition of either IL-6 or 

sIL-6R did not induce MDA-MB-231 mineralisation, although positive staining was 

observed in cells cultured with both, indicating the first time we observed a positive 

mineralisation results in MDA-MB-231 cells without either dexamethasone or 

exogenous ALP. Positive mineralisation was confirmed by OCP assay, which 

confirmed a significant increase in calcium deposition in cells cultured with both IL-

6 and sIL-6R compared to control values: calcium content of cells from IL-6/sIL-6R 

was increased over 3-fold compared to control samples (181 v 50 ppm/mg, P < 

0.05).  
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Figure 5.5 sIL-6R promotes MDA-MB-231 mineralisation. IL-6 activated either a classic or trans-
signalling pathway depending on the presence of membrane-bound or soluble IL-6R (A). 
Representative images (10X) were captured of Alizarin Red S stained MDA-MB-231 cells following 
28 days incubation with OC+Dex and the indicated cytokines (A). All cytokines were tested at 100 
ng/mL. Addition of sIL-6R at 100ng/mL increased MDA-MB-231 calcification as measured by OCP 
assay (C). No difference was found in ALP activity of cells cultured for 14 days with the indicated 
cytokines (D). Each point represents mean + SD. (OCP N=3, ALP N=4). Statistical significance was 
determined by one-way ANOVA *P<0.05. Scale bar represents 50 µm. 
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Figure 5.6 Activation of IL-6 trans-signalling pathway promotes MDA-MB-231 mineralisation. 
Representative images (10X) were captured of Alizarin Red S stained MDA-MB-231 cells following 
28 days incubation with OC and the indicated cytokines (A). IL-6 and sIL-6R were used at 100 ng/mL. 
Addition of IL-6/sIL-6R at 100ng/mL increased MDA-MB-231 calcification as measured by OCP 
assay (B). Each point represents mean + SD. (N=4). Statistical significance was determined by one-
way ANOVA *P<0.05, **P<0.05. Scale bar represents 50 µm. 

 

Stimulation of IL-6 signalling results in activation of several downstream signalling 

pathways including recruitment of Janus kinases (JAK) and phosphorylation of  

STAT3 (Scheller et al., 2011). As we did not observe any stimulatory effect for IL-6 

alone in the MDA-MB-231 cell line, we examined changes in STAT3 

phosphorylation in MDA-MB-231 cells by western blot. Although stimulation by IL-6 

or sIL-6R alone did not cause any change in pSTAT3, co-stimulation of the two 

resulted in increased STAT3 phosphorylation in MDA-MB-231 cells (Fig. 5.7 A). 

Some studies have also found that despite high expression of IL-6 by the MDA-MB-

231 cell line, they are unresponsive to stimulation with exogenous IL-6 and may not 

express IL-6R (Casneuf et al., 2016, Zhong et al., 2016). However, there is some 
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the MDA-MB-231 cell line (Chiu et al., 1996, Bharti et al., 2017). 
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In the hope of addressing this discrepancy, we next examined expression of three 

components of the IL-6 signalling pathway; the gp130 receptor subunit and both 

membrane-bound and soluble IL-6R in both MDA-MB-231 and SKBR3 cells. 

Expression of IL-6 signalling genes was also investigated in cells cultured in control 

or OC+Dex media. Although we observed high expression of gp130 in both MDA-

MB-231 and SKBR3 cells, expression of both membrane-bound and soluble IL-6R 

was only found in SKBR3 cells (Fig. 5.7 A).  The presence of OC+Dex media also 

appeared to slightly increase levels of IL-6R in SKBR3 cells.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5.7 MDA-MB-231 cells are unresponsive to IL-6 without sIL-6R co-stimulation.  The level 
of phosphorylated STAT3 (pSTAT3) versus total STAT3 in MDA-MB-231 cells was examined by 
western blot 24 hours after stimulation with 100 ng/mL of IL-6, sIL-6R or both (A). Expression of IL-
6 signalling pathway components gp130, membrane-bound IL-6R (mIL-6R) and soluble IL-6R (sIL-
6R) was examined in MDA-MB-231 and SKBR3 cells, cultured in control and OC+Dex media for 72 
hours was examined by PCR and visualised by agarose gel electrophoresis.  
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In agreement with previous studies (Garcia et al., 2001), both cell lines displayed a 

significant level of constitutive STAT3 phosphorylation The presence of OC+Dex 

media did not result in any alteration in pSTAT3 in MDA-MB-231 cell line (Fig. 5.8 

A). In contrast, OC+Dex media enhanced STAT3 phosphorylation almost 3-fold in 

the SKBR3 cell line. (Fig. 5.8 B, C).  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5.8 OC+Dex promotes STAT3 phosphorylation in SKBR3 cells.  Levels of phosphorylated 
STAT3 versus total STAT3 was examined by western blot in MDA-MB-231 (A) and SKBR3 (B) cells. 
Cells were cultured in control and OC+Dex (MDA-MB-231) or control, OC and OC+Dex media 
(SKBR3) for 72 hours prior to analysis. Densitometry revealed significant increases in STAT3 
phosphorylation in SKBR3 cells cultured in OC+Dex media (C). Each point represents mean + SD. 
(N=3). Statistical significance was determined by one-way ANOVA *P<0.05.  
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Finally, we examined the effect of inhibiting pSTAT3 on the formation of 

calcifications as a similar strategy was previously shown to reduce osteogenic 

transformation and calcium mineralisation in a study of adipose derived stromal cells 

(Huh and Lee, 2013). Administration of the pSTAT3 inhibitor JSI-124 at a 

concentration of 100 nM decreased calcium deposition and ALP activity in MDA-

MB-231 cells by approximately 70% and 40% respectively (Fig. 5.9 A, B).  

Unusually, despite functioning as an inhibitor of STAT3 phosphorylation and 

successfully inhibiting mineralisation, we did not observe any detectable decrease 

in pSTAT3 levels in MDA-MB-231 cells treated for 24 hours with JSI-124 (Fig. 5.9 

C, D).   

 

 

 

 

 

 

 

 

 

Figure 5.9 JSI-124 and MDA-MB-231 mineralisation. MDA-MB-231 cells grown in OC+Dex media 
with 100 nM JSI-124 or vehicle control for 14 days displayed significantly reduced mineralisation (A) 
and ALP activity (B). Analysis of pSTAT3 levels by western blot did not reveal any detectable 
changes after 24 hours (C, D). Each point represents mean + SD. (A,C,D N=3, B N=2). Statistical 
significance was determined by one-way ANOVA or student t-test *P<0.05.  
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We also examined two other inflammatory cytokines for possible roles in formation 

of microcalcifications. IL-1ɓ and TNF-Ŭ have previously been shown to both promote 

and inhibit vascular calcification, depending on concentration (Lencel et al., 2010).  

We cultured MDA-MB-231 cells for 28 days in OC+Dex media, with IL-1ɓ and TNF-

Ŭ at various concentrations. We observed a highly significant inhibitory effect for 

both cytokines in the development of breast calcifications. We first tested each 

cytokine individually at relatively high concentrations (10 and 100 ng/mL). A 

complete absence of positive Alizarin Red S staining was observed in cells cultured 

with either cytokine at both tested concentrations (Fig. 5.10 A). We next tested both 

cytokine in OC media without dexamethasone, as some studies have shown that 

these inflammatory cytokine can replace the osteogenic signal of dexamethasone 

in in vitro models of mineralisation in other cell types, similar to our previous findings 

with IL-6+sIL-6R (Ferreira et al., 2013). Our results in contrast, did not show any 

pro-osteogenic effect of either IL-1ɓ or TNF-Ŭ in OC media alone, with no positive 

Alizarin Red S staining observed in MDA-MB-231 cells cultured for 28 days in OC 

media with 10 or 100 ng/mL IL-1ɓ or TNF-Ŭ (Fig. 5.10 B).  

We also tested the cytokines in combination and at lower concentrations, as some 

studies have shown lower concentrations to promote a greater osteogenic effect 

(Huang et al., 2011). Results were similar to those seen with higher doses, with both 

IL-1ɓ and TNF-Ŭ completely blocking MDA-MB-231 mineralisation even at a 

concentration of only 0.1 ng/mL (Fig. 5.10 C). A combination of both cytokines at 

0.1, 0.5 or 1 ng/mL also inhibited mineralisation.   

Finally, we examined the effect of IL-1ɓ and TNF-Ŭ on ALP activity. Analysis of ALP 

activity in MDA-MB-231 cells cultured in OC+Dex media for 14 days showed 

significant decreases when either cytokine was included. IL-1ɓ at a concentration of 

10 or 100 ng/mL decreased ALP activity by 60 and 70% respectively (Fig. 5.11 A), 

whilst TNF-Ŭ was even more effective, with 100 ng/mL TNF-Ŭ decreasing ALP 

activity by almost 95% (P < 0.01, Fig. 5.11 B). 
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Figure 5.10 Suppression of MDA-MB-231 mineralisation by inflammatory cytokines IL-1β and 
TNF-α. Representative images (N=2) shown at 10X magnification of MDA-MB-231 cells grown for 
28 days in OC+Dex media with IL-1ɓ and TNF-Ŭ at the indicated concentrations (ng/mL) showed a 
complete loss of Alizarin Red S staining in cells grown in the presence of any tested concentration 
of cytokines (A). Neither cytokine induced mineralisation in cells grown in OC media without 
dexamethasone (B). Low dose and combination treatment of both cytokines also decreased Alizarin 
Red S staining (C). Scale bar represents 50 µm. 
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Figure 5.11 Suppression of MDA-MB-231 ALP activity by inflammatory cytokines IL-1β and 
TNF-α. Analysis of ALP activity in MDA-MB-231 cells cultured for 14 days in OC+Dex media with IL-
1ɓ (A) or TNF-Ŭ (B) at the indicated concentration revealed significant decreases for both cytokines. 
Each point represents mean + SD. (N=3). Statistical significance was determined by one-way 
ANOVA *P<0.05, **P<0.05.  

 

 
 

5.2.4 Microcalcifications and cancer stem cells 

Cancer stem cells (CSCs) are cancer cells that display features typical of normal 

stem cells, including self-renewal and differentiation into multiple cell types (Borah 

et al., 2015). CSCs are an active area of research, as their enhanced ability to form 

new tumours make them a significant contributor to metastasis and recurrence 

(Chang, 2016). Tumoursphere cultures have been shown to be an effective in vitro 

model of cancer stemness (Lee et al., 2016). Tumourspheres are generated by 

forcing adherent cancer cells to grow as a suspension culture by seeding cells into 

tissue-culture plates coated with the hydrogel poly2-hydroxyethyl methacrylate 

(pHEMA), which forms a highly hydrophilic layer that prevents cell adhesion. Cells 

are grown in a serum free media (DMEM/F12) supplemented with EGF and the 

serum-free supplement B27. Breast cancer cell lines grown as tumoursphere 

cultures are enriched for cells with stem-cell properties and have enhanced 

tumourgenicity (Wang et al., 2014). 
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Cancer stemness is closely associated with another pro-tumourigenic pathway, 

epithelial-mesenchymal transition (EMT). EMT results in a loss of cellular adhesion 

and acquisition of a migratory, invasive phenotype (Felipe Lima et al., 2016) and 

has previously been suggested to play a role in formation of microcalcifications. 

Scimeca et al.  found greater immunohistochemical staining for the mesenchymal 

marker vimentin in breast tumours with associated calcifications than those without 

and suggested that acquisition of a mesenchymal phenotype could lead to 

generation of breast cancer cells with osteoblast like activity and deposition of 

calcium (Scimeca et al., 2014).  

