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Summary 

Advanced breast cancer is frequently associated with skeletal metastases characterised by dormancy 

and subsequent incurable metastatic outgrowth accompanied by skeletal related events. 

Disseminated tumour cells putatively assume residence in metastatic niches within the bone 

microenvironment, in locations that may be regularly occupied by resident cells and regulated by 

neighbouring cells in response to local and systemic signals. 

My studies explored how modification of the bone microenvironment using a dietary approach (low 

calcium), a surgical intervention (ovariectomy) and pharmacological inhibition of bone resorption (Zol) 

impacted breast cancer cell development and progression within the bone in vivo.  

The effect of a low calcium diet (0.1%) on the bone microenvironment of mature (12-week old) and 

dormant disseminated tumour cells was investigated in the absence and presence of bone-colonising 

tumour cells. In the absence of tumour cells, minor reductions of  percent bone volume was detected 

after 28 days, with a reduction in PINP and increase in TRAP, without significant change to gene 

expression. Without existing literature on the effect of a low calcium diet on the outgrowth of dormant  

disseminated breast cancer cells, my research showed a low calcium diet in isolation did not 

sufficiently alter the bone microenvironment to trigger the outgrowth of dormant tumour cells.  

To investigate the effect of repeated doses of Zol on outgrowing tumour cells in bone with rapid 

turnover, young (6-week old) mice were treated with four once-weekly clinically-relevant doses. Zol 

significantly increased trabecular percent bone volume, trabecular number and reduced trabecular 

separation. In agreement with existing literature Zol did not prevent or significantly delay the 

outgrowth of tumours in the bone with rapid turnover. 

Profiling transcriptional changes to the mature (12-week old) bone microenvironment 14 days after 

ovariectomy, which has been shown to induce the outgrowth of dormant disseminated tumour cells, 

by RNA-seq revealed POSTN, MMP2, THBS2 and OPN as genes influencing the altered bone 

microenvironment. Comparison with  publicly available RNA-seq data on the bone microenvironment 

of young (~30 years old), old (~73 years old) and old women treated with oestrogen for 3 weeks (~ 70 

years old) found overlap between genes expressed by both young women and old women, suggesting 

caution in comparison. Comparing genes altered in the bone microenvironment of ovariectomised 

mice did not show overlap with genes found from in vitro dormant tumour cells. Deconvolution of 

bulk RNA-seq data to infer cell types did not show any significant differences. Further studies on 

dormancy gene signatures within the bone microenvironment are required. 
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1 INTRODUCTION 
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1.1. BREAST CANCER OVERVIEW 

In the UK, cancer is the largest contributor to annual mortality, accounting for almost a third of all 

deaths. In the year 2014, this figure was approximately 167,000 persons. According to Cancer 

Research UK, 15% of new cancer cases in 2015 were breast cancer (BC), making it the highest-

incidence cancer in the UK, with an increased rate of diagnosis of 20% from 1993 (UK, 2018), 

accounting for 11,563 deaths in 2016. 

Despite an elevated incidence in diagnosis as compared to other cancer types among women, with 

55,122 newly diagnosed in 2015, BC survival has been increasing (Coleman et al., 2011, UK, 2016, UK, 

2018). The age-standardised 10-year breast cancer survival rate in women aged 15-99 shows a 

significant increase of 38% in survival statistics, from 40% in 1971, to 78% in 2011 (UK 2012). This is in 

part due to increased awareness, combined with early screening and a significant improvement in 

treatment options that are available for women with BC.  

Breast cancer’s represents multiple diseases, with 22 currently recognised morphological variants, 

that present a diverse mutational landscape (Sinn and Kreipe, 2013). However, stratification of BC 

remains in two broad groups; hormonal – also known as luminal and positive for either oestrogen 

receptor (ER+) or progesterone receptor (PR+) expression - and non-hormonal – also referred to as 

non-luminal and either positive or negative for human epidermal growth factor receptor - 2 (HER2) 

expression (see Figure 1-1) (Tong et al., 2018).  

 

Figure 1-1: Breast cancer main sub-classes. 
Reprinted by permission from PLOS ONE: 
Medicine (Blows, Driver et al. 2010) 

The sub-types of BC identified as 

hormonally-driven are more 

frequent in occurrence and have 

a more favourable outcome in 

comparison to the non-

hormonal sub-type lacking HER2 

expression, commonly called 

triple-negative BC (TNBC) (18.9% 

of BC patients), due to the advent of targeted therapies, such as Tamoxifen and Herceptin (Burt et al., 

2017, Chen et al., 2008, Hudis and Gianni, 2011). Despite these improvements, breast cancer 

contributes to 7% of all deaths in the UK (2016 figures), and as such, warrants further investigation 

into improved therapies to maintain a trend of increasing survival (Cancer Research, 2016). 
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1.1.1 CURRENT THERAPIES 

For primary breast cancer, surgical excision of the bulk tumour tissue is the most common form of 

intervention in conjunction with adjuvant systemic therapy and/or radiotherapy. Systemic therapies 

used vary with molecular subtype and include Tamoxifen for ER+ and Herceptin for HER2+, which are 

therapies targeted at the particular molecular subtype. There is a further repertoire of drugs, such as 

Poly (ADP-ribose) polymerase (PARP) inhibitors olaparib and talazoparib used in situations where 

BRCA DNA repair protein mutations are clinically present, and alpelisib, a Phosphoinositide 3-kinase 

(PI3K) inhibitor and everolimus, an mTOR inhibitor, for postmenopausal women presenting with 

advanced HER2+ cancers. These targeted treatments have shown marked success for hormone-

receptor positive and HER2+ cancers, but cytotoxic therapy remains the standard treatment for triple 

negative  breast cancers (Lima et al., 2019). 

1.1.2 SECONDARY BREAST CANCER 

Treatment of BC often results in no detectable re-occurrence in the primary breast tissue, yet it is 

estimated that 35% of patients with BC will develop secondary metastases at distant sites within 10 

years of first diagnosis (Burt et al., 2017). Pan et al. performed a meta-analysis of 88 trials involving 

62,923 ER-positive BC patients treated with endocrine therapy, and disease-free after 5 years; finding 

a steady recurrence from 5 to 20 years and showing significant recurrence in distant sites (Pan et al., 

2017). This risk of recurrence persists and continues to increase beyond 20 years even for patients 

with the most favourable prognosis. Adjuvant chemotherapy in such cases achieves success, reducing 

10-year recurrence by 30%, yet leaving an unmet clinical need (Demicheli et al., 2005). Better 

treatments targeting treatment-resistant cells may prevent or further delay onset of incurable 

metastatic disease, further improving patient outcomes. 

1.2 BONE METASTASIS 

Bone is a unique tissue rich in cells, yet possessing mineral characteristics that provide rigid structure. 

Bone has several compartments where cells of diverse origin and function reside (see Figure 1-2). It is 

the site of hematopoiesis and a major store for critical minerals, such as calcium and phosphate, as 

well as a store for growth-promoting cytokines and growth factors, such as insulin-like growth factor 

1 (IGF-1) and transforming growth factor beta (TGFβ). As such, it provides a rich, complex, 

microenvironment that makes it favourable for the colonisation and growth of disseminated tumour 

cells. 
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Figure 1-2: The various compartments of long bones. Reprinted by permission from Academic Press (Feher, 2017, Kennecke et al., 2010).  

1.2.1 ORGANOTROPISM 

Organotropism refers to a distinct affinity for tumour cells to metastasise to specific organs that is 

regulated by subtypes of the primary tumour, host organ microenvironment and cross-talk 

interactions between the cancer cells and the organ (Chen et al., 2018b).  

Bone is a common organotrophic site for BC cell migration, and alongside the liver and lungs, 

represents a significant site of metastasis for BC cells. Disseminated tumour cells within the bone are 

found in up to 60-80% of BC patients, including those with multiple sites of metastasis. A further 17-

37% of these patients harbor disseminated tumour cells that are solely in bone (Ahn et al., 2013, 

Coleman, 1997b, Yousefi et al., 2018). Disseminated tumour cells pose a significant challenge due to 

the ability to spread and colonise early; at diagnosis, 25-40% of patients are estimated to already 

possess bone disseminated tumour cells (DTC) (Ahn et al., 2013). One factor responsible for the 

prevalence of bone metastasis is the presence of chemotactic ligands secreted by bone resident cells, 

in particular stromal-derived-factor-1 (SDF-1 – also called CXCL12), as well as the expression of the 

ligands’ associated receptor, such as CXCR4 receptor for SDF-1 ligand, making this site particularly 

favourable to disseminated BC homing (see Figure 1-3) (Wang et al., 2006).  
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Figure 1-3: The steps of breast cancer bone metastasis. Cross-talk between the primary tumour and bone microenvironment prepare the 
metastatic niche, followed by invasion into stromal environment supported by tumour associated cells. Intravasation, circulation and 
subsequent homing to the bone through chemotaxis ensues. Extravasation and colonisation into the bone microenvironment whereby a 
proportion of BC cells successfully engraft and often undergo a period of dormancy prior to escape into overt metastasis.  Reprinted by 
permission from Springer Nature (Coleman et al., 2020b) 

Upon recurrence of metastases in the bone, the disease is seldom curable. Current treatment for BC 

bone metastases is therefore mainly aimed at symptom palliation and preventing disease progression 

(Kennecke et al., 2010). In addition, to mortality associated with bone metastases, skeletal-related 

events increase morbidity of those living with significant tumour burden in the bone(Coleman and 

Rubens, 1987) (Clemons et al., 2012). 

Skeletal-related events (SREs) in BC, primarily a result of osteolytic activity, include fractures, bone 

pain, hypercalcaemia, spinal cord compression and osteoporosis are problematic complications of 

bone metastases that have a negative impact on quality of life of BC patients (Clemons et al., 2012). 

The current volume and proportion of women experiencing BC bone metastases compels further 

research to unravel mechanistic understanding and possible interventions to extend life and improve 

its quality. 
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1.3 THE BONE MICROENVIRONMENT – MULTIPLE ROLES IN TUMOUR DEVELOPMENT AND 

PROGRESSION 

The bone microenvironment is rich in cellular heterogeneity, being the site of hematopoiesis, as well 

as development of various constituents of bone. As such, it harbours many resident cells that have 

been shown to interact with metastatic tumour cells. The most important cells will be discussed in the 

following sections. 

1.3.1 OSTEOCLASTS 

Osteoclasts are cells from a hematopoietic lineage whose differentiation and activation heavily relies 

on macrophage colony-stimulating factor (M-CSF) and Receptor Activator of NFκB (RANK) ligand 

(RANKL) (Dougall, 2012). Indirect activation of osteoclast-induced bone resorption occurs through 

induction of osteoblast RANKL expression, such as through PTHrP and PGE2
 .  

Increased osteoclast-mediated bone resorption results in the release of tumour-promoting growth 

factors stored in the bone matrix, thereby activating proliferation signalling cascades in local cancer 

cells (Guise, 2002). Treatment with osteoclastic activity-inhibiting agents prevented outgrowth of 

tumours from DTCs, providing mechanistic evidence for a role for osteoclasts in this process (Ottewell 

et al., 2015). Activation of osteoclast activity may therefore be a mechanism by which quiescent DTCs 

escape dormancy and are triggered to proliferate by initiating the vicious cycle. 

 

Figure 1-4: Multinucleation and 
differentiation of osteoclasts 
stimulated by various factors 
secreted by osteoblasts and 

tumour cells. Awakening of 
tumour cells by release of TFG-B 
and IGF-1 release following bone 
degradation may be sufficient to 
reverse dormancy into overt 
outgrowth. Reprinted by 
permission from International 
Journal of Molecular Science 
(Shemanko et al., 2016) 

Soluble mediators of 

inflammatory activity, 

such as IL-1, IL-6 and 

TNFα, also drive 

osteoclast formation  (Liu 

et al., 2005).  The immune system is also involved in balancing excess bone resorption through 

inhibition of osteoclast formation by molecules such as IFN- γ, IL-4 and IL-10 (Dar et al., 2018). A 

number of cytokines (IL-4, IL-5, IL-10, IL-12, IL-13, IL-18), granulocyte-macrophage colony stimulating 

factor (GM-CSF) and interferons IFNα/β/γ produced by the immune component of the bone 
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microenvironment are further potent inhibitors of osteoclastogenesis, acting via inhibition of RANKL 

signalling (Del Fattore and Teti, 2012, Zhao and Ivashkiv, 2011). 

1.3.2 OSTEOBLASTS 

Osteoblasts are cells of a mesenchymal origin, constituting approximately 4-6% of all bone cells, and 

are responsible for the formation of bone through the production of an organic collagenous matrix 

which is subsequently hardened by the deposition of inorganic mineral components such as calcium 

and phosphate (Mansour et al., 2017). Osteoblasts are also important in the maintenance of the 

hematopoietic stem cell (HSC) niche. Although the liver is the primary site of hematopoiesis during 

fetal development, HSCs subsequently home to the bone after birth, mediated by the secretion of 

SDF-1 (CXCL12) by osteoblasts, providing a chemotactic response by SDF-1 receptor CXCR4 expressed 

by HSCs, whereby they are maintained in close proximity to osteoblasts through this continual 

chemotactic call and response (Sugiyama et al., 2006).  

The mechanisms whereby osteoblasts create and maintain the HSC niche also play a key role in the 

establishment of bone metastases due to their role in the homing of metastatic breast cancer cells. 

The key ligand/receptor axis responsible for breast cancer metastases to the bone is the interaction 

between the CXRC4 receptor expressed by the breast cancer cells, responding to chemotactic signals 

by the SDF-1(CXCL12) ligand secreted by osteoblasts, similar to HSC homing (Devignes et al., 2018). 

Furthermore, osteoblasts also regulate osteoclast function, through the secretion of M-CSF, RANKL 

and OPG, leading to an increase (M-CSF & RANKL) or reduction (OPG) of osteoclastogenesis which may 

encourage the growth of disseminated tumour cells within the bone (Boyce and Xing, 2007, Yamashita 

et al., 2012). 

1.3.3 OSTEOCYTES 

Osteocytes are the most abundant cell type in the bone, differentiated from mature osteoblasts that 

are subsequently encased in the bone matrix. They are a major source of RANKL, regulating bone 

turnover. However, their role in altering tumour growth within the bone is not well characterised. 

Early research has suggested roles for osteocyte-secreted adenosine in the promotion of breast cancer 

cells (Zhou et al., 2015), while other groups have suggested that pressure exerted by prostate cancer 

bone metastases on the bone stimulates an increase of CCL5 and matrix metalloproteinases that alter 

the bone microenvironment and aid in secondary prostate cancer progression within the bone (Sottnik 

et al., 2015). 

1.3.4 MESENCHYMAL STEM CELLS 

Mesenchymal stem cells (MSC) are pluripotent stem cells within the bone marrow with the ability to 

differentiate into a variety of cells including fibroblasts, chondrocytes, osteoblasts and adipocytes. 

These cells have been shown to associate proximally with various tumour types, promoting 

proliferation and migration, inducing a transcriptional shift in tumour cells that promotes disease 
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progression (Gasparetto, 2004, Karnoub et al., 2007, Zhang et al., 2013). However, the presence of 

MSCs is not entirely associated with poor prognosis, and in the case of multiple myeloma, are used in 

cell-based therapies such as autologous stem cell transplants to recover immune function, as well as 

agents for therapeutic agent delivery due to their tendency to locate close to tumour cells (Atsuta et 

al., 2013, Bi et al., 2014). 

1.3.5 CANCER ASSOCIATED FIBROBLASTS 

Fibroblasts are stromal cells found in various tissues within the body that have become increasingly 

important in cancer biology (Augsten, 2014). Fibroblasts closely associated with tumours are referred 

to as cancer-associated fibroblasts (CAFs) and can act either as promoters or suppressors of cancer. 

CAFs have been extensively studied in primary tissue, and have been shown to promote tumour 

invasion, angiogenesis, matrix stiffening and chemoresistance (Calvo et al., 2013, Logsdon et al., 

2017). Furthermore, they participate in lactate shuttling, a phenomenon key to the altered 

metabolism characteristic of tumour cells. CAFs can travel with metastatic cells from the primary site 

to the metastatic site and modulate tumour supportive immune cells, whose immunomodulatory 

function is enhanced through cross-talk with cancer cells(Duda et al., 2010, Harper and Sainson, 2014). 

Importantly, unlike transient and short lived tumour resident and infiltrating immune cells, CAFs 

persist under normal circumstances, meaning secreted molecules including cytokines and growth 

factors, as well as immune-modulatory functions can be sustained for a significant duration and 

therefore significantly impact the microenvironment within which they reside (Kraman et al., 2010). 

Fibroblasts are found within the bone microenvironment, differentiating from mesenchymal stem 

cells, both of which expand prior to tumour colonisation to the bone in the pre-metastatic niche and 

have been shown to have a significant role in establishing bone-tropic tumours (Mukaida et al., 2020, 

Quante et al., 2011).  

1.3.6 ADIPOCYTES 

The bone marrow is a tissue highly enriched in adipocytes, whose role in mediating breast cancer 

colonisation and disease progress is being uncovered.  Adipocytes are cells from the mesenchymal 

lineage, closely related to osteoblasts in differentiation steps, which results in an inverse reciprocal 

relationship between osteoblastogenesis and adopogenesis (Liu et al., 2020). Adipocytes act as 

storage of adipose tissue, but have been shown to serve as an endocrine organ through their secretion 

of signalling molecules, such as adipokines, cytokines, chemokines and growth factors that result in 

facilitating recruitment, invasion, survival, colonisation and proliferation of breast cancer cells, in 

addition to inducing angiogenesis and immune modulation (Liu et al., 2020). Further to producing 

various classical signalling molecules, adipocytes also secrete glycerol and free fatty acids (FFA) 

derived from stored lipids in the form of triglycerides and lipid droplets (Granneman and Moore, 2008, 

Martin and Parton, 2006). Released FFAs can be taken up by tumour cells in the microenvironment 

facilitated by lipid transporters such as translocase (CD36; FAT) and fatty acid-binding protein 4 

(FABP4), which results in increased breast tumour cell proliferation (Zhao et al., 2017). The presence 

of tumour cells can further increase the lipolysis of stored lipids into glycerol and FFAs through 
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deactivation of adipose triglyceride lipase (ATGL) and phosphorylation of hormone-sensitive lipase 

(HSL) (Granneman et al., 2007, Haemmerle et al., 2006). The interaction between bone marrow 

adipocytes and metastatic tumour cells is under continued investigation which may provide potential 

therapeutic targets. 

1.3.7 MACROPHAGES 

Macrophages are mononuclear myeloid cells that originate from monocytes within the bone 

microenvironment whose differentiation, growth and chemotaxis are controlled by chemokines that 

include CCL2 (MCP-1 (monocyte chemoattractant protein 1)) and colony stimulating factor (CSF) 1 

(Sierra-Filardi et al., 2014).  

Macrophages form complex interactions with B cells and T cells modulating the adaptive response, 

which results in a modulated response to tumours. Activation within the microenvironment can 

induce polarization and activation into two broad phenotypes, whose effect on tumour development 

is divergent (Yunna et al., 2020). A pro-inflammatory and anti-tumour phenotype characterised by the 

secretion of IL-1, IL-6, IL-12 and IFN-γ which recruit and activate effector T cells responsible for 

eradication of tumours. In contrast, tumour-associated macrophages (TAMs)  secrete factors such as 

IL-10 and TGF-β, suppressing CD4+ helper T cells and CD8+ effector activity, MMP-9 that remodels the 

extra-cellular matrix and VEFG-A; inducing angiogenesis that subsequently supports tumour growth 

and secreting reactive oxygen species (ROS) that maintain an inflammatory environment which is 

linked to poor prognosis (Biswas et al., 2006, Qian and Pollard, 2010). Within the bone 

microenvironment, osteal macrophages (osteomacs) exhibit similar phenotypes to the M1 and M2 

polarised subtypes. However, through the combination of RANKL and M-CSF, osteomacs can 

differentiate into osteoclasts, altering bone metabolism balance to favour increased breakdown which 

supports tumour growth (Jeganathan et al., 2014). Further research is ongoing into defining the role 

of osteomacs in bone metastatic tumour growth. 

1.3.8 MYELOID DERIVED SUPPRESSOR CELLS (MDSCS) 

Myeloid derived suppressor cells (MDSCs) are a heterogenous group of cells consisting of immature 

macrophages, granulocytes, dendritic cells and myeloid progenitor cells, characterised by  

CD11b+Ly6GlowLy6C+, a majority of which are interleukin-4Rα (IL-4Rα+) and F4/80+ (Buenrostro et al., 

2014, Highfill et al., 2010). MDSCs have two broad cellular populations; one derived from monocyte 

populations (M-MDSC), and another derived from immature polymorphonuclear cells (PMN-MDSC), 

which are phenotypically and morphologically similar to monocytes and neutrophils respectively 

(Marvel and Gabrilovich, 2015). Within the tumour microenvironment, MDSCs have been 

characterised by immune suppression, by the expression of IL-10, TGF-β, arginase (ARG1), inducible 

nitric oxide synthase (iNOS) and sequestration of cysteine. This results in increased T-reg induction 

and reduces the expression of L-selectin by T-cells, creating an immunosuppressive environment that 

is less restrictive to tumour growth (Lindau et al., 2013, Youn et al., 2008).  MDSCs have also been 

implicated in the remodelling of the tumour environment, EMT promotion and preparation of a pre-
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metastatic niche (Ya et al., 2022). MDSCs are predominantly derived from the bone marrow where 

they are generated through granulocyte-macrophage colony stimulating factor (GM-CSF) and may 

affect tumour growth (Highfill et al., 2010). Targeting MDSCs therapeutically is an area of increasing 

research in the hope of deriving immunotherapeutic benefit. 

1.3.9 T CELLS 

T cells comprise a part of the adaptive immune system and are vital cells to antitumour response that 

mature in the thymus. T cells are frequently characterised into two broad categories dependent on 

the presence of a cell surface antigen; CD4+ (helper cells) and CD8+ (effector cells) (Seder and Ahmed, 

2003). Research has demonstrated a clear role for CD8+ cytotoxicity being vital to an antitumour 

response characterised by the secretion of IFN-γ. In breast cancer, IFN-γ secreting CD8+ T cells have 

been shown to improve tumour burden by facilitating apoptosis and inducing growth arrest in a 

FVBN202 mouse mammary carcinoma (MMC) model (Kmieciak et al., 2011, Kmieciak et al., 2013). This 

is supported in work by Koebel et al. (2007) and Romero et al.(2014) whose data showed CD8+ ablative 

treatment induced overt regrowth of previously undetectable tumours in mice (Koebel et al., 2007, 

Romero et al., 2014). Vitetta et al. further showed BCL1-Id* immunisation, that subsequently activates 

CD8+ T cells, conferred reduced growth compared to nude mice lacking FOXN1 gene; a regulator of 

thymus epithelial development and thus lacking adaptive T cell development (Vitetta et al., 1997). 

However, resistance to CD8+ by cancer cells occurs through the downregulation of MHC I, and may 

further evade CTL targeting by overexpression of B7-H1 and B7.1, IL-3 and inactivation of SOCS1, a 

JAK/STAT negative regulator. 

A downregulation or mutation of major histocompatibility complex I (MHC I) molecules may be a 

mechanism in the immune-evasion of tumour cells, as well acting as a cell-cycle regulator further 

associating it with the dormant phenotype (Garrido et al., 2012). The MHC I cell surface receptor, 

critical for CD8+ T cell recognition, has been found to be downregulated in bone marrow (BM) DTCs 

isolated from patients, as well as the presence of MHC Ilow  Lgr5-GFP stem populations in patient hair 

follicles treated with adoptive transfer of T cell receptor (TCR) engineered cells (Agudo et al., 2018). 

This is further purported in mice where fibrosarcoma GR9-B11 dormant DTCs exhibited low/negative 

expression of MHC I compared to high expression in the primary site in murine models, suggesting 

downregulation of MHC I as an accessory avoidance of immune destruction (Romero et al., 2014). 

Downregulation of antigen presenting molecules MHC I and TAP proteins via transactivator NLRC5 

reportedly assist quiescent muscle and hair follicle stem cells avoid T cell mediated elimination, and is 

reversed in cell cycle entry, linking antigen presentation, dormancy and immune evasion (Agudo et 

al., 2018). Induction of epigenetic alterations producing antigen loss via MHC I and upregulation of 

PD-L1 have also been shown to be effects of IFN-γ secreted by CD8+ cells on tumour cells (Kmieciak et 

al., 2013, Payne et al., 2016). In addition to this evasion, CD8+ T cells are in low abundance within the 

bone microenvironment and may not be very effective against tumour cells within the bone 

microenvironment (Mendoza-Reinoso et al., 2020).  



 

 

37 

 

A specific subset of CD4+ T helper (Th) cells found within the bone microenvironment, Th17, is 

considered an inducer of osteoclastogenesis due to secretion of TNFα and RANKL, but lower IFN- γ 

expression than other Th cells. Furthermore, the Th17 subset is responsible for the production of IL-

17, which drives osteoblast-mediated RANKL secretion (Sato et al., 2006). Roy et al. (2011) studied the 

correlation between type II collagen-induced inflammation on production of IL-17 and secondary 

metastases in a MMT-PyVMT mouse model, finding significant increases in secreted pro-inflammatory 

cytokines IL-17, IL-6, pro-MMP9, IGFII and M-CSF. Subsequent treatment with anti-IL-17 antibodies 

showed a reduction in the development of secondary metastases (Roy et al., 2011). This effect was 

accompanied with decreased numbers of osteoclasts and bone resorption, implicating osteoclasts in 

the development of secondary metastases. A conflicting role for IL-17 in osteoclast development has 

been proposed in the stimulation of GM-CSF, thereby inhibiting osteoclastogenesis , but evidence 

from mouse models have shown reduced osteoclast formation and activity with IL-17 inhibition, 

suggesting any downstream GM-CSF stimulation is outweighed by its pro-osteoclastogenic potency 

(Noster et al., 2014). Inhibition of Th17 cells within the bone microenvironment may reduce the 

potential for tumour growth by reducing the rate of osteoclast formation and activity.  

1.3.10 T REGULATORY CELLS 

T regulatory cells (Tregs) are regulators of the immune system that are critical to stifling the immune 

response and preventing excessive inflammation. The most well characterised subset of Tregs is the 

CD4+ Foxp3+ population, which either mature in the thymus, and thus classified as natural Tregs 

(nTreg) or can be induced from naïve CD4+ cells in the periphery through TGF-β and IL-2, subsequently 

classed as induced Tregs (iTreg) (Adeegbe and Nishikawa, 2013). Tregs have various 

immunosuppressive functions, including the expression PD-1 and PD-L1 (Francisco et al., 2009). Due 

to this immunosuppressive phenotype, a high infiltration of Tregs within the tumour 

microenvironment is associated with poor outcome, as they repress the activity of immunoactivating 

CD4+ helper cells and tumouricidal CD8+ effector T cells (Jacobs et al., 2009). Tregs reside in the bone 

microenvironment where they play a role in maintaining hematopoietic stem cell homeostasis and 

contribute to the pro-hematopoietic immune privilege (Hirata et al., 2018, Nishikawa and Sakaguchi, 

2010, Wang, 2006). Reducing the amount of Tregs and/or their influence on immune suppression 

within the bone microenvironment may improve the outcome of tumour therapies due to a reduction 

in immunosuppression, similar to immunotherapies targeting checkpoint blockades (Darvin et al., 

2018). 

1.3.11 NATURAL KILLER CELLS 

Natural killer (NK) cells form a part of the innate immune system and play an important part in anti-

tumour immunity by targeting tumour cells having stress induced markers, such as NKG2D or cells 

with downregulated MHC I antigen presenting receptors (Diefenbach et al., 2001). NK cells act by Fas-

Fas ligand interactions as well as granule mediated exocytosis. This tumour-cytotoxic role is observed 

in the bone, where depletion of NK cells in bone metastasis mouse models have resulted in 

uncontrollable proliferation (Bidwell et al., 2012). NK cells can express PD-1, which can be activated 
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by PD-L1 expressed by bone resident Tregs and stromal cells, reducing their activity within the bone 

microenvironment (Quatrini et al., 2020). Increasing the activity of NK cells within the bone may result 

in increased eradication of secondary tumour cells. 