We first examined if culturing breast cancer cells could promote the formation of 

cancer stem cells. We seeded MDA-MB-231 cells into pHEMA coated plates and 

cultured them for 7 days in either the presence or absence of OC+Dex 

supplementation. Formation of tumourspheres was assessed by light microscopy at 

days 3, 5 and 7. We observed successful formation of tumourspheres in the MDA-

MB-231 cell line (Fig. 5.12). After 3 days, cells grown in control media displayed a 

tumoursphere forming efficiency (TFE, calculated by dividing the number of spheres 

counted by the number of cells initially seeded and expressed as a percentage) of 

0.47. This remained largely stable, and did not increase over time. In contrast, cells 

cultured in media with OC+Dex supplementation had a TFE of 0.835, which 

continually increased over the course of the experiment. By day 7, cells in OC+Dex 

media formed 3.5 times more spheres than those in control media (P > 0.05).  

We next repeated the experiment with another mineralisation capable cell lines, the 

HER2+ SKBR3. Results were largely the same, with a continual increase in sphere 

formation in cells cultured in OC+Dex media versus control (Fig. 5.13). SKBR3 cells 

grown in control media also displayed a slightly higher TFE than MDA-MB-231 cells. 
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Figure 5.12 Tumoursphere formation in MDA-MB-231 cells. Representative images (10X 
magnification) of MDA-MB-231 cells cultured in non-adherent pHEMA coated plates (A). Analysis of 
sphere formation by counting under light microscopy reveals significant increases in sphere 
formation in cells cultured with OC+Dex media (B). Each point represents mean + SD. (N=4). 
Statistical significance was determined by two-way ANOVA *P<0.05. Scale bar represents 50 µm. 
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Figure 5.13 Tumoursphere formation in SKBR3 cells. Representative images (10X magnification) 
of SKBR3 cells cultured in non-adherent pHEMA coated plates (A). Analysis of sphere formation by 
counting under light microscopy reveals significant increases in sphere formation in cells cultured 
with OC+Dex media (B). Each point represents mean + SD (N=3). Statistical significance was 
determined by two-way ANOVA. *P<0.05. Scale bar represents 50 µm. 

Although the 7 day length of our tumoursphere assay was shorter than the time 

frame at which initial mineralisation is usually observed in the MDA-MB-231 cell line 

(day 11 -14), we collected tumourspheres at the end of each assay to examine if 

any calcifications has been formed within the spheres. Tumourspheres were 

collected and deposited onto poly-lysine coated microscope slides using a 

cytocentrifuge and stained with Alizarin Red S, following normal procedure. 
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 Although the deposited layer was significantly denser in cells from OC+Dex media 

(confirming a greater number of viable tumourspheres in these wells, as compared 

to controls) no noticeable staining was observed in either control or OC+Dex sides 

(Fig. 5.14 A). We also stained the pHEMA coated plates to check for any 

calcifications that may have formed on the tumourspheres before falling to the 

bottom of the plates. No positive staining was observed in any of the plates (data 

not shown), although it is worth noting that if any calcifications potentially did form, 

due to the low number of cells seeded per well (5,000) they would likely be extremely 

small and low in number, and possibly beyond the detection capability of this stain. 

In addition, the pHEMA coating absorbed a significant amount of the Alizarin Red S 

stain, resulting in a uniform orange colour across all wells, further complicating 

identification of any areas of positive staining. A separated set of replicates were 

pelleted, and incubated with nitric acid for 1 hour to extract any deposited calcium 

on the surface of tumourspheres.  No increases in calcium content was observed in 

cells incubated in OC+Dex media (Fig. 5.14 B).  

 

 

 

 

 

 

 

Figure 5.14 MDA-MB-231 do not mineralise as tumoursphere cultures.  Alizarin Red S staining 
MDA-MB-231 cells grown as tumourspheres for 7 days and cytospun onto poly-lysine coated slides 
does not show any evidence of mineralisation (A). Representative images (N=3) are shown here at 
10X magnification. OCP analysis of calcium content of pelleted tumourspheres also showed no 
significant difference. All data points represent mean + SD (N=3). Statistical significance was 
analysed by student t-test. Scale bar represents 50 µm. 
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Cell stemness is often correlated with changes in expression in a number of 

transcription factors, including Nanog, Oct4 and Sox2 (Apostolou et al., 2012). 

Similarly, the EMT process is often characterised by a decrease in epithelial markers 

(E-cadherin) and an increase in mesenchymal markers (Vimentin, Snail, Twist) 

(Zeisberg and Neilson, 2009). We next examined the effect of OC+Dex media on 

expression of a panel of markers for both cell stemness and EMT.  

Expression of both E-cadherin and vimentin was decreased by a small but 

statistically significant amount (Fig. 5.15 A). Decreased expression of the EMT 

transcription factors Snail and Twist was also observed, although only Twist was 

found to be significant. Results were similar for markers of stemness, with significant 

decreases in Sox2 and Oct4, and a trend towards decreased Nanog (Fig. 5.15 B). 

We also examined expression of these genes in the SKBR3 cell line. Note, we were 

unable to examine expression of E-cadherin in the SKBR3 cell line, as expression 

was only detected at high Ct values, which are unlikely to be reliable. No significant 

changes were detected in the mesenchymal markers vimentin and Snail (Fig. 5.16 

A). Stemness markers displayed a trend towards decreased expression although 

only Sox2 was found to be significant (Fig. 5.16 B). 
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Figure 5.15 Effect of OC+Dex on expression of EMT and cancer stemness markers in MDA-
MB-231 cells. Expression of markers of EMT (A) and cancer stemness (B) in MDA-MB-231 cells 
was analysed following 72-hours culture in control or OC+Dex media. Each point represents mean 
+ SD. (N=4). All statistical significance was analysed by student t-test. *P<0.05. 
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Figure 5.16 Effect of OC+Dex on expression of EMT and cancer stemness markers in SKBR3 
cells. Expression of markers of EMT (A) and cancer stemness (B) in SKBR3 cells was analysed 
following 72-hours culture in control or OC+Dex media. Each point represents mean + SD. (N=4). All 
statistical significance was analysed by student t-test. *P<0.05 
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TRPM7 channel activity has been shown to regulate glioma stem cell formation (Liu 

et al., 2014) and maintain progenitor-like features in neuroblastoma (Middelbeek et 

al., 2012). However, to the best of our knowledge, a possible role for the channel in 

breast cancer stem cells has not been investigated. We first analysed if inhibition of 

TRPM7 by the NS8593 compound previously used within our studies could alter 

formation of MDA-MB-231 tumourspheres. MDA-MB-231 cells were cultured in 

control or OC+Dex media, in the presence of absence of 20 µM NS8593. Formation 

of tumourspheres was assessed after 7 days (Fig. 5.17). As seen previously, cells 

cultured in OC+Dex media formed significantly more tumourspheres than cells in 

control media (2.5-fold increase, P < 0.05). Inhibition of TRPM7 partially blocked 

this increase (1.9-fold increase). Compared to cells grown in OC+Dex media alone, 

cells grown in OC+Dex media with NS8593 displayed a trend towards decreased 

sphere formation, with approximately 25% fewer tumourspheres counted at day 7, 

although this trend did not reach statistical significance (P=0.46). Addition of 20 µM 

NS8593 to cells in control media decreased tumoursphere formation by 30%, 

although this effect was also not found significant.  

 

Figure 5.17 Effect of TRPM7 channel inhibition on MDA-MB-231 tumoursphere formation.  
Analysis of sphere formation in MDA-MB-231 cells cultured in non-adherent pHEMA coated plates 
for 7 days in control or OC+Dex media, with 20 µM of the TRPM7 inhibitor NS8593 or vehicle control. 
Each point represents mean + SD. (N=3). Statistical significance was determined by two-way 
ANOVA, *P<0.05. 
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As a trend was observed towards decreased tumoursphere formation in MDA-MB-

231 cells with inhibited TRPM7 function, we elected to try another approach. MDA-

MB-231 cells were transfected with TRPM7 siRNA or a negative control siRNA. 

Results from our previous chapter showed a 60% decrease in TRPM7 expression 

72 hours post-transfection (Fig. 4.18 A).  Cells were harvested at this point and 

assayed for tumoursphere formation. We also chose to use a shorter time-point for 

this experiment to ensure that any alteration in sphere formation was captured in 

the time frame in which siRNA knockdown was likely to still be active.   

Cells treated with a control siRNA and grown in OC+Dex media formed almost twice 

as many tumourspheres (1.9-fold increase, P < 0.05) as those grown in control 

media (Fig. 5.18). Cells treated with a TRPM7 targeting siRNA did not exhibit as 

great of an increase in tumoursphere formation (1.35-fold) following incubation with 

OC+Dex media. Similar to results with NS8593, a direct comparison between the 

sphere forming capability of control-siRNA and TRPM7-siRNA in either control or 

OC+Dex media showed a trend towards decreased formation, although neither 

reached statistical significance.  

Finally, we analysed expression of a panel of EMT and cancer stemness markers 

in MDA-MB-231 cells transfected with TRPM7 siRNA. Loss of TRPM7 expression 

had a significant effect on expression of EMT markers (Fig. 5.19 A).  Expression of 

the mesenchymal markers vimentin and Snail were significantly decreased by 25 

and 30% respectively, whilst the epithelial marker E-cadherin was upregulated 

almost 2-fold.  Decreased expression of the EMT transcription factor Twist did not 

reach statistical significance (P=0.1825).  

In an analysis of stemness markers, downregulation of all three tested markers 

(Nanog, Sox2 and Oct4) also did not reach the level of statistical significance (Fig. 

5.19 B). 
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Figure 5.18 Effect of TRPM7 siRNA knockdown on formation of MDA-MB-231 tumourspheres. 
MDA-MB-231 cells cultured in control or OC+Dex media in were assessed for tumoursphere 
formation after 7 days. Cells were transfected with a TRPM7 targeting siRNA or a negative control 
siRNA 72 hours prior to plating in tumoursphere assays. Representative images shown at 10X 
magnification (A). OC+Dex media induced significant increases in sphere formation which were 
partially blocked by TRPM7 knockdown (B). Each point represents mean + SD. (N=3). All statistical 
significance was analysed by two-way ANOVA. *P<0.05. Scale bar represents 50 µm. 
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Figure 5.19 Effect of TRPM7 knockdown on expression of EMT and cancer stemness markers 
in MDA-MB-231 cells. Expression of markers of EMT (A) and cancer stemness (B) in MDA-MB-231 
cells was analysed 72-hours post transfection with a control or TRPM7 targeting siRNA. Each point 
represents mean + SD. (N=3). All statistical significance was analysed by student t-test. *P<0.05. 
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5.2.5 In vivo mineralisation of MDA-MB-231 cells 

Previous studies from our lab using the 4T1 and 4T1.2 murine cell lines confirmed 

that these cells could successfully produce mineralisations in an in vivo setting. To 

ensure that the MDA-MB-231 cell line utilised for the majority of experiments in this 

thesis displayed similar in vivo mineralisation ability, we acquired tissue samples 

from a xenograft model, using the same MDA-MB-231 cell line. In vivo samples were 

generated and kindly provided by Dr. Will Brackenbury (University of York, U.K.). 1 

× 106 MDA-MB-231-GFP cells were suspended in Matrigel and injected into the 

inguinal mammary fat pads of Rag2ī/ī Il2rgī/ī mice. Mice were euthanized when 

primary tumours reached 10% of starting body weight, or at the first sign of 

discomfort from metastasis. Tumours were fixed in paraformaldehyde and frozen 

before cryosections were cut and transferred to glass slides. Sections were stained 

by Alizarin Red S.   

Upon staining with Alizarin Red S, significant levels of mineralisation were readily 

observed in the tumour tissue (Fig. 5.20). The fact that the MDA-MB-231 cell line 

forms mineralisation in an in vivo setting, without any of the exogenous reagents 

utilised in in vitro assays help to confirm the suitability of the cell line for our in vitro 

studies and demonstrate that any positive mineralisation are not an experimental 

artefact generated through artificial manipulation of the cell line. 

 

 

 

 

 

 

 

 

Figure 5.20 In vivo mineralisation of the MDA-MB-231 cell line. Alizarin Red S stained section of 
breast tumour tissue generated by injection of MDA-MB-231 cells into the inguinal mammary fat pads 
of Rag2ī/ī Il2rgī/ī mice. Tumours were fixed in paraformaldehyde, frozen before cryosections were 
cut and transferred to glass slides. Sections were stained by Alizarin Red S as previously described.   
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5.2.6 Raman analysis of in vitro microcalcification samples 

Raman spectroscopy has been shown in several studies to be an effective analysis 

technique for the study of breast microcalcifications (Barman et al., 2013, Haka et 

al., 2002, Saha et al., 2011) and offers the potential to discriminate type I (calcium 

oxalate) from type II (hydroxyapatite) calcifications. This is clinically relevant as 

hydroxyapatite calcifications are significantly more likely to be associated with 

malignancy (Frappart et al., 1984). To ensure that the calcifications produced in our 

model were representative of malignancy associated calcifications, we elected to 

examine the chemical composition of in vitro generated samples of 

microcalcifications. We also wished to analyse if the experimental technique used 

to induce mineralisation had any effect on the chemical composition of any 

subsequent calcifications. During the course of this thesis, we have induced 

mineralisation in breast cancer cells both through the organic Pi source ɓ-

glycerophosphate and the direct addition of inorganic sodium phosphate. We 

therefore tested cells cultured with 10 mM of ɓ-glycerophosphate or sodium 

phosphate.  Apart from the source of Pi, all other media components (ascorbic acid, 

dexamethasone) were identical between the treatment groups.  

In order to provide optimum conditions for Raman analysis, cells were cultured on 

ñwindowsò of calcium fluoride (CaF2), which provides transmission of a wide range 

of wavelengths with minimal interference. We first examined if MDA-MB-231 cells 

would adhere to CaF2 windows and mineralise in a similar manner to cells grown on 

standard tissue culture plates. CaF2 windows were placed inside 6-well tissue 

culture plates and incubated in DMEM media for 1 hour prior to being seeded with 

MDA-MB-231 cells. 24 hours later, after confirming successful adherence of the 

cells to CaF2 windows, each plate was switched to control media or either of our two 

formulations of mineralisation media and cultured for up to 14 days (Fig. 5.21 A), 

with replicates taken off at days 3, 7, 11 and 14. 

Although we could not directly stain the CaF2 windows with Alizarin Red S or von 

Kossa (which would interfere with Raman analysis) to verify successful 

mineralisation, a set of plates were grown in parallel to monitor development of 

calcifications. Alizarin Red S staining revealed initial mineralisation in cells cultured 

in Pi+Dex media at day 3, gradually increasing in intensity over the remainder of the 

time course (Fig. 5.21 B). Mineralisation was slower to initiate in OC+Dex wells, with 

positive staining first observed at day 11. No positive staining was seen in Control 
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wells at any stage. Although we did observe a significant level of cell death in cells 

cultured on CaF2 windows with inorganic Pi, this did not seem to interfere with 

generation of a Raman spectra from these plates. Representative image of a single 

replicate are shown below (Fig. 5.22 A). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5.21 Mineralisation of MDA-MB-231 cells grown on CaF2 windows. Representative 
images (10X magnification) of MDA-MB-231 cells grown on CaF2 windows for up to 14 days in control 
media, or media supplemented with 50 µg/mL ascorbic acid, 100 nM dexamethasone and 10 mM of 
either ɓ-glycerophosphate (OC+Dex) or sodium phosphate (Pi+Dex) (A). A parallel set of plates were 
stained with Alizarin Red S to monitor development of calcifications (B). Scale bar represents 50 µm. 
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All samples were fixed in 10% formalin for 30 minutes and shipped to University of 

Exeter for analysis by Pascaline Bouzy (Prof. Nick Stone lab). An average of 40 

spectra per sample were captured using a 100 mW infrared (830 nm) excitation 

beam. Averaged results from one replicate are shown below.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure continued below 

Average of 40 spectra extracted for each condition (Control, Pi+Dex and OC+Dex) 

(A) 

(B)
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Figure continued 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5.22 Raman analysis of mineralising MDA-MB-231 cells. Raman spectra gathered from 
MDA-MB-231 cells cultured on CaF2 windows for up to 14 days in control media, or media 
supplemented with 50 µg/mL ascorbic acid, 100 nM dexamethasone and 10 mM of either ɓ-
glycerophosphate (OC+Dex) or sodium phosphate (Pi+Dex). Graphs represent samples taken at 
days 3 (A), 7 (B), 11 (C) and 14 (D).  Each graph represents the averaged values of 40 spectra 
gathered for each samples. The presence of hydroxyapatite was detected by a spectral peak at 960 
cm-1, highlighted in red.  
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The presence of hydroxyapatite was detected by a spectral peak at 960 cm-1. This 

peak was detected in all samples taken from cells cultured in inorganic Pi, even at 

the earliest time point of day 3 (Fig. 5.22 A). In contrast, no hydroxyapatite peak was 

detected in the OC+Dex group until day 11 (Fig. 5.22 C). This peak began at a lower 

amplitude than the peak detected for inorganic Pi at the same time point, indicating 

a weaker hydroxyapatite signal. However, by day 14 similar peaks were detected in 

both groups. No hydroxyapatite peak was detected in control samples at any time 

point. The time points at which hydroxyapatite was detected in each sample 

corresponded to the point at which positive Alizarin Red S staining was first 

observed in a set of parallel plates (Fig. 5.21 B).  

 These results were further analysed using principal component analysis (PCA) to 

plot samples based on the two greatest sources of variation (Fig. 5.23). Control and 

OC+Dex samples were observed to cluster together separate from Pi+Dex samples 

at days 3 and 7, showing no significant differences in their spectral characteristics. 

In contrast, by days 11 and 14 when the peak of hydroxyapatite was observed in 

both mineralising samples, PCA analysis showed OC+Dex and Pi+Dex clustering 

away from control samples.  

 

 

 

 

 

 

 

 

 

 

Figure 5.23 PCA of Raman spectra of mineralising MDA-MB-231 cells. PCA was used to plot 
spectra from 40 spectra from control, OC+Dex and Pi+Dex samples at 4 different time points. 
Clustering of OC+Dex and Pi+Dex samples at days 11 and 14 highlight their distinction from control 
samples.  
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Day 3  Day 7  
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5.3 Discussion 

 
 

Our aim for this chapter was to examine any correlations between the presence of 

microcalcifications within the breast, as well as their underlying mechanisms of 

formation, to any potentially tumour-promoting effects. A possible mechanism 

behind the increased tumour aggressiveness often observed in calcification 

associated breast tumours is a direct stimulation effect of calcium phosphate 

crystals on both the breast tumour itself and associated tissue, including stroma and 

immune cells. HA stimulation of breast cancer cells has previously been shown to 

upregulate several inflammatory markers, including COX2, prostaglandins, matrix 

metalloproteinases and IL-1ɓ (Cooke et al., 2003, Morgan et al., 2001). In addition, 

the presence of calcium phosphate crystals within other tissues has been linked to 

induction of an inflammatory state, and disease progression. For example, the 

formation of calcium  phosphate crystals within the synovial joint in patients with 

osteoarthritis triggers upregulation of IL-1ɓ and metalloprotease activity, leading to 

destruction of cartilage tissue (Ea et al., 2013). However, the number of 

characterised contributors to this inflammatory state in breast cancer cells to this 

date is low.  

 

We elected to focus much of our studies on IL-6 due its significant association in the 

literature with both breast cancer (Dethlefsen et al., 2013, Knupfer and Preiss, 2007) 

and mineralisation (Nasi et al., 2016, Yang et al., 2007). Serum IL-6 levels are highly 

elevated in breast cancer patients (Hussein et al., 2004) and increased levels have 

been associated with decreased survival (Ahmed et al., 2006, Bachelot et al., 2003, 

Noman et al., 2017) and increased number of metastatic lesions (Salgado et al., 

2003). Studies on the effect of IL-6 on proliferation in breast cancer have been highly 

inconsistent, with studies finding both increases (Sasser et al., 2007, Casneuf et al., 

2016) and decreases (Selander et al., 2004, Badache and Hynes, 2001). IL-6 is also 

a potent inducer of aromatase activity, triggering increased production of estrogen 

and stimulation of ER+ breast tumours (Purohit et al., 2002). ER+ cell lines produce 

little IL-6, and depend on paracrine sources of the cytokine (Chiu et al., 1996). The 

primary source of this paracrine IL-6 within a breast tumour is likely to be cancer 

associated fibroblasts (CAFs), which produce up to 100 times more IL-6 than normal 

fibroblasts (Hugo et al., 2012).  
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In contrast, ER negative breast cancer cells lines typically display a high level of IL-

6 expression (Chavey et al., 2007). The MDA-MB-231 cell line utilised for the 

majority of experiments in this thesis has previously been shown to express  high 

levels of IL-6 (Casneuf et al., 2016) and  we found IL-6 was easily detectable at both 

an mRNA and protein level in this cell line (Fig. 5.2). IL-6 secretion was significantly 

increased by 24 hour stimulation with HA nanoparticles. Increased IL-6 secretion 

following stimulation with HA has previously been demonstrated in other cell types 

(Liu and Sun, 2014, Zhao et al., 2013, Ea et al., 2013, Nasi et al., 2016) but this is 

the first report of an increase in IL-6 expression associated with HA stimulated 

breast cancer cells.  

 

Upregulation of IL-6 was found to be dependent on Ca2+ influx, as inhibition of 

intracellular Ca2+  accumulation by BAPTA-AM completely blocked increases in IL-

6 (Fig. 5.3). We did not find any previous reports on a relationship between 

intracellular Ca2+  and IL-6 secretion in breast cancer although constitutive activity 

of calcium sensing receptor (CaSR) promotes basal secretion of IL-6 whilst 

increased extracellular Ca2+  acts in the opposite manner to suppress IL-6 

expression (Hernández-Bedolla et al., 2016). Although we did not examine the 

signalling pathways involved in HA-induced IL-6 expression in breast cancer, Nasi 

et al. found a dose dependent increase in IL-6 expression in HA stimulated 

chondrocytes (Nasi et al., 2016). This increase could be attenuated by inhibition of 

IL-6 signalling factors PI3K, Jak2 and STAT3, suggesting an autocrine loop. Similar 

autocrine IL-6 loops have been described in triple-negative breast cancer (Hartman 

et al., 2013). Serum IL-6 concentration is correlated with tumoural pSTAT3 levels 

(Casneuf et al., 2016) and MDA-MB-231 cells display constitutive STAT3 activation  

(Selander et al., 2004). 

 

We did not observe any increase in mineralisation in MDA-MB-231 cells treated with 

IL-6 (Fig. 5.5). In addition, no increase in STAT3 phosphorylation was detected (Fig. 