Various cells play an important role in supporting or eliminating tumour cells within the bone 

microenvironment, which may provide promising therapeutic targets in addition to direct targeting of 

tumour cells within the bone microenvironment in order to achieve complete eradication of 

disseminated cancer cells. 

1.4 THERAPEUTIC STRATEGIES FOR BONE METASTASES 

Current therapeutic strategies for BC bone metastases focus on reducing or slowing down the rate of 

tumour growth and alleviating SREs. These are often combination therapies targeting both the tumour 

and bone-resident cells responsible for osteolysis. Therapies used follow similar modalities to those 

used on the primary tumour, although due to the mineralised nature of bone, surgery is not often 

performed to remove the secondary tumour in the bone. Treatments include chemotherapy, 

radiotherapy, targeted agents (such as EGFR inhibitors and ooestrogen receptor inhibitors) and 

CDK4/6 inhibitors (such as Palbociclib). However, these treatments are not curative in a secondary 

setting, also often having resistance built up from treatments to the primary tumour.  Increasing 

research shows promise in targeting the microenvironment in conjunction to targeting the cancer cells 

themselves in order to enhance current clinical endpoints. The following section will focus on 

strategies targeting the bone microenvironment. 

1.4.1 RANK/RANKL INHIBITORS 

RANKL, along with osteoprotegerin (OPG), act as key regulators of osteoclast development, affecting 

osteoclast-mediated bone resorption. RANKL is expressed on the surface of osteoblasts as a 

transmembrane protein which can be cleaved by proteases to release a soluble form. Both membrane-

bound and soluble RANKL bind to osteoclast precursors expressing RANK, the target receptor for 

RANKL, leading to the formation of mature, multinucleated osteoclasts. Activated osteoclasts 

contributed to cancer-induced bone disease by degrading the bone matrix. A growing body of 

evidence suggests RANKL/RANK also plays an important role in the expansion of tumour cells in bone 

(Clezardin and Teti, 2007, Kearns et al., 2008). 

Denosumab, a fully human monoclonal antibody against RANKL, is approved for use in secondary bone 

cancer of solid tumour origin, such as breast, kidney and lung. It is also used in men with prostate 

cancer suffering weakened bones due to hormonal therapy, as well as menopause-related bone 

fragility. Denosumab has shown superiority to other bone-targeted agents in delaying time to first, as 

well as reducing time to subsequent SREs in patients with secondary breast cancer within the bone. 

However, despite success in palliating cancer-induced bone disease, it does not show significant 

benefit in overall survival compared to bisphosphonates (Stopeck et al., 2010, Thomas et al., 2010).  
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1.4.2 SRC INHIBITORS 

c-Src is part of a family of non-receptor tyrosine kinases which is involved in signal transduction 

downstream of various cell surface receptors such as integrins, E-cadherin and tyrosine kinase 

receptors. In addition it plays an important role in osteoclast function due to its activation in response 

to RANK/RANKL binding in conjunction with TRAF6 recruitment (Boyce et al., 2006) .  In experimental 

models, mice that lacked src expression were protected from tumour-associated bone destruction, 

demonstrating that src-defective osteoclasts do not resorb bone (Bakewell et al., 2003). Src is also 

secreted by metastasized tumour cells into the microenvironment which may exacerbate tumour-

induced bone destruction by increased osteoclast activation. 

Several Src inhibitors, such as saracatinib, have been developed and have shown early efficacy in 

decreasing the levels of bone resorption markers in solid tumours and reduction of bone resorption 

similar to bisphosphonates (Baselga et al., 2010, M. Aklilu, 2011)                                                                                                                               

. Preliminary data in randomised trials have shown dasatinib, another src inhibitor, was well tolerated 

and improved progression free survival in breast cancer patients with symptomatic bone metastases 

(Mayer et al., 2011). However, conflicting findings have suggested no improvement in reported pain 

or bone turnover markers in breast cancer patients with bone metastases, where the authors 

suggested further evaluation should rely on molecularly-defined patient cohorts (Schott et al., 2016).                    

1.4.3 TGF-Β BLOCKADE 

Transforming growth factor beta (TGF-β) is a multifunctional cytokine involved in various processes, 

inducing proliferation. Within the skeletal tissue it is found within the bone matrix and is released 

upon bone resorption. TGF-β acts as a major growth factor, which drives metastasis and the growth 

of disseminated tumour cells. It acts by binding transmembrane receptors ALK5, TβRI and TβRII, 

leading to the phosphorylation of intracellular signalling molecules Smad2 and Smad3 that form a 

complex, binding Smad 4 before translocating to the nucleus. Here, the Smad complex regulates the 

transcription of many factors, such as integrin αvβ3, IL-6, IL-8, IL-11, MMP-1 and CXCR-4 that are 

involved in the proliferation and formation of bone metastases of solid tumours, such as breast cancer. 

Within the bone microenvironment, TGF-β further stimulates breast cancer cells to secrete molecules 

such as parathyroid hormone related protein (PTHrP), IL-11 and connective tissue growth factor 

(CTGF(CCN2)) which induce osteoblasts into reducing OPG secretion and increasing RANKL secretion, 

further driving osteolysis. 

Several treatment modalities have been developed in an attempt to inhibit TGF-β signalling in 

experimental breast cancer bone metastases, such as neutralising antibodies that sequester the 

protein itself, antisense oligonucleotides and small molecule inhibitors of TβRI. In vivo experiments 

have found that inhibition of TGF-β signalling reduces severity and incidence of osteolytic lesions, 

reversing bone loss (anti- TGF-β antibody 1D11) (Biswas et al., 2011), decreased tumour growth and 

progression (SD-208, a small molecule dual inhibitor of HIF1-α and TβRI )  , and significantly reduced 

occurrence osteolytic bone metastases (YR-290, small molecule inhibitor of TβRI) (Fang et al., 2013). 
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Despite success in vivo, TGF-β treatments have not found corresponding success in clinical 

trials(Teixeira et al., 2020). It is thought that a poor understanding regarding the dual role of TGF-β 

signalling in cancer, dynamic signalling, functional differences of TGF-β freely solution compared to 

exosomes and the regulatory effects of the tumour microenvironment, such as by cancer-associated 

fibroblasts impact targeting this protein in a clinical setting (Teixeira et al., 2020). 

1.4.4 CATHEPSIN K INHIBITORS 

Cathepsin K is a potent member of the lysosomal cysteine protease family, playing an integral role in 

bone resorption which is regarded as a multi-step process. The role of cathepsin K secreted by 

osteoclasts into the resorptive pit is to mediate the proteolysis of type I collagen in the 

demineralisation of the bone matrix by osteoclast-secreted protons. A loss-of-function mutation in 

the human cathepsin K gene is found in patients with pycnodystosis, a rare genetic disorder 

characterised by impaired osteoclastic bone resorption, which phenotype is recapitulated in mice that 

have this gene ablated. In contrast, overexpression of cathepsin K in mice results in increased 

osteoclast-mediated bone resorption (Kim et al., 2009). These findings demonstrate the critical role 

cathepsin K plays in bone resorption, and has been the subject of preclinical investigation as a 

therapeutic agent in the setting of breast cancer bone metastasis. 

In animal models of breast cancer bone metastasis, cathepsin K inhibitor AFG-495 showed a reduction 

of skeletal tumour burden and bone destruction (Le Gall et al., 2007). Although breast cancer cells also 

secrete cathepsin K, reduction of tumour burden was limited to skeletal sites, whereas sub-cutaneous 

tumours did not   (Clezardin and Teti, 2007). Despite moderate success in preclinical studies, clinical 

trials of cathepsin K inhibitors have been characterised by shortcomings due to off-target toxicities, 

such as that exhibited by nitrogen-containing balicatib, whose lysosomotropic properties leads to 

accumulation in lysosomes and results in the inhibition of other cysteine cathepsins. This drug was 

withdrawn from a 12-month phase III trial in human osteoporosis patients due to adverse skin effects 

(Le Gall et al., 2008). Odacatinib, which does not exhibit the lysosomotropic effects of balicatib, was 

also withdrawn from clinical trials despite reducing resorption markers in women with breast cancer 

bone metastases following 4 weeks of treatment (Jensen et al., 2010). 

1.4.5 CXCR4 INHIBITORS 

C-X-C motif chemokine receptor type 4 (CXCR4) is a chemotactic receptor expressed by most cells 

including hematopoietic and endothelial cells (Shiozawa et al., 2011). The ligand for CXCR4, CXCL12 

(stromal cell derived factor 1 (SDF-1)), is highly expressed by osteoblasts and acts as a mediator of 

chemotaxis of several cells towards the osteoblastic niche, such as hematopoietic stem cells (Sharma 

et al., 2011). Breast cancer cells overexpress CXCR4, which plays a significant role of bone homing by 

disseminated tumour cells, but also plays a role in their survival (Xu et al., 2015). 

In experimental models, CXCR4 blockade by neutralising antibodies or synthetic antagonist led to a 

reduction in metastasis to bone and lung by CXCR4 expressing breast cancer cells. A phase I/II trial of 
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CTCE-9908, a synthetic peptide antagonist demonstrated safety, tolerability and modest response, 

with 6 patients out of 20 (30%) with advanced metastatic disease and no response to standard 

treatments having overall stable disease (Wong and Korz, 2008). However, concerns relating to the 

blockade of the CXCR4-CXCL12 axis leading to increased bone resorption, as indicated by preclinical 

data, have been raised as this may make the bone a more favourable site for tumour growth, slowing 

down development of anti-CXCR4 therapies (Hirbe et al., 2007).  

1.4.6 INTEGRIN INHIBITORS 

During bone resorption, osteoclasts form an actin ring surrounding the ruffled border vital to bone 

resorption. Furthermore, a sealing zone surrounding the resorption pit is formed by binding of 

vitronectin to osteoclast cell surface proteins. These functions are mediated by integrins, which play 

a significant role in osteoclast-mediated bone resorption. In particular, αvβ3 is key in osteoclast 

activity. Knockout of αvβ3 in mice, whose intracellular signal transduction involves c-Src and Syk, led 

to poor bone resorption and the development of osteopetrosis (Zou et al., 2007). Interestingly, 

treatment with αvβ3 antagonist PSK1404, showed reduced bone loss and tumour in vivo as well as 

some antiangiogenic effects in vitro (Zhao et al., 2007). Another antagonist, GLPG0187, reduced 

metastatic lesions and bone-metastatic ability in vivo, with reduced osteolytic tumour burden when 

combined with zoledronic acid or paclitaxel (Li et al., 2015). 

1.4.7 DKK INHIBITORS 

Dkk-1 is an inhibitor of osteoblastogenesis. Wnt-1 promotes osteoblastogenesis by binding to frizzled, 

which, in association with low-density lipoprotein (LRP) 5/6, leads to downstream β-catenin signalling 

and subsequent activation of genes involved in osteoblast differentiation and maturation. DKK-1 

inhibits this process by binding to LRP5/6, preventing interaction with Wnt-1 and the prevention of 

the downstream signalling cascade. Blockade of DKK-1 through neutralising antibodies led to increase 

of osteoblast number, osteocalcin and trabecular bone in animal models of multiple myeloma 

(Yaccoby et al., 2007) (Fulciniti et al., 2009). This was also accompanied by a corresponding decrease 

of osteolysis and skeletal tumour growth, making DKK-1 an attractive target for cancer-induced bone 

disease. There are currently no trials of DKK-1 in breast cancer, but there have been studies into a 

Dkk-1 neutralising antibodies in relapse/refractory multiple myeloma  in combination with zoledronic 

acid (Iyer et al., 2014). Further research is warranted to fully characterise the potential of Dkk-1 in 

breast cancer bone metastatic setting. 

1.4.8 ACTIVIN A INHIBITORS 

Activins are dimeric glycoproteins consisting of two alpha or beta subunits and belong to the TGF-β 

superfamily. Since the discovery of activins in 1986, they have been characterised as hormones, 

growth factors and cytokines. In particular, the activin A isoform was the most important in human 

physiology, being expressed in reproductive organs, brain, liver, lung, bone and the gut (Bloise et al., 
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2019). Activin A regulates bone formation and regeneration, enhancing processes such as joint 

inflammation and rheumatoid arthritis. 

Activin A acts by binding transmembrane serine/threonine kinase receptors; Act RII type-II receptor 

(Act RIIA) leading to recruitment and phosphorylation of ActRIB or activin-like kinase (ALK)4 type I 

receptors. Downstream signals are mediated by Smad2 and Smad3 entering the nucleus in conjunction 

with Smad4. This leads to inhibition of osteoblast differentiation and increasing osteoclast 

differentiation (Leto, 2010). Importantly, activin A has been found significantly increased in the serum 

of breast and prostate cancer patients with bone metastases (Leto et al., 2006). 

In murine models of myeloma and breast cancer, blockade of activin A has shown stimulation of bone 

formation and reduction in osteolytic lesions (Leto, 2010) (Leto et al., 2006).  

1.4.9 BISPHOSPHONATES 

Bisphosphonates (BPs) are anti-resorptive agents that reduce bone loss by targeting osteoclast activity 

and are established therapeutics for osteolytic inflammatory and tumour-associated bone disease 

(Drake et al., 2008). In addition to BPs’ success in inhibiting bone loss due to inflammation and cancer 

through selective induction of osteoclast apoptosis, they have been increasingly studied for their 

direct effects on tumours and immune modulation. 

BPs are analogues of inorganic pyrophosphate (PPi). The structure of BPs allows the chelation of 

divalent metal ions and thus have high affinity for the bone, the body’s main reservoir of calcium 

(Drake et al., 2008). This results in rapid systemic clearance and concentration in the bone due to BPs’ 

affinity for hydroxyapatite crystals on the bone mineral surface. BPs are generally classified into two 

groups; non-nitrogen-containing (etidronate, clodronate and tiludronate) and nitrogen containing  

(alendronate, risedronate, ibandronate, pamidronate, and zoledronic acid), distinguished by the 

presence of nitrogen-containing R2 side chains bound to the central carbon (Drake et al., 2008). Non-

nitrogen-containing BPs possess structural similarity to PPi and are incorporated into newly formed 

adenosine triphosphate (ATP) by class II aminoacyl-transfer RNA synthases (Russell, 2006). These ATP 

analogues are non-hydrolysable and inhibit ATP-dependent cellular processes resulting in apoptosis 

after intracellular accumulation. Farnesyl pyrophosphate synthase (FPPS) is the primary target of 

nitrogen-containing bisphosphonates (N-BP) and subsequently results in the inhibition of protein 

prenylation leading to apoptosis (Dunford et al., 2001). Osteoclasts are considered to be the only cells 

capable of acidifying bone. They form a sealing zone by binding vitronectin on the bone surface, 

followed by acidification by the release of protons and tartrate-resistant acid phosphatase, which 

demineralise the tissue,  exposing collagen proteins to the action of secreted proteases, such as 

cathepsin K (Feher, 2017). During bone resorption, mineral-bound BPs are released in resorption pits 

and subsequently taken up by osteoclasts in endocytic vesicles (Nakamura et al., 2012). Despite N-

BPs’ relatively indiscriminate mechanism of action (inhibiting a pathway essential for cholesterol 

synthesis), their increased uptake by osteoclasts during the resorption process means this cell type is 

their main target.  
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1.4.9.1 ZOLEDRONIC ACID  

Zoledronic acid (Zol) is a nitrogenated bisphosphonate on the WHO’s list of essential medicines, first 

approved in 2001 and subsequently approved for the use in various bone diseases, including 

osteoporosis, cancer-induced hypercalcemia and osteolysis and Paget’s disease (Saad, 2005). Zol is 

the most potent BP and therefore the most commonly used to treat cancer induced bone disease, and 

has subsequently drawn attention in this setting in pre-clinical research. Despite mainly targeting 

osteoclasts, preclinical research has suggested Zol can have a direct effect on cancer cells and on other 

cells in the hematopoietic lineage, although the evidence is limited (Mahmood et al., 2020). The use 

of Zol alone has shown limited results in preventing cancer progression, but delays and limits SREs. It 

is therefore used primarily to reduce SREs in the metastatic setting, however it has also been 

investigated as an adjuvant treatment in post-menopausal women with early breast cancer.  

Zol has been shown to decrease breast tumour cell proliferation and invasion in vitro (Mahmood et 

al., 2020). However, due to its strong affinity for bone and rapid clearance from circulation, direct 

effects in vitro are often not reflected in vivo. Despite having the potential to directly affect tumour 

cells following repeated high dosing in vitro, any observed anti-tumour effects in vivo are likely to be 

indirect following inhibition of osteoclast activity and release of bone-associated growth factors. 

Research into Zol in the cancer setting has therefore focused on its effect on the bone 

microenvironment which would indirectly influence tumour growth.  

A major analysis into the adjuvant use of Zol was performed in the AZURE trial, a randomised open-

label phase 3 trial of 3360 women in seven countries, investigated the adjuvant use of Zol in high-risk 

patients with early breast cancer (Coleman et al., 2014). In the overall study population Zol did not 

improve overall survival or distant recurrences, but reduced development of bone metastases. 

Significantly, in women who were at least 5 years post menopause, Zol improved invasive disease free 

survival (DFS), but did not affect all other menopausal groups. Significantly, this effect was observed 

widely among bisphosphonates, regardless of tumour oestrogen receptor status, suggesting a role for 

oestrogen in the microenvironment altering the actions of bisphosphonates (Early Breast Cancer 

Trialists' Collaborative, 2015).  

Another clinical trial into the investigation of BPs in early stage cancer using, clodronate, NSABP B-34, 

found that, although no overall improvement in DFS was achieved in women with micrometastatic 

disease in the bone, subgroup analysis found that there were significantly fewer recurrences of 

metastatic disease in women aged ≥ 50 years old when treated with clodronate compared with 

placebo (Paterson et al., 2012). Similarly, in the ZO-FAST trial, postmenopausal women with oestrogen 

or progesterone receptor-positive early breast cancer (stage I, II or IIA) receiving adjuvant letrozole 

were assigned to one of three groups; i.) to immediately receive Zol treatment every 6 month, ii.) 

delayed Zol treatment initiated by fracture or on-study decrease in bone-mineral density (BMD) or iii.) 

no Zol treatment. The study found that at 60 months (final analysis), immediate Zol use reduced the 

risk of DFS events by 34% with fewer local and distant recurrences as compared to delayed Zol, but 

yet delayed Zol substantially improved DFS compared to those who received no Zol (Coleman et al., 
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2013). These findings show correlations between oestrogen status and Zol, which lead to preclinical 

studies into the actions of Zol in various conditions, taking into account oestrogen and bone turnover. 

One such preclinical investigation was carried out by Ottewell, et al. who used 12-week-old female 

BALB/C-nude mice with disseminated MDA-MB-231 breast cancer cells characterised by a dormant 

phenotype, before performing ovariectomy or sham surgery and treating with Zol or control. Their 

results showed that ovariectomised mice had increased bone turnover and 83% of animals had 

detectable tumours, compared with 17% of those which underwent a sham operation (Ottewell et al., 

2015). Importantly, the ovariectomy-induced growth of DTCs was completely prevented by the use of 

Zol, whereas growth of DTCs in the sham-operated animals were unaffected. These results 

demonstrated that OVX-induced tumour growth was driven by osteoclast activity. The same results 

were achieved by using OPG-Fc to prevent osteoclast expansion and activation, supporting that DTC 

growth in this model is driven by OC activity.  Combining these observations with results from clinical 

trial data reflect the beneficial impact of using Zol for early bone metastatic disease in post 

menopausal women, and suggests the link between Zol and oestrogen being in part due to bone 

turnover induced by osteoclasts. 

The interaction between the tumour and the bone microenvironment at different stages of tumour 

growth is incompletely understood. Work by Ottewell et al. (2015) used a single dose of Zol, prior to 

subsequent injection of cells which prevented the outgrowth of disseminated tumour cells by 

increased bone turnover in an ovariectomised model. Despite this success, there are unanswered 

questions as to the tumour-bone interactions at different stages of tumour growth, and how Zol may 

affect later stages of tumour growth, as Zol alone has shown limited effects on tumour progression 

despite protecting bone (Ottewell et al., 2008). Current NICE guidelines indicate monthly dosing for 

patients who are at risk of SREs and in advanced malignancies involving bone (BNF, 2020).  

A diagramatic illustration of the aforementioned therapeutic strategies can be seen in Figure 1-5. 

Therapeutics currently in clinical trials can be seen in Table 1-1. 
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Figure 1-5: Targets within the bone microenvironment and their inhibitors as potential therapeutics. Reprinted by permission from The 
International Journal of Biochemistry & Cell Biology (Brook et al., 2018)
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Table 1-1: ABL, tyrosine-protein kinase ABL1; BCR, breakpoint cluster protein; CRPC, castration-resistant prostate cancer; mTOR, mammalian target of rapamycin; NGF, nerve growth factor; OS, overall survival; 
PFS, progression-free survival; RON, macrophage-stimulating 1 receptor; SRC, proto-oncogene tyrosine kinase SRC; SRE, skeletal-related event; aHas regulatory approval in the United States and/or Europe for use 
in patients with cancer or other indications as indicated. bDrug in phase III trials. cDrug in phase II trials. dDrug in phase I trials. eDrug investigated in preclinical studies. Adapted with permissions from Bone 
Metastases, Coleman et al. (2020), Nature Reviews Disease Primers volume 6, Article number 83 (Coleman et al., 2020b). 

Drug  Targets  Results  Trial ID  Refs  

Everolimusa  mTOR  Improvement in PFS in patients with breast cancer bone metastases 
Approved for treatment of metastatic breast cancer, renal cell carcinoma and 
neuroendocrine tumours  

NCT00863655 (BOLERO II) 
NCT01783444 (BOLERO 6)  

(Hortobagyi, 2015) 

Dasatiniba  BCR–ABL 
and SRC  

Inhibits bone turnover markers in patients with prostate cancer 
Responses in patients with prostate cancer seen on PET–CT imaging 
Approved for use in haematological malignancies  

NCT00410813 
NCT00918385  

(Koreckij et al., 2009, Yu 
et al., 2015) 

Romosozumaba  Sclerostin  Reduces osteolytic lesions in mouse models of breast cancer or multiple myeloma 
Approved for use in postmenopausal women with severe osteoporosis  

Preclinical studies only for 
effects on cancer 
NCT01575834  

(Cosman et al., 2016) 

Tanezumabb  NGF  Attenuates cancer pain in animal models of prostate and breast cancer bone metastasis 
and sarcoma. Provides additional sustained analgesia in patients with metastatic bone pain 
who are taking opioids; failed to achieve the primary end point of lowering opioid usage  

NCT00545129 
NCT02609828  

(Aiello et al., 2016) 

Odanacatibc  Cathepsin K  Inhibits the formation of osteolytic lesions in vivo. Reduces bone resorption in the clinic 
Development halted owing to potential cardiac adverse events  

NCT00399802  (Jensen et al., 2010, 
Liang et al., 2019) 

Saracatinibc  SRC and 
BCR–ABL  

Limited activity in solid tumours 
Minimal effects on bone pain  

NCT00558272 
NCT02085603  

(Sousa and Clezardin, 
2018) 

BMS777607d or 
ASLAN002d  

RON  Inhibits the formation of osteolytic lesions in animal models 
Reduces bone resorption in patients with advanced cancer  

NCT01721148 
NCT00605618  

(Sousa and Clezardin, 
2018) 

IVD11e  Jagged or 
Notch  

Inhibits osteoclastogenesis and bone metastasis formation in vivo  Preclinical only  (Sousa and Clezardin, 
2018) 
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1.4.10 LIMITATIONS 

Currently, metastatic BC is considered incurable and treatments for secondary relapse in the bone are 

palliative in nature, such as the reduction of bone resorption offered by the bisphosphonate 

zoledronic acid (Polascik, 2009). Standard therapy, such as chemotherapy and radiotherapy, fail to 

eradicate dormant DTCs as they act on rapidly dividing cells, while dormant cells are maintained in a 

non-dividing state and are therefore insensitive to conventional methods of intervention. An unclear 

understanding of the mechanisms supporting the induction and escape from dormancy in the bone 

underpins a lack of effective treatment options available that offer improved clinical endpoints (Wu 

and Lu, 2018). Elucidating this process would shed light on key molecules and cells involved in this 

disease state, leading to the identification of therapeutic candidates that may result in improved 

patient outcome.  

1.5 DISSEMINATED TUMOUR DORMANCY - DEADLY PERSISTENT CANCER CELLS 

During clinical remission, presenting no evidence of disease (NED) following treatment of the primary 

tumour, a subset of breast cancer patients consequently experience secondary recurrence at a distant 

site after a period of latency. This occult phase of dormancy is asymptomatic, while metastases 

stemming from aggravated overt outgrowth are often unresponsive to available treatments (Yadav et 

al., 2018).  

Once DTCs localise to the bone, they may remain in a mitotically dormant state (Vishnoi et al., 2015). 

The mechanisms of current systemic identification methods and therapies require mitotically active 

cancer cells for efficacy; and as such render this phenotype challenging to identify, study and treat 

(Gelao et al., 2013). Within the perivascular and endosteal regions where dormant DTCs have been 

found to reside, it is proposed that these DTCs parasitize the hematopoietic stem cell (HSC) niche 

(Shiozawa et al., 2011). Mechanisms ascribed to micro-environmental and immunological factors 

present in the bone microenvironment that maintain HSCs in a mitotically quiescent state are also 

thought to play a role in maintaining DTCs in dormancy (Ghajar, 2015, Walker et al., 2016).  

Metastases concurrent and asynchronous to primary tumour detection and treatment suggest 

variable kinetics in tumour cell dissemination, leading to identification of early and late disseminated 

cells, as well as dormancy. The rate of secondary site outgrowths is highly variable and dependent on 

tumour stratification, even within kindred organs of origin, suggesting a cell-intrinsic mechanism 

governing outgrowth (Gomis and Gawrzak, 2017). However, specific organotropism derived from 

primary organs and tissues may lend additional cell-extrinsic mechanisms governing these variable 

kinetics. As an example, breast cancer latency is classified as either medium or long-term latent 

disease compared to lung cancer presenting short latency (see Figure 1-6). 
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Figure 1-6: Rates of metastatic latency kinetics vary with site of primary tumour. Short latency presents as tumour mass surpassing 
detection threshold in months following treatment of primary site, medium latency presents as years and long latency as decades in time 
to metastasis from remission. Reprinted by permission from FEBSPRESS: Molecular Oncology (Gomis and Gawrzak, 2017) 

1.5.1 MECHANISMS OF DORMANCY 

Tumour dormancy is widely divided into two broad categories, described as Ki67+/low indolent, where 

the rate of proliferation and apoptosis are at equilibrium, and Ki67- indolent where cells enter mitotic 

G0-G1 growth arrest via disruption of the ERK/p38 pathway, as well as alterations in the STAT family 

molecules and apoptosis-related molecules, such as BAX/BCL2 (Payne et al., 2016). Models for 

dormancy are further distributed into three categories: (i) cellular (intrinsic mechanisms that induce 

dormancy, such as mutations), (ii) angiogenic (cell cycle arrest induced due to nutrient deprivation) 

and (iii) immunological dormancy (immune-cell induced dormancy) (Yeh and Ramaswamy, 2015). The 

following section will discuss mechanisms of dormancy derived from experimental data obtained from 

both within, and outside the bone. 

1.5.1.1 CELLULAR DORMANCY 

Cellular dormancy refers to cellular-intrinsic mechanisms that result in reduced cell cycling, with 

decreased mitogenic signalling and upregulation of autophagy pathways emergent as pivotal 

mechanisms. Disruption of the balance between the extracellular signal-regulated kinase (ERK) and 

p38 signalling pathways is central in effecting this phenotype. Upregulated p38 and downregulated 

ERK signalling has been profiled as the critical shift in signalling pathways to induce dormancy (Aguirre-

Ghiso et al., 2003, Park and Nam, 2020). Further to this, downregulation of phosphatidylinositide 3-
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kinase (PI3K) protein kinase B (PKB) and alteration of Ras-homologue gene family member A (RhoA) 

signalling are involved in the switch to reduced mitotic signalling (Quayle et al., 2015). 