5.5). Other studies have also found no increase in pSTAT3 in MDA-MB-231 cells 

following IL-6 stimulation (Casneuf et al., 2016). These results would indicate that 

MDA-MB-231 are largely unresponsive to exogenous IL-6, possible indicating a lack 

of IL-6R expression. Co-stimulation of IL-6 with sIL-6R did increase STAT3 

phosphorylation in MDA-MB-231, indicating activation of the IL-6 trans-signalling 

pathway.  
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The dependence of MDA-MB-231 cells on exogenous sources of sIL-6R was further 

shown by PCR analysis. We observed by PCR that although MDA-MB-231 possess 

significant expression of the ubiquitous gp130 signalling subunit, no detectable 

expression of either membrane-bound or soluble IL-6R was detected in MDA-MB-

231 cells (Fig. 5.7). sIL-6R can be produced either via alternative splicing of IL-6R 

mRNA, or by proteolytic cleavage of membrane bound IL-6R (Kallen, 2002). 

Therefore the lack of sIL-6R detected by PCR analysis in MDA-MB-231 does not 

completely exclude its production by this cell line, although any amounts produced 

would likely be small, as evidenced by the lack of membrane-bound IL-6R 

expression detected. Although the MDA-MB-231 cell line does not produce sIL-6R, 

addition of exogenous sIL-6R to OC+Dex media resulted in a significant 

enhancement of calcium deposition (Fig. 5.5). As MDA-MB-231 cells produce high 

amounts of IL-6, sIL-6R could be binding to the endogenous IL-6 present within the 

media and promoting activation of signalling pathways. Similar results have been 

shown in a study of collagenase 3 expression in rat osteoblasts, with significant 

increases in expression observed in cells stimulated with sIL-6R alone (Franchimont 

et al., 1997). 

 

Interestingly, no increase was observed when MDA-MB-231 cells were cultured in 

OC+Dex media with a combination of IL-6 and sIL-6R. It is unclear why the pro-

mineralisation effect exerted by sIL-6R would seem to be inhibited when used 

together with exogenous IL-6, although this combination would result in greater 

levels of signalling than sIL-6R alone, suggesting that there may be an optimal level 

of IL-6 signalling that is conducive to mineralisation. Testing both IL-6 and sIL-6R at 

a range of concentrations could potentially address this question. Another possibility 

is activation of a signalling mechanism independent of IL-6 as several studies have 

suggested that sIL-6R can function independently of IL-6 (Knupfer and Preiss, 

2007). sIL-6R increases pSTAT3 levels in hematopoietic cells in both IL-6+/+ and IL-

6ī/ī mice (Cho et al., 2013).  

 

Although many studies have looked at the effect of IL-6 signaling on mineralisation, 

results are conflicting. Addition of IL-6 and sIL-6R to calcifying adipose-derived 

mesenchymal stem cells results in enhanced expression of RUNX2 and increased 

calcium deposition (Fukuyo et al., 2014).  
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This effect was found to be dependent on activation of STAT3 and signaling through 

the noncanonical wingless-type (Wnt) pathway via receptor tyrosine kinase-like 

orphan receptor 2 (ROR2). Other studies have found IL-6 to promote osteoblastic 

differentiation of periodontal ligament cells (Iwasaki et al., 2008) human osteoblastic 

cells  (Nishimura et al., 1998) adipose-derived stromal cells (Huh and Lee, 2013), 

illustrating the potent ability of this cytokine to promote mineralisation in a variety of 

cell types. However, other studies have shown opposite effects. Secretion of IL-6 by 

Saos 2 osteosarcoma cells inhibited the osteogenic differentiation of mesenchymal 

stem cells (Bian et al., 2010). In addition, a recent study utilising a mouse model of 

osteoporosis found that osteoporotic bone marrow stem cells displayed both highly 

increased levels of IL-6 and phosphorylated STAT3 and impaired osteogenesis: this 

effect was reversed either through administration of IL-6 neutralizing antibodies or 

IL-6 knockdown (Li et al., 2016). Kaneshiro et al recently reported that stimulation 

of the osteoblast cell line MC3T3-E1 with IL-6 activated three signaling pathways 

(Kaneshiro et al., 2014). Whilst STAT3 appeared to promote osteoblastic 

differentiation, in agreement with other studies highlighting an important role for 

STAT3 in calcification (Huh and Lee, 2013, Lin et al., 2016, Parhami et al., 2002), 

activation of dual specificity mitogen-activated protein kinase kinase 2 (MEK2) and 

PI3K pathways lead to an inhibitory effect. Thus, the somewhat conflicting data on 

the effect of IL-6 signaling on osteoblast activity may be partly explained by which 

pathways are activated. Another possible reason for the inconsistent results may lie 

with Wnt signaling pathways. Whilst Fukuyo et al observed a pro-calcifying effect of 

IL-6 through activation of the non-cannonical Wnt pathway via ROR2 (Fukuyo et al., 

2014) Li et al observed inhibition of ɓ-catenin and the canonical Wnt pathway, 

speculating that the differing Wnt pathways active in their respective studies could 

explain the conflicting results (Li et al., 2016).  

 

We also observed IL-6 and sIL-6R to promote mineralsation in MDA-MB-231 cells 

cultured in OC media without dexamethasone. This was the first time we observed 

dexamethasone-independent mineralisation of the MDA-MB-231 (excluding 

exogenous ALP or Pi). The fact that IL-6+sIL-6R seemed to be capable of 

substituting for dexamethasone in MDA-MB-231 mineralisation lead us to theorise 

that they could be acting on similar pahways. Interactions between the 

glucocorticoid receptor and STAT3 signalling have previously been demonstrated 

(Petta et al., 2016).  
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Both cell lines we identified as capable of producing mineralisations (MDA-MB-231 

and SKBR3) display constitutive STAT3 phosphorylation (Selander et al., 2004). 

STAT3 is constitutively active in approximately 40% of breast tumours and  

contributes to tumour progression via  deregulation of numerous downstream genes 

including Bcl-2, survivin, cyclin D1, c-Myc, HIF-1Ŭ, VEGF, vimentin, TWIST, and 

MMP-9 (Banerjee and Resat, 2016). Although we did not observe any change in 

pSTAT3 levels in MDA-MB-231 cells cultured in OC+Dex, phosphorylation of 

STAT3 was significantly increased in SKBR3 cells following incubation with 

OC+Dex (Fig. 5.8). 

 

To further examine the effect of STAT3 phosphorylation in calcification, we utilised 

the small molecule inhibitor JSI-124, and observed significant reductions in both 

calcium deposition and ALP activity (Fig. 5.9). However, an examination of pSTAT3 

levels in JSI-124 treated MDA-MB-231 cells did  not detect any significant changes. 

We used JSI-124 at a concentration of 100 nM, which has been shown to effectively 

reduce pSTAT3 in multiple cell types (Huh and Lee, 2013, Zhang et al., 2015, 

Cucuzza et al., 2008). In contrast, many studies in breast cancer using JSI-124 have 

utilised the inhibitor at concentrations of up to 10 µM (Jiang et al., 2010, Lieblein et 

al., 2008). We observed a high degree of toxicity in MDA-MB-231 when JSI-124  

was used at concentrations higher than 100 nM (data not shown), which prevented 

us from utilising a concentration more likely to effectively demonstrate suppression 

of pSTAT3. Other studies utilisng JSI-124 at high concentrations have been 

releatively short term studies (4-72 hours), in comparision to our long term 

mineralisation assays where a significiant loss of cell viabiltiy is far more detrimental.  

  

It remains unclear as to why JSI-124 inhbited mineralisation in our studies but did 

not exert any detectable effect on pSTAT3. Although JSI-124 has been reported to 

have high selectivity (Blaskovich et al., 2003), off-target effects have been 

described, including activation of NF-əB (McFarland et al., 2013) and JNK (c-Jun N-

terminal kinase) pathways (Ishdorj et al., 2011). Other STAT3 targeting agents are 

available and an analysis of their effect on mineralisation of breast cancer cell lines 

could help explain the discrepancy between the anti-mineralisation effect of JSI-124 

in the absence of any detectable change on pSTAT3 levels.  
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In addition to examining the response of breast cancer cells to HA, we also explored 

the effect that increased expression of inflammatory markers could have on other 

cell types. Tumour associated macrophages (TAMS) are derived from circulating 

monocytes which are recruited to tumours by the activity of chemokine factors such 

as CCL2  where they differentiate to macrophages (Soria and Ben-Baruch, 2008). 

Macrophages are highly diverse and capable of differentiating to  a range of 

functional phenotypes, with TAMs generally observed to display a  ñwound-healingò 

M2 type (Laoui et al., 2011). TAMs are powerful drivers of tumour progression and 

their levels within a tumour is predictive of patient prognosis (Medrek et al., 2012). 

TAMs and breast cancer cells exert a significant level of control over each others 

patterns of gene expression and the three inflammatory markers we examined (IL-

1ɓ, IL-6 and COX2) have been shown to be closely linked in previous studies of 

TAMs in breast cancer. Secretion of IL-1ɓ from THP-1 cells has previously been 

shown to promote expression of COX2 in associated breast cancer cells (Hou et al., 

2011) whilst upregulation of COX2 in TAMs promotes IL-6 secretion (Gan et al., 

2016).  

 

In an examination of the effect of direct stimualltion of HA nanoparticles on THP-1 

cells, we observed a 6-fold upregulation of IL-1ɓ (Fig. 5.4). HA has previously been 

shown to increase IL-1ɓ secretion through activation of the NLRP3 inflammasome 

(Pazar et al., 2011). We also examined an indirect interaction between HA crystals 

and TAMs, wherein HA stimulated MDA-MB-231 were used to create conditioned 

media with increased inflammatory cytokine content, which was subsequently used 

to stimulate THP-1 cells. Although none of these were found to be significant, there 

was a clear trend towards increased upregulation following stimulation with 

conditioned media taken from HA-stimualted MDA-MB-231 cells (Fig. 5.4). If further 

replicates were to confirm this trend, it would demonstrate a previously unknown 

role for microcalcifications in promoting breast tumour growth as the markers we 

examined are all known contributors to the pro-tuomourigenic effect of TAMs in 

breast cancer. Conditioned media from MDA-MB-231 cells was previously shown to 

enhance IL-6 expression in macropahges via macrophage colony-stimulating factor 

(M-CSF) (Sousa et al., 2015) and IL-6 secretion by TAMs has been shown to 

contribute to invasion (Wolfe et al., 2016).   
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COX2 expression in TAMs promotes EMT and secetion of metalloproteinase from 

breast cancer cells (Gan et al., 2016), whilst IL-1ɓ secretion from TAMs is essential 

for initiation of angiogenic signalling (Carmi et al., 2009). In conclusion, although this 

work will require validation, the potential link between increased expresson of 

inflammatory cytokines in HA stimulated breast cancer cells and activation of TAMs 

could be a significant contributor to  tumour aggressiveness.  

 
Breast epithelial cells have previously been shown to be capable of transitioning to 

a mesenchymal phenotype with stem cell like properties through an EMT process 

(Battula et al., 2010). Acquisition of a stem-like phenotype may allow for subsequent 

conversion to an osteogenic phenotype and could promote the formation of 

microcalcifications. In an examination of the stem-like properties of breast cancer 

cells in mineralising conditions, we observed a significant increase in the number of 

tumourspheres in both MDA-MB-231 (Fig. 5.12) and SKBR3 cells (Fig. 5.13) 

cultured in OC+Dex media. MDA-MB-231 cells cultured as tumourspheres have 

been shown to have increased tumourigenicity compared to adherent cell cultures 

(Wang et al., 2014).The rate of tumoursphere formation we observed in MDA-MB-

231 cells was slightly lower in cells than reported in previous studies. Although we 

initially expected the highly aggressive MDA-MB-231 to effectively form 

tumourspheres, the ability to form tumourspheres is not necessarily linked to the 

aggressiveness of a cell line as several studies have found the highly tumourigenic 

MDA-MB-231 cell line to less efficiently form spheres than the non-tumourigenic 

MCF-7 cell line (Wang et al., 2014, Calvet et al., 2014, Morata-Tarifa et al., 2016). 

This may be related to high expression of E-cadherin in MCF-7 cells, as knockdown 

of E-cadherin decreases MCF-7 sphere forming ability whist overexpression in the 

SKBR3 cell line significantly enhances formation of tumourspheres (Manuel Iglesias 

et al., 2013). As MDA-MB-231 are a mesenchymal cell line with no E-cadherin 

expression (Chao et al., 2010)., this may explain their lower rate of tumoursphere 

formation. RUNX2, which we have previously shown to be upregulated in 

mineralising MDA-MB-231 (Fig. 4.9) has been found to promote formation of 

tumourspheres, in part by increasing proteolytic processing of the N-terminus of E-

cadherin resulting in the release of a soluble fragment with oncogenic properties 

(Brusgard et al., 2015). 
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Out of the three reagents comprising the OC+Dex mix (ɓ-glycerophosphate, 

ascorbic acid and dexamethasone), it is likely that dexamethasone is responsible 

for this increase in sphere forming ability. Dexamethasone signals through the 

glucocorticoid receptor (GR), a ligand activated transcription factor that upon binding 

dexamethasone (or endogenous glucocorticoids like cortisol) translocates to the 

nucleus and binds to  response elements in the promoter region of target genes 

(Nicolaides et al., 2010). GR expression appears to act as a prognostic factor in 

breast cancer albeit in an opposing fashion depending on ER status, as high GR 

expression is associated with decreased RFS in ER- patients and increased RFS in 

patients with ER+ tumours  (Pan et al., 2011). Several studies have suggested a 

link between GR signalling and cell stemness. Goodman et al. reported an increase 

in a basal-like CK5+/CD44+ subpopulation in MCF-7 cells stimulated with 

dexamethasone (Goodman et al., 2015). This subpopulation was associated with 

increased drug resistance and colony formation in soft agar. The glucocorticoid 

receptor antagonist Mifepristone was also recently shown to suppress 

tumoursphere formation in triple-negative breast cancer cells (Liu et al., 2016). 

Finally, a recent study by Sorrentino found that stimulation of GR by the synthetic 

glucocorticoid betamethasone resulted in activation of the Hippo signalling yes-

associated protein (YAP) and a two-fold increase in tumoursphere formation in 

betamethasone stimulated MDA-MB-231 cells (Sorrentino et al., 2017). They also 

observed significant upregulation of the transcription factor Slug.  

This was in contrast to some of our findings, as although we did not examine 

expresson of Slug, we did observe decreased expression in several other 

transcription factors known to regulate cell stemness, such as Sox2 and Oct4 (Fig. 

5.15). Possible reasons for the different results could be the length and nature of 

the stimulation used to activate GR signalling. The authors treated cells with 1 µM 

betamethasone for 24 hours prior to analysis, whilst we used a lower concentration 

but longer time frame (100 nM dexamethasone for 72 hours). Investigating 

expression at different time points could shed light on any time dependent regualtion 

of expression of stem markers. In addition, the stem markers we tested are just a 

few of the wide number of reported influencers of cell stemness.  
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In addition, both vimentin and E-cadherin have been shown to contribute to 

formation of tumourspheres in breast cancer cells (Borgna et al., 2012, Manuel 

Iglesias et al., 2013), indicating a degree of flexibility in which pathways are active 

during formation of tumourspheres. Analysis of other markers such as CD44 or 

analysis of surface proteins by flow cytometry would give a more complete picture 

of any changes in the stem-like properties of cells cultured with OC+Dex. 

 

Although we observed a significant increase the tumoursphere formation of both 

MDA-MB-231 and SKBR3 cells cultured in OC+Dex media, we did not find any 

evidence of positive mineralisation in these spheres. However, the lack of positive 

mineralisation in OC+Dex cultured tumourspheres is unsurprising, as calcium was 

analysed after only 7 days, when mineralisation typically first becomes apparent 

around day 11. Longer incubation time periods of tumoursphere culture were not 

analysed as these longer periods would likely result in poor viability of the spheres. 

In addition, due to the small number of cells present in each well any calcifications 

potentially formed would likely be extremely small and low in quantity, and below 

the detection capability of Alizarin staining. A more sensitive detection technique 

(e.g., the Raman spectroscopy analysis already used in this thesis to detect and 

analyse calcifications) could be used to examine this theory.  

Although the morphology of our tumourspheres closely resembles the morphologies 

of MDA-MB-231 spheres published in other studies (Prud'homme et al., 2010, Shaw 

et al., 2012, Louie et al., 2010, Borgna et al., 2012), it is worth noting that some 

disagreement does exist within the literature on the tumoursphere forming ability of 

the MDA-MB-231 cell line, as they tend not to form compact spheres. Some studies 

have argued that the looser morphology of MDA-MB-231 tumourspheres are not 

representative of true tumourspheres (Manuel Iglesias et al., 2013). However, MDA-

MB-231 cells cultured as spheres have been shown to possess enhanced tumour 

formation relative to adherent cells (Wang et al., 2014, Stivarou et al., 2016), 

indicating that despite not forming spherical structures, the culturing of MDA-MB-

231 cells as non-adherent cultures does appear to selecting for cells with stem-like 

properties. 

We also investigated several markers of EMT as Scimeca et al. recently noted 

increased levels of the mesenchymal protein vimentin in breast tumours with 

associated microcalcifications (Scimeca et al., 2014).  
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Similar to cell stemness, activation of GR signalling has also been suggested as a 

regulator of EMT. A chromatin immunoprecipitation with sequencing (ChIP-seq) 

analysis of dexamethasone stimulated MCF10A-Myc cells identified significant 

activation of the EMT pathway indicating an association between activation of GR 

signalling and shift towards a mesenchymal phenotype (Pan et al., 2011). Although 

we did not conduct a thorough analysis into a potential role for the EMT process in 

the formation of calcifications, we examined expression of several markers following 

72 hours incubation in mineralisation promoting media and observed a decrease in 

the mesenchymal marker vimentin as well as the EMT associated transcription 

factor Twist. Interestingly, we also observed a decrease in the epithelial marker e-

cadherin, indicating that cells are not undergoing a total transition to an epithelial 

phenotype, supported by the fact that cells retain approximately 60% of their 

vimentin expression. Although we initially expected an increase in mesenchymal 

markers in OC+Dex stimulated MDA-MB-231, our findings of decreased expression 

are in agreement with some previous studies. Ferrand et al. found decreased 

expression of vimentin and the EMT promoting transcription factor zinc finger E-box-

binding homeobox 1 (Zeb1) in dexamethasone stimulated MDA-MB-231 cells 

(Ferrand et al., 2012). Dexamethasone stimulation of MDA-MB-231 cells was also 

previously shown to promote an increase in focal adhesion complexes and shift to 

a ñcobblestoneò like morphology, characteristic of an epithelial phenotype (Leo et 

al., 2004). Dexamethasone has also been shown to suppress EMT in other cell 

types (Yang et al., 2017, Kim et al., 2015b) and activation of GR seems to be 

important in E-cadherin function in breast cancer. Fluorescence microscopy of the 

MDA-MB-231 with forced over-expression of E-cadherin showed E-cadherin to be 

mostly cytoplasmic and non-functional. Administration of dexamethasone alongside 

the histone deacetylase (HDAC) inhibitor largazole  restored the localisation of E-

cadherin to junctions (Law et al., 2012). Thus the effect of GR signalling appears to 

be highly dependent on the cellular context, with different cell types responding in 

divergent manners.  

A key attribute of stem cells is a multi-lineage differentiation capability and the ability 

to differentiate down an osteogenic pathway may be a key promoter of the 

development of microcalcifications (Scimeca et al., 2014). If true, the increased 

tumoursphere forming capability in OC+Dex cultured MDA-MB-231 cells may reflect 

an increased stemness and osteogenic differentiation ability.  
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Although we were unable to explore this idea in significant detail, several other 

groups have examined the multi-lineage differentiation capability of stem-like cells 

derived from breast epithelium. Human mammary epithelial cells (HMECs) 

overexpressing the EMT promoting transcription factors Snail and Twist display 

similar levels of CD44 and CD24 as mesenchymal stem cells (Battula et al., 2010). 

Furthermore, these EMT derived mammary cells were capable of differentiation 

towards osteoblast, adipocyte or chondrocyte lineages. Similar results were seen in 

MCF-7 cells treated with the matricellular protein periostin (Wang et al., 2013) or 

conditioned media from senescent fibroblasts (Ortiz-Montero et al., 2017). As such, 

an increase in the stemness of our cell lines could enhance their in vitro 

mineralisation capability. Tumourspheres can be cultured for several generations by 

enzymatically dissociating spheres and using the resulting single cell suspension to 

seed fresh plates (Manuel Iglesias et al., 2013). Serial passaging of tumoursphere 

cultures can promote enrichment of cells with stem-like properties. Subsequent 

examination of the mineralisation potential of this ñstem-enrichedò population could 

shed light on any potential involvement for cancer stem cells in the formation of 

microcalcifications.  

Our findings of a significant alteration in expression of epithelial and mesenchymal 

markers in TRPM7-siRNA treated cells is also in agreement with previous studies. 

Breast carcinomas with associated calcifications express high levels of both TRPM7 

(Mandavilli et al., 2013) and mesenchymal markers (Scimeca et al., 2014), 

suggesting the two factors could possibly be linked. Indeed, inhibition of TRPM7 by 

the small molecule inhibitor NS8593 or siRNA blocks EGF induced EMT in MDA-

MB-468 breast cancer cells (Davis et al., 2014). Our investigation into a potential 

role for the channel in promotion of stemness was less clear. Cells treated with 

NS8593 or a TRPM7 targeting siRNA did not undergo as large of an increase in 

tumoursphere formation by OC+Dex media and direct comparison between the 

control-siRNA and TRPM7-siRNA in either control or OC+Dex media showed a 

trend towards decreased formation, although neither reached statistical 

significance. TRPM7 activity has been shown to promote formation of cancer stem 

cells in glioma (Liu et al., 2014) as well as maintain expression of progenitor cell-

like feature in neuroblastoma (Middelbeek et al., 2015).  
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Based on this role in promoting stemness in other forms of cancer and the trend 

towards decreased sphere formation we observed in MDA-MB-231 with decreased 

TRPM7 function, we believe that the channel may play a similar role in breast cancer 

although a significant amount of further work will be required to establish such a 

role.  

Our finding of mineralisations formed in a xenograft model is in agreement with other 

studies demonstrating an in vivo mineralisation capability for the MDA-MB-231 cell 

line (Felix et al., 2015, Wilson et al., 2014). The fact that these cell can form in vivo 

microcalcifications without further intervention is noteworthy and suggests that 

findings from our in vitro studies are likely to be applicable to the in vivo setting. As 

well as the MDA-MB-231 cell line, other groups have also successfully 

demonstrated the in vivo formation of calcifications using other breast cancer cell 

lines. In vivo calcification has been observed in BMP2-transfected R3230 rat tumour 

cells (Liu et al., 2008, Liu et al., 2010) and MCF-7 cells (Clement et al., 2005). In 

contrast to these studies, we observed mineralisation in implanted MDA-MB-231 

cells with no further intervention and no source of exogenous BMP2 required. 

Similarly, previous findings from our lab showed successful mineralisation of the 

4T1 and 4T1.2 cell lines in xenograft experiments (Cox et al., 2012a). When 

considered alongside the fact that we did not observe any positive mineralisation in 

the MCF-7 cell line even when treated with exogenous BMP2 (Fig. 4.4), the ability 

of a cell line to mineralise may not be a binary option, but may represent a spectrum 

of the ñreadinessò of a cell to mineralise under the right conditions with our in vitro 

assay selecting for the most ñmineralisation-capableò cell lines (as evidenced by 

their ability to mineralise in vivo without exogenous BMP2). Further work will be 

necessary but the demonstration of an in vivo mineralisation capability in several 

breast cancer cell lines may point to the next stage in the study of formation of 

microcalcifications.  