Cellular dormancy, though an intrinsically defined pathway, has various cell-intrinsic and extrinsic 

effector mechanisms to trigger the P38/ERK disbalance, such as from cellular stressors or 

microenvironmental cues. As such, cellular dormancy is often the cellular response to angiogenic or 

immune-mediated dormancy, not excluding microenvironmental signals that regulated cell cycling 

(Yeh and Ramaswamy, 2015). Table 1-2 lists the various cell extrinsic and intrinsic molecules and 

pathways proposed to be associated with cellular dormancy.  

Table 1-2: Dormancy associated molecules and their function contributing to maintenance or escape from dormancy 

Dormancy 
Associated 
Molecule 

Function Reference 

P38/ERK The key molecular pathway balance thought to determine 
entering quiescence or exit. Shift towards P38 signals 
dormancy 

(Aguirre-Ghiso et al., 
2003) 

TGFβ Induces cellular quiescence in hematopoietic stem cells 
(HSCs), but drives proliferation in malignantly transformed 
cells 

(Colak and Ten Dijke, 
2017, Fluegen et al., 
2017, Wang et al., 
2018)  p21/p27 Induction of p21 leads to inhibition of cyclin dependent 

kinases and arrest of the cell cycle, promoting a dormant 
non-dividing state 

(Xiong et al., 1993) 

BMP7-
BMPR2 

BMP7 binds to BMPR2 and activates P38 MAPK and p21 
leading to increased dormancy 

(Kobayashi et al., 
2011) 

GAS6/AXL GAS6/AXL axis has been found to induce dormancy, but not 
maintain it, suggesting a role in a network of factors 

(Axelrod et al., 2019, 
Taichman et al., 2013) 

NR2F1-
RARβ1-
SOX9 

NR2F1 induces quiescence in bone DTCs through 
upregulation of pluripotency gene, Nanog, dependent on 
SOX9 and RARβ1 

(Sosa et al., 2015) 

 

1.5.1.2 ANGIOGENIC DORMANCY 

Angiogenic dormancy stems from the maintenance of angiostasis in a growing tumour. Distinct 

populations of cells in a mass are limited to a size of approximately 1mm3 without a need for their 

own blood supply and increased microvasculature. To increase beyond this point would require 

angiogenesis to the mass of cells to provide adequate nutrition and clearance of waste for increased 

growth potential. Therefore, in areas of poor vasculature or attenuated potential for development of 

neovasculature, tumour cells are limited in size, reaching a population equilibrium-based dormancy. 
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Proliferation may occur in these instances, but it is matched by the rate of apoptosis. Pharmacological 

inhibition of angiogenesis has been shown to induce dormancy by driving increased rates of apoptosis 

while maintaining rates of proliferation in mouse models, as well as the association of hypoxia and 

accompanying transcriptional alterations with dormancy (Holmgren et al., 1995, O'Reilly et al., 1996). 

This paradigm has formed the basis for anti-cancer therapies widely used in the clinic, such as the 

monoclonal antibody bevacizumab and small molecule tyrosine-kinase inhibitor sunitinib which target 

the vascular endothelial growth factor (VEGF) pro-angiogenic signalling cascade (Jayson et al., 2016). 

Within the body, several anti-angiogenic factors may act in a similar fashion to inhibit angiogenesis 

and induce angiogenic dormancy. These factors have been implicated in preventing the angiogenic 

switch and subsequent induction of dormancy in otherwise rapidly dividing cells (see Figure 1-7). 

 

Figure 1-7: Angiogenic dormancy is characterised by the upregulation of anti-angiogenic factors and downregulation of pro-angiogenic 
factors. Escape from dormancy is correlated with a reversal of the expression of these genes. Reprinted by permission from Biomed 
Central: Experimental Hematology & Oncology (Wang and Lin, 2013) 

Stromal and immune cells, such as tumour associated macrophages are known to play a key role in 

the generation of blood supply for tumours through the excretion of angiogenic factors and the 

release of matrix metalloproteinase (MMP) enzymes which aid in remodelling of the extracellular 

matrix subsequent to growth and metastasis. These cells have been implicated in resistance to anti-

VEGFA therapy and may offer targets for understanding and exploiting angiogenic dormancy (Dalton 

et al., 2017). However, it is unknown whether these cells are recruited at the dormant phase to trigger 

sprouting of new blood vessels, or localise as a response to factors released by overtly outgrowing 

tumours.  
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The bone microenvironment presents a unique, hypoxic environment due to vascular heterogeneity, 

poor perfusion rates of blood vessels and high metabolic activity of hematopoietic stem cells (Guo and 

Wu, 2021). In experimental animal models of breast cancer dormancy within the bone, the 

perivascular niche has been shown to be an important factor in dormancy, as thrombospondin-1 has 

been shown to maintain DTC quiescence, whereas factors such as TGF-β1 and periostin promote 

outgrowth (Ghajar et al., 2013). This has led to the suggestion that stable microvasculature constitutes 

a dormant niche, which proceeds into micrometastatic outgrowth after sprouting neovasculature. 

1.5.1.3 IMMUNE-MEDIATED DORMANCY 

The intricate process of stochastic events leading to metastasis is often abridged into simplified, broad 

steps, including; epithelial to mesenchymal transition, local invasion, intravasation, circulatory 

survival, extravasation, mesenchymal to epithelial transition and distant colonisation resulting in 

clinical manifestation. To survive this process, individual transformed cells must evade immune 

surveillance on their journey through non immune-privileged locations, suggesting mechanisms of 

evasion diverse to local immune-suppression.  

Paul Ehrlich first proposed a tumour-suppressive role of the immune system in 1909, followed by  

Burnet and Thomas’ hypothesis of immunosurveillance described in the 1950s, reviewed by (Dunn et 

al.  (Dunn et al., 2004). However, the concept of an immuno-oncological axis fell out of favour amongst 

the scientific community, until the tripartite immune-editing model proposed by Dr. Schreiber in the 

early 2000s (Starling, 2017). Immuno-oncology now represents a significant arm of anti-cancer 

strategies, exemplified in incorporation into the hallmarks of cancer (Hanahan and Weinberg, 2011). 

Increased understanding of the immune-oncological axis has underpinned recent successes in clinical 

trials and FDA approval for immune checkpoint inhibitors and vaccines (Chiarella et al., 2018). 

Research centred on immune cell involvement in establishing and maintaining a dormant phenotype 

is gaining traction as novel treatment modalities are sought (Romero et al., 2014).  

The immunoediting hypothesis encapsulates three distinct phases observed in immune-mediated 

targeting of tumour cells; (i) The Elimination phase, whereby immunogenic cells are targeted and 

eradicated by constituents of the innate and adaptive immune system present within the tumour 

microenvironment, followed by (ii) The Equilibrium phase, a sustained period of dormancy exists as 

the immune system suppresses, but does not entirely eliminate cancer cells. Lastly, the (iii) The Escape 

phase in which evolution of the immune population, reduction of immunogenic cells and epigenetic 

alterations disrupt the equilibrium phase, leading to overt tumour growth (see Figure 1-8) (Mittal et 

al., 2014).  
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Figure 1-8: Cancer immunoediting highlighting the 3 Es - the role of the immune system in cancer suppression and promotion. Various 
cell types play contrasted roles in elimination or protection and subsequent escape through immunogenic mechanisms. Reprinted by 
permission from AAAS: Science (Schreiber et al., 2011) 

It is currently unknown what fraction of dormant tumour cells exist in an arrested state of proliferation 

in the G0 phase of the cell cycle or are held in population equilibrium through immunoediting. 

Evidences for immune-mediated tumour cell dormancy in humans have come from tissue transplant 

cases, whereby recipients undergoing immunosuppressive regimens to prevent graft rejection have 

developed overt tumours that were genetically traced to donors that themselves did not display any 

clinical indications of cancer. Mackie and Reid (2003) reported a case concerning two different kidney 

transplant recipients received from the same donor, who had been discharged as tumour free 15 years 

after diagnosis and without clinical manifestation of cancer. Following immunosuppressive treatment, 

both recipients developed secondary melanoma traced back to the donor (MacKie et al., 2003). 

Recurrence of these tumours was attributed to immunosuppressive treatments, suggesting the 

presence of tumour cells that had been held dormant by the immune system. A further 13 cases in 21 

out of 26 organ recipients developing secondary melanoma supported this hypothesis (MacKie et al., 

2003). Transplant malignancies stemming from undiagnosed or cancer-remitted donors are not 

uncommon in immunosuppressed recipients in various cancer subtypes, linking the immune system 

with tumour suppression and dormancy (Teng et al., 2008). 
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The opposite effect can also occur, where immune-supportive therapy has led to positive patient 

outcome. In one such example,  immune reconstitution therapy facilitated spontaneous tumour 

regression in an AIDS patient with non-small cell lung carcinoma (NSCLC)(Menon and Eaton, 2015). 

Likewise, a study on leukaemia patients receiving autologous bone marrow transplants, showed 8 out 

of 18 patients possessing anti-tumour cytotoxic T-lymphocyte (CTL) precursors and no instance of 

relapse was recognised in these patients thereafter (Montagna et al., 2006). 

A few immune associated molecules are of interest in cancer dormancy, and are particularly prevalent 

in literature and the basis for various immune-mediated dormancy models. However, the role of 

factors produced by the immune system in tumour dormancy has often proved unclear, such as that 

of IFN-γ. IFN-γ is a well-described molecule, being the only type 2 interferon and primarily secreted by 

natural killer (NK), natural killer T-cells (NKT), CD4+ Th1 and CD8+ CTLs. Evidence also exists for 

macrophage secretion under stimulation of IL-12 and IL-18 or M-CSF (Darwich et al., 2009). IFN-γ plays 

a dual role in the immune-tumour axis, being a mediator of anti-tumour immunity, but also playing a 

role in subsequent immune escape. Previously mentioned interactions between immune cells and 

dormant DTCs have shown a role for IFN-γ, particularly in CD8+ lymphocyte interactions (Koebel et al., 

2007, Romero et al., 2014). Low dose IFN-γ has been shown to confer resistance to NK cells in a B16 

melanoma model which facilitated higher lung colonisation than IFN-α/β, while inducing upregulation 

of MHC I molecules H-2Kb and H-2Db  (Mojic et al., 2017). MHC I loss has been linked with immune 

evasion, yet is also a marker of dormancy (Romero et al., 2014). IFN-γ is therefore implicated in 

eradication of cancer cells via STAT1, induction of dormancy via STAT3 and MHC I loss, potentially 

resulting in immune evasion (Kulling et al., 2018, Lin et al., 2017).  
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Figure 1-9: The role of IFN-γ in 
modulating tumour dormancy. 
Cellular cascades are 
representing leading to tumour 
dormancy through decreased 
cell-cycling molecules and 
increased expression of 
molecules associated with 
inhibition of the cell cycle. MHCI 
and PD-L1, also implicated in 
dormancy are further regulated 
through IFN- γ signalling. 
Reprinted by permission from 
Journal of Leukocyte Biology 
(Aqbi et al., 2018). 

Despite the bone being 

an immune-privileged 

site, the role of the 

immune system in 

dormancy has been 

observed in clinical 

samples and in animal 

models (Fujisaki et al., 

2011). Feurer et al. 

(2001) analysed the 

bone marrow of 90 breast cancer patients who were found to have an increased proportion of CD4+ 

and CD8+ T cells than healthy donors. Furthermore, the extent of memory T-cell increase was 

correlated with the size of the primary tumour, while those patients having disseminated tumour cells 

in their bone marrow had more CD4+ T cells and CD56+ CD8+ cells, suggesting a role for the immune 

system in maintaining dormancy within the bone marrow (Feuerer et al., 2001). Importantly, only 

some of these changes observed in the bone marrow were captured by changes in peripheral blood 

samples.  

Further analysis of DTCs by Pantel and colleagues (1991) obtained from bone marrow aspirates of 

patients with various adenocarcinoma, including breast cancer, observed that these quiescent cells 

had a reduced MHC I expression, possibly preventing their eradication by CD8+ T cells, highlighting the 

importance of the immune system in maintenance of dormancy(Pantel et al., 1991). 

In animal studies, Mahnke and colleagues found the presence of disseminated tumour cells in the 

bone marrow maintained a population of LacZ (Gal) CD8+ memory cells within the bone marrow that 

retained their memory through up to four successive bone marrow transplants to recipients (Mahnke 

et al., 2005). They also found that the bone marrow acted as a reservoir for these cells which could be 

recruited to the peritoneal cavity by vaccination and maintained anti-tumour activity ex vivo. Their 

work showed that a compartment of the immune system responds to DTCs within the bone marrow, 

maintaining a state of dormancy despite the immune privilege of the bone marrow. 
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Taken together, these examples provide evidence that the immune system plays a significant role in 

the maintenance of tumour dormancy, but whose role needs to be further elucidated.  

1.5.1.4 MICRORNAS IN CANCER DORMANCY 

Being derived from a rapidly dividing population, the switch to dormancy and subsequent relapse of 

DTCs has been partly attributed to epigenetic and gene regulatory mechanisms. These are 

mechanisms that regulate the transcription of DNA into mRNA (such as DNA methylation or histone 

acetylation) or translation of transcripts from mRNA to protein (such as mRNA inhibition or 

degradation mechanisms). The reduction in DNA metabolism suggests replication errors introducing 

mutations, such as in the form of single nucleotide polymorphisms (SNP), repeats and more severe 

chromosomal aberrations during cell division are unlikely to occur in a dormant, non-replicating cell. 

Microenvironments in which tumour cells reside, including that of bone,  may be responsible for 

inducing epigenetic and gene regulatory alterations, such as DNA methylation, histone acetylation, 

alternative splicing and post-transcriptional modifications (Crea et al., 2015).  

A particular form of gene expression regulation is found in micro RNAs (miRNA), which have recently 

been implicated in the field of cancer dormancy. MiRNAs are small non-coding RNAs responsible for 

the regulation of translation of transcribed mRNA, through translational suppression or degradation 

of transcripts by the RNA-induced silencing complex (RISC)n. MiRNA transcripts are generated through 

RNA polymerase 3, and processed by enzymes dicer and drosha and exported through the exportin-5 

family of membrane channel proteins from the nucleus to the cytosol where they exert their effect 

(Wahid et al., 2010).  

Transfer of miRNAs from the supporting microenvironment was shown by Makiko et al. who 

demonstrated the transfer of exosomes containing miR23-b by bone marrow mesenchymal stem cells 

into disseminated breast cancer tumour cells in vivo, which decreased expression of the target gene 

MARCKS, a promoter of cycling and motility, expression (Ono et al., 2014). This was further supported 

by clinical data showing an increased miR-23b expression in patient samples of bone-metastatic breast 

cancer. 

A well-characterised dormancy-associated miRNA is miR-190 that targets a range of transcription 

factors, tumour suppressor genes and interferon response pathways to induce transcriptional changes 

leading to a state of dormancy (Almog et al., 2013). In the transformation of dormant DTCs into a fast-

growing phenotype,  Almog et al. showed a consensus of 19 miRs that governed this switch, primarily 

by the downregulation of dormancy associated miRs miR16,19, 190,580 and 588. Reconstitution of a 

single miRNA between 190, 580 and 588 reversed the fast growing phenotype to dormancy in a 

glioblastoma and osteosarcoma model, showing a novel means to potentially rescue a malignant 

tumour into an asymptomatic dormant state and demonstrating the potency of these molecules in 

facilitating an entire phenotypic switch (Almog et al., 2012). Pro-angiogenic factors TIMP-3, bFGF, 

TGFα were downregulated in miR-190 overexpression, and downregulation of Bv8. This change in 
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gene expression was correlated with decreased recruitment of bone-marrow derived CD11b+GR-1+ 

myeloid cells was an effect correlated with all pro-dormancy miRNAs. 

In any form of dormancy, evasion of NK-mediated immune-surveillance is important for malignantly 

transformed cells due to downregulation of MHC-I (Codo et al., 2014). MiR20a has been found to 

downregulate MICA and MICB, components of the NK cell receptor NKG2D ligands and promoting 

evasion of NK cell cytotoxicity by breast cancer cells (Shen et al., 2017). This marks a critical step in 

maintaining dormant presence, as downregulation of MHC-I and evasion of NK-mediated tumour 

killing are necessary for prolonged existence within the body. 

MiRNAs are potentially significant regulators of dormancy due to their ability to regulate clusters of 

proteins and potentially modify entire pathways. Further to this, the relative stability of miRNAs make 

them attractive targets for systemic serum-based diagnosis of potential dormant tumour cells.  

Despite the identification of different classifications of dormancy; cellular, angiogenic and 

immunologic, it is highly likely that these work synchronously to create the phenomenon, due to the 

complex interplay of the microenvironment, representing angiogenic and immunologic dormancy, 

subsequently resulting in cellular intrinsic responses to initiate dormancy. For dormant, malignantly-

transformed cells to survive in the body for any length of time, there must be an avoidance of the 

immune system, regardless of quiescence/indolence, slow cycling or population equilibrium, making 

the immune aspect essential for dormancy to occur. Furthermore, autophagy as a result of nutrient 

deprivation or stress signalling, is also observed in a significant proportion of dormant cells (Akkoc et 

al., 2021). However, the existence of individual dormant cells, significantly smaller than the 

angiogenic-inhibitory 1mm3 volume leads to questioning of its necessity. Specific spatio-temporal 

localization of individual cells, however, may indeed be in a nutrient-deprived immediate locality. 

Epigenetic mechanisms are gaining tract as drivers for sustaining DTCs in a state of dormancy and 

mediating subsequent exit due to their relatively quick induction and the ability for cells in the 

microenvironment to transfer molecules associated with dormancy, such as the miRNAs. 

1.5.2 DORMANCY REGULATION IN THE HEMATOPOIETIC STEM CELL NICHE 

Of particular interest in relation to bone-disseminated tumour cells is the microenvironment that 

constitutes the hematopoietic stem cell (HSC) niche. The hematopoietic stem cell niche refers to 

spatio-temporal locations within the bone marrow where HSCs reside under physical and chemical 

cell cycle regulation by resident cellular populations, largely consisting of endothelial cells, 

osteoblastic cells, mesenchymal stem cells (MSCs), megakaryocytes, T-cells and bone marrow 

macrophages (Allocca et al., 2019b, Frisch, 2019, Riether et al., 2015).  

The HSC niche in the bone marrow is  hypothesised to be a site for localisation of dormant DTCs,  

(Ghajar, 2015). Mechanisms involved in the regulation of HSC stemness, dormancy and subsequent 

mobilisation during inflammation, tissue repair and localised stress events may be associated with 

regulating the same processes in dormant DTCs in the bone (Ghajar, 2015, Shiozawa et al., 2011, Sun 



 

 

57 

 

et al., 2005). Illuminating immune regulation of HSC quiescence and proliferation may therefore 

ostensibly reveal key players in DTC dormancy regulation within the context of the bone. 

Furthermore, the bone microenvironment being an immune-privileged area due to the presence of 

immunomodulatory cells such as macrophage subsets and regulatory T-cells (T Regs), as well as areas 

of reduced vascularization make this an area with significant potential for all forms of dormancy. An 

immunosuppressive environment may hinder complete immune eradication of DTCs and thus create 

a setting favourable to immunosurveillance escape and overt growth. Bone marrow, being the primary 

site of hematopoiesis, renders it an immunosuppressive environment. Hirata, Furuhashi et al. (2018) 

showed that bone-homing CD150high CXCR4+ FoxP3+ T regs conferred immune privilege within the HSC 

niche (Hirata et al., 2018). T regs are further implicated in dampening the immune response via 

constitutive expression of the immune checkpoint molecule CTLA4 (Walker, 2013). The bone marrow 

stromal cells (BMSCs) are also implicated in immunosuppression by expression of PD-L1 and IL-6 

secretion, which induce quiescence in effector CD8+ CTLs that have been shown to induce tumour 

elimination and dormancy (Ara et al., 2009, Augello et al., 2005).  

Implicated in microenvironmental regulation of HSC quiesence, TGF-β has been found to induce HSC 

cell cycle arrest through activation of smad and p57Kip2, while inhibiting lipid raft clustering, an 

essential feature of HSC cell cycle re-entry. This effect of TGF-β on HSC has been found to be mediated 

by non-myelinating Schwann cells within the bone marrow (Yamazaki and Nakauchi, 2014). Despite 

its purported role in HSC quiescence, TGF-β is a functionally diverse molecule, its exerting effects 

paradoxically in malignant tissue by promoting tumour outgrowth (Zhang et al., 2014b). Further to 

this enigma, is the differential effect of TGF-β isoforms on cancer cells, such as that of TGF-β, which 

induces cell cycling quiesence in prostate cancer cells. Nevertheless, this molecule is thought to play 

a primary role in the escape from dormancy, and is found in abundance in the bone cellular matrix. 

Disruption of this matrix, may release factors such as insulin-like growth factor (IGF)-1 and TGF-β in 

periods of increased resorption, triggering overt outgrowth of dormant tumour cells. 

Megakaryocytes have been shown to play a key role in HSC quiesence. Bruns, et al. used 3D whole-

mount imaging to demonstrate non-random co-localisation of HSCs and megakaryocytes and further 

strengthened this finding by inducing increased HSC expansion following  megakaryocyte selective 

depletion (Bruns et al., 2014). Molecules regulating HSC dormancy, expansion, migration and 

mobilisation can be seen in Table 1-3. 

Table 1-3: Molecules regulating hematopoietic stem cells 

HSC-regulating 
associated molecule 

Function Cells secreting Reference 

CXCL4 HSC dormancy Megakaryocytes (Bruns et al., 2014) 

Kit Ligand HSC expansion Stromal Cells (Kent et al., 2008) 

SDF-1/CXCL12 HSC migration Mesenchymal stem 
cells, Osteoblasts 

(Itkin and Lapidot, 
2011) 
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G-CSF HSC mobilisation Endothelial cells, 
macrophages 

(Petit et al., 2002) 

1.6 ESCAPE FROM DORMANCY 

Once DTCs have successfully colonised the bone and gone through a period of dormancy, they must 

escape this programming and enter into a state of increased proliferation, here referred to as escape 

from dormancy. Recent evidence from model systems have shown that the bone remodelling process 

may be one of the mechanisms that results in triggering proliferation of DTCs within the bone 

microenvironment (Ottewell et al., 2015). In particular, the role of osteoclast-induced increased bone 

resorption leading to overt outgrowth has developed and is an active area of research. Research by 

Ottewell et al. (2014) demonstrated that stimulating pre-osteoclasts into differentiation and into 

active bone resorption triggered the overt outgrowth of DTCs in in vivo models, and the inhibition of 

this process prevented outgrowth of DTCs in the long bones of mature mice(Ottewell et al., 2014a, 

Ottewell et al., 2014b). 

1.6.1 HYPOCALCEMIA-INDUCED BONE RESORPTION 

In a state of hypocalcemia, the parathyroid glands detect hypocalcemia in the serum and release 

parathyroid hormone, which act to increase bone resorption by increasing osteoclastogenesis via 

upregulation of RANKL or direct osteoclast stimulation (see Figure 1-10) (Datta, 2011). The resulting 

increased bone resorption may be sufficient to induce overt outgrowth in patients with disseminated 

tumour cells and initiate the vicious cycle, however this remains to be demonstrated. 
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Figure 1-10: Parathyroid hormone acts on osteoclasts directly on PTH1 receptors on osteoclasts or indirectly by promoting increased 
RANKL and M-CSF expression and decreased OPG secretion by Osteoblasts. Reprinted by permission from Academic Press (Feher, 2017) 

In addition to increased bone resorption, PTH may promote tumourigenesis through modulation of 

immunomodulatory chemicals. Of particular interest is Monocyte Chemoattractant Protein 1 (MCP-1) 

(CCL2) which is a protein involved in the chemotaxis of monocytes to areas of secretion. In the bone, 

it is primarily secreted by osteoblasts, and is an important factor in the localization and infiltration of 

monocyte progenitors which may subsequently differentiate into osteoclasts (Yadav et al., 2010). 

MCP-1 secretion is upregulated in the presence of PTH and is markedly correlated with osteoporotic 

bone in prostate cancer-induced bone resorption. The effects of MCP-1 are functionally dynamic, 

being reported to have dual effects. As with bone anabolic or catabolic effects of PTH being dependent 

on intermittent (anabolic) or continuous (catabolic) PTH secretion, MCP-1’s effects is also dependent 

in a similar manner on the type of PTH secretion (Siddiqui and Partridge, 2017). MCP-1 has been 

correlated with an increase of pro-tumourigenic macrophage M2 polarisation, which would further   

As such, a state of hypocalcaemia leading to continuous PTH may lead to increased MCP-1 secretion, 

further affecting the immune-milieu of the bone microenvironment.  

1.6.2 OESTROGEN AS A REGULATOR OF BONE TURNOVER  

Another key player in the bone resorption axis is oestrogen, which exerts a bone-protective influence 

in the bone microenvironment. Oestrogen’s effect on osteoblasts and osteoclasts is well 

characterised, as both express oestrogen receptors α and β. Oestrogen promotes osteoblast-mediated 
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bone formation  and inhibits osteoclastogenesis (Krassas and Papadopoulou, 2001). During periods of 

normal oestrogen secretion, such as pre-menopause, bone resorption is inhibited by the 

downregulation of RANKL, and upregulation of osteoprotegerin secretion by osteoblasts (see Figure 

1-11) (Wright and Guise, 2014). Furthermore, it limits the production of pro-osetoclastic cytokines 

such as TGFβ (Krassas and Papadopoulou, 2001). Although oestrogen’s modulation of the bone 

vasculature is not well described, studies into 17β-estradiol have shown effects on  subcutaneous 

tumour vasculature by increasing vessel density and maintenance of structure (Sharma et al., 2011). 

Furthermore, the link between osteogenesis and vasculogenesis suggests that oestrogen’s influence 

on bone formation would indirectly affect vasculature within the bone (Sharma et al., 2011).  

 

Figure 1-11:  Oestrogen works to inhibit RANKL expression and increase OPG expression, preventing bone loss. Inflammatory cytokine 
production is further abrogated in the presence of oestrogen. Post-menopause, loss of oestrogen leads to increased inflammation and 
bone resorption that may be responsible for tumour recurrence in the bone. Reprinted by permission from Clinical Cancer Research 
(Wright and Guise, 2014) 

During a state of low-oestrogen, such as post-menopause, the protective influence of oestrogen over 

the bone microenvironment may lead to increased bone resorption, facilitating an escape from 

dormancy through modulated osteoclast activity (Riggs, 2000). Oestrogen further modulates the 

immune system, inhibiting the secretion of pro-inflammatory cytokines, such as  IL-6, TNFα and 

macrophage inhibitory factor by monocytes (Pelekanou et al., 2016). Loss of oestrogen may lead to a 

shift in an immune-equilibrium state to a pro-tumourigenic immune milieu, further implicating a loss 

of oestrogen to a pro-tumourigenic microenvironment (Khan and Ansar Ahmed, 2015).  A key finding 
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from AZURE was that post-menopausal women had a survival advantage that was not linked to bone 

metastasis, further posing questions as to what role oestrogen status had on bone metastasis, 

resorption and disease progression (Coleman et al., 2014).  This provides opportunity for investigation 

into hormone-bone interaction.  

1.7 CHALLENGES IN STUDYING DORMANCY 

The poor understanding regarding underlying mechanisms responsible for dormancy is due to the 

relative complexity of detection and obtaining samples ex vivo. Availability of existing pre-clinical 

models make this a challenging phenotype to study in lab or clinic, as methods for detecting the 

presence of dormant tumour cells are lacking, particularly in the clinic. Current methods of tumour 

cell identification require size above detectable thresholds and/or proliferation and uptake of 

detectable markers, such as increased fluoro-deoxyglucose (FDG) uptake in positron emission 

tomography (PET) detection, which are significantly reduced in dormant cells. It is therefore poses a 

significant challenge to identify, isolate, and study the rare populations presented by dormant DTCs. 

However, using dye retention, lost through cell division, to detect quiescent cells, has shown promise 

in recent findings, allowing researchers to isolate and characterise these cells in the lab (Quayle et al., 

2018). This strategy would further allow the identification of the nature of dormancy; whether cell 

cycle arrested or at population equilibrium. However, this strategy is not feasible for clinical use, 

where not only identification of the presence of dormant DTCs would be valuable, but also further 

identifying the nature of dormancy may inform therapeutic strategies to be pursued in these cases. 