In the final part of this chapter, we sought to characterise the chemical composition 

of the calcifications produced within our in vitro model utilising Raman spectroscopy. 

Although Raman has previously been used to identify the chemical identity of in vitro 

generated samples of breast calcifications (Cox et al., 2012a), a thorough analysis 

of the their chemical properties and how they develop over a time-course has never 

been performed.  
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We identified a significant peak in the Raman spectrum characteristic of 

hydroxyapatite (960 cmī1) which was observed for cells cultured in Pi+Dex from the 

earliest detected time point (day 3), but did not become evident until day 11 for 

OC+Dex samples. This was backed up by PCA analysis that showed clustering of 

control and OC+Dex samples at days 3 and 7, before OC+Dex began to cluster with 

Pi+Dex at days 11 and 14, indicating a change in spectral characteristics. The 

significant time difference in first detection of hydroxyapatite between the two 

different formulations of osteogenic media is unsurprising and can be explained by 

the different source of Pi within the medias. The ɓ-glycerophosphate contained in 

OC+Dex acts as an organic Pi donor that require degradation by ALP whilst Pi+Dex 

media contained inorganic sodium phosphate that was available immediately for 

mineralisation without requiring any ALP degradation. Despite the longer incubation 

time required before onset of mineralisation, the organic Pi formulation of media 

appeared to be more suited to culturing cells on the Raman-compatible CaF2 

windows as we observed a significant amount of cell death in cells cultured with 

Pi+Dex at all tested time points.  

Interestingly, because the CaF2 windows were smaller than the wells of a 6-well 

plate, some cells adhered to the areas of the plate not covered by the CaF2 windows. 

This allowed us to observe cells mineralising on two different surfaces within the 

same well. Significant cell death was observed in cells grown on CaF2 windows in 

inorganic Pi group, but not on cells grown in the same well but on the surface of the 

tissue culture plate itself. In addition, no noticeable cell death was seen in cells 

grown on CaF2 windows with control media. Therefore, the combination of growing 

on CaF2 windows in the presence of mineralisation media appeared to be adversely 

affecting the viability of cells in this experiment. Nevertheless, Raman spectra were 

successfully derived from all replicates.  

Unfortunately, although we were able to confirm the presence of hydroxyapatite 

within in vitro calcification samples, a full examination of the spectra was still 

ongoing by our collaborators group at the time of writing. A detailed examination of 

our Raman spectra may allow us to assess how closely the in vitro samples match 

previous findings from patient studies. Baker et al. found notable differences in the 

chemical composition of calcifications from benign and malignancy associated 

calcifications (Baker et al., 2010).  
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The carbonate content of calcifications is closely associated with malignancy, as 

demonstrated by the gradual decrease in carbonate content as tumours progress 

from benign (2.085% carbonate) to in situ lesions (1.83%) to invasive tumours 

(1.41%). Carbonate was also observed to significantly decrease going from low to 

high-grade lesions. Although this analysis was carried out using the related 

technique mid-Fourier transform infrared (FTIR) spectroscopy, analysis of 

carbonate content by Raman spectroscopy is also possible (Kerssens et al., 2010) 

as carbonate content of hydroxyapatite calcifications can be estimated from the 

width of the 960 cmī1 band, with increased carbonate substitution in the crystal 

lattice resulting in a loss of long-range order and broadening of the peak 

(Sathyavathi et al., 2015). Other features of malignant calcifications detectable by 

Raman spectroscopy include increased mineral:matrix ratio (Baker et al., 2010), the 

presence of magnesium whitlockite (Scott et al., 2016), increased levels of actin 

(Sathyavathi et al., 2015). If the calcifications produced in our in vitro assay are 

found to closely match the crystal structure and chemical composition of malignancy 

associated calcifications, it would further highlight the suitability of our assay to study 

the in vivo formation of mammary calcifications.  

Although this analysis is ongoing, the data generated here are a significant resource 

and can be utilised in several ways to contribute to our understanding of mammary 

calcification. For instance, Raman analysis was also used in previous studies from 

our lab to confirm the presence of hydroxyapatite within in vitro mineralisations 

produced from multiple cell lines (Cox et al., 2012a). Interestingly, although 

mineralisations from different cell lines were all found to consist of hydroxyapatite, 

significant differences were observed in the carbonate content of calcification 

samples from different cell lines with the human Hs578Ts(i)8 producing 

calcifications of low carbonate content and therefore more representative of 

calcifications found within invasive tumours (Baker et al., 2010). Expanding the 

number of breast cancer cells with characterised in vitro calcification samples may 

allow for selection of a cell line with the most clinically relevant form of produced 

calcification. We have also examined mineralisations produced from both organic 

and inorganic sources of Pi. As the source of Pi used within in vitro mineralisation 

experiments has been shown to impact the properties of subsequent mineralisations 

(Schäck et al., 2013), careful selection of appropriate mineralisation media should 
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allow us to determine the ideal conditions required for the formation of 

hydroxyapatite mineralisations as similar as possible to clinical samples. 

Finally, the fact that we collected samples from four different time points for all 

samples raises the potential of utilising the Raman spectra generated in this chapter 

to shed light on the early events in the formation of microcalcifications. During 

physiological mineralisation, hydroxyapatite is not formed directly but is believed to 

be initially deposited as an amorphous calcium phosphate before conversion to 

hydroxyapatite through a number of intermediaries (Tertuliano and Greer, 2016). 

Smith et al. recently utilised Raman spectroscopy to examine the early osteogenic 

changes in murine calvarial osteoblasts and used deconvolution of spectral peaks 

in the region of hydroxyapatites characteristic 960 cmī1 peak to successfully track 

the formation of several of these intermediaries (Smith et al., 2017). A similar 

analysis of the time course data presented here would represent the first time that 

the initiation, growth and development of mammary calcifications had been tracked 

from start to finish and would significantly enhance our understanding of the 

formation process of these vital diagnostic clues. 

5.4 Summary and conclusions  

In conclusion, the main findings from this chapter are as follows; 

¶ Hydroxyapatite increases expression of a range of inflammatory markers in 

breast cancer cells and may indirectly promote the pro-tumourigenic effect of 

TAMs. 

¶ sIL-6R promotes development of MDA-MB-231 mineralisations and when 

used in combination with IL-6, allows for dexamethasone independent 

mineralisation. 

¶ Breast cancer cells in OC+Dex media have significantly enhance 

tumoursphere forming ability, although conversely, tend to have decreased 

expression of certain stemness markers. 

¶ The MDA-MB-231 cell line is capable of generating in vivo mineralisation in 

the absence of any exogenous factors 

¶ Generation of a time-course Raman spectroscopy data-set will allow for the 

first characterisation of initial microcalcification development. 
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6.1 Summary of key findings 

Although the clinical significance of breast microcalcifications has long been 

recognised, our understanding of the mechanism by which they form is incomplete. 

Previous work from our lab established the first in vitro model of mammary 

calcification and provided the first evidence in favour of an active, cell-regulated 

process with many similarities to physiological, osteoblast mediated mineralisation 

(Cox et al., 2012a, Cox et al., 2012b). The primary aims of this thesis were to expand 

on previous findings, which were carried out predominantly on murine cell lines, and 

improve the translational relevance by focusing on human breast cancer cell lines.  

In Chapter 3, we screened a panel of human breast cancer cell lines representative 

of all major molecular subtypes, and observed positive mineralisation in the HER2+ 

SKBR3 and the triple-negative MDA-MB-231 cell lines. In total, we examined three 

cell lines with HER2 overexpression but observed positive mineralisation in only 

one. This was a significant finding, as the presence of microcalcifications is strongly 

linked to HER2 status in patients (Cen et al., 2017a). Our results indicate that 

although HER2 may be contributing to the promotion of calcification, its expression 

is not sufficient by itself. This is, in fact, consistent with the literature as, although 

the mammographic detection of microcalcifications is widely accepted as suggestive 

of  HER2 amplification, it is by no means a universal feature of these tumours (Cen 

et al., 2017a, Killelea et al., 2013a, Ling et al., 2013). Analysis of the ALP activity of 

two mineralising cell lines (MDA-MB-231 and SKBR3) revealed significantly higher 

levels compared to the non-mineralising MCF-7 cell line. The critical role of ALP 

activity was demonstrated by the lack of mineralisation seen in cells cultured with 

the ALP inhibitor levamisole and by the development of mineralisation in the 

previously non-mineralising MCF-7 cell line when cultured with exogenous ALP, 

further highlighting the involvement of a cellular-dependent process in the formation 

of microcalcifications.  

In Chapter 4, we explored the hypothesis that microcalcifications form as a result of 

an imbalance between pro- and anti-mineralisation factors. Similar models have 

been shown for many forms of pathological calcification but have never been 

explored in mammary calcification. Dysregulated expression of many of the key 

players in physiological mineralisation, including BMP2, osteonectin, osteopontin, 

and bone sialoprotein has been observed in close proximity to breast 

microcalcifications in clinical tissue samples (Bellahcène and Castronovo, 1995, 
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Bellahcène et al., 1994, Scimeca et al., 2014, Oyama et al., 2002), suggesting a 

potential for their involvement in the mineralisation process. In choosing potential 

genes for examination, we focused on those that with previously demonstrated roles 

in both breast cancer and pathological calcification, in an effort to examine if 

development of breast calcifications follows similar mechanisms to other, more well-

studied forms of soft-tissue calcification.  

In an analysis of the function of known physiological mediators of mineralisation we 

observed that addition of exogenous BMP2 significantly enhanced mineralisation 

whilst siRNA knockdown of the osteogenic transcription factor RUNX2 resulted in a 

decrease, demonstrating the involvement of physiological promoters of 

mineralisation in the development of breast calcifications. Conversely, we identified 

PPi and Mg2+ as important inhibitory regulators of mineralisation. The role of PPi 

was further demonstrated by a significant decrease in expression of ENPP1, a key 

enzyme involved in the creation of PPi. Results from both this thesis and previous 

studies from our lab have demonstrated a pathway of Pi processing and transport 

involving ENPP1, ALP and the Pi channel Pit1. However, the involvement of Ca2+ 

transport pathways has never been studied in an in vitro setting. We primarily 

focused on the cation channel TRPM7, which was previously shown to be highly 

expressed in breast tumours with associated calcifications(Mandavilli et al., 2013). 

In addition to showing a significant increase in TRPM7 expression in mineralising 

cells, we also observed significantly decreased mineralisation in studies using two 

separate TRPM7 inhibitors and a siRNA knockdown, demonstrating a functional role 

for the channel in promoting formation of microcalcifications for the first time. We 

also found a decrease in mineralisation following siRNA knockdown of the Ca2+ 

efflux pump PMCA2, further establishing a vital role for Ca2+ transport pathways.  

Finally, in Chapter 5 we examined potential ways in which the deposition of calcium 

in the tumour microenvironment could affect both breast cancer cells themselves, 

and associated macrophages, by potentially promoting inflammation and a stem 

cell-like phenotype. Although the inflammatory cytokines IL-1ɓ and TNF-Ŭ were 

found to inhibit mineralisation, IL-6 when used in combination with a soluble version 

of its receptor (sIL-6R) induced a dexamethasone independent form of 

mineralisation. sIL-6R also increased mineralisation in MDA-MB-231 cells cultured 

in OC+Dex.  
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Activation of the STAT3 pathway may be involved in formation of calcifications as 

both cell lines identified as capable of mineralising in vitro have constitutive STAT3 

activation. Although the STAT3 inhibitor JSI-124 significantly inhibited both calcium 

deposition and ALP activity in MDA-MB-231 cells, we were unable to detect any 

changes in STAT3 phosphorylation. We also examined potential links between 

calcifications and the stem-like properties of breast cancer cells and observed a 

significant increase in tumoursphere formation of MDA-MB-231 and SKBR3 cells 

when cultured in OC+Dex media. This was accompanied by a decrease in 

expression of classical stemness markers, although analysis of other markers and 

time points may be merited. We also demonstrated preliminary evidence for a role 

of the TRPM7 channel in regulating tumoursphere formation. Our observation of in 

vivo mineralisation in the MDA-MB-231 cell line highlights the suitability of the cell 

line for these studies and supports the relevance of our in vitro findings to the in vivo 

setting. Finally, the chemical nature of in vitro calcification samples was confirmed 

as hydroxyapatite, the form of calcification most commonly associated with 

malignancy. Ongoing analysis of our Raman spectroscopy dataset has the potential 

to significantly enhance our understanding of the early events of calcium deposition 

and formation of mature hydroxyapatite crystals.  

6.2 Future recommendations  

Results from this thesis significantly enhance our current understanding of the 

molecular processes underlying the development of mammary calcifications. 

However, there are a number of avenues of research that due to time-constraints 

we were unable to fully explore. Further investigation of the following points may be 

warranted. 

Although the MDA-MB-231 cell line utilised for the majority of our studies displayed 

a dependence on dexamethasone, we did observe dexamethasone-independent 

mineralisation following stimulation with a combination of IL-6 and sIL-6R. These 

results indicate that particular cytokines can substitute for glucocorticoid signalling 

and initiate osteogenic changes in breast cancer cells. An examination of other 

cytokines, in particular those likely to be upregulated within the breast tumour and 

associated tissue, would improve understanding of the link between 

microcalcifications and tumour microenvironment.  
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As we have observed upregulation of several tumourigenic cytokines following 

stimulation by hydroxyapatite, the possibility of a feed-back loop, wherein breast 

cancer cells deposit hydroxyapatite, triggering increased cytokine secretion and 

subsequent alteration of osteogenic pathways.  

We have demonstrated the involvement of two Ca2+ transporters, TRPM7 and 

PMCA2 in the in vitro formation of microcalcifications. However, Ca2+ homeostasis 

is regulated by a large group of channels, transporters and other associated 

proteins, many of which are dysregulated in breast cancer and have been shown to 

contribute to tumourigenesis. The vast majority of these Ca2+ handling proteins have 

not been investigated for any potential influence on mammary calcification. Of 

particular interest, the TRPC1 channel, which we found to be upregulated in our 

studies has previously been shown to be highly expressed (alongside TRPM7) in 

calcification associated tumours. Functional characterisation of the effect of TRPC1 

and other Ca2+ transport proteins including annexins could provide further evidence 

for the role of Ca2+ transport pathways. In addition, as our data indicate a role for 

both Ca2+ influx (TRPM7) and efflux (PMCA2) channels, an examination of changes 

in intracellular Ca2+ during the mineralisation process (for example, utilising 

fluorescence microscopy with the Fura-2 calcium indicator) would shed light on the 

role of intracellular Ca2+ levels. 

The data from this thesis, when combined with previous results from our group and 

others, has identified a significant number of mediators of calcification in an in vitro 

setting. Previously, immunohistochemistry has been used to demonstrate the 

presence of several mineralisation associated proteins in the vicinity of 

microcalcifications. However, the number of analysed proteins is relatively low. 

Future studies of a selection of the genes highlighted by these studies would help 

bridge the gap between in vitro and in vivo studies. Based on our data, we believe 

the first targets to be analysed should be ALP, PMCA2, RUNX2 and MGP. In 

addition, demonstration of an in vivo mineralisation capability for the MDA-MB-231 

cell line now raises the possibility of utilising an in vivo model for future studies. An 

example of proposed studies would involve xenograft transplantation of breast 

cancer cells with altered expression (generated by transfection with plasmids 

containing cDNA or shRNA sequences) of candidate genes, and monitoring for 

development of microcalcifications.  
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The increased rate of tumoursphere formation observed in cells cultured in OC+Dex 

media hints at the involvement of cell stemness in formation of microcalcifications. 

Considering that culturing breast cancer cells as tumourspheres has been shown to 

enhance their tumourigenicity, the question of whether a similar process could alter 

their ability to form microcalcifications would be an interesting avenue to explore. 

Further analysis of EMT and stemness markers at alternative time points and a 

functional study of how these two pathways interact could clarify the relationship 

between the these two pro-tumourigenic pathways and the development of 

microcalcifications.  

 

6.3 Conclusion 

Despite their central role in the clinical detection of a significant number of breast 

cancer cases every year, the formation of microcalcifications has not been 

extensively studied. In this thesis, we have expanded the number of mineralisation-

capable human breast cancer cell lines and identified functional roles for several 

genes associated with physiological mineralisation. Many of the genes we identified 

as potential contributors to formation of microcalcifications have previously been 

shown to influence breast tumour behaviour, potentially linking the formation of 

microcalcifications to increased tumour aggressiveness. This work builds on our 

previous findings and further demonstrates the role of a cell-mediated process in 

the formation of mammary calcifications. 
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8.1 Supporting information  

Table 8.1 Key studies demonstrating association between mammographic calcifications and 
prognostic factors in breast cancer patients. Note, ñfine-linearò and ñcastingò are used 
interchangeable depending on terminology used within each individual study.  

References Study Cohort Key Findings 

(Bae et al., 
2013) 

101 cases of pure DCIS 

¶ Fine linear branching and segmental 
calcifications significantly associated with 
HER2 positivity. 
¶ Clustered calcifications more frequent in ER  

positive cancers. 

(Barreau et 
al., 2005) 

909 cases of DCIS 
¶ Significant association between fine-linear 

branching calcifications and grade 3 DCIS with 
associated necrosis. 

(Bennett et 
al., 2011) 

232 screen-detected cases of 
invasive cancer 

¶ 3-fold increased hazard-ratio for mortality in 
patients with comedo-type DCIS with 
associated calcification. 

(Cen et al., 
2017a) 

485 patients with infiltrating 
ductal carcinoma with 
intermediate or high-risk 
calcifications 

¶ Linear calcification range and diameter 
independently predictive of HER2 subtype 

(Cen et al., 
2017b) 

419 cases of invasive ductal 
carcinoma with BI-RADS 3ï5 
calcifications 

¶ Calcification density associated with lymph 
node status 

(Chae et al., 
2016) 

267 patients with ER+, HER2-
invasive breast cancer 

¶ Presence of calcification within a mass 
associated with high recurrence risk on 
Oncotype assay 

Dershaw 
(1993) 

23 cases of male breast 
cancer 

¶ Calcifications rarely observed in male breast 
cancer but are highly suspicious as 
calcifications considered benign in women may 
indicate cancer in men. 

(Ferranti et 
al., 2000) 

982 screen detected 
carcinomas 

¶ Presence of microcalcifications associated with 
increased tumour grade and size and positive 
node status. 

(Gajdos et 
al., 2002) 

543 mammographically 
detected nonpalpable 
malignancies 

¶ Calcifications associated with more extensive 
intraductal carcinoma and Her2 positivity, 
invasive cancers presenting as masses with 
calcifications associated with lymphatic 
invasion 

(Hamilton et 
al., 2004) 

Retrospective comparison of 
28  BRCA mutation carriers  
versus  54 age-matched, 
sporadic breast carcinoma 
controls 

¶ Calcifications observed in 73% of BRCA2 
cases versus 12% of BRCA1 cases and 8% of 
control patients 

(Hofvind et 
al., 2011) 

217 cases of pure DCIS  with 
no microinfiltration 

¶ 84% of DCIS cases with associated  fine linear 
and fine linear branching calcifications were 
high grade lesions. 

(Holmberg et 
al., 2013) 

Case-cohort study of 198 
patients with DCIS 

¶ 16-fold increased relative risk of ipsilateral, in 
situ recurrence in patients with casting-
calcifications 

(Karamouzis 
et al., 2002) 

58 mammographically 
detected non-palpable breast 
carcinomas 

¶ Increased rates of nuclear ER and PR 
positivity, HER-2  overexpression, Bax , Fas 
and DFF positivity in patients with suspicious 
microcalcifications. 

(Killelea et 
al., 2013b) 

985 cases of invasive breast 
cancer 

¶ Calcifications associated with HER2 positivity 
and extensive intraductal component 

(Kim et al., 
2008) 

Analysis of ultrasound 
findings in 435 invasive 
cancers and 23 cases of  
DCIS 

¶ Presence of calcifications  significantly 
associated with high grade and HER2 positivity 
in DCIS 

Table continued on next page 
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Table continued 

Table continued on next page 

(Lee et al., 
1999) 

37 patients with 
mammographically detected 
DCIS 

¶ High tumour grade in casting-calcification 
associated tumours 

(Ling et al., 
2013) 

721 cases of  confirmed  
invasive ductal carcinoma 

¶ Increased tumour size and lymph node 
involvement, lower ER/PR expression and 
higher HER2 expression 
¶ Significantly decreased RFS and OS in patients 

with calcifications 
¶ Patients with casting-type calcifications suffer 

further decreases in survival compared to 
patients with other calcification morphology 

(Macmillan et 
al., 1995) 

231 cases of  invasive breast 
cancer treated with breast 
conserving surgery. 

¶ Residual microscopic disease associated with 
casting calcification 
¶ Both casting and non-casting calcifications 

linked to extensive intraductal component and 
residual disease after lumpectomy 

(Malik et al., 
2000) 

357 cases of  invasive breast 
cancer treated with breast 
conserving surgery. 

¶ Casting calcification predictive of extensive in 
situ disease and tumour bed positivity after 
lumpectomy 

(Naseem et 
al., 2015) 

937 cases of breast cancer 

¶ Calcifications more common in patients with 
HER2 over-expression, heterogeneous density 
and multifocal breast disease. Borderline 
significant (p = 0.057) with increased grade. 
¶ No significant association between 

calcifications and node status, tumour size or 
rate of recurrence. 

(Nyante et 
al., 2017) 

8472 invasive breast cancers 

¶ Calcifications positively associated with high 
grade and tumours with an in situ component 
¶ Calcifications inversely associated with 

hormone receptor-negative status and  size 

(Peacock et 
al., 2004) 

50 invasive tumours with size, 
histology and lymph node 
status matched controls 

¶ 5 deaths in patients with casting calcifications, 
none in controls 
¶ Casting calcifications linked with higher grade , 

increased risk of recurrence and decreased 
survival 

(Rauch et al., 
2016) 

1657 patients with DCIS and 
calcifications 

¶ Casting calcifications associated with high 
tumour grade, increased risk of recurrence and 
comedonecrosis 

(Seo et al., 
2006) 

543 primary breast 
carcinomas 

¶ 56% of HER2 overexpressing cases 
associated with calcifications compared to 40% 
of those without HER2 overexpression. 
¶ Fine linear associated calcifications  carries a 

2.1 increased relative risk of HER2 
overexpression  versus other morphologies 

(Stomper 
and 

Connolly, 
1992) 

304 breast carcinomas 
detected by mammographic 
calcifications 

¶ Invasive foci more likely with calcification size 
of 11 mm and greater compared with 1ï10 mm  

(Tabár et al., 
2000) 

343 screen detected invasive 
cancers, 1-14 mm size 

¶ 20 year survival of 55% for patients with casting 
calcifications versus 87% for patients without 
¶ Greater likelihood of high-grade tumours in 

patients with casting calcifications 

(Tabar et al., 
2004) 

714 screen detected invasive 
cancers, 1-14 mm size 

¶ Presence of casting calcifications associated 
with higher histological grade, positive lymph 
node status and decreased survival 

(Thurfjell et 
al., 2001) 

96 women with 1ï9mm 
invasive breast cancers 

¶ Significantly higher risk of death in patients with 
casting or pleomorphic calcifications 

(Tsau et al., 
2015) 

498 patients diagnosed with 
invasive breast cancer 

¶ Casting calcifications associated with 3.47-fold 
increased hazard ratio for mortality 
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Table continued 

(Wang et al., 
2008) 

Retrospective study of  
preoperative mammograms 
in  152 breast carcinoma  
patients 

¶ Higher rate of HER2 over-expression, TNM III 
stage and axillary lymph node metastasis in 
patients with calcifications. 