The models used to study dormancy, especially those pertaining to the regulation of the bone 

microenvironment are still largely in infancy and require further insight and development in order to 

reliably inform clinical meaning. 

1.8 RNA SEQUENCING 

Gene expression is the fundamental level at which the results of various genetic and regulatory 

programs are observable. Large scale quantification of mRNA abundance has fundamentally shifted 

from lower throughput techniques such as PCR, to microarrays and most recently to next generation 

sequencing in the form of RNA-sequencing. The ability to quantify the expression of transcripts across 

the entire transcriptome has provided unparalleled quantification of gene expression, leading to its 

wide-spread adoption in a wide range of fields from agriculture, to cancer research.  

In addition to identifying dysregulated proteins in cancerous tissue RNA sequencing has been applied 

in the a wide range of areas including the discovery of previously unknown RNA species and 

phenomena such as microexons (Irimia et al., 2014), cryptic exons (Eom et al., 2013), so-called skiptic 

exons (Fratta et al., 2018), circular RNAs (Kim et al., 2015b, Salzman et al., 2012), enhancer RNAs (Kim 

et al., 2015b), fusion genes (Parker and Zhang, 2013), and so-called epitranscriptomics involving RNA 
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base modifications (Frye et al., 2018), greatly accelerating disease characterisation and drug discovery 

efforts. 

Steps taken in a typical RNA sequencing experiment include the isolation of RNA from the tissue of 

interest, before creating a cDNA library based on the transcripts. This is an important as the 

sequencing process relies on DNA polymerase that requires DNA. The cDNA library then has adapters 

ligated to aid in binding to flow cells within the sequencer, and subsequently sequencing is performed. 

Reads from the sequencing experiment are then checked for read quality and aligned to a genome or 

transcriptome. These aligned reads can then be processed by counting in the case of differential gene 

expression, or analysed for splice variants and novel RNA sequences for discovery.  

Computational Analysis 

The first step in computational data analysis of RNA sequencing reads is to clean the raw sequencing 

file, often provided in the form of FASTQ files. Visual outputs of this quality control step reveal the 

quality of the sequencing, which then informs the discarding of low-quality reads, elimination of poor-

quality bases and the trimming of adapter sequences. Tools frequently in this step include 

FASTQ/FASTQC (Krueger F, 2012), Trimmomatic (Bolger et al., 2014) and PRINSEQ (Schmieder and 

Edwards, 2011). 

Cleaned reads are then mapped either to a genome or a transcriptome. Mapping tools currently 

available and frequently used include Tophat2 (Kim et al., 2013), HISAT2 (Kim et al., 2015a), STAR 

(Dobin et al., 2013), BWA (Li and Durbin, 2009) and Bowtie (Langmead et al., 2009). Following 

alignment, transcripts can be assembled using tools such as such as Cufflinks (Trapnell et al., 2010), 

StringTie (Pertea et al., 2015), Trinity (Grabherr et al., 2011), SOAPdenovoTrans (Hurgobin, 2016) and 

Trans-AByS . Expression can be quantified at the gene, transcript and exon levels using tools including 

FeatureCount (Liao et al., 2014) and HTSeq-count (Anders et al., 2015). Alignment-free quantification 

tools exist that provide significantly lower computational requirements, such as Kallisto (Bray et al., 

2016), Sailfish (Patro et al., 2014)and Salmon (Patro et al., 2017). Additional tools, such as DegNorm, 

have been developed to correct read counts for fragmented genes owing to low RNA integrity at 

extraction. After normalizing, an expression matrix is generated, and statistical methods can be used 

to identify differentially expressed genes using tools such as DESeq2 (Love et al., 2014) and edgeR 

(Robinson et al., 2010). A summary and visual illustration of this process can be seen in Figure 1-12. 
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Figure 1-12: Processing pipeline for a typical RNA sequencing experiment. Reprinted with permissions from the Journal of Hematology & 
Oncology (Hong et al., 2020) 

1.8.1 CELLULAR DECONVOLUTION OF BULK RNA SEQUENCING 

While RNA sequencing of tissues provides valuable information about altered transcripts within a 

tissue, this data only represents averaged expression levels of the heterogenous mixture of cells 

present (Haubruck et al., 2020, Huang et al., 2022). This can confound the interpretation of the 

expression of these genes, and masks shifts in cell type compositions that can drive disease without 

significantly affecting differential gene expression. Therefore it is important to understand the 

composition of cell types within samples, and especially in phenomena such as DTC dormancy where 

cells local to the dormant cell may be driving entry into or escape from dormancy of these DTCs 

without having an effect on transcript abundance when considering the entire tissue. 

Methods to obtain information on individual cell populations exist, such as flow cytometry and single 

cell sequencing, with recent advances in spatial transcriptomics that can identify positional 

information in addition to transcriptomic information (Baccin et al., 2020). However, these methods 

are expensive and require significant time and expertise to perform. In addition, it is not possible to 

use these methods to obtain information on cellular composition when tissue has samples have been 

inappropriately processed, stored or have depleted nor can they be performed on tissues that a 

researcher would not have access to, such as publicly available data. In such cases, using computed 

cellular deconvolution methods to estimate cell type abundance within and between tissues can 

provide a quick, cheap and effective means of deriving insights into the cellular composition based on 

bulk RNA sequencing data (Finotello and Trajanoski, 2018). These methods use gene expression 

profiles from single cell gene expression quantification to provide an estimate of the cell type within 
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the bulk mixture (Finotello and Trajanoski, 2018). This is repeated for every cell in which a gene 

expression profile is available, thereby estimating the abundance of several cells from each sample 

which can be scored against  

Deconvolution methods use a wide variety of statistical techniques to estimate cell type abundance, 

and are grouped into 3 main types; marker genes methods where marker gene and gene set 

enrichment analysis are used to estimate cell type abundance, partial deconvolution where present 

cell mixtures are estimated and complete deconvolution which simultaneously estimate  the relative 

cell fractions and disentangle their expression profiles (Finotello and Trajanoski, 2018). Deconvolution 

methods utilising marker genes use the gene set enrichment analysis (ssGSEA) method with additional 

steps, such as averaging enrichment scores across gene sets belonging to a cell type, conversion of 

enrichment scores into abundance scores that are highly correlated with the true cell proportions. 

Examples of tools and algorithms that use this method include TIminer (Tappeiner et al., 2017), xCell 

(Aran et al., 2017) and MCP-counter (Becht et al., 2016).  

Deconvolution of cell mixtures fall under the partial deconvolution and in essence formulate a system 

of equations that describe the expression of each gene in a heterogeneous sample as a linear 

combination of the expression levels of that gene across the different cell subsets present in the 

sample, weighted by their relative cell fractions based on a reasonable linearity assumption (Shen-Orr 

and Gaujoux, 2013). This can include using linear least square regression, constrained least squares, 

perturbation models, support vector regression and quadratic programming, given input gene 

expression mixture and cell gene signature matrices to obtain abundance estimates for cell fractions 

(Shen-Orr and Gaujoux, 2013). These are then normalised between 0 and 1 and therefore relative cell 

fractions. Tools utilising partial deconvolution include DeconRNASeq (Gong and Szustakowski, 2013), 

PERT (Qiao et al., 2012), CIBERSORT (Chen et al., 2018a), TIMER (Li et al., 2017), EPIC and quanTIseq 

(Plattner et al., 2020). 

Complete deconvolution methods which simultaneously estimate relative cell fractions and 

disentangle their expression profiles, often using an unsupervised method, non-negative matrix 

factorization (NMF) (Venet et al., 2001). As it is an unsupervised method, the factorization may 

decompose the mixture matrix into components not related to the cell types of interest but may be 

constrained by the incorporation of prior knowledge of cell-specific marker genes. A tool utilising NMF 

methods is deconf (Repsilber et al., 2010), though other methods such as k-means clustering, 

maximum likelihood over the residual sum of squares and quadratic programming are used by tools 

such as MMAD (Liebner et al., 2014) and DSA to provide abundance estimates of cells and their 

expression profiles from bulk RNA sequencing data (Zhong et al., 2013).  

Many of these cellular deconvolution methods have pre-curated and validated expression profiles for 

genes belonging to a set of selected cells in which the algorithm has been demonstrated to perform 

well. As such, it is common for users to select methods based not only on their function, but on the 

applicability of the curated list of available gene sets for the cell types they intend to estimate. A 
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summary of the aforementioned methods including available validated gene sets can be seen in Table 

1-4.  

Despite its utility, cellular deconvolution can be variable and different methods can provide vastly 

different estimates for the same dataset dependent on input gene signature matrix or number of cell 

types being simultaneously estimated, as well as a tendency to overestimate abundance of cell types 

with similar expression profiles (Finotello and Trajanoski, 2018). Extensive work has been done to 

benchmark methods, but these still remain experimental and indicative rather than conclusive (Avila 

Cobos et al., 2020, Decamps et al., 2021, Jin and Liu, 2021). However, an increase in the availability 

and quality of single cell sequencing data is improving the accuracy of bulk deconvolution methods 

(Finotello and Trajanoski, 2018). Cellular deconvolution still remains a valuable alternative to more 

specialist and expensive single cell profiling methods, especially when analysing historic and public 

data that did not provide single cell resolution data. 
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Table 1-4: Features of the computational tools for the quantification of constituent cells from transcriptomics data algorithm type (M = marker genes, P = partial deconvolution, C = complete deconvolution), main 
method, cell types quantified using the embedded gene sets or signature profiles, and code availability. Adapted with permissions from Quantifying tumor-infiltrating immune cells from transcriptomics data, 
Finotello and Trajanoski (2018),  Cancer Immunol Immunother (Finotello and Trajanoski, 2018) 

Tool Type Method Cell types Code availability References 

TIminer M PrerankedGSEA Different gene sets with 31, 28, 
and 64 cell types 

http://icbi.i-
med.ac.at/software/timiner/timiner.shtml (Docker 
image) 

(Tappeiner et 
al., 2017) 

xCell M ssGSEA 64 immune and non-immune cell 
types 

http://xcell.ucsf.edu/ (R script, web tool)  (Aran et al., 
2017) 

MCP-counter M Geometric mean of expression 
of marker genes 

8 immune cells, fibroblasts, and 
endothelial cells 

http://github.com/ebecht/MCPcounter (R script)  (Becht et al., 
2016) 

DeconRNASeq P Constrained least square 
regression 

– DeconRNASeq package available on Bioconductor 
(R package) 

(Gong and 
Szustakowski, 
2013) 

PERT P Non-negative maximum likelihood Supplementary material in the original publication 
(Octave) 

(Qiao et al., 
2012) 

CIBERSORT P Nu support vector regression 22 immune cell types https://cibersort.stanford.edu/ (R script, java 
executable, web tool)  

(Newman et 
al., 2015) 

TIMER P Linear least square regression 6 immune cell types https://cistrome.shinyapps.io/timer/ (web tool)  (Li et al., 2016) 

EPIC P Constrained least square 
regression 

6 immune cell types, fibroblasts, 
endothelial cells, and 
uncharacterized cells 

https://gfellerlab.shinyapps.io/EPIC_1-1 (R script, 
web-interface)  

(Racle et al., 
2017) 

quanTIseq P Constrained least square 
regression 

10 immune cell types, 
uncharacterized cells 

http://icbi.i-
med.ac.at/software/quantiseq/doc/index.html 
(Docker image) 

(Plattner et al., 
2020) 

deconf C Non-negative matrix 
factorization 

- Supplementary material in the original publication 
(R package) 

(Repsilber et 
al., 2010) 

DSA C Quadratic programming – https://github.com/zhandong/DSA (R package)  (Zhong et al., 
2013) 

MMAD C Maximum likelihood over the 
residual sum of squares 

– http://sourceforge.net/projects/mmad/ (Matlab)  (Liebner et al., 
2014) 

http://icbi.i-med.ac.at/software/timiner/timiner.shtml
http://icbi.i-med.ac.at/software/timiner/timiner.shtml
http://icbi.i-med.ac.at/software/timiner/timiner.shtml
http://xcell.ucsf.edu/
http://github.com/ebecht/MCPcounter
https://cibersort.stanford.edu/
https://cibersort.stanford.edu/
https://cistrome.shinyapps.io/timer/
https://gfellerlab.shinyapps.io/EPIC_1-1
https://gfellerlab.shinyapps.io/EPIC_1-1
http://icbi.i-med.ac.at/software/quantiseq/doc/index.html
http://icbi.i-med.ac.at/software/quantiseq/doc/index.html
http://icbi.i-med.ac.at/software/quantiseq/doc/index.html
https://github.com/zhandong/DSA
http://sourceforge.net/projects/mmad/
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1.9 FURTHER RESEARCH 

Breast cancer therefore remains a disease with significant societal impact. The frequency of incurable 

bone metastases, including dormant phenotypes warrants further investigation to alleviate unmet 

clinical needs despite the availability of various therapeutic options. Chemical interventions, including 

those that alter the endocrine status may have significant effects on numerous components in the 

bone microenvironment (Ubellacker et al., 2017).The significance of these alterations is not well 

understood and research may provide further insight into the strengths, weaknesses and 

opportunities of current therapies (Ubellacker et al., 2018). Current research points to the osteoclast 

and the rate of bone turnover playing an important role early in the escape of dormant, disseminated 

tumour cells (Ottewell et al., 2015). In addition, clinical trial data suggesting a role for oestrogen in the 

bone microenvironment through differences in treatment outcome based on menopausal status 

further highlight the need to understand the role of this molecule in the bone microenvironment 

(Coleman et al., 2014, Westbrook et al., 2016). Importantly, the dynamic interplay between dormant 

tumour cells and the bone microenvironment is poorly understood, and developing, assessing and 

improving current models is of significance. The advent of next-generation sequencing and increasing 

availability of public data are vital tools that can be employed to shed insight into the proposed 

research questions. I therefore framed my aims, hypothesis and objectives according to these insights. 

  



 

 

68 

 

1.10 AIMS, HYPOTHESIS AND OBJECTIVES 

1.10.1 AIMS 

The body of work present in this thesis aims to use in vivo models to investigate and characterise the 

effect of the bone microenvironment, particularly increased bone resorption by osteoclasts or 

inhibition thereof, on tumour cell dormancy and overt outgrowth of disseminated breast cancer cells. 

1.10.2 HYPOTHESES 

The overarching hypothesis of this thesis is that: 

Altering the bone microenvironment to induce increased bone turnover triggers the 

outgrowth of dormant disseminated breast cancer cells 

The following hypotheses are formed in relation to the overarching hypothesis of this thesis: 

1. A low calcium diet is sufficient to trigger increased bone resorption by osteoclasts, resulting 

in the outgrowth of dormant, disseminated tumour cells within the bone  

2. A higher rate of bone turnover leading to increased tumour growth, can be inhibited by 

repeated administrations of clinically relevant doses of Zoledronic acid 

3. The effect of Zoledronic acid in reducing tumour growth within the bone microenvironment 

is impacted by altered tumour gene and protein expression 

4. Decreasing oestrogen in the bone microenvironment through ovariectomy recapitulates 

transcriptional changes in the post-menopausal bone microenvironment  

1.10.3 OBJECTIVES 

Testing the above hypotheses will determine whether: 

1. Subtle changes to the bone microenvironment can trigger the outgrowth of dormant, 

disseminated tumour cells 

2. More frequent dosage of bone targeting agents in bone with higher turnover can inhibit the 

growth of steadily growing breast cancer cells within the bone microenvironment by altering 

resident cell populations 

3. The effect of bone targeting agents in inhibiting tumour outgrowth in high-turnover bone is 

dependent on intra-tumoural protein composition  

5. How accurate current mouse models for dormancy and menopausal status using ovariectomy 

recapitulate the clinic and can be used to model transcriptional changes  
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2 MATERIALS AND METHODS  
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2.1 MATERIALS 

Table 2-1: Laboratory reagents 

Reagent Supplier 

Dimethyl formamide Sigma Aldrich 

DMEM culture medium  Gibco 

DMSO  Sigma-Aldrich 

DPX mounting glue VWR 

EDTA  Sigma-Aldrich 

Eosin  Atom Scientific  

Gill’s haematoxylin solution  Merck 

Isoflourane Abbott 

Luciferin  Perkin Elmer 

Naphthol AS-BI phosphate (sodium salt)  Sigma-Aldrich 

Paraformaldehyde  Sigma-Aldrich 

Pararosaniline Sigma-Aldrich 

PBS (in vivo)  Gibco 

PBS tablets  Oxoid 

RPMI culture medium Gibco 

Sodium acetate Sigma Aldrich 

Sodium Hydroxide Fisher Scientific 

Trypsin EDTA Thermo Fisher 

Vibrant-DiD cell membrane dye  Life Technologies 

Zoledronic Acid  Novartis 

Table 2-2: Disposable equipment 

Item Supplier 

Bijoux tubes (5ml) Starstedt 

Cell strainer (70μm)  BD Biosciences 

Conical centrifuge (falcon) tubes (15, 50ml) 
 

Cryovials (1ml)  Thermo Scientific 

Filter tips (10, 20, 200 and 1000μl)  Starlab 

Glass cover slips (22x40mm)  Menzel-Gläser 

Insulin syringe (0.5 and 1ml) with needle (27G)  Terumo Europe 

Microcentrifuge tubes (0.6 and 1.5ml) STARLAB Starlab 
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Needle (25G)  Becton Dickinson 

Pipette tips (10, 20, 200 and 1000μl)  Costar 

Strippets (5, 10 and 25ml)  Costar 

Syringe (1ml)  Terumo 

T75 Tissue culture flasks  Nalgene Nunc Ltd 

Universal containers Starstedt 

Table 2-3: Non-bioinformatic analysis software 

Software Used Vendor 

CTAnalyser software  SkyScan, Burker microCT, CT-Analyser 

OsteoMeasure7 version 4.2 OsteoMetrics 

Prism  version 8.x GraphPad 

Nrecon  OsteoMetrics 

Table 2-4: Laboratory equipment 

Laboratory equipment Supplier 

Benchtop Centrifuges  Thermo Fisher, MSE Mistral 2000 

BX53 microscope  Olympus 

Centrifuge  Beckman 

Leitz DMRB microscope Leica Microsystems 

IVIS Lumina II  Perkin Elmer  

pH meter   Mettler Toledo 

SpectraMax 5Me plate reader Molecular Devices 

Vortexer  Hook&Tucker Instruments 

Water bath  Grant JB Series  

X-ray micro computed tomograph  SkyScan 1272, Bruker microCT 

Table 2-5: Cell lines used  

Cell line Source Description 

MDA-MB-231-IV-GFP-Luc2 Dr Penelope Ottewell Frequently used triple negative breast 
cancer cells selected for bone-homing 
properties , transfected with Green 
Fluorescent Protein and Luciferase II 
for in vivo and ex vivo  detection 

MDA-MB-231-TD-Tomato Dr Victoria Cookson Clone of MDA-MB-231-GFP-Luc2 
selected for slower growth kinetics  

MDA-MB-231-GIPC1ko-
CAPGko 

Dr Victoria Cookson Clone of MDA-MB-231-GFP-Luc2 with 
the addition of GIPC1 and CAPG gene 
knockouts 
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2.2 IN VITRO METHODS 

2.2.1 MDA-MB-231 AND MDA-MB-231-IV-GFP-LUC2 

MDA-MB-231 is an epithelial metastatic mammary adenocarcinoma established from a pleural 

effusion derived from a Caucasian female (Cailleau et al., 1978). It is a highly aggressive, TNBC cell line 

lacking ER, PR and HER2 expression (Holliday and Speirs, 2011). Two lineages possessing genetic 

alterations enabling in vivo and ex vivo imaging were developed at the University of Sheffield; the IV 

cell line stably transfected with Firefly Luciferase and Green-Fluorescent Protein (GFP) and the td-

Tomato cell line transfected with firefly luciferase. 

2.2.2 MAINTENANCE OF CELL CULTURES 

MDA-MB-231-IV cells were cultured in Gibco RPMI 1640 (1X) + GlutaMAXTM medium (Thermo Fisher 

Scientific, UK), supplemented with 10% Foetal Calf Serum (FCS)(Sigma Aldrich) in air-filtered T75 flasks. 

MDA-MB-231-td-Tomato cells were cultured in Gibco Dulbecco’s Modified Eagle Medium (DMEM) 

(1X) containing GlutaMAXTM, 4.5g/L D-Glucose and Pyruvate (Thermo Fisher Scientific, UK), further 

supplemented by adding 10% FCS within air-filtered T75 flasks. All cells were maintained in incubators 

at 37°C, relative humidity of 95% and 5% CO2. 

2.2.3 FREEZING OF CELLS 

To freeze cells for later use at a similar passage, a single cell suspension was prepared by twice washing 

the cells with sterile PBS before dissociation with trypsin. The cells suspension was pelleted by 

spinning in a centrifuge (Beckman) at 800-1000rpm for 5 minutes, the supernatant discarded and cells 

resuspended in 10% DMSO in DMEM or RPMI medium, volume dependent on cell number 

(approximately 1x106 cells/ml). Suspension of cells was aliquoted into labelled cryovials (Thermo 

Scientific), at a maximum of 1ml/vial and immediately stored at -80°C overnight awaiting transfer to 

liquid nitrogen storage by a responsible member of faculty. 

2.2.4 THAWING OF CELLS 

To thaw cells previously frozen in medium and DMSO, a fresh aliquot of the same medium used to 

freeze cells was warmed to ~37°C in a 15ml falcon centrifuge tube (Thermo Scientific). Cells were then 

removed from frozen storage, and quickly thawed at 37°C in a water bath (Grant). 1ml of thawed cell 

suspension was added to the 9ml cell suspension, before pelleting by centrifuging at 800rpm for 5 

minutes in a centrifuge, the supernatant discarded and cells re-suspended in appropriate media and 

volume, according to cell concentration required. 

2.2.5 CELL PASSAGING 

To passage cells, old media (10ml) was discarded from ~80% confluent cells in T75 flasks and washed 

twice with 5ml sterile cell culture-grade Gibco phosphate buffered saline (PBS) (ThermoFisher, UK) 
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which was subsequently discarded. To detach cells, 1-2ml of Trypsin EthyleneDiamineTetraacetic Acid 

(EDTA)(Thermo Fisher Scientific) was added to the flask and incubated at 37°C for 3-5 minutes until 

complete detachment was achieved. 4-8ml of appropriate FCS-containing medium was added to 

inactivate the trypsin, cell suspension transferred to tubes and centrifuged at 800rpm for 5 minutes 

to form a pellet. Supernatant was discarded, and cells re-suspended in 10ml medium with FCS. Re-

suspended cells were re-seeded in T75 flasks at densities of 5-20% of parent suspension and stored as 

per maintenance protocol. 

2.2.6 COUNTING OF CELLS 

Cells were prepared as per cell passaging protocol prior to seeding for counting. 10μl of cell suspension 

was pipetted into two sides of a haemocytometer with a cover slip. Four 4x4 square corners (1x10-4 

ml volume) were counted (see Figure 2-1) across two grids under a light microscope, a total of 8 4x4 

square corners.  

Figure 2-1: Haemocytometer counting squares 1-4 
representing a single grid. Cells lying on borders of squares 
counted (thick lines) and not counted (dashed lines) 
represented. Image courtesy of Maria Fuentes (Fuentes, 
2014) 

To calculate total number of cells per ml, cell 

counts were totalled and averaged across all 

8 squares (total count / number of squares 

counted) and multiplied by the volume 

factor 1x104. 

2.2.7 PREPARATION OF CELLS FOR INTRA-

CARDIAC INJECTION 

In experiments involving introducing cancer cells into mice, animals were injected with vybrant DiD 

labelled MDA-MB-231-IV cells via intra-cardiac injection. Vybrant DiD (Life Technologies, Paisley, UK) 

is a lipophilic membrane-bound dye that is lost through cell division and is used to track dormant cells 

that are quiescent or slow cycling.  

1x106 cells or 5x105 cells per ml were suspended in serum-free medium to a volume twice that 

required for each mouse to receive 1x105 or 5x105 cells in a 100μl volume. 5µL per ml of dye was 

added to the cell suspension in a single 15ml falcon tube, and incubated at 37°C in a water bath for 20 

mins while protected from light by wrapping in foil. Cell suspensions were then centrifuged at 800rpm 

for 5 minutes, generating a blue pellet. Supernatant was discarded and an equivalent volume of PBS 

was added to re-suspend the cells, before being centrifuged at 800rpm for 5 minutes, with 

resuspensions and centrifugation repeated thrice. Finally, cells were suspended in an equivalent 

volume of ice-cold PBS and stored on ice to be injected into mice within 2 hours of initial trypsinisation. 
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2.3 IN VIVO METHODS 

2.3.1 ANIMALS  

12-week-old female Bagg and Albino (BALB)/c (CAnN.Cg-Foxn1nu/Crl) nude (immunocompromised) 

and C57BL/6 (immunocompetent) mice were acquired from Charles River, UK. 12-week-old female 

BALB/c (OlaHsd-Foxn1nu) nude (immunocompromised) mice were obtained from Envigo, UK.  Upon 

arrival, mice were acclimatised in the Biological Services Unit (BSU) for a minimum of 7 days before 

procedures. Mice were aged for a further 2-3 weeks to obtain mice aged 14-15 weeks at the time of 

procedure, reflecting aged phenotypes. 

All procedures performed were approved and carried out under Procedure Project Licence (PPL) 

70/8964 and personal license PIL I62B58981 within the Biological Services Unit (BSU) under local 

guidelines and in accordance with Home Office regulations. 

2.3.2 LOW CALCIUM DIET 

Mineral adjusted chow (0.1% calcium) was obtained from Envigo, US. Animals were fed a low calcium 

diet in order to trigger increased bone resorption as a result of hypocalcaemia and the action of PTH. 

In in vivo experiments, mice were fed a low calcium diet for variable periods of time, following intra-

cardiac injection of tumour cells where this was performed. 

2.3.3 INTRA-CARDIAC INJECTION 

Late-stage metastasis was mimicked by direct injection of Luc2+ve MDA-MB-231-IV cells into the 

circulation. To encourage bone metastases, 100µl of 1x105 or 5x104 cells suspended in PBS were 

injected directly into the left ventricle of mice under inhalation anaesthesia consisting of 2-3% 

isoflurane (Zoetis, UK). Mice were placed in an incubator at 32°C for 1-3 hours post-injection and 

monitored closely for adverse signs in the 24-hour period ensuing. 

2.3.4 OVARIECTOMY 

Bilateral resection of the ovaries by ovariectomy (OVX) is a surgical procedure that has been used to 

induce deprivation of hormones produced by the ovaries, with oestrogen a particular target of 

reduction. It has been performed on various animals, such as rodents and non-human primates 

(Brinton, 2012). In mice, the procedure entails access to the visceral cavity from the lumbar area of 

the mouse, to allow surgical resection of the ovaries. The procedures in my experiments were 

performed by Dr Penelope Ottewell, Mrs. Diane Lefley under the project license (PPL P99922A2E).  

2.3.4.1 SURGICAL PROCEDURE 

14-week-old female mice BALB/C were anaesthetised with isoflurane (2.5% vaporisation rate and 

oxygen flow of 1.5-2 L/min) followed by administration of 100µl analgesic (buprenorphine 
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(Vetergesic), CEVA Animal Health) (0.1mg/kg) and 100µl broad-spectrum antibiotic (enrofloxacin 

(Baytril), Bayer) (6.25mg/kg) via sub-cutaneous injection. Hair was removed from the lower third of 

the back using electric clippers before being swabbed with iodine to sterilise the operation site. A 

~1.5cm longitudinal incision was made following the midline along the spine using a surgical scalpel 

blade. A gentle blunt dissection was used to detach skin from the muscle on both sides of the incision.  

Curved forceps were then used to produce a blunt dissection through the muscle wall immediately 

above the ovary, approximately 1cm from the spinal cord on each side. Using cat-spay forceps, the 

ovaries were located above the womb and removed using blunt dissection on each ovary. On 

successful removal of the ovaries, the internal wound was closed using absorbable sutures, and the 

external wound was closed suing non-absorbable polypropylene monofilament suture using a simple 

interrupted technique. 

Following the procedure, all mice were left to recover in a veterinary incubator set at 25°C for four 

hours, before being transfered back to clean cages. Mice were given a second dose of analgesic and 

antibiotic sub-cutaneously 24 hours following the surgical procedure and closely monitored for 

adequate healing of the sutured incision on the back and fluctuations in weight until the experiment 

was completed. 