(Qi et al., 
2017) 

409 patients with breast 
carcinoma treated with breast 
conserving surgery 

¶ Calcifications associated with risk ratios of 2.46 
for local recurrence, 2.24 for metastasis and 2.5 
for mortality. 

 

 

 

Figure 8.1 Representative standard curve for OCP calcium assay. A Ca2+ standard solution of 
known concentration was diluted in 1N nitric acid create a standard curve in the range of 2-10 ppm. 
70 µL was added to each well of a 96-well plate along with 70 µL OCP and 170 µL AMP. Absorbance 
was read at 562 nm. Standards were analysed in triplicate for every assay performed. 

 

 

Figure 8.2 Representative standard curve for BCA protein assay. BSA was diluted in PBS to 
create a standard curve in the range of 5-250 µg/mL. 25 µL was added to each well of a 96-well plate 
along with 200 µL BCA working reagent and incubated at 37°C for 1 hour before absorbance was 
read at 562 nm. Standards were analysed in triplicate for every assay performed. 
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Figure 8.3 Representative standard curve of ALP activity assay. Bovine intestinal ALP was 
diluted in ALP assay buffer to create a standard curve of 5-50 mU/mL. 50 µL was added to each well 
of a 96-well plate along with 100 µL of pNPP substrate and incubated at 37ºC for 30 minutes. 
Absorbance was read at 405 nm. Standards were analysed in triplicate for every assay performed. 

 

 

 

 

 

 

 

 

 

 

 

Figure 8.4 Representative standard curve of IL-6 ELISA. An IL-6 standard solution was diluted in 
PBS to create a standard curve in the range of 8 ï 500 pg/ml. 100 µL was added to each well of a 
high-binding ELISA plate coated with IL-6 capture antibody (Immunotools) and incubated at room 
temperature for 2 hours. Plates were subsequently washed, incubated with detection antibody and 
finally analysed with TMB substrate, following manufacturerôs instructions. Standards were analysed 
in triplicate for every assay performed. 
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Figure 8.5 Representative amplification curve (A) and melting-curve analysis (B) of qPCR 
assay. 18S expression was analysed used specific primers in a qPCR assay, with fluorescence 
measured at the elongation stage of each cycle (A). Dissociation curve analysis was performed after 
every qPCR assay to confirm primer specificity (B).  

 

(A)  

(B) 

Becca is shite  
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Table 8.2 Formulation of buffers used  
 

Buffer Formulation 

10X PBS 1.37 M NaCl, 27 mM KCl, 100 mM Na2HPO4, 18 mM KH2PO4 

PBS 137 mM NaCl, 2.7 mM KCl, 10 mM Na2HPO4, 1.8 mM KH2PO4 

10X TBS 500 mM Tris-HCl pH 7.5, 1.5 M NaCl 

TBS 50 mM Tris-HCl pH 7.5, 150 mM NaCl 

TBST 50 mM Tris-HCl pH 7.5, 150 mM NaCl, 0.1% Triton X-100 

RIPA buffer 50 mM Tris-HCl pH 8.0, 150 mM NaCl, 1% NP-40, 0.5% sodium 
deoxycholate, 0.1% SDS 

5X SDS loading buffer 250 mM Tris-HCl, pH 6.8, 10% SDS, 30% glycerol, 5% ɓ-
mercaptoethanol, 0.05% bromophenol blue 

Resolving gel buffer 1.5 M Tris-HCl, pH 8.8 

Stacking gel buffer 0.5 M Tris-HCl, pH 6.8 

10X SDS running 
buffer 

250 mM Tris, 1.92 M glycine, 1% SDS 

SDS running buffer 25 mM Tris, 192 mM glycine, 0.1% SDS 

10X Transfer buffer 250 mM Tris, 192 mM glycine  

Transfer buffer 25 mM Tris, 1.92 M glycine, 10% methanol 

Blocking buffer  TBS, 5% BSA 

Antibody incubation 
buffer 

TBS, 0.1% Tween-20, 5% BSA 

ALP buffer 100 mM Tris-HCl pH 9.5, 100 mM NaCl, 5 mM MgCl, 1% Triton X-100  

50X TAE 2 M Tris pH 8.3, 1 M acetic acid, 50 mM EDTA 

TAE 40mM Tris pH 8.3, 20mM acetic acid, 1 mM EDTA 

TE 10 mM Tris-HCl pH 8.0, 1 mM EDTA 

ELISA diluent PBS, 0.05% Tween-20, 1% BSA 
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Figure 8.6 PMA promotes differentiation of THP-1 cells to a macrophage like phenotype. 
Representative images at 10X magnification of THP-1 monocyte cells grown as suspension culture 
or differentiated to an adherent macrophage phenotype by 24 hours incubation with 10 nM PMA. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 8.7 Glucose concentration influences mineralisation of MDA-MB-231 cells. 
Representative images were captured at 10X magnification of Alizarin Red S stained of cells grown 
in low (A) or high (B) glucose DMEM, supplemented with OC or OC+Dex, at the specified time points. 
Quantification of extracted Alizarin Red S dye from cell monolayers demonstrates positive 
mineralisation at days 14, 21 and 28 in both groups in cells cultured in OC+Dex media. Reproduced 
from ñInvestigating the role of breast cancer microcalcifications in driving inflammatory processes, 
and the potential consequences for tumour progressionò (Amy Colin, 2013, M.Sc. thesis). 
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Figure 8.8 DMSO does not alter development of MDA-MB-231 mineralisations. MDA-MB-231 
cells were cultured for 21 days in OC+Dex supplemented media, with the indicated concentraion of 
DMSO. Alizarin Red S staining revealed no significant inhbitory effects of DMSO on cell 
mineralisation, even at relatively high concentrations.  
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8.2 Presentations 

Table 8.3 Oral and poster conference presentations 

 

 

 

 

 

Oral/ 
Poster 

Title Authors Conference 

Poster 
Microcalcifications in breast cancer: Novel 
insights into the molecular mechanism and 
functional consequences 

S OôGrady, 
M P Morgan 

RCSI Research Day 
(Feb, 2015) 

Poster 
Microcalcifications in breast cancer: Novel 
insights into the molecular mechanism and 
functional consequences 

S OôGrady, 
M P Morgan 

Irish Association of 
Cancer Research 
( Mar, 2015) 

Poster 
Development of an in vitro model of breast 
tumour microcalcification 

S OôGrady, 
N Azizi, 

M P Morgan 

Royal Academy of 
Biomedical Sciences 
( June, 2015) 

Poster 
Matrix metalloproteinase activity is required for 
microcalcification formation in an in vitro model 

S OôGrady, 
M P Morgan 

Irish Association of 
Cancer Research 
( Feb, 2016) 

Poster 
Exogenous magnesium reduces calcium 
deposition in an in vitro model of breast cancer 
microcalcification formation 

S OôGrady, 
M P Morgan 

RCSI Research Day 
( Feb, 2016) 

Poster 
Magnesium ions, TRPM7 transporters and the 
development of mammary calcifications 

S OôGrady, 
M P Morgan 

Early Career 
Physiologist 
Symposium 
( Jul, 2016) 

Poster 
Investigating the role of tumour-environmental 
factors on the formation of mammary 
microcalcification in an in vitro model 

S OôGrady, 
M P Morgan 

EACR: Goodbye Flat 
Biology 
( Oct, 2016) 

Oral 
Investigation of tumour-environmental factors 
on formation of mammary microcalcification 
using an in vitro model 

S OôGrady, 
M P Morgan 

Matrix Biology 
Ireland 
( Nov, 2016) 

Poster 
Protective effect of TRPM7 inhibition  in a 
model of breast  tumour calcification 

S OôGrady, 
M P Morgan 

Irish Association of 
Pharmacologists 
( Dec, 2016) 

Poster 
Tumour associated cytokines impact the 
formation and development of breast 
microcalcifications in an in vitro model 

S OôGrady, 
M P Morgan 

RCSI Research Day 
( Feb, 2017) 

Poster 
Functional role of BMP signalling pathway and 
inflammatory cytokines in an in vitro model of 
breast calcification. 

S OôGrady, 
M P Morgan 

Irish Association of 
Cancer Research 
( Feb, 2017) 

Poster 
Tumour micro-environmental factors and the 
development of mammary calcifications: 
Recent findings from an in vitro model 

S OôGrady, 
M P Morgan 

American 
Association of 
Cancer Research 
( Apr, 2017) 

Oral 

Deposition of calcium in a novel in vitro model 
of breast tumour calcification reveals functional 
role for ALP/ENPP1 balance and dysregulation 
of TRPM7 ion channel 

S OôGrady, 
M P Morgan 

Matrix Biology 
Ireland 
( Dec, 2017) 
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8.3 Students supervised 

¶ Samar Atteih, Student Select Component (SSC) 2015: Helped with the early 

establishment of the MDA-MB-231 model. 

¶ Naqeem Azizi, M.Sc. Translational Oncology (2015): Examined effect of 

hypoxia on formation of microcalcifications. 

¶ Farrah Adamali Summer Research School (2015): Helped characterise 

mineralisation characteristics of several cell lines 

¶ Fatemah Hassan, SSC (2016): Carried out western blot and MTT analysis of 

a novel anti-cancer agent. See publications (Section 8.4) 

¶ Ahmed Alabdulkareem Summer Research School (2016): Investigated 

potential anti-mineralisation activity of MMP inhibitors.  

¶ Ali Alsahlanee, SSC (2017): Generated mRNA time courses to examine 

expression of PMCA1 and PMCA2 in MDA-MB-231 cells.  

¶ Nadine Copty Summer Research School (2017): Performed siRNA 

transfection targeting RUNX2 expression. 

8.4 Publications  

Kelly GJ, Kia AF, Hassan F, O'Grady S, Morgan MP, Creaven BS, McClean S, 

Harmey JH, Devocelle M. (2016). Polymeric prodrug combination to exploit the 

therapeutic potential of antimicrobial peptides against cancer cells. Org Biomol 

Chem 14(39):9278-9286. 

O'Grady S, Morgan MP. Microcalcifications in breast cancer: From pathophysiology 

to diagnosis and prognosis. Biochim Biophys Acta. 2018;1869(2):310-20. 

 

8.5 Science promotion and other academic activities  

¶ Postgraduate Student Union. 1 year as Communications Officer, 1 year as 

President. Acted as student liaison and representative on several academic 

committees and boards.  

¶ Organising committee for ñ2016 Postgraduate De-Stress Dayò and ñ2017 

Postgraduate Careers Fairò.  

¶ Lab demonstrator for biomedical science practicals.  

¶ Assisted in Leaving Certificate teaching demonstrations.  

¶ Visits to a local primary school to carry out science demonstrations.   

¶ Tour-guide during the inaugural ñMCT Lab-Safariò, as part of Science Week.  

 