2.3.5 IN VIVO IMAGING 

To track tumour progress in vivo, animals injected with cancer cells expressing firefly luciferase were 

injected sub-cutaneously with 100μl of D-luciferin (30mg/kg) 5 minutes prior to imaging on both sides 

of the coronal plane (front and back) of the animal. Imaging was done in the in vivo imaging system 

(IVIS) LUMINA II (Caliper Life Sciences). This procedure was carried out under anaesthetic 

following administration of 2-4% isofluorane. 

Living image software (version 4.1) was used to identify presence and quantify size of tumours 

by bioluminescent capture measured in photos/second and displayed on a scale with different 

colours representing varying intensities of luminescence. Both larger size and increased 

intensity of luminescence represent larger tumours (see Figure 2-2). 

Figure 2-2: Bioluminescent imaging of MDA-MD-231 cells expressing firefly luciferase and subjected to luciferin. Scale on the 
right represents varying levels of intensity, blue hue representing approximately 50 units, and red representing more than 210 
units. 
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2.4 SAMPLE COLLECTION AND PREPARATION 

2.4.1 BUFFER SOLUTION PREPARATION 

Solutions for tissue sample collection were prepared as below: 

2.4.1.1 PBS 

Phosphate-Buffered-Saline (PBS) solution was prepared by adding 1 tablet of PBS per 100ml of de-

ionized water (dH2O). Volumes typically prepared were 500ml, by adding 5 tablets to 500ml of dH2O. 

2.4.1.2 FIXATION OF TISSUE SAMPLES 

Fixation is an important step in the preservation of tissues obtained from mice prior to use in 

microscopy or other techniques reliant on the preservation of proteins. For fixation, PFA solution (4% 

(w/v)) was typically prepared at 500ml. Within a chemical fume hood, 20g of paraformaldehyde 

(PFA)(Fisher Scientific) was weighed and added to 500ml of PBS solution in a glass bottle. A magnetic 

flea was then added, the bottle cap screwed on and placed on a magnetic stirrer at 50-65°C until fully 

dissolved. This was cooled down, aliquoted and stored refrigerated for short term use, or frozen (-

80°C) for long term use. 

2.4.1.3 DECALCIFICATION OF SKELETAL TISSUE SAMPLES  

Cutting of sections from samples to be mounted on slides for microscopy used in this project require 

sections ranging between 3-40μM. Such thin slides require sharp, thin, yet brittle blades, and the 

sections cut are fragile. To obtain such cuttings from bone, decalcification of mineralised bone is 

required to soften the bone sufficiently to aid the cutting process. 

For decalcification, 14% (w/v) ethylenediaminetetraacetic acid (EDTA) (Fisher Scientific) was typically 

prepared in a final volume of 500ml. 70g of EDTA powder and 10g of NaOH (Fisher Scientific) (2% 

(w/v)) were added to 500ml PBS and stirred until clear before adjustment to pH 7.5 +/- 0.1 using HCl 

and stored at 2-8°C for up to 2 months. 

Bones processed through decalcification are placed in 4-6ml of EDTA, with the solution changed 2-3 

times a week for 4 weeks before processing for wax embedding 

2.4.2 SAMPLE COLLECTION FROM IN VIVO STUDIES 

At the end of experiments, mice were culled and tissues collected in the following formats. 
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2.4.2.1 WHOLE BLOOD EXTRACTION BY CARDIAC PUNCTURE 

Whole blood was collected for use in down-stream analysis using techniques such as Enzyme-Linked 

Immuno-Sorbent Assay (ELISA) for the detection of markers, or for analysis of circulating cells in whole 

blood using hematological analysis. 

Mice were placed under anaesthetic prior to the procedure with isoflurane (2.5% vaporisation rate 

and oxygen flow of 1.5-2 L/min) in a flow chamber. Subsequently, mice were transferred to a surgical 

pad extension of the anaesthetic device, with isoflurane delivery via nasal mask. Using 1ml syringes 

and 27 gauge needles (Terumo), needles were inserted ~1-2mm to the right of the sternum of mice 

and inserted until ~2-3cm of the needle was inserted. Syringes were pulled back to assess the presence 

of blood by inserting the needle in the heart, and once established 0.4-0.9ml of whole blood was 

obtained per mouse. 

2.4.2.2 SERUM 

Whole blood was extracted by cardiac puncture as described above and syringed into Eppendorf tubes 

and allowed to coagulate at room temperature. The samples were then spun at 8000 RPM for 10 

minutes at 4°C, causing separation of the serum and blood cells. Serum (0.3-0.5ml/sample), 

transferred to a fresh Eppendorf tube and stored at -80°C preparatory for use in Enzyme-Linked 

Immuno-Sorbent Assay (ELISA) for serum markers. 

2.4.2.3 WHOLE BLOOD FOR HEMATOLOGICAL ANALYSIS  

Whole blood was extracted by cardiac puncture and 20µl of whole blood was pipetted into Eppendorf 

tubes containing 20µl of 14% (w/v) ethylenediaminetetraacetic acid (EDTA) (Fisher Scientific) to 

prevent coagulation prior to use in hematological analysis. 

2.4.2.4 DISSECTION  

The hind limbs of mice were samples obtained from every mouse, in particular the tibia and femur. To 

obtain these limbs, cuts through the pelvis were made in order to disconnect the entire hind limb from 

the main body for easier access and manipulation. Following securing the freedom of the limbs from 

the main body, hind limbs were then separated by cutting through joints with scissors to obtain 

individual bones prior to the removing of muscle and connective tissue with forceps. 

After dissection, bones were processed in various ways dependent on downstream analysis. These are 

described in the following sections. 

2.4.2.5 BONES FOR HISTOLOGY AND HISTOMORPHOMETRY  

Immediately following dissection, tibias used for histology and histomorphometry were placed in 7ml 

bijous containing 5ml of 4% (w/v) paraformaldehyde (PFA) for 48-72 hours. These were then washed 
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3 times in ice-cold PBS and stored in PBS at 4°C pending μCT analysis. Once μCT scanning was 

complete, bones were placed in 14% (w/v) ethylenediaminetetraacetic acid (EDTA) for decalcification 

for 3 weeks before bone processing. Bones were subsequently paraffin-embedded (wax). To obtain 

sections for histological analysis, wax embedded tibias were cut at 3µm thickness, and 6 samples taken 

from 3 levels, 20-30µm apart before mounting on glass slides and storing at room temperature. 

2.4.2.6 BONES FOR GENE EXPRESSION ANALYSIS BY PCR 

Femurs were used for RNA extraction and subsequent PCR gene expression. Once obtained, they were 

placed in labelled foil and snap frozen in liquid nitrogen, before being stored at -80°C. 

2.5 EX VIVO ANALYSIS 

2.5.1 MICRO COMPUTED TOMOGRAPHY IMAGING 

Micro-computed tomography (µCT) performed on bones was performed in three steps; scanning, 

reconstruction and analysis. Scanning involves the projection of x-rays through a sample onto a 

detection plate to create an image representing mineralised bone. The sample is then partially rotated 

through a selected rotation range with smaller rotation steps with an x-ray-generated image created 

at each rotation step. The collection of images is subsequently collated and reconstructed to produce 

3D images. Finally, 3D images are analysed to produce quantitative data on various bone physical 

parameters.  

Scanning was performed using a Skyscan 1172 X-ray computed microtomography scanner (Bruker, 

Aartselaar, Belgium) which emits x-rays through an x-ray tube with voltage of 49kV and 200μA current. 

Control of the scanner was through Skyscan software, with settings of 0.5mm aluminium filter, 4.3μm 

pixel size and rotation step of 0.7° through a total rotation of 180°. Reconstruction of images was 

performed using NRecon software and analysis performed using CT Analyser (CTAn) software 

obtained from Bruker. 

A description of the process of analysis data obtained from µCT is given below using the right tibia 

from a mouse in an in vivo experiment utilising immunocompromised BALB/C nude mice placed on a 

low calcium diet for 7 days or a normal diet. The sample label is CRT1. 

2.5.1.1 ROI AND REFERENCE SELECTION  

ROI selection was determined via analytic selection in the CTAn software. Offset value was 46, 

indicating a 0.198mm offset from the reference marker. Height of selection was 232, indicating a 

height of 0.998mm. This will be described in more detail below. Reference selection was based on a 

qualitative method; finding the point at which the spongy bridge on the trabecular bone had broken 

and using this to set the top of the growth plate. An example picture is shown below for TO2 sample 

CRT1.  
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Figure 2-3: Reference selection picture 413 (CRT1__rec00000414). A.) Height of 1.776mm from bottom of picture scan. B.) Cross sectional 
view of reconstructed image from µCT scan of a tibia 

Selecting a reference picture then offset the starting point for the collection of data by 0.198mm from 

the reference selection. At this point is the first location where the regions of interest are drawn. 

Region of interest included the inner trabecular bone, excluding the wall. An example is given below 

of TO2 sample CRT1.  
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Figure 2-4: CRT1 first scanning picture 459 (Filename: CRT1__rec00000459). A.)  Height of 1.974mm, 0.198mm offset from reference 
picture. B.) Cross section of last reference position. C.) Region of Interest from section B 

The end of the region of interest was automatically set once selection of reference and first starting 

point were selected. A scanning height of 0.998mm input in the settings selected an image 0.998mm, 

or closest to this distance, from the first starting point. 
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Figure 2-5: TO2 sample CRT1 last scanning picture 691 (Filename: CRT1__rec00000691). A.) Height of 2.971mm, 0.997mm height from 
first scan. B.) Cross section of last reference position. C.) Region of Interest from section B 

Processing of ROIs was performed using batch manager within CTAn software using a lower grey 

threshold of 80-85 and an upper grey threshold of 255. Internal processing “Thresholding”, 

“Despeckle” and “3D Analysis” were selected with the following paramters: 

• Threshold values were set to 83 for lower and 255 for higher 

• Despeckle was set to remove white speckles less than 10 voxels within the region of interest 

• 3D analysis was performed for all basic values, as well as additional values structure model 

index, trabecular thickness and number, and trabecular separation 

This technology would allow the analysis of physical bone parameters based on mineralised 

structures. In particular, the trabecular region was of interest for this study as it is the most dynamic 

area of the bone displaying the effect of changes in diet and bone remodelling in a relatively short 

time. 
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2.5.2 HISTOLOGICAL SECTIONING 

To prepare bone samples for histological sectioning, 

tibias from mice were fixed in 4% PFA in bijoux containers 

for 24 hours at 4°C. The PFA was then emptied, bones 

washed thrice with PBS before being placed into 0.5M 

EDTA, which was changed thrice a week for 4 weeks to 

decalcify bone mineral and allow sufficient softening to 

cut. These were then placed in plastic embedding 

cassettes and processed by laboratory technicians. After 

processing, bones were placed in cast iron rectangular 

moulds and filled with wax ready for sectioning. Sections 

were taken across the sagittal plane of the tibias. 

2.5.3 TRAP STAINING 

Tartrate-Resistant Acid Phosphatase (TRAP) staining is a 

histological stain that reveals osteoclast activity by the 

catalysis of a naphthol-AS-BI phosphate substrate by 

TRAP, a key enzyme in bone resorption. Presence of red product indicates areas of high TRAP activity, 

and thereby implicating presence of osteoclasts. This gives an indicator of the number and size, 

correlated with activity of osteoclasts within a given sample. Counterstaining with Gill’s haematoxylin 

reveals purple nuclei and cell perimeters. 

Paraffin-embedded slides, cut at 3µm, were dewaxed and immersed for 5 minutes in a pre-warmed 

acetate-tartrate buffer prepared by mixing sodium tartrate (2.18% (w/v)) into an acetate buffer of 

diluted acetic acid (1.2% acetic acid (v/v) in dH2O) in H2O (20% diluted acetic acid (v/v) in H2O). 

Solution A was prepared by adding 2% (w/v) naphthol AS-BI phosphate (Sigma-Aldrich) to dimethyl 

formamide (Sigma Aldrich), before diluting 50x in acetate-tartrate buffer. Sections were transferred 

into solution A for 30 mins at 37˚C. 

Solution B was prepared by dissolving 4% (w/v) sodium nitrite in H2O, which hexasotized when added 

to an equal amount of pararosaniline (Sigma Aldrich). Solution B was added to 20X volume acetate-

tartrate buffer prior to incubating sections in the solution for 15 mins at 37˚C. 

Sections were thoroughly rinsed in tapwater and counterstained for 20 seconds in Gil’s haematoxylin 

(Merck) and blue before dehydration and mounted with DPX glue (VWR). 

2.5.4 OSTEOMEASURE ANALYSIS 

To analyse the cellular response to bone remodelling, TRAP-stained bone sections were analysed on 

OsteoMeasure7 version 4.2 through a LEICA Leitz DMRB microscope at a 20X magnification. 

Figure 2-6: Diagrammatic representation of tibias 
used for histology. Sections obtained across 
sagittal plane 
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Figure 2-7: Pictorial view of TRAP positive osteoclasts (red, bone-lining) and osteoblasts (blue, rectangular, bone-lining). Image cropped 
from 20x magnification. 

Entire cortical and trabecular surface below offset was measured. Cortical measurement offset was 

250µm below chondrocytes and offset for trabecular measurements was 125µm (see Figure 2-8). 
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Figure 2-8: References to begin measurements on TRAP stained sections were based on the bottom of the chondrocytes for trabecular 
(blue arrow -125µm) and cortical (orange arrow - 250µm) start points 

The number of osteoclasts (N.Oc), number of osteoblasts (N.Ob), osteoclast surface area(Oc.Pm) on 

bone, osteoblast surface (Ob.Pm) on bone and bone surface were measured.  

2.6 PREPARATION OF SAMPLES FOR REAL TIME PCR 

2.6.1 RNA EXTRACTION 

For extraction of RNA from bones, a chloroform-based method was used with TRI-reagent (TRI-Zol) 

(Sigma). After obtaining hind-limbs from the dissection protocol and following snap-freezing, material 

was obtained from the bones by three different methods; scraping, crushing and flushing. These are 

described in the sections below. 

2.6.1.1 SCRAPING 

To obtain cellular material by the scraping method, the head of the bones were broken using hard 

tissue scissors, and bones split in half. With a teasing needle, bone marrow and bone lining cells were 

scraped into an Eppendorf tube with 500µl of PBS. These were then spun at 1-2000rpm for 3-4 minutes 

to obtain a pellet. The resulting supernatant was discarded and 1ml of TRI reagent was added to the  

pellet and re-suspended. RNA extraction then continued as per section 2.6.1.4. 
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2.6.1.2 CRUSHING 

To obtain cellular material using the crushing method, a single whole bone was placed in a mortar 

with 1ml of TRI-reagent and crushed as fine as possible, ensuring sufficient homogenisation. RNA 

extraction then continued as per section 2.6.1.4. 

2.6.1.3 FLUSHING 

To flush bones, the head of bones were broken with teasing needle to reveal marrow cells and placed 

into a 0.2ml Eppendorf tube (Starlab, Germany) with a hole smaller than the bone to be flushed. The 

0.2ml eppendorfs were subsequently placed in a 1.5ml Eppendorf to collect flushed material and spun 

at 6000rpm for 2 minutes before being suspended in 1ml of TRI reagent. RNA extraction then 

continued as per section 2.6.1.4. 

2.6.1.4 EXTRACTION 

Once tissue samples were obtained, for all the above methods, 200µl of chloroform was added to 

samples in 1ml of TRI reagent and shaken vigorously for approximately 15 seconds and left to incubate 

for 2 minutes at room temperature. Samples were then centrifuged for 15 minutes at 12000g (4°C or 

RT) at which point 3 layers containing protein, DNA and RNA were visible. The colourless phase of the 

upper layer containing RNA was removed (approximately 500μl) and pipetted into a new Eppendorf 

tube. 0.5ml isopropanol was added per 1ml of TRI reagent to precipitate RNA, vortexed for 30 seconds 

and incubated for 10 minutes at room temperature. Subsequent centrifugation of the sample was 

performed at 12000g for 15 minutes to form an RNA pellet. Supernatant was discarded, pellet re-

suspended in 0.5ml 75% ethanol and vortexed at 7500g for 5 minutes. Supernatant was discarded and 

pellet was left to air dry at room temperature until as much alcohol was evaporated as possible. Pellets 

were finally re-suspended in 50µl molecular biology-grade water and analysed on the nanodrop for 

RNA quantity and quality. 

2.6.1.5 NANODROP ANALYSIS OF RNA QUANTITY AND QUALITY 

Following RNA extraction, RNA analysis was performed using a Nanodrop 2000 spectrophotometer 

(Thermo Scientific) with Nanodrop 2000/2000C software. Nucleic acids, RNA, dsDNA and ssDNA 

absorb at a wavelength of 260nm, and as such, a wavelength ratio of 260/280nm and 260/230nm is 

used to assess the quality of the RNA sample. Before scanning a sample, 1μl of diluent, molecular 

biology-grade water, was pipetted into the sample port and used as a blank. Subsequently, each 

sample of 1μl RNA was pipetted into the sample port and wavelengths measured. A ratio of ~2.0 at 

260/280 and ~2.0-2.2 at 260/230 is generally accepted as pure for RNA. Furthermore, a smooth 

sigmoid-like curve on the scanning graph is used to determine scanning. 
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2.6.2 POLYMERASE CHAIN REACTION 

Real-Time Polymerase chain reaction (RT-PCR) is both a fundamental biological reaction, as well as a 

routinely used tool in many biotechnological laboratories for the detection and quantification of DNA 

sequences and RNA transcripts. This technique relies on the native properties found in the enzyme 

polymerase, responsible for the duplication of DNA strands within both prokaryotic and eukaryotic 

cells coupled with a technique to capture duplication in real time for the purpose of quantifying 

transcript abundance. RT-PCR of RNA transcripts requires two broad steps i.) reverse-transcription of 

RNA into cDNA, ii.) real time amplification, detection and quantification of previously-transcribed 

cDNA. 

2.6.2.1 STEP I.) REVERSE TRANSCRIPTION OF RNA INTO CDNA 

Reverse transcription of RNA into cDNA was performed using two separate kits and protocols; 

Quantitect Reverse Transcription Kit (Qiagen) and RevertAid RT Reverse Transcription Kit (Thermo 

Scientific). 

2.6.2.1.1 QUANTITECT REVERSE TRANSCRIPTION PROTOCOL 

Before reverse transcription, genomic DNA removal was performed by using the gDNA wipeout buffer 

provided. 2µl gDNA 7x wipeout buffer and 1µg template RNA were added to RNAse-free water up to 

a total volume of 14µl in an RNAse-free tube (Alpha Laboratories). Samples were incubated at 42°C 

for 2 minutes in a PTC-200 Peltier Thermo Cycler (MJ Research) and immediately placed on ice. 

First-strand reverse synthesis was performed by adding 1µl Quantiscript Reverse Transcriptase, 4µl 5x 

Quantiscript RT Buffer and 1µl RT Primer Mix to 14µl of gDNA-free RNA with 1µg RNA from the 

previous step and incubated at 42°C for 15 minutes in a PTC-200 thermocycler. 

2.6.2.1.2 REVERTAID RT REVERSE TRANSCRIPTION PROTOCOL 

Prior to reverse transcription using the RevertAid kit, RNA samples had genomic DNA removed by the 

use of DNase I using RevertAid DNase I kit (Thermo Scientific).  Preparation of 1µg of RNA, 1µl of 10x 

reaction buffer with MgCl2, 1µl (1U) DNase I, RNase-free was done in DEPC-treated water up to a final 

volume of 10µl in RNase-free Eppendorf tubes. Samples were incubated at 37°C for 30 mins in a PTC-

200 Thermo Cycler. 1µl of 50mM EDTA was added to the tubes and incubated at 65°C for 10 mins in a 

PTC-200 Thermo Cycler. The prepared RNA, total volume 11µl,  was then used as a template for 

reverse transcription. 

To perform first-strand synthesis, 1µg template RNA from the genomic removal step had 0.5µl oligo 

(dT)18 and 0.5µl random hexamer primers added to make a final volume of 12µl. The following 

components were added in order; 4µl of 5x reaction buffer, 1µl RiboLock RNase inhibitor (20U/µl), 2µl 

10mM dNTP mix and 1µl RevertAid M-MuLV RT(200U/µl) for a final volume of 20µl in RNase-free 

Eppendorf tubes. These were then incubated at 25°C for 5 mins for random-hexamer primed 
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synthesis, followed by 42°C for 60 mins for first strand synthesis. Termination of reaction was 

accomplished by heating to 70°C for 5 mins. Synthesis steps were performed in a PTC-200 

thermocycler. 

2.6.2.2 STEP II.) REAL-TIME AMPLIFICATION OF CDNA TRANSCRIPTS 

Samples for real-time detection were prepared using 2x PrecisionPLUS qPCR SYBR Green Master Mix 

(Primer Design) and added into 384-well PCR plates with 10µl per well. Each well contained 5µl 2x 

master mix, 0.5µl 300nM forward primer, 0.5µl 300nM reverse prime, 1µl template cDNA and 3µl 

RNase-free water.  Each sample was repeated in triplicate. 

Real-time amplification of cDNA transcripts was performed using Applied Biosystems  PRISM HT-7900 

sequence detection system (Thermo Scientific) using SDS 2.4 software (Thermo Scientific). To obtain 

quantitative values, Standard Curve (AQ) settings were used. Default thermal profile settings were 

used to run real-time PCR, with an added dissociation step for assessment of primer efficiency. SYBR 

Green was selected as a detector and applied to all wells, with ROX as a passive reference. 

2.6.2.3 PRIMER DESIGN 

Primers were designed using NCBI BLAST and further verified via MFE Primer 3.0 for predicted target 

specificity. Once primers were obtained, they were run on a PCR plate with cDNA synthesised from 

1µg of RNA diluted at 1 in 2, 1 in 5, 1 in 10, 1 in 50, 1 in 100 and 1 in 1000 dilutions. When running the 

PCR using applied biosystem software, an additional fourth step in the PCR sequence, dissociation, 

was used to verify the specificity of the primer sequence and presence of primer dimerisation. The 

results from the dilutions were then plotted using a logarithmic scale representing the dilutions used, 

and plotted using a straight-line. The gradient of the straight line slope was then used in determining 

the primer efficiency  

Molecule Primer Sequence (5’ to 3’) 

GAPDH Fwd ACG TGC CGC CTG GAG A 

GAPDH Rev CCC TCA GAT GCC TGC TTC A 

TBSP-1 Fwd CCT CCC CTC TGC TTT CAC AA 

TBSP-1 Rev TAA CCG AGT TCT GGC AGT GAC 

CXCL4 Fwd CCCGAAGAAAGCGATGGAGAT 

CXCL4 Rev TTCTTCAGGGTGGCTATGAGCTG 

Osteopontin Fwd CTT TCA CTC CAA TCG TCC CTA 

Osteopontin Rev GCT CTC TTT GCA ATG CTC AAG 

Osteoprotegerin Fwd GTG TGG AAT AGA TGT CAC CCT GT 

Osteoprotegerin Rev CTT GTG AGC TGT GTC TCC GT 
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RANKL Fwd CCCATCGGGTTCCCATAAAG 

RANKL Rev AGCAAATGTTGGCGTACAGG 

2.6.3 ELISA 

2.6.3.1 N-TERMINAL PROPEPTIDE OF TYPE I PROCOLLAGEN (P1NP) 

Bone matrix is composed of between 70 and 90% mineral, with organic material constituting the rest. 

A large part of the organic material is composed of type I collagen, whose amino-terminal propeptide 

(PINP) and carboxy-terminal pro-peptide (PICP) constituents are cleaved during collagen synthesis. 

These are released into the circulation, and quantification in serum samples is often used as a 

biomarker for collagen synthesis within bone (Melkko et al., 1996; Seibel, 2005). In particular, 

commercial immunoassays detecting PINP are used as a surrogate for osteoblast activity and bone 

formation.  

To detect and quantify PINP in serum samples extracted from mice, I used a rat/mouse enzyme-linked 

immunosorbent assay (ELISA) kit (Immunodiagnostics Systems, UK). The manufacturer’s standard 

instructions were used, in which 50µl of calibrators (supplied) and controls (supplied) were added to 

a polyclonal rabbit anti-PINP antibody coated well plate (supplied) in duplicate. Sample mixture was 

then made by adding 5µl serum to 45µl sample diluent (supplied) and added to the same antibody 

coated plate in duplicate within 15 minutes of adding calibrators and controls in order to minimise 

drift. Using a multichannel pipette, 50µl biotin (supplied) was added to all wells before covering the 

plate with an adhesive plate sealer (supplied) and incubated on a microplate shaker (500-700rpm) at 

room temperature for one hour. Following incubation, liquid content was decanted by inverting 

sharply and 250µl of wash solution (supplied) was added to all wells, repeating for a total of 3 cycles 

and finally tapping the inverted plate on absorbent tissue to remove excess wash solution. 150µl 

enzyme conjugate (avidin - horseradish peroxidase (HRP)) (supplied) and allowed to incubate for 30 

mins at room temperature, before repeating the triplicate wash step. 150µl chromogenic 3,3',5,5'-

Tetramethylbenzidine (TMB) HRP substrate (supplied) was added to all wells, the plate sealed and 

incubated at room temperature for 30 minutes. The reaction was stopped by the addition of 50µl stop 

solution (HCl) (supplied). Optical absorbance was read at 450nm using a SpectraMax 5Me plate reader 

(Molecular Devices, UK). 

2.6.3.2 TARTRATE-RESISTANT ACID PHOSPHATASE FORM 5B (TRACP 5B) 

The tartrate-resistant acid phosphatase (TRAP) is part of the mammalian acid phosphatase group of 

enzymes expressed by various immune cells including macrophages and dendritic cells (Hayman, 

2008). In particular, isoforms 5a and 5b have demonstrated different clinical significance, with 5a 

correlated with, and used as a measure of macrophage activation and chronic inflammation. In 

contrast, 5b has diagnostic relevance as a measure of osteoclast number and bone resorption, 

particularly in osteoporosis, cancers with bone metastasis and chronic renal failure (Janckila and Yam, 

2009). TRAP 5b is secreted extracellularly by osteoclasts into the resorption lacunae where it 

subsequently escapes into peripheral circulation and where it be measured in serum as a biomarker 



 

 

89 

 

of bone resorption (Alatalo et al., 2003). In my experiments, to detect and quantify TRAcP 5b  as a 

surrogate for bone resorption, a polyclonal antibody against recombinant mouse TRAcP 5b was used 

in an ELISA kit (Immunodiagnostic Systems, UK) in accordance with the manufacturer’s instructions 

and reagents. 

100µl of Anti-MouseTRAP antibody was added to the antibody-coated plate (supplied), and incubated 

at room temperature for 60 minutes on a plate shaker at approximately 150rpm. The contents were 

then decanted by sharp inversion, before dispensing 250µl of wash buffer (supplied) to the wells. 

Wash buffer was decanted and the previous step repeated for a total of 3 times. 100µl of calibrator 

(supplied) or control (supplied) were added to the antibody coated plate in duplicate, and 75 µl of 

0.9% NaCl followed by 25µl of sample were added to appropriate wells.  25µl of releasing reagent 

(supplied) was added to all wells and the plate incubated at room temperature for 60 minutes on a 

plate shaker at approximately 150rpm. 100µl chromogenic substrate solution (supplied) was added to 

all wells, the plate covered with an adhesive plate sealer and incubated at 37°C for 2 hours. 

Subsequently, 25µl NaOH stop solution (supplied) was added to all wells to stop chromogenic 

development. Optical absorbance was read at 450nm using a SpectraMax 5Me plate reader 

(Molecular Devices, UK). 

2.6.4 HEMATOLOGICAL ANALYSIS 

Hematological analysis was used to determine the population abundance for circulating 

hematopoietic cells in mice using blood collected via cardiac puncture as described in section 2.4.2.1. 

Upon culling, mice had their blood withdrawn through cardiac puncture, of which 20μl was placed 

into 500μl Eppendorf tubes containing 20μl of EDTA to prevent clotting, thoroughly mixed and stored 

at room temperature for up to 2 hours post-cull. These samples (10μl per sample) were then run 

through a Scil Vet abc Plus hematological analyzer (Horiba Medical) which measured total white blood 

cells (number per 103/mm3 blood), total red blood cells (number per 103/mm3 blood), lymphocytes 

(percentage(%) and number per 103/mm3 blood), monocytes (percentage(%) and number per 

103/mm3 blood), granulocytes (percentage(%) and number per 103/mm3 blood), eosinophils 

(percentage(%) and number per 103/mm3 blood), hemoglobin (g/dL), hematocrit (percentage), mean 

corpuscular volume (μm3), mean corpuscular hemoglobin (pg), mean corpuscular hemoglobin 

concentration (g/dL), red blood cell distribution width (percentage), platelets (number per 103/mm3 

blood) and mean platelet volume (μm3). 

2.7 RNA SEQUENCING 
2.7.1 POWER ANALYSIS 

Statistical power is the probability that a statistical test will correctly reject the null hypothesis. A 

power analysis can be utilised to estimate the minimum sample size requires for an experiment given 

a desired significance level, effect size and statistical power, or can be used to estimate the statistical 

power for an experiment given significance level, effect size and sample size (Dumas-Mallet et al., 
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2017). The statistical power for a given experiment is the inverse of the probability of a type II error 

(false negative), meaning that the higher the statistical power for a given experiment, the lower the 

probability of making a type II error, where the null hypothesis is, incorrectly, not rejected. 

Statistical power is influenced by three main variables; the effect size, which is the quantified 

magnitude of a result present in the measured samples, the sample size, and the significance 

threshold, often set to 0.05 (Dumas-Mallet et al., 2017). In standard statistical analysis, a simple 

measure such as a student’s t test power analysis can be used to estimate the power of a statistical 

test. However, for RNA-sequencing differential gene expression analysis, n-statistical tests are 

performed on n-genes present in the dataset, meaning a different approach is required to measure 

true statistical power (Yu et al., 2017).  

2.7.2 DEVELOPING A METHOD FOR ISOLATION OF HIGH QUALITY RNA FROM SNAP-FROZEN BONE FOR 

RNA SEQUENCING 

Optimization of an RNA extraction method for high yield, purity and integrity RNA for RNA sequencing 

purposes was performed. The methods of dissociation and subsequent isolation utilised in 

optimisation steps are outlined below and discussed further in the results section. 

2.7.2.1 TISSUE DISSOCIATION AND HOMOGENISATION  

Dissociation of tissues were performed by three different methods; using a mortar and pestle, 

scraping and Fisherbrand Bead Mill 4 Homogenizer as described below. 

2.7.2.2 MORTAR AND PESTLE 

To obtain dissociated tissue by mortar and pestle, 1ml of TRI reagent or 600μl of RLT lysis buffer 

(Qiagen RNeasy kit) was added to an empty mortar, before being crushed by pestle until sufficiently 

homogenised in the mortar. These were then transferred into empty 1.5ml Eppendorf tubes to 

complete the extraction processes dependent on the method used. 

2.7.2.3 SCRAPING 

To obtain dissociated material by the scraping method, the head of the bones were broken using 

surgical blades, and bones split in half. With a teasing needle, bone marrow and bone lining cells were 

scraped into an Eppendorf tube with 1ml of TRI reagent or 600μl of RLT lysis buffer (Qiagen RNeasy 

kit). 

2.7.2.4 BEAD MILL 

Prior to being placed in the bead mill, bones were broken into 3 pieces using a teasing needle, ensuring 

fracturing along the length of the shaft. The bone fragments were then placed in bead mill vials, which 

come pre-loaded with beads, and 1ml of TRI reagent was added to each vial. Three different beads 
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were available and tested; metal, ceramic and glass. The speed settings are between 1 and 5, with 5 

being the fastest, and 1 being the slowest. 

2.7.2.5 EXTRACTION METHODS 

Three extraction methods were used when aiming to extract RNA from homogenised tissue and are 

outlined in the following three sections; namely Trizol, RNEasy and Hybrid methods.  

2.7.2.6 TRIZOL METHOD 

The Trizol method of extraction is accordance with the commonly used lab protocol developed by Ms 

Diane Lefley, University of Sheffield. 

The bone tissue is disrupted and homogenised by mortar and pestle in 1ml TRI reagent and placed 

into a 1.5ml Eppendorf tube. Then 200μl of chloroform is added and shaken gently for approximately 

15 seconds and left to incubate for 2 minutes at ambient 

 temperature. The mixture is centrifuged for 15 minutes at 12000g at room temperature (RT). 

Chloroform separates protein, DNA and RNA in different layers. Three different layers are apparent 

after centrifuging. The colourless phase in the upper layer contains the RNA which is transferred to a 

new Eppendorf while being careful to not contaminate with any of the other layers. Subsequently, 

500µl of pure isopropanol per 1 ml of TRIreagent initially used is added to the colourless upper phase 

to precipitate RNA. This is vortexed for 30 seconds and left to incubate for 10 minutes at room 

temperature before being centrifuged for 15 minutes at 12000g at RT. The Eppendorf is removed and 

has an equal amount of 75% ethanol diluted molecular biology-grade water added to it as a wash step. 

The pellet is then vortexed thoroughly to detach, before being centrifuged at 7500g for 5 mins to 

attach the pellet to the bottom of the tube. This supernatant is removed, avoiding discarding the 

pellet, and left to air dry for a few minutes at RT until as much liquid as possible evaporates. The final 

pellet air-dried is re-suspended in an appropriate volume of molecular-biology grade water for tissue 

volume (For ≤ 100µg starting tissue, use one 30-100µL elution volume, or for ≥ 100µg starting tissue, 

use 2-3 sequential 100µL elutions). 

2.7.2.7 RNEASY METHOD 

The RNeasy method of extraction is according to the Qiagen’s supplied protocol with the RNeasy kit. 

Supplied materials are indicated and all buffers are provided in the kit. The protocol is outlined below: 

The tissue was disrupted and homogenised in 600μl RLT buffer (supplied), before being centrifuged 

for 3 min at maximum speed. The supernatant was then transferred into a new Eppendorf before 

adding  1 volume of 70% ethanol to the lysate, and mixed well by pipetting. Up to 700 μl of the sample, 

including any precipitate that may have formed, was pipetted into an RNeasy Mini spin column in a 2 

ml collection tube (supplied). The spin column with lysate was centrifuged at ≥8000 x g (≥10,000 rpm) 

for 15 s at room temperature and the flow-through discarded. Any excess lysate was pipetted into the 
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same RNeasy Mini spin column and centrifuged at ≥8000 x g (≥10,000 rpm) for 15 s and flow-through 

discarded. To the RNeasy Mini spin column, 700 μl Buffer RW1 was added before centrifuging for 15 

s at ≥8000 x g (≥10,000 rpm) to wash the column and discarded the flow through. 500 μl Buffer RPE 

was then pipetted into the RNeasy Mini spin column before centrifuging for 15 s at ≥8000 x g (≥10,000 

rpm) to wash the column and discarding the flow-through. Another 500 μl Buffer RPE was then added 

to the RNeasy Mini spin column before centrifuging for 2 min at ≥8000 x g (≥10,000 rpm) to dry the 

RNeasy Mini spin column membrane. The long centrifugation dries the spin column membrane, 

ensuring that no ethanol is carried over during RNA elution. Residual ethanol may interfere with 

downstream reactions. To ensure optimal drying, the RNeasy Mini spin column was placed into a new 

2 ml collection tube (supplied), and discarded the old collection tube with the flow-through. This was 

centrifuged in a microcentrifuge at full speed for 1 min. This step was performed to eliminate any 

possible carryover of Buffer RPE or residual flow-through that may remain on the outside of the 

RNeasy Mini spin column. The RNeasy Mini spin column was then transferred to a new 1.5 ml 

collection tube (supplied). To elute the RNA, 50 μl RNase-free water was pipetted directly onto the 

RNeasy Mini spin column membrane before being centrifuged for 1 min at ≥8000 x g (≥10,000 rpm). 

The resulting flow through contained the eluted RNA and was used for downstream applications. 

2.7.2.8 HYBRID METHOD 

Due to bone’s consistency, fat and collagen content, a hybrid method is often used when lysis with 

RLT buffer (RNeasy protocol) does not result in sufficient lysis of tissue. This method combines the 

phenol-based extraction of TRIzol with further purification using the RNeasy columns and buffers. 

Effectively, it combines the dissociation and homogenisation steps of the TRIzol method, which leads 

up to a solution with precipitated RNA, which is then placed into the RNeasy columns, continuing the 

columnar steps of the RNeasy protocol and is outlined below: 

Disruption and homogenisation of the bone was achieved by breaking bone into approximately 3 

pieces using a surgical blade, along the line of the shaft, before transferring into a bead mill tubes with 

ceramic beads with 1ml of TRI reagent.  The tubes were then spun in the bead mill for 60 seconds at 

speed 3. 200μl of chloroform was then added and the mixture was shaken gently for about 15 seconds 

and left to incubate for 2 minutes on ice. The tubes were then centrifuged for 15 minutes at 12000g 

(4°C) in a microfuge. Chloroform separates protein, DNA and RNA in three different layers with the 

colourless phase in the upper layer containing the RNA. The colourless upper phase was transfered to 

a new Eppendorf with 500µl of pure isopropanol per 1 ml of TRI reagent added to colourless upper 

phase to precipitate RNA. 700μl of the sample, including any precipitate that may have formed, was 

transfered into a RNeasy Mini spin column in a 2 ml collection tube and centrifuged at ≥8000 

x g (≥10,000 rpm) for 15 s at 4°C. The flow through was discarded and the rest of the sample 

transferred to the column before repeating the centrifugation step, discarding the flow-through again. 

700μl of RW1 buffer was added to the RNeasy Mini spin column and centrifuged for 15 s at ≥8000 

x g (≥10,000 rpm) to wash the column, discarding the flow-through. 500μl of RPE buffer was 

added into the RNeasy Mini spin column and centrifuged for 15 s at ≥8000 x g (≥10,000 rpm) to wash 

the column with flow-through discarded. Another 500μl of RPE  buffer was added to the RNeasy Mini 
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spin column and centrifuged for 2 min at ≥8000 x g (≥10,000 rpm) to dry the RNeasy Mini spin column 

membrane, with flow through discarded. The RNeasy Mini spin column was then centrifuged at full 

speed  (≥14,000 rpm)  for 1 min to eliminate any possible carryover of Buffer RPE or if residual flow-

through remained on the outside of the RNeasy Mini spin column. The RNeasy Mini spin column was 

transfered to a new 1.5 ml collection tube before adding 30–50 μl RNase-free water directly onto the 

RNeasy Mini spin column membrane and centrifuging for 1 min at ≥8000 x g (≥10,000 rpm) to elute 

the RNA. 

2.7.2.9 ASSESSMENT OF RNA QUALITY ON NANODROP 

Following RNA extraction, RNA analysis was performed using a Nanodrop 2000 spectrophotometer. 

Before scanning a sample, 1μl of diluent, molecular biology-grade water, was pipetted into the sample 

port and used as a blank. Subsequently, each sample of 1μl RNA was pipetted into the sample port 

and wavelengths measured. A ratio of ~2.0 at 260/280 and ~2.0-2.2 at 260/230  is generally accepted 

as pure for RNA.  

2.7.2.10 ASSESSMENT OF RNA QUALITY VIA AGILENT BIOANALYZER 

Following successful extraction of RNA, yield and purity measurements by Nanodrop analysis, sample 

aliquots  were taken to Matthew Wyles at Sheffield Institute for Translational Neuroscience (SITraN) 

who performed RNA integrity number analysis, and was supplied with the elution solvent to use as a 

blank (molecular biology grade water). Results were returned in PDF format, including RIN scores for 

each sample. RIN scores range from 1 (blank) to 10 (most optimum). Integrity scores above 7 are 

required for RNA-sequencing. Lower scores suggest fragmenting of RNA transcripts, but may also be 

skewed by impurities. 

2.7.3 RNA EXTRACTION FOR RNA SEQUENCING 

2.7.3.1 EXTRACTION 

Left femurs from all mice had RNA extracted for RNA-sequencing according to the hybrid method  

detailed in section 2.7.2.8, with the addition of pre-cooling all tubes and reagents used to < 0 °C.  

2.7.3.2 REMOVAL OF GENOMIC DNA CONTAMINATION  

Prior to sequencing, RNA is converted into cDNA in order to be amplified by a polymerase chain 

reaction step. However, present genomic DNA will be co-amplified and would necessarily confound 

the subsequent analysis into upregulated transcripts. Despite obtaining the colourless aqueous upper 

phase containing RNA during the extraction with Trizol and chloroform, leaving sufficient clearance to 

the interphase, as well as obtaining 260/280 values ~2 as assessed by nanodrop, a further step for the 

digestion of genomic DNA was performed to ensure minimal DNA contamination. 

To prepare DNase I stock solution before using the RNAse-Free DNase Set for the first time, the 

lyophilized DNase I (1500 Kunitz units) was dissolved in 550 µl of the RNAse-free water. To avoid loss 



 

 

94 

 

of DNase I, the vial was not opened, but RNAse-free water was injected into the vial using an RNAse-

free needle and syringe and mixed by inverting. Subsequently, 11 aliquots of 50 µl were prepared for 

subsequent use to reduce freeze-thawing when stored at -25 °C. 

To perform digestion, samples were adjusted to a volume of 100 µl with RNAse-free water and 350 µl 

Buffer RLT was added before mixing well. Next, 250 µl ethanol (99%) was added to the diluted RNA, 

and mixed well by pipetting. The sample (700 µl) was transfered to a RNeasy Mini spin column placed 

in a 2 ml collection tube (supplied), and centrifuged for 15 s at ≥8000 x g (≥10,000rpm) and flow-

through discarded. To the mini-spin column, 350 µl Buffer RW1 was and centrifuged for 15 s at ≥8000 

x g (≥10,000 rpm) to wash the spin column membrane. From previously prepared stock solution, 10 µl 

DNase I stock solution was added to 70 µl Buffer RDD and mixed by gently inverting the tube, 

centrifuging briefly (10s) to collect residual liquid from the sides of the tube to obtain a DNAse I 

incubation mix. 80 µl from the DNAse I incubation mix was pipetted directly to the RNeasy spin column 

membrane with RNA sample, and placed on the benchtop (20–30°C) for 15 min.  

Following incubation, 350 µl Buffer RW1 was added to the RNeasy spin column that was centrifuged 

for 15 s at ≥8000 x g (≥10,000 rpm) and flow-through discarded. 500 µl Buffer RPE was added to the 

RNeasy spin column and centrifuged for 15 s at ≥8000 x g (≥10,000 rpm) to wash the spin column 

membrane. 500μl of RPE buffer was added into the RNeasy Mini spin column and centrifuged for 15 s 

at ≥8000 x g (≥10,000 rpm) to wash the column with flow-through discarded. Another 500μl of 

RPE  buffer was added to the RNeasy Mini spin column and centrifuged for 2 min at ≥8000 x g (≥10,000 

rpm) to dry the RNeasy Mini spin column membrane, with flow through discarded. The RNeasy Mini 

spin column was then centrifuged at full speed  (≥14,000 rpm)  for 1 min to eliminate any possible 

carryover of Buffer RPE or if residual flow-through remained on the outside of the RNeasy Mini spin 

column. The RNeasy Mini spin column was transfered to a new 1.5 ml collection tube before adding 

30–50 μl RNase-free water directly onto the RNeasy Mini spin column membrane and centrifuging for 

1 min at ≥8000 x g (≥10,000 rpm) to elute the RNA. 
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2.8 COMPUTATIONAL ANALYSIS 

The below pipeline was used to pre-process RNA-sequencing transcripts: 

Table 2-6: Processing pipeline for RNA-sequencing data 

Process Input File Output File Tools Reference / 
Website 

Quality check on 
raw reads  

Fastq sequencing 
reads 

HTML report FastQC (Krueger F, 2012) 

Trim raw reads Fastqc 
sequencing reads 

Trimmed fastq 
files 

Trimmomatic (Bolger et al., 
2014) 

Align raw reads 
to reference 
genome 

Trimmed reads 

Reference 
genome gtf file 

Sorted BAM files STAR (Dobin et al., 
2013) 

Assemble gene 
expression from 
aligned reads 

Sorted BAM Files Adjusted read 
counts 

DegNorm (Xiong et al., 
2019) 

Differential gene 
expression 
analysis 

Counts CSV / 
Expression Set 

List of 
differentially 
expressed genes 

DESeq2 (Love et al., 2014) 

Gene Ontology 
Analysis 

Differentially 
expressed gene 
list 

Images/Tables DAVID (Dennis et al., 
2003) 

Pathway Analysis Differentially 
expressed gene 
list 

Images/Tables clusterProfiler (Yu et al., 2012) 

Deconvolution of 
bulk expression 

Counts CSV / 
Expression Set 

Images/Tables xCell (Aran et al., 2017) 

Signature set 
scoring 

Differentially 
expressed gene 
list. 

List of genes to 
score 

Images/Tables SingsScore (Foroutan et al., 
2018) 

2.8.1 RNA SEQUENCING 

2.8.1.1 POWER ANALYSIS FOR RNA-SEQ 

In high throughput experiments, such as RNA-seq, where many statistical tests are performed 

simultaneously several factors lead to complications in estimating the statistical power of an 

experiment, such as the choice of significance test correction, the incorporation of baseline 

expression, variability of both gene expression and magnitude of effect as well as sequencing depth 

(Yu et al., 2017). The significance test correction is often solved by using the false discovery rate (FDR) 

as the method of significance, accounting for multiple statistical tests using the Benjamini-Hochberg 
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correction. In microarray data, the baseline is not of significant interest and can be assumed to be 0 

without affecting generality or affecting type I or II errors. However, in RNA-seq, gene expressions are 

measured as counts and often modeled as Poisson or negative binomial distributions (Anders and 

Huber, 2010, Robinson et al., 2010, Wu et al., 2013). The variation in gene expression measurements 

comes from both the biological variation and the sequencing counting error. The relative importance 

of the counting error depends on the expression level; for genes with low counts, the variation owing 

to the counting process dominates the variance, whereas for genes with high counts, it is negligible 

(Wu et al., 2015). Therefore, the power in DE detection is affected by expression level in RNA-seq. 

Owing to these complexities in estimating power for RNA-sequencing experiments, Wu et al. (2015) 

argue that it is no longer feasible to rely on one simple power versus sample size curve while treating 

all other factors as fixed input and holding strong assumptions such as exchangeability between genes 

and equating nominal error rate as actual error rate (Wu et al., 2015). As a result, they developed a 

simulation-based power evaluation that allows the construction of in silico datasets that resemble real 

RNA-seq data and allowing the evaluation of the actual error rate by comparing true and false 

discovery values from the dataset against computed simulations using the parameters and method of 

choice to be to be used in an experiment. This is provided as an R/Biodonductor package, PROspective 

Power Evaluation for RNAseq (PROPER) and is used for power analysis in chapter 5 (Wu et al., 2015). 

2.8.2 PRE-PROCESSING OF RAW RNA-SEQUENCING READS 

Raw reads from sequencing were provided by amazon web services (AWS) S3 cloud storage as raw 

FASTQ files (n=8). These files were subsequently downloaded onto private storage on the Sheffield 

advanced research computer (ShARC) high performance computing (HPC) cluster under user storage 

ready for pre-processing. 

2.8.2.1 QUALITY ASSESSMENT OF SEQUENCING READS  

Prior  to pre-processing, adequate read quality was measured using TrimGalore, which is a wrapper 

around FastQC and Cutadapt, tools for quality checking and trimming respectively. FastQC is a tool 

designed to assess the quality of raw reads from a variety of sequencer, including the Illumina HiSeq™ 

2500 used for these samples. FastQC is a java-based programme that can be used through the 

command line to assess quality metrics such as per base sequence quality, per tile sequence quality, 

per sequence quality scores, per base sequence content, per sequence GC content, per base N 

content, sequence length distribution, sequence duplication levels, overrepresented sequences, 

adapter content and kmer content. FastQC version 0.11.7 was used to assess the quality of the reads. 

In addition to FastQC, MultiQC was used to produce summarised reports representing all samples, 

showing an overview of sequencing quality. MultiQC version 1.9 was used to aggregate sample quality 

metrics into a single html file for viewing. Important metrics and cutoffs can be seen in Table 2-7. 

 



 

 

97 

 

Table 2-7: Metrics covered by FastQC processing and their description 

Measurement Description Importance/Cut off 

Basic statistics The summary of percentage duplications, 
percentage duplication and total sequences 
per sample.   

Importance: Medium 

 

Per base 
sequence quality 

The mean quality value across each base 
position in the read across the sample, 
meant as a measure of the base calling 
quality for each base position within a read. 

Importance: High 

Cut off: Lower quartile for any 
base < 10, median < 20 

Per tile sequence 
quality 

The average quality scores from each tile 
across all bases along parts of the flow cell 
to see if a loss of quality was associated 
with a part of the flow cell. 

Importance: High but reduces 
towards end of read 

Cut off: Most frequently 
observed mean quality < 20 

Per base 
sequence content 

The proportion of each base position for 
which each of the four normal DNA bases 
has been called, which gives an overview as 
to which position in the read may have a 
bias for certain bases. 

Importance: Low 

Cut off: Difference between A/T 
and G/C at any position is > 10% 

Per base GC 
content 

The distribution of percentage GC content 
of reads. 

Importance: Medium 

Cut off:  GC content of any 
base > 10% from the mean 

Per base N 
content 

The percentage of bases calls at each 
position for which the base caller could not 
identify a base with sufficient confidence. 

Importance: Low 

Cut off: Any position shows N 
content of > 20% 

Sequence length 
distribution 

The distribution of fragment sizes (read 
lengths) sequenced. 

Importance: Low 

Cut off: Sequences have zero 
length 

Sequence 
duplication levels 

The relative level of duplication found for 
every sequence. 

Importance: Low 

Cut off:  Non-unique 
sequences > 50% of total  

Overrepresented 
sequences 

The total amount of overrepresented 
sequences found in the sample library. 

Importance: Low 

Cut off:  Any sequence 
represents >1% of total 

2.8.2.2 TRIMMING OF ADAPTER SEQUENCES AND LOW-QUALITY READS 

During library preparation, adapters are ligated to sample RNA. These, as well as primers, need to be 

removed prior to aligning to the reference genome. TrimGalore version 0.6.6 was used to concurrently 

trim reads and provide quality metrics. 
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2.8.2.3 ALIGNMENT OF READS TO REFERENCE GENOME 

To align RNA-seq reads to a reference genome prior to quantification, the commonly used alignment 

tool Spliced Transcripts Alignment to a Reference (STAR), which uses sequential maximum mappable 

seed search in uncompressed suffix arrays followed by a seed clustering and stitching procedure, was 

used. 

STAR version 2.7.8a was initially used to index a reference genome, the gencode release M27 

(GRCm39) using the comprehensive gene annotation Gene Transfer File (GTF) format which is the 

main annotation file for most users. This was used with the transcript sequences FASTA file containing 

the nucleotide sequences of all transcripts on the reference chromosomes to index a reference 

genome using the genomeGenerate function of STAR with a transcript overhang of 100, as a read 

length minus 1 is suggested for most cases whereby the transcripts used had 101 bases per read. 

Following the generation of an indexed genome, trimmed sample FASTQ files were aligned to the 

genome using STAR with BAM SortedByCoordinate specified in the outSAMtype argument to generate 

sorted Binary Sequence Alignment Map (SAM) (BAM) files for the samples. These sorted BAM files 

would subsequently be used in the quantification step. 

2.8.2.4 QUANTIFICATION OF ALIGNED READS 

The quality of RNA sequencing results is affected by RNA degradation, and is a significant factor that 

may bias the results from RNA-seq analysis. As the samples sequenced had RIN scores of <7, leading 

to the rRNA sequencing protocol being used, degradation would potentially be a source of bias in 

transcript abundance estimation. In order to reduce the bias and variability present due to 

degradation, DegNorm, a pipeline which adjusts read counts for transcript degradation on a gene-by-

gene basis, while controlling for sequencing depth was used to quantify the aligned and sorted sample 

BAM files. Degnorm version 0.1.4 was used in conjunction with the gencode release M27 GTF 

annotation file to quantify BAM files, with 100 for the -nmf-iter argument resulting in 100 iterations 

per non-negative matrix factorisation (NMF) over-approximation (OA) algorithm approximations. 

The output from quantification by DegNorm was a comma separated values (csv) file containing 

adjusted read counts. These adjusted read counts, adjusted for transcript degradation, were then used 

in subsequent downstream analyses. 

2.9 DOWNSTREAM COMPUTATIONAL ANALYSES 

Downstream analyses were performed in R version 4.0.4 (2021-02-15) through R Studio version 

1.4.1106 unless otherwise stated. 
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2.9.1 ANALYSIS OF DIFFERENTIALLY EXPRESSED GENES 

To obtain differentially expressed genes, the adjusted read counts in comma separated values (csv) 

file type obtained as an output from DegNorm counting were loaded into R studio, along with a file 

containing experimental metadata for each sample. Using the DESeq2 package version 1.30.1, the two 

files were combined into a DESeq DataSet object using the DESeqDataSetFromMatrix function, using 

the counts file with rounded integers as values as the countData argument, using the metadata file as 

the colData argument and the experimental condition (OVX or Sham) as the design argument in the 

function. The DESeq DataSet object was then used to create a new object with the function 

estimateSizeFactors in order to assess various quality control metrics, such as clustering and principal 

component analysis after a variance stabilising transform (VST). The original DESeq DataSet object was 

then finally used to obtain differentially expressed genes by the function DESeq performed on the 

expression and group data contained in the object. 

2.9.2 DECONVOLUTION OF BULK RNA SEQUENCING READS 

To obtain an estimation of cellular populations within the microenvironment of sequenced samples, 

bulk deconvolution was performed whereby cellular populations could be inferred by relative 

abundances of transcripts associated with cell-type signatures. For this, the xCell, a computational 

gene signature-based method employing a curve fitting approach for linear comparison of cell types 

and single sample gene set enrichment analysis (ssGSEA) was used. xCell provide a  reference signature 

dataset for 64 immune and stromal types harmonised from 1822 human transcriptomes, validated by 

in silico analyses and cytometry immunophenotyping comparison consisting of the following cells; 

Adipocytes, Astrocytes, B-cells, Basophils, CD4+ T-cells, CD4+ Tcm, CD4+ Tem, CD4+ memory T-cells, 

CD4+ naive T-cells, CD8+ T-cells, CD8+ Tcm, CD8+ Tem, CD8+ naive T-cells, common lymphoid 

progenitors (CLP), common myeloid progenitors (CMP), Chondrocytes, Class-switched memory B-

cells, dendritic cells (DC), Endothelial cells, Eosinophils,  Epithelial cells, Erythrocytes, Fibroblasts,  

granulocyte-monocyte progenitor (GMP), HSC, Hepatocytes, Keratinocytes,  Megakaryocyte–

erythroid progenitor cell (MEP), Multi-Potent Progenitor (MPP), mesenchymal stem cells (MSC), 

Macrophages (total, M1 and M2 polarised), Mast cells, Megakaryocytes, Melanocytes, Memory B-

cells, Mesangial cells, Monocytes, Myocytes, NK cells, natural killer T cells (NKT), Neuronal cells, 

Neutrophils, Osteoblasts, Pericytes, Plasma cells, Platelets, Preadipocytes, Sebocytes, Skeletal muscle, 

Smooth muscle, Gamma Delta T cells (Tgd), Th1 cells, Th2 cells, Tregs, activated dendritic cells (aDC), 

classical dendritic cells (cDC), interstitial dendritic cells (iDC), Endothelial cells, Endothelial cells, naive 

B-cells plasmacytoid dendritic cells (pDC) and pro B-cells.  

As xCell uses human gene references for inference of cell types, samples from the mouse reference 

genome were converted to human orthologs using the biomaRt package version 2.46.3 and the 

ensembl mart within the getLDS function, successfully mapping 17,484 genes from mouse to human. 

These were retained and used in xCell within the xCellAnalysis function of the xCell package version 

1.1.0. The output from this is a matrix consisting of of samples in columns and estimated cell types in 

rows with their relative fraction compared between samples. 
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2.9.3 SIGNATURE SCORING OF RNA-SEQUENCING READS 

To assess dormancy signatures, a tool or method allowing for the supplying of a custom set of genes 

was required. Singscore is a rank-based single sample scoring method that scores the expression 

activities of specified gene sets at a single-sample level. Singscore version 1.10 was used, and as an 

input, genes mapped to human orthologs from the deconvolution step were used. Prior to scoring 

samples, the dataset was ranked using the rankGenes function which returns a rank matrix. This matrix 

was then supplied to the simpleScore function, with a list of upregulated genes as the upSet argument 

and a list of genes downregulated genes in the downSet argument, where upregulated and 

downregulated genes are genes altered in the signature of interested for the samples to be scored by. 

This returns a dataframe consisting of the scores and dispersion for the upregulated genes in isolation, 

the downregulated genes in isolation and the total score of both the upregulated and downregulated 

genes combined. These are then visualised to show dispersion and scores. 

2.9.4 IDENTIFYING GENE ONTOLOGY TERMS 

To identify altered terms according to gene ontology, he Database for Annotation, Visualization and 

Integrated Discovery (DAVID ) v6.8 was used. Lists of up-regulated and down-regulated genes were 

uploaded into the Gene List Manager on the DAVID website (https://david.ncifcrf.gov/tools.jsp), 

whereby they were scored against DAVID’s databases functional annotation by the Functional 

Annotation Tool. Gene Ontology (GO) and Kyoto Encyclopaedia of Genes and Genomes (KEGG) 

Pathways were used to derive altered terms and pathways, with associated FDR values and genes 

involved in the specified pathways. 

2.9.5 NON-SEQUENCING COMPUTATIONAL TOOLS 

2.9.5.1 SPEARMAN CORRELATION FOR MATRIX CORRELATION OF CIRCULATING HEMATOPOIETIC CELLS  

To assess correlation between measurements from hematological analysis and experimental 

conditions, spearman correlation was used in the programming language, Python, using the Pandas 

package. Correlation was performed on numeric data frames where all categorical data was coerced 

into numerical (0 or 1) in the case of two conditions in the parameter measured, such as whether they 

were treated with PBS (0) or Zoledronic acid (1). A correlation function was then used in pandas, 

version 1.1.2, by using the dataframe.corr() function, passing the method argument into the function 

to specify the correlation method used, such as the full function call was, as an example 

dataframe.corr(method = ‘spearman’). This function was used on the dataframe, which generated a 

correlation matrix, displaying correlations between -1 and 1. The closer to -1, shows a negative 

correlation, and closer to 1 shows a positive correlation, whereas closer to 0 indicates less correlation, 

either positive or negative. The output from this function was assigned to a variable to be used in 

generating a heatmap using visualisation package Seaborn. 

Documentation for this function can be found at the following address: 

https://david.ncifcrf.gov/tools.jsp
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https://pandas.pydata.org/pandas-docs/stable/reference/api/pandas.DataFrame.corr.html 

2.9.5.2 GENERATION OF HEATMAPS TO PLOT CORRELATION MATRIX RESULTS  

Following the generation of a correlation matrix, Seaborn python package, version 0.11.0 was used to 

plot a heatmap using the seaborn.heatmap() function, where the variable representing the correlation 

matrix was used as an input into the heatmap function. 

2.10 STATISTICAL ANALYSIS 

Statistical tests performed between groups and samples was performed using Graphpad Prism 

versions 8.0 and 9.1 unless otherwise stated. 

Comparisons between two conditions was performed using a two-tailed independent student’s T-test 

with the below equation: as no sets of data were assumed to be dependent unless otherwise stated. 

Independent t-tests were used to compare the mean of two unrelated groups of samples such as mean 

expression difference of a gene tested by PCR in mice that had been fed either a low calcium or normal 

diet, as well as the mean percentage bone volume difference between mice that had undergone an 

ovariectomy and those that had undergone a sham operation. 

Comparisons between multiple conditions was performed using a two-way analysis of variation 

(ANOVA), such as when testing for the effect of cell clone and treatment on tumour growth in chapter 

4. 

A p-value of 0.05 derived from these statistical tests was considered to be significant. 

 

  

https://pandas.pydata.org/pandas-docs/stable/reference/api/pandas.DataFrame.corr.html
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3 CHARACTERISING THE EFFECTS OF A LOW CALCIUM DIET IN VIVO – 

MODIFICATION OF THE BONE MICRO-ENVIRONMENT AND DISSEMINATED 

TUMOUR CELLS  
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3.1 SUMMARY 

Tumour cell dormancy remains a significant challenge in the diagnosis and management of patients 

with breast cancer. Better understanding of the processes involved in the induction and escape of 

dormancy would provide better methods of improving clinical outcome for these patients. Bone, a key 

site of dissemination and dormancy, merits increased investigation. 

In model systems, elevated bone turnover as a result of increased osteoclast activity following 

ovariectomy has been shown to confer tumour cell escape from dormancy (Ottewell et al., 2015, 

Brown et al., 2012). This effect was subsequently inhibited by OPG-Fc and Zoledronic acid, supporting 

a role for increased osteoclast activity as a mediator of outgrowth of disseminated tumour cells. The 

mechanism remains to be identified. 

Modification of the bone microenvironment in mice following administration of a low calcium diet 

(0.006% - 0.1%) is shown to result in alteration of bone density and cell composition, correlating with 

an effect on tumour growth in some studies (Libouban and Chappard, 2017, Minematsu et al., 2001, 

Wang et al., 2017a, Zheng et al., 2008). Inducing increased bone turnover using a low calcium diet 

could therefore potentially trigger escape from dormancy of disseminated tumour cells. 

I therefore characterised the effect of exposure to a low calcium diet (0.1%) for increasing periods of 

time on the bone microenvironment and turnover in 12-15 week old female immunocompetent 

(BALB/c and C57BL/6) and immunocompromised (BALB/c nude) mice. This resulted in minor 

alterations to the bone microenvironment, indicated by assessment of physical trabecular bone 

density and volume, bone gene expression, cellular composition and osteoblast and osteoclast activity, 

showing minor structural changes following 28 days of a low calcium diet. For tumour studies, 12-15 

week-old BALB/c nude mice were injeccted with MDA-MB-231 human breast cancer cells and 

subsequently fed a low calcium diet to assess escape from dormancy and influence on tumour 

outgrowth. There was no significant difference in tumour growth in mice fed a low calcium diet and 

those on a normal diet. In summary, escape from dormancy in the ovariectomy-induced model was 

not recapitulated by using a low calcium diet.  

In conclusion, the exposure to a low calcium diet with this formulation or concentration (0.1%) may 

be insufficient to trigger disseminated tumour cells into escape from dormancy in this model system. 

Alternative strategies to induce bone turnover and subsequent mechanistic analysis in the escape 

from dormancy would therefore need to be pursued.  
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3.2 INTRODUCTION 

3.2.1 INDUCED BONE RESORPTION AND INCREASED PROLIFERATION OF DISSEMINATED TUMOUR CELLS 

Bone is a highly mineralised tissue consisting of type I collagen fibres enamelled with hydroxyapatite, 

a composite of calcium and phosphate, and serves as the body’s main store of these two minerals. In 

addition, the bone matrix is a rich store of proteins, and is a reservoir for growth factors transforming 

growth factor (TGF)-β, fibroblast growth factor (FGF), platelet derived growth factor (PDGF), bone 

morphogenetic proteins (BMP) and insulin-like growth factor (IGF)-1 amongst others (Mohan and 

Baylink, 1991, Tremollieres et al., 1991) . Osteoclasts are the only cell with the ability to degrade both 

mineralised contents of the bone and the organic matrix, which leads to release of ionic calcium and 

growth factors that promote cellular growth. Osteolytic cancers, such as disseminated breast cancer, 

rely on recruited osteoclasts and the vicious cycle to propagate tumour growth in response to 

increased bone turnover (Käkönen and Mundy, 2003). 

Targeting the osteoclast in disseminated breast cancer has shown promise, and is a candidate for the 

investigation in the prevention of overt outgrowth of disseminated tumour cells mediated by 

increased bone resorption. The AZURE trial, a randomised open-label phase 3 trial of 3360 women 

investigated the adjuvant use of zoledronic acid, which inhibits osteoclast activity, in high-risk patients 

with early breast cancer. Zoledronic acid did not improve overall survival or distant recurrences, but 

reduced development of bone metastases (Coleman et al., 2014). Importantly, postmenopausal 

women achieved increased survival as compared to pre and perimenopausal women, linking the 

differential effects of the drug with age and menopausal status. These data, combined with 

experimental data reflecting the beneficial impact of using zoledronic acid for bone DTCs in vivo, 

shows promise in the targeting of the osteoclast in bone metastatic disease (Ottewell et al., 2015).  

Several studies using in vivo models have outlined the impact of hormone deprivation on bone 

turnover and subsequent increased tumour proliferation within the bone. In particular, castration in 

the case of prostate cancer and ovariectomy in breast cancer models have resulted in a rapid and 

substantial effect on bone turnover. In adult mice with low bone turnover metastatic outgrowth was 

observed at very low frequency from tumour cells disseminated in bone and that castration or 

ovariectomy increased bone turnover which stimulated metastatic outgrowth of disseminated PC3 

prostate and MDA-MB-231 breast cancer cells in mouse models. (see Table 3-1 for a summary of select 

studies demonstrating these effects). Thus, increased bone resorption has been shown to induce of 

escape from dormancy of disseminated tumour cells. 

Animal 
Model / 
Strain / 
Age 

Method of 
Increased 
Turnover 

Tumour 
Cells 
Used 

Effect on Tumour Growth / Bone 
Turnover 

Author/Reference 

12-week 
old male 

Castration PC3 
human 

Increased bone resorption and decreased 
bone volume. 70% of castrated mice had 

(Ottewell et al., 
2014b) 
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Table 3-1: A summary of hormone deprivation-induced increased tumour proliferation within bone 

3.2.2 HYPOCALCEMIA- INDUCED BONE RESORPTION 

In a state of hypocalcemia, where blood calcium falls below normal physiologically levels, the 

parathyroid glands respond by releasing parathyroid hormone (PTH), which acts to increase bone 

resorption by increasing osteoclastogenesis via upregulation of RANKL or direct osteoclast stimulation 

(Datta, 2011). 

Considered the most important hormonal regulator of calcium homeostasis, PTH acts on the bone bi-

modally, dependent on a continuous or intermittent release (Lotinun et al., 2002).  Calcium sensing 

receptors located on parathyroid cell membranes, detect ionic calcium levels in extracellular fluid, 

which subsequently regulate secretion or inhibition of PTH (Liu et al., 2016b). In humans with regular 

consumption of food, PTH levels fluctuate in the course of a day, being inhibited following 

consumption of calcium-containing foods that subsequently increase plasma concentrations of 

calcium. A period of time without consumption of calcium containing foods results in a drop in plasma 

concentrations of calcium, detected by parathyroid cells, triggering the release of PTH. Thus, in a cycle 

of intermittent calcium consumption, an intermittent pattern of PTH release is achieved. In situations 

of poor calcium consumption however, PTH is released in a continuous state.  

Being FDA approved for treatment of osteoporosis and hypoparathyroidism amongst other 

conditions, teriparatide, the N-terminal peptides 1-34 of PTH,  is anabolic and stimulates bone 

formation following daily administration of 20µg/day for 18 months with a maximum stipulated 

duration of daily administration of 24 months (Cheng and Gupta, 2012). Conversely, continuous 

infusion is catabolic and has been shown to result in severe bone loss, showing that exposure to PTH 

causes increased bone turnover (Bodenner et al., 2007). Release of PTH following a low calcium diet 

may be sufficient to elicit increased bone turnover, which would subsequently trigger the escape from 

dormancy of disseminated tumour cells. In addition, the use of teriparatide in the treatment of 

patients with disseminated tumour cells within the bone may be explored for therapeutic benefit. 

BALB/C 
nude mice 

prostate 
cancer 

outgrowth of disseminated tumour cells 
compared to 10% in sham controls. 

12-week 
old female 
BALB/C 
nude mice 

Ovariectomy, 
inhibited by 
OPG-Fc 

MDA-
MB-231 
human 
breast 
cancer 

Increased bone loss in ovariectomy 
group. 78.5% animals in 
ovariectomy/saline compared to 17% 
sham/saline group. OPG-fc completely 
inhibited tumour growth in ovariectomy-
induced group with no effect on sham. 

(Ottewell et al., 
2015) 

12-week 
old female 
BALB/C 
nude mice 

Ovariectomy, 
inhibited by 
Zoledronic 
Acid 

MDA-
MB-231 
human 
breast 
cancer 

Increased bone loss in ovariectomy 
group. 83% in ovariectomy group had 
tumours, compared to 17% in sham 
control. Effect completely inhibited by 
zoledronic acid. 

(Ottewell et al., 
2014a) 
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In a hypothetical clinical setting, increased bone resorption, leading to overt outgrowth of bone-

disseminated dormant tumour cells, may occur in a state of hypocalcemia where serum levels of 

calcium are insufficient, possibly resulting from inadequate dietary intake of calcium or inadequate 

vitamin D which facilitates efficient calcium intake. Increased bone turnover as a response to a low 

calcium diet has been demonstrated in a number of studies where mice have undergone chronic 

inducement of hypocalcemia following medium to long term low calcium diets resulting in bone 

catabolic effects (see Table 3-2 for a summary of various studies utilising a low calcium diet to trigger 

increased bone turnover). These effects have been described in a variety of mouse strains, ages, 

tumour models, calcium concentrations and periods of time on the diet. In general, the studies  

demonstrate that placing mice on a low calcium diet increases bone turnover mediated by osteoclast 

activity.  

The calcium sensing receptor (CaSR), is a G-Protein coupled receptor and is expressed in the 

parathyroid glands and kidneys and responsible for triggering events leading to modulating serum 

calcium is also expressed on bone cells and regulates skeletal homeostasis (Saidak et al., 2009). The 

role of CaSR in the bone may be enigmatic, as activation of CaSR on osteoclasts contributes to 

enhanced bone anabolism in young animals by inhibiting bone resorption, but in older animals 

increases the expression of RANKL by osteoblasts and subsequent osteoclast-mediated bone 

resorption (Goltzman and Hendy, 2015).  Similar to the enigmatic role played by CaSR in bone 

regulation, it also has differential effects on tumours, dependent on primary tissue; exhibiting 

oncogenic properties in breast cancer cells, while functioning to inhibit proliferation in colon and 

parathyroid cancers (Saidak et al., 2009). Its exact role in cancer may be linked to the relationship of 

the primary tissue with calcium, as calcium reduces the activity of parathyroid-secreting glands (Yano 

et al., 2000). In normal breast tissue, CaSR activation couples to  Gαi, acting to inhibit cAMP and PTHrP, 

but in cancerous breast tissue binds to Gαs resulting in an increase of cAMP and PTHrP, subsequently 

inducing increased proliferation (Kim and Wysolmerski, 2016). Therefore, in addition to the activity of 

parathyroid hormone in hypocalcemia-induced increased cancer cell proliferation in the bone, CaSR 

warrants investigation in this setting. 

Table 3-2: Summary of studies utilising a low calcium diet in the presence or absence of tumours and subsequent effects 

Animal Model 
/ Strain /Age 

Low Calcium 
Diet 

Tumour Cells Used Effect on Tumour Growth 
/ Bone Turnover 

Author/Reference 

4-week old 
female BALB/C 
nu/nu 

0.1% Calcium 
for 14 days, 
inhibited by 
OPG 

Tx-SA (MDA-MB-231 
variant) human 
breast cancer 

Tumour-induced lytic 
lesion, tumour area and 
proliferation increased 
by 43%, 24% (completely 
inhibited by OPG) and 
24% respectively 
(reduced by OPG).  

(Zheng et al., 
2007) 

5-week old 
female ICR 
mice 

0.006% None Mechanical strength, ash 
content and dry bone to 
weight ratio significantly 
reduced. 

(Minematsu et al., 
2001) 
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Importantly, using a low calcium diet to induce outgrowth of dormant disseminated tumour cells has 

not been demonstrated as in the case of ovariectomy. Thus placing mice on a low calcium diet to 

induce bone resorption and subsequently trigger outgrowth of disseminated tumour cells is a novel 

approach to establish whether increased osteoclast activity can mediate escape from dormancy. 

Ovariectomy and low-calcium-diet induced bone turnover both occur through osteoclastic activity, 

and inhibition of this bone turnover would therefore be through similar interventions. Furthermore, 

as estrogen can have an effect on tumour cells, using a low calcium diet would cement a direct and 

sole-sufficient role for osteoclasts in re-awakening of dormant disseminated tumour cells.

Following 
ovariectomy 
for 140 days 

9-month old 
female BALB/C 
mice 

0.008% for 
14 days 

4-T1 mouse 
mammary 
carcinoma 

Increased cortical 
osteolysis, periosteal 
woven bone formation 
and tumour cell 
infiltration into muscle. 

(Wang et al., 
2017b) 

6-8 week old 
female 
C57BL/KaLwRij 

mice 

0.05% for 6, 
8 and 10 
weeks 

5T2MM mouse 
multiple myeloma 

Tumour-induced 
trabecular bone loss and 
decreased cortical 
thickness at 10 weeks. 
Increased osteoclast 
number at 6 weeks.  

(Libouban and 
Chappard, 2017) 

4-week old 
female BALB/C 
nu/nu mice 

0.1% for 17, 
35 or 60 days 
inhibited by 
OPG 

MDA-MB-231 and 
MCF7 human breast 
cancer 

Increased tumour size in 
low calcium diet for both 
MDA-MB-231(24%) and 
MCF7 (71%). OPG 
reduced tumour size in 
both MDA-MB-231 and 
MCF7 (46% and 67% 
respectively). 

(Zheng et al., 
2008) 
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Hypothesis and Aims 

The hypothesis underpinning the work in this chapter is that feeding mice a low calcium diet 

stimulates increased bone resorption which subsequently triggers the proliferation of dormant 

disseminated tumour cells and will be assessed by the following aims: 

1) Characterise the effects of a low calcium diet on the bone micro-environment in C57BL/6, BALB/c 

immunocompetent mice and BALB/c nude immunocompromised mice by measuring trabecular bone 

volume by uCT, gene expression by rtPCR, osteoclast and osteoblast size and numbers by bone 

histomorphometry with corresponding activity assessed by ELISA for TRAP and P1NP. 

2) Assess the effect of a low calcium diet on the outgrowth of dormant, disseminated tumour cells by 

introducing MDA-MB-231 cells into immunocompromised BALB/c mice followed by a low calcium diet 

and monitoring for differences in outgrowth compared to mice fed a normal diet. 

The effect of a low calcium diet will be compared using immunocompetent and immunocompromised 

mice.  Immunocompromised mice are necessary for the inoculation and monitoring of allogeneic 

human breast cancer cells which are rapidly rejected by immunocompetent hosts prior to tumour 

establishment. A low calcium diet may have differential effects in immunocompetent mice, therefore 

these shall be used to identify any model-specific variations in response to hypocalcaemia. 

3.3 MATERIALS AND METHODS 

A summary of methods used in this chapter. Extended descriptions can be found in chapter 2: 

Materials and Methods. 

Method  Parameters analysed  
Materials / Equipment / 

Software 

Low Calcium Diet   

Low Calcium diet 

 

- 

 

Mineral adjusted chow (0.1% 

calcium), Envigo, US 

Bone mineralised content   

Microcomputed 

tomography (µCT) 

-Trabecular bone volume 

(BV/TV in %) 

-Trabecular number 

(TB.N. in mm-1) 

-Trabecular thickness 

(Tb.Th. in mm) 

Trabecular Spacing (in mm) 

-SkyScan 1172/1272 scanner 

(SkyScan) 

-NRecon software 

-CTAn software 
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Gene expression   

Quantitative PCR 
RNA transcript abundance 

relative to housekeeping gene 

Applied Biosystems  PRISM 

HT-7900 sequence detection 

system (Thermo Scientific) 

Histological assessment   

Tartrate-resistant 

acid phosphatase 

staining (TRAP) 

-Osteoclast number per mm 

of trabecular bone surface 

-Osteoclast size (in mm) 

 

-OsteoMeasure software 

(OsteoMetrics) 

 

-LeicaDMRB upright 

microscope 

Haematoxylin and 

Eosin staining 

(H&E) 

-Osteoblast number per mm 

trabecular bone surface 

-Osteoblast size (in mm) 

-OsteoMeasure software 

(OsteoMetrics) 

-Leica DMRB upright 

microscope 

-Olympus BX53 microscope 

Tumour cell homing to bone and 

tumour development 
  

IVIS in vivo imaging 
-Presence of tumour cells in 

live mice and tissue ex vivo 

(IVIS) LUMINA II (Caliper Life 

Sciences). 

Enzymatic analysis   

Mouse TRAP 

Enzyme Immunoassay 

-Osteoclast activity  

-MouseTRAP Assay from 

immunodiagnostic 

systems (SB-TR103) 

Rat/Mouse PINP 

Enzyme 

immunoassay 

-Osteoblast activity  

-Rat/Mouse PINP Enzyme 

immunoassay for 

the quantitative 

determination of N-terminal 

propeptide of type I 

procollagen from 

immunodiagnostic systems 

Statistical analysis   

Statistical analysis  -Experimental datasets  -PrismGraphPad version 8.1 

3.3.1 ANIMALS  

Six and 12-week-old female Bagg and Albino (BALB)/c (CAnN.Cg-Foxn1nu/Crl) nude 

(immunocompromised), BALB/c (immunocompetent) and C57BL/6 (immunocompetent) mice were 

acquired from Charles River, UK. 12-week-old female BALB/c (OlaHsd-Foxn1nu) nude 

(immunocompromised) mice were obtained from Envigo, UK.  Upon arrival, mice were acclimatised in 

the Biological Services Unit (BSU) for a minimum of 7 days before procedures. Mice were aged for a 
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further 2-3 weeks to obtain mice aged 14-15 weeks at time of procedure, reflecting aged phenotypes 

previously shown to support tumour cell dormancy. 

All procedures performed were approved and carried out under Programme Project Licence (PPL) 

70/8964 and personal license PIL I62B58981 within the Biological Services Unit (BSU) under local 

guidelines and in accordance with Home Office regulations. 

3.3.2 LOW CALCIUM DIET 

Mineral adjusted chow (0.1% calcium) was obtained from Envigo, US. Animals were fed a low calcium 

diet in order to trigger increased bone resorption as a result of hypocalcaemia and the action of PTH. 

In in vivo experiments, mice were fed a low calcium diet for variable periods of time, following intra-

cardiac injection of tumour cells where this was performed. Control animals were fed chow containing 

1.01% calcium (Harlan Laboratories, UK). 

3.3.3 INTRA-CARDIAC INJECTION 

Late-stage metastasis was mimicked by direct injection of MDA-MB-231-IV Luc2 positive human breast 

cancer cells into the circulation. To encourage bone metastases, 100µl of 1x105 or 5x104 of cells 

suspended in PBS were injected directly into the left ventricle of mice under inhalation anaesthesia 

consisting of 2-3% isoflurane (Zoetis, UK). Mice were placed in an incubator at 32°C for 1-3 hours post-

injection and monitored closely for adverse signs in the 24-hour period ensuing. 

3.3.4 IN VIVO IMAGING 

To track tumour progress in vivo, animals injected with cancer cells expressing 

firefly luciferase were injected sub-cutaneously with 100μl of D-luciferin 

(30mg/kg) 5 minutes prior to imaging on both sides of the coronal plane (front 

and back) of the animal. Imaging was done in the in vivo imaging system (IVIS) 

LUMINA II (Caliper Life Sciences). This procedure was carried out under 

anaesthetic following administration of 2-4% isofluorane. 

Living image software (version 4.1) was used to identify presence and quantify 

size of tumours by bioluminescent capture measured in photos/second and 

displayed on a scale with different colours representing varying intensities of 

luminescence. Both larger size and increased intensity of luminescence 

represent larger tumours (see Figure 2-2).  

Figure 3-1: Bioluminescent imaging of MDA-MD-231 cells expressing firefly luciferase and subjected to 
luciferin. Scale on the right represents varying levels of intensity, blue hue representing approximately 50 units, and red representing 
more than 210 units. 
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3.3.5 EX VIVO ANALYSIS 

3.3.5.1 BONES FOR HISTOLOGY AND HISTOMORPHOMETRY  

Immediately following dissection, tibias used for histology and histomorphometry were placed in 4% 

(w/v) paraformaldehyde (PFA) for 48-72 hours. These were then washed 3 times in ice-cold PBS and 

stored in PBS at 4°C pending μCT analysis. Once μCT scanning was complete, bones were placed in 

14% (w/v) ethylenediaminetetraacetic acid (EDTA) for decalcification. This solution was changed twice 

a week for 3 weeks before bone processing. Bones were subsequently paraffin-embedded (wax). To 

obtain sections for histological analysis, wax embedded tibias were cut at 3µm thickness, and 6 

samples taken from 3 levels, 20-30µm apart before mounting on glass slides and stored at room 

temperature. 

3.3.5.2 OSTEOMEASURE ANALYSIS 

To analyse the cellular response to bone remodelling, TRAP-stained bone sections were analysed on 

OsteoMeasure7 version 4.2 through a LEICA Leitz DMRB microscope at a 20X maginification. 

Entire cortical and trabecular surface below offset was measured. Cortical measurement offset was 

250µm below chondrocytes and offset for trabecular measurements was 125µm (see Figure 2-8). 

 

Figure 3-2: References to begin measurements on TRAP stained sections were based on the bottom of the chondrocytes for trabecular 
(blue arrow -125µm) and cortical (orange arrow - 250µm) start points 

The number of osteoclasts (N.Oc), number of osteoblasts (N.Ob), osteoclast surface area (Oc.Pm) on 

bone, osteoblast surface (Ob.Pm) on bone and bone surface were measured.  
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3.3.5.2.1 REVERSE TRANSCRIPTION  

Femurs were used for RNA extraction and subsequent PCR gene expression. Once obtained, they were 

placed in labelled foil and snap frozen in liquid nitrogen, before being stored at -80°C. Reverse 

transcription was performed as per section 2.6.2.1 of the materials and methods. 

3.3.5.3 REAL-TIME AMPLIFICATION OF CDNA TRANSCRIPTS 

Samples for real-time detection were prepared using 2x PrecisionPLUS qPCR SYBR Green Master Mix 

(Primer Design) and added into 384-well PCR plates with 10µl per well. Each well contained 5µl 2x 

master mix, 0.5µl 300nM forward primer, 0.5µl 300nM reverse prime, 1µl template cDNA and 3µl 

RNase-free water.  Each sample was repeated in triplicate. 

Real-time amplification of cDNA transcripts was performed using Applied Biosystems  PRISM HT-7900 

sequence detection system (Thermo Scientific) using SDS 2.4 software (Thermo Scientific). To obtain 

quantitative values, Standard Curve (AQ) settings were used. Default thermal profile settings were 

used to run real-time PCR, with an added dissociation step for assessment of primer efficiency. SYBR 

Green was selected as a detector and applied to all wells, with ROX as a passive reference. 

Primer sequences used can be found in section 2.6.2.3 of the materials and methods. 

3.4 RESULTS 
3.4.1 PROFILING THE BONE MICROENVIRONMENT IN IMMUNOCOMPETENT MICE FOLLOWING 7 DAYS OF 

A LOW CALCIUM DIET 

In characterising an immunocompetent model of dormancy and subsequent relapse, a low calcium 

(0.1) diet was selected as a trigger of increased bone resorption. The aim of using a low calcium diet 

was to stimulate increased bone resorption through the action of continuous PTH secretion followed 

by assessing the effects of this increased bone resorption on the wider bone microenvironment ex 

vivo. 

The basis of these studies was earlier unpublished studies carried by Dr Hannah Brown and Professor 

Ingunn Holen, which had found that  placing mice on a low calcium diet for 1 or 5 days increased the 

onset of the outgrowth on disseminated tumour cells, compared to a control group receiving a normal 



 

 

113 

 

diet (see Figure 3-5 and Figure 3-6). 

 

Figure 3-3: Experiment carried out by Dr. Hannah Brown to characterise the effects of a low calcium diet on tumour outgrowth in 
immunocompromised mice (unpublished). A.) Experimental outline. Four groups (n=8 per group) of 16-17 week old female BALB/c nude 
mice were injected with 1x105 DiD+ labelled MDA-MB-231-tomato cells before being randomised to either receive i.) a single dose of 
100μg/kg of Zoledronic acid on day 18, 3 days prior to a low calcium diet on day 21, which lasted 5 days from day 21 to 25, i i.) a low 
calcium diet for 5 days from day 21 to 25, iii.) a low calcium diet for 1 days from day 21 to 22, or iv.) a normal diet. B.) Mice were monitored 
for up to 65 days by in vivo imaging for tumour growth, with the number of tumours in skeletal sites quantified in each group. 

 

Figure 3-4: Final summary results by Dr. Hannah Brown (unpublished) showing 5 days of a low calcium diet induced a majority of mice to 
develop hind limb tumours within 65 days, which was attenuated with a single dose of Zoledronic Acid 

C
ontr

ol

1 
day

 lo
w
 c

al
ci

um
 d

ie
t

5 
day

s 
lo

w
 c

al
ci

um
 d

ie
t

5 
day

s 
lo

w
 c

al
ci

um
 d

ie
t +

 Z
O

L

0

20

40

60

80

100

% mice with tumours

%
 m

ic
e

 w
it
h

 t
u

m
o

u
rs

1/5

3/7 3/7

6/7



 

 

114 

 

To assess the effect of low calcium diet on the bone microenvironment of mature, immunocompetent 

mice, naïve 15-week old female C57BL/6 mice (n=10) were randomly assigned to 2 groups (n=5/group) 

that received either a normal diet or low calcium diet for 7 days (see Figure 3-5). The duration of the 

low calcium diet was selected based on previous pilot studies that showed changes in the frequency 

of tumour growth in mice between 5-7 days following a low calcium diet, and initial small-scale studies 

to optimise the diet and duration, a small number of animals were used. 

 

Figure 3-5: Experimental outline to assess the effect of a low calcium diet (0.1%) on the bone microenvironment. On day 0, mice were 
randomised to receive a low calcium diet for 7 days or a normal diet. On day 8, mice were culled and tissues harvested for analysis. 

Tissues were then extracted to perform gene expression analysis by rtPCR and bone architecture by 

µCT. 

3.4.2  µCT – PHYSICAL EFFECTS OF A LOW CALCIUM DIET ON THE BONE MICROENVIRONMENT  

µCT was performed on the trabecular region of right tibias obtained from this experiment to 

determine whether exposure to the low calcium diet modified bone volume and structure, as assessed 

by measurement of physical structural parameters. Hind limbs were isolated and subjected to ex vivo 

µCT analysis allowing the assessment of tissue volume, bone volume, percent bone volume, 

trabeculae thickness, trabecular number and trabecular spacing as described in section 2 in the 

materials and methods chapter. This data demonstrates that exposure to 7 days on a low calcium diet 

does not result in significant change in physical bone parameters as a result of increased bone 

resorption.   

  

Characterisation of the effect of low calcium diet on the bone MEV in Immunocompetent mice 

Day 

0 

Low calcium or 

normal diet 7 days 

(n=5/group) 

  

7   15-week old 

female C57BL/6 

(n=10) 

Cull 

Bone 

analysis 

  

8 
Mice aged 

17 weeks 

on cull 
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Figure 3-6: Right tibias were analysed by μCT on animals from the entire study with n=5 normal diet, n=5 low calcium diet. Unpaired T-
test was performed for each parameter measured A.) Tissue Volume, B.) Bone Volume, C.) Percent Bone Volume, D.) Trabecular 
Thickness, E.) Trabecular Number, F.) Trabecular Spacing. No significant differences were detected. 

Data from µCT analysis performed on trabecular bone from right tibias: Measured mean tissue volume 

(TV) (measured in mm3) for the low calcium diet group (n=5) was 1.39 (± 0.08042 SEM) and 1.355 (± 

0.0527 SEM) for the normal diet group (n=5), with a non-significant p-value of 0.7325 (A). Average 

measured bone volume (BV) (measured in mm3)  was at 0.08649 (± 0.005221 SEM) for the low calcium 

group (n=5) and 0.0863 (± 0.01051 SEM) for the normal diet group (n=5) with a non-significant p-value 

of 0.9874 (panel B). Percent bone volume measured as (BV/TV %) yielded an average of 6.303 (± 

0.5219 SEM) for the low calcium diet group (n=5) and 6.304 (± 0.5158 SEM) for the normal diet group 

(n=5) with a non-significant p-value of 0.9987 (panel C). Average trabecular thickness (measured in 

mm) for the low calcium diet group (n=5) was 0.03559 (± 0.001095 SEM) whereas the normal diet 

group (n=5) measured 0.03637 (± 0.0006858 SEM), with a non-significant p-value of 0.5678 (panel D). 

Average trabecular number (measured in mm-1) was 1.79 (± 0.1952 SEM) for the low calcium diet 
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group (n=5) and 1.744 (± 0.1704 SEM) for the normal diet group (n=5) with a non-significant p-value 

of 0.8634 (panel E). Mean trabecular spacing (measured in mm) was 0.2578 (± 0.01496 SEM) and 

0.2574 (± 0.01343 SEM) for the low calcium diet (n=5) and normal diet (n=5) groups respectively with 

a non-significant p-value of 0.9868 (panel F).  These data did not show any detectable difference in 

bone mineral composition between mice fed a low calcium diet for 7 days and those on a normal diet. 

3.4.2.1 PCR – GENE EXPRESSION PROFILING OF GENES REFLECTING BONE TURNOVER AND HSC  

QUIESCENCE 

Studies into the effect of a low calcium diet on bone structure integrity were accompanied by 

assessments on the change of gene expression for Kit Ligand, RANKL, CXCL4, OPG, OPN and TBSP-1 to 

assess for genes associated with altered bone turnover (RANKL, OPN, OPG), increased HSC quiescence 

(CXCL4, TBSP-1) and expansion (Kit Ligand) on RNA extracted from the right femurs of animals. RNA 

was obtained using the flush method from right femurs as described in section 2.4.2.6 of the materials 

and methods section.  
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Table 3-3: Table 3 3: Summary of genes analysed, role and the cells expressing these genes 

 

Osteopontin, TRAP and RANKL would be expected to be elevated directly due to increased bone 

resorption in response to the low calcium diet. Kit Ligand would be expected to be increased indirectly 

due to increased HSC expansion following bone resorption to replenish myeloid progenitor 

populations which have been reduced due to differentiation into osteoclasts. Osteoprotegerin and 

P1NP would be expected to be elevated in animals not readily undergoing resorption. CXCL4 and 

TBSP1 would concurrently be expected to be increased in these animals due to angiogenic and 

hematopoietic homeostasis. 

Primer/Protein Role Cells Expressing 

Osteopontin (OPN) Hypocalcemia indicator 

Anchors osteoclast and develops ruffled border, 
cellular adhesion 

Osteoclast/blast progenitors, immune 
cells including macrophages, 
neutrophils, dendritic cells, and T and 
B cells 

Osteoprotegerin (OPG) Molecular decoy for RANKL Osteoblasts 

Thrombospondin-1 
(TBSP-1) 

Inhibitor of neovascularization and tumorigenesis, 
metastasis (MET), cellular adhesion 

Megakarytocytes/platelets 
fibroblasts, macrophages, neutrophils 

RANK Ligand (RANKL) Master regulator of Osteoclast differentiation 
through NFκβ signalling 

Osteocytes, Osteoblasts, Th17 

CXCL4 Heparin binder – blood vessel integrity 

Chemotactic for CD11b+Ly6G+ myeloid cells 

Megakaryocytes and α granules of 
platelets 

Kit ligand (KitL)  Binds to c-kit on hematopoietic stem cells 
triggering differentiation 

HSC niche stromal cells 

Tartrate-Resistant Acid 
Phosphatase (TRAP) 

Enzyme involved in dephosphorylation of 
osteopontin / bone sialoprotein involved in bone 
resorption 

Osteoclasts 

 Procollagen type 1 N 
Propeptide (P1NP) 

N-terminal end of procollagen cleaved during 
formation of type 1 collagen in bone – marker of 
increased bone formation 

Osteoblasts 
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Figure 3-7: Gene expression analysis by PCR was performed on animals from the entire study with n=5 normal diet, n=5 low calcium diet. 
Unpaired T-test was performed for each gene measured A.) Kit Ligand, B.) RANK Ligand, C.) CXCL4, D.) Osteoprotegerin, E.) Osteopontin, 
F.) Thrombospondin-1. No significant differences were detected . Each biological replicate was run in triplicate. 

 

Gene expression relative to housekeeping gene detected by PCR for six genes selected as indicating 

altered bone resorption and HSC regulation. Difference between means was reported as normal diet 

group – low calcium diet group ± SEM. Unpaired T-test was used for statistical inference. There was 

considerable variation, and in some cases, significant outliers were removed prior to statistical analysis 

and graph plotting. See Figure 3-7 for accompanying visualisation of results. Kit Ligand (A) expression 

in the low calcium diet group (n=4) was 0.859 versus an expression level of 0.320 for the normal 

calcium diet group (n=4) with a difference between the means of -0.540 (± 0.291 SEM). Despite 

suggesting a trend in higher expression from the low calcium diet group, the level of variance in the 

low-calcium diet group was high, with a non-significant p-value of 0.165 between the groups. RANKL 
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expression (B) was 0.025 (n=3) for the normal diet group in comparison to 0.058 for the low calcium 

diet group (n=3) with a difference between means of -0.032 (± 0.031 SEM), suggesting a non-

significant trend towards an increased expression in the low calcium diet group. CXCL4 (C) expression 

had a mean of 2.151 for the low-calcium diet group (n=3) and 3.207 (n=2) for the normal diet group, 

with a difference between means of -1.057 ± (0.539 SEM). This indicates a trend in decreased CXCL4 

expression following a low calcium diet, but similarly to Kit Ligand, a non-significant p-value of 0.161 

may be attributed to variance both groups. OPG average expression (D)  in the low calcium group (n=3) 

was 0.343 compared to 0.214 for the normal diet group (n=2) with a difference between the mean of 

-0.129 (± 0.085 SEM) and a non-significant p-value of 0.251. OPN expression (E) for the low calcium 

diet group (n=2) was 0.947 in contrast to 0.715 the normal diet group (n=2) and a difference between 

the means of -0.232 (± 0.193 SEM). P-value for OPN expression was non-significant at 0.442. TBSP1 (F)  

expression for the low calcium diet group (n=3) was 0.514 in comparison to 0.7630 for the normal diet 

group (n=3) with a difference between the means of 0.249 (± 0.329 SEM) and a non-significant p-value 

of 0.494.  

These data suggest an increased gene expression in all the tested genes in the low-calcium diet group, 

excluding TBSP1. However, variances between biological replicates lead to statistically non-significant 

results. In agreement with the minor changes detected in bone structure and volume in response to 

the low ca diet, there was also no significant change in genes analysed associated with bone turnover 

or HSC expansion or quiescence. 
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3.4.3 PROFILING THE BONE MICROENVIRONMENT IN IMMUNOCOMPROMISED MICE FOLLOWING 7 DAYS 

OF A LOW CALCIUM DIET 

The initial experiment assessing the effect of a low calcium diet for 7 days in immunocompetent mice 

described above was followed by an experiment investigating the effect of a low calcium diet on the 

bone microenvironment in immunocompromised BALB/c nude mice. This model was chosen to allow 

subsequent investigations in tumour cell dormancy escape. To characterise the effect of a low-calcium 

diet on the bone microenvironment, 15-week old female BALB/c nude mice (n=10) were randomised 

to either receive a low calcium diet for 7 days (n=5) or a normal diet (n=5) see Figure 3-8. 

 

Figure 3-8: Overview of experimental plan for characterising the bone microenvironment following 7 days of a low calcium diet in 
immunocompromised animals 

Tissues were then extracted to perform gene expression analysis by rtPCR, bone architecture by µCT 

and cellular analyses on osteoblasts and osteoclasts by TRAP staining and bone 

histomorphometry.µCT – Physical effects of a low calcium diet on the bone microenvironment 

To assess whether a low calcium diet significantly modified bone volume and structure in the 

immunocompromised bone microenvironment, µCT was performed on right tibias obtained from this 

experiment. Hind limbs were isolated and subjected to ex vivo µCT analysis allowing the assessment 

of tissue volume, bone volume, percent bone volume, trabeculae thickness, trabecular number and 

trabecular spacing as described in section 2 in the materials and methods chapter. This data, similarly 

to data from immunocompetent models shown earlier, demonstrates that exposure to 7 days on a 

low calcium diet does not result in significant change in physical bone parameters as a result of 

increased bone resorption.   
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Figure 3-9 Right tibias were analysed by μCT on animals from the entire study with n=5 normal diet, n=5 low calcium diet. Unpaired T-
test was performed for each parameter measured A.) Tissue Volume, B.) Bone Volume, C.) Percent Bone Volume p=0.0136, D.) Trabecular 
Thickness, E.) Trabecular Spacing, F.) Trabecular Number. No other significant differences were detected aside Percent Bone Volume (C). 

Unpaired T-test was used for statistical inference. Measured mean tissue volume (TV) (measured in 

mm3) (A) for the normal diet group (n=5) was 1.069 (± 0.062 SEM) and 1.166 ± (0.017 SEM) for the 

low-calcium diet group (n=5), with a non-significant p-value of 0.2005. Average measured bone 

volume (BV) (measured in mm3) (B)  was 0.102 (± 0.003 SEM) for the low calcium group (n=5) and 

(0.111 ± 0.010 SEM) for the normal diet group (n=5) with a non-significant p-value of 0.442. Percent 

bone volume measured as (BV/TV %)( C) yielded an average of 8.765 (± 0.310 SEM) for the low calcium 

diet group (n=5) and 10.27 (± 0.360 SEM) for the normal diet group (n=5) with a 1.506% (± 0.475) 

reduction in percent bone volume affirmed by a significant p-value of 0.0136. Average trabecular 

thickness (measured in mm) (D) for the low calcium diet group (n=5) was 0.0384 ± (0.001 SEM) 

whereas the normal diet group (n=5) measured 0.040 (± 0.001 SEM) with a non-significant p-value of 

0.325. Average trabecular number (measured in mm-1) (E) was 2.296 (± 0.128 SEM) for the low 

calcium diet group (n=5) and 2.6 (± 0.127 SEM) for the normal diet group (n=5) with a non-significant 

p-value of 0.130. Mean trabecular spacing (measured in mm) (F) was 0.245 (± 0.007 SEM) and (0.236 

± 0.009 SEM) for the low calcium diet (n=5) and normal diet (n=5) groups respectively with a non-

significant p-value of 0.447. Taken together,  these data show no changes in increased bone resorption 
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in the low-calcium diet group, with a minor, yet statistically significant difference in percent bone 

volume. 

 

Figure 3-10:  µCT figures of the first positions of scanning of bones from BALB/c nude mice fed a control (A-E) and a low calcium (F-J) diet 
for 7 days 

 

3.4.3.1 PCR – GENE EXPRESSION PROFILING OF GENES REFLECTING BONE TURNOVER AND HSC  

QUIESCENCE 

Similarly to the study on immunocompetent mice, the bone microenvironment gene expression was 

measured for genes associated with altered bone metabolism (RANKL, OPG, OPN) and HSC quiescence 

(CXCL4, TBSP1) and expansion (KitL) in order to ascertain microenvironmental influences on potential 

dormancy and subsequent escape.  RNA was obtained using the flush method from right femurs. See 

Figure 3-11 for a summary view of the results. 
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Figure 3-11: Gene expression analysis by PCR was performed on animals from the entire study with n=5 normal diet, n=5 low calcium 
diet. Unpaired T-test was performed for each gene measured A.) Kit Ligand, B.) CXCL4, C.) RANK Ligand, D.) Osteoprotegerin, E.) 
Osteopontin *** = p < 0.001, F.) Thrombospondin-1. All measurements taken in relation to housekeeping gene GAPDH. 

PCR-measured expression of genes associated with altered bone turnover and HSC activity. Un-paired 

t-test was used for statistical inference. KitL gene expression (A) was 0.1786 ± 0.0878 in the low 

calcium diet group (n=3) and 0.152 (± 0.0670 SEM) in the normal diet group (n=3) with a non-

significant p-value of 0.822. CXCL4 (B) expression for the low calcium diet group (n=2) was 8.37 (± 

2.301 SEM) and 9.306 (± 1.293 SEM) with a non-significant p-value of 0.765. RANKL (C) expression 

within the low calcium diet group (n=3) was 0.0328 (± 0.010 SEM) and 0.01838 (± 0.001 SEM) for the 

normal diet group (n=2) with a non-significant p-value of 0.2786. OPG (D) expression was 0.117 (± 

0.0121 SEM) for the low calcium diet group (n=3) and 0.0541 ± 0.01673 for the normal diet group 

(n=2) with a non-significant p-value of 0.0911. OPN (E) expression was 8.465 (± 0.674 SEM) for the low 

calcium diet group (n=2) and 0.371 ± 0.251 for the normal diet (n=3) group respectively with a 

significant p-value of 0.001. TBSP1 (F) expression was 0.165 (± 0.057 SEM) for the low-calcium diet 

group (n=3) in contrast to 0.0860 ± 0.010 for the normal diet group (n=3) with a non-significant p-

value of 0.299. Gene expression was measured as relative expression to housekeeping gene GAPDH, 
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using the delta CT method ((Gene Ct value – housekeeping Ct value)-2). Difference between means 

was reported as normal diet group – low calcium diet group ± SEM.  

Despite potentially significant results, such as for OPN, there was a trend towards non-significance 

derived from variance in biological replicates and omission of values that could impact the significance 

of the reported results. I therefore repeated the PCR analysis of these samples in order to evaluate 

the validity of the findings (see Figure 3-12.) 

This data shows inconclusive trends in gene expression for genes involved in increased bone 

resorption and HSC quiescence. Furthermore, the data is divergent in comparison to the first PCR 

analysis for this experiment. Very close CT values between technical triplicates, and varying CT values 

between biological replicates suggest variations between samples as the attributive cause for non-

significant statistical values. 
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Figure 3-12: Gene expression analysis by PCR was performed a second time on animals from the entire study with n=5 normal diet, n=5 
low calcium diet. Unpaired T-test was performed for each gene measured A) Kit Ligand, B) CXCL4, C) RANK Ligand, D) Osteoprotegerin, E) 
Osteopontin, F) Thrombospondin 1. Measurements in reference to housekeeping gene GAPDH. 

Due to the high variability, a repeat of the PCR analysis of bone samples isolated from 

immunocompetent mice fed a low calcium or normal diet for 7 days was performed. Genes of interest 

involved in HSC quiescence and expansion, as well as altered bone turnover were  analysed. Unpaired 

t-test was used for statistical inference. KitL expression (A) was  8.423 for the low calcium diet group 

(n=5) in comparison to 9.326 for the  normal diet group (n=5) with a difference between means of  

0.904 (± 0.258 SEM). The difference between groups was statistically significant with a  p-value of 

0.017. CXCL4 expression (B)  was  5.271 for the low calcium diet group (n=5) and 4.604 for the normal 

diet group, with a difference between the means of  (-0.666 ± 0.742 SEM) being statistically non-

significant with a p-value of 0.408. For RANKL (C), the low calcium diet group  (n=4)  had an expression 
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level of 12.82,  in contrast to 13.42 for the normal diet group (n=4) with a difference between the 

means of  (0.599 ± 1.919 SEM) and a non-significant p-value of  0.768. Similarly, OPG (D) expression 

was non-significant with a p-value of 0.500 with a gene expression level of 9.256 for the low calcium 

diet group (n=5) and 9.709  for the normal diet group (n=5), the difference between the means being  

0.4537 (± 0.656 SEM). OPN (E) expression of 8.657 for the low calcium diet group (n=3) and 6.569 for 

the normal diet group (n=5) with a difference between the means of  -2.088 (± 1.449 SEM) but a non-

significant  p-value of 0.275. The low calcium diet group (n=5) expressed TBSP1 (F) at 7.912  in contrast 

to 9.037 by the normal diet group (n=5) with a difference between the means of  1.125 (± 0.500 SEM) 

and a non-significant p-value of  0.075. These results show that there was no significant change in 

gene expression for any of the selected genes in mice given a low calcium diet compared to those on 

a normal diet. 

3.4.3.2 HISTOMORPHOMETRIC ANALYSIS OF BALB/C NUDE MICE FED A NORMAL DIET OR LOW CALCIUM 

DIET FOR 7 DAYS 

Although µCT detects large-scale changes in bone structure, changes at a cellular molecular level 

preparatory to this are not detected. Furthermore, changes in gene expression may be transient and 

may mask changes at a cellular level. To investigate whether changes in osteoclast or osteoblast 

numbers and size occurred, I performed histomorphometry on TRAP-stained tibias obtained from the 

experiment. 

Right tibias of BALB/c nude mice were extracted, fixed in PFA and decalcified, embedded in wax and 

cut before TRAP staining followed by histomorphometric analysis of osteoblast and osteoclast 

quantity and size (see Figure 3-13). A low calcium diet for 7 days did not have an effect on osteoclast 

density or size, or osteoblast size, but showed a trend to decrease osteoblast numbers. 

 

Figure 3-13: Histomorphometric analysis of right tibias from mice fed a normal diet (n=5) or a low calcium diet (n=5).  Osteoclast (A) and 
osteoblast (C) density refers to the number of cells per mm of bone, osteoclast (B) and osteoblast (D) size refers to the cell width in 
contact with bone in mm. Each bone was scored at 3 different levels at least 20µm apart. Unpaired T-test was performed on each 
parameter. No significant differences were detected. 
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3.4.4 ASSESSING THE EFFECTS OF A LOW CALCIUM DIET OVER A PERIOD OF 28 DAYS 

As the previous experiments demonstrated that a 7-day exposure to a low calcium (0.1%) diet was 

insufficient to trigger significant change in bone architecture, cellular composition and gene 

expression, further analysis of an optimal time to place mice on a low calcium diet was undertaken 

through a time course experiment. To gain a better understanding of the effects of a low calcium diet 

over a period of time, in the absence of cancer cells, 15-week old BALB/c (n=40) mice were placed on 

a low calcium diet for up to 28 days with matched controls fed a normal diet. Mice were culled at day 

2, 3, 7, 14, and 28 (n=4 per time point, per group). No adverse effects were noted in mice receiving a 

low calcium diet as indicated by normal behavioural patterns and no weight loss. As cited previously, 

studies have shown a low calcium diet up to 140 days produced no detrimental effects on mice, even 

in the presence of ovariectomy (Minematsu et al., 2001). As expected, as my study used a higher 

calcium content and reduced time on the diet, no detrimental effects were noted. 

Tissues were collected and analysed ex vivo to characterise the effects of the low calcium diet on the 

bone microenvironment by µCT (right tibias), and PCR gene expression (right femurs).  

 

Figure 3-14: Experimental overview of the experimental plan to assess the effects of a low calcium diet for up to 28 days. 
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Figure 3-15: µCT analyses of each time point and statistical results of the (A) percent bone volume, (B) trabecular number, (C) trabecular 
number and (D) trabecular spacing of the right tibias of mice placed on a low calcium diet with matched controls for each time point (n=4 
per time point per group).  

Right tibias from all mice were subjected to µCT analysis, which showed no significant difference in 

trabecular number, thickness or spacing, between animals fed a low calcium diet and those on a 

normal diet (see Figure 3-15). The only statistically significant result was a decrease in percent bone 

volume on day 28 in the low calcium diet group (p = 0.006), suggesting that the low calcium diet would 

show differences after prolonged periods on the low calcium diet, and that any change at cellular or 

transcriptional level prior to day 28 could not be detected by μCT. 

PCR analyses were subsequently followed up to assess the expression of genes involved in HSC 

quiescence (CXCL4) and expansion (Kit L), as well as regulators of osteoclast-driven bone resorption 

(RANKL and OPG) (see Figure 3-16) in samples from day 2 and 28 as these were the two most extreme 

periods on a low calcium in the time-course. A high inter-individual variation meant that there were 

no statistically significant results that could be compared across different days.  
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Figure 3-16: PCR analysis of bone marrow obtained from right femurs of mice placed on a low calcium diet for 2 days or 28 days (n=4 per 
expression set) for A) CXCL4, B) Kit Ligand, C) Rank Ligand and D) Osteoprotegerin. Unpaired T-test was performed for each time-point 
for each gene.   

In order to assess whether there was a response to the low calcium diet at a molecular level that was 

not detectable at a cellular level or through physical bone parameters, serum was collected from mice 

at each timepoint was then analysed for bone turnover markers TRAP and PINP by ELISA (Figure 3-17). 

TRAP levels were marginally increased at day 2 and day 28 in mice fed a low calcium diet, but 

significantly increased at day 7 and 14. PINP showed a trend of decrease on days 7 and 14 of a low 

calcium diet, which was on a trend to normal by day 28, showing that the low calcium diet had an 

effect on osteoblast activity detectable on days 7 and 14. This confirmed the findings of a lower 

osteoblast number after 7 days of a low calcium diet in Figure 3-13. 



 

 

130 

 

 

Figure 3-17: Optical density absorption units at 450nm of anti-TRAP (A) and anti-P1NP (B) ELISA of serum from of mice fed a low calcium 
diet or normal diet for up to 28 days (n=4 per time point indicated per group). Unpaired T-test was performed per marker per time-point.    

Unpaired t-test was used for statistical inference. (A) optical density of TRAP ELISA; day 2 mean of 

normal diet 0.290 and mean of low calcium diet 0.3353 (p=0.018),  day 3 mean of normal diet 0.317 

and mean of low calcium diet 0.3325 (p=0.522); day 7 mean of normal diet 0.308 and mean of low 

calcium diet 0.374 (p=0.001), day 14 mean of normal diet 0.3076 and mean of low calcium diet 0.3687 

(p= 0.001), day 28 mean of normal diet 0.289 and mean of low calcium diet 0.303 (p= 0.100). (B) optical 

density of P1NP ELISA; day 2 mean of normal diet 1.226 and mean of low calcium diet 1.172 (p=0.306),  

day 3 mean of normal diet 1.271 and mean of low calcium diet 1.142 (p=0.037); day 7 mean of normal 

diet 1.512 and mean of low calcium diet 1.039 (p=0.000043), day 14 mean of normal diet 1.427 and 

mean of low calcium diet 1.094 (p=0.0163), day 28 mean of normal diet 1.645 and mean of low calcium 

diet 1.422 (p=0.0244). 

Changes in bone turnover are the result of the difference between osteoclast and osteoblast activity, 

as measured by TRAP and P1NP, respectively. I therefore plotted the percentage change in osteoclast 

and osteoblast activity on a single graph to better visualise the changes in both osteoclast and 

osteoblast activity at each timepoint. To summarize the effects of a low calcium diet on TRAP and PINP 
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over time, a percentage difference in the low calcium diet – generated by dividing the difference 

between the two groups over the normal diet and multiplying by 100 – was plotted to provide a visual 

reference as to changes over time in TRAP and PINP (see Figure 3-18). TRAP trended to increase to a 

peak by day 7 and 14, whereas PINP trended to decrease at a peak on the same days. The µCT data 

showing differences in percentage bone volume on day 28 show that there is a delay between 

increased expression of TRAP and reduction of PINP and detectable difference in the physical structure 

by µCT. 

 

Figure 3-18: Representative percentage increase or decrease in optical density measurements of TRAP or PINP of animals fed a low 
calcium diet compared to a normal diet. 

After assessing the bone mineral and cellular composition, as well as gene and protein expression 

after placing mice on a low calcium diet for various time points, 7 day and 14 day low-calcium diet  

were optimum  in inducing effects at the cellular and protein levels. However, these effects may not 

have been detected by changes in bone mineral composition until day 28. By 28, there seemed to be 

an attenuation of the increased bone turnover that may have been the result of compensatory 

mechanisms. Therefore, for studies involving tumour cells, a 7 or 14 day low calcium diet has been 

established as the optimum time to induce the molecular triggers that may stimulate outgrowth.
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3.4.5 CHARACTERISING THE EFFECT OF BONE TURNOVER FOLLOWING A LOW CALCIUM DIET ON THE 

OUTGROWTH OF BONE-DISSEMINATED TUMOUR CELLS 

I next wanted to investigate the effect of altered bone turnover caused by the low calcium diet on the 

outgrowth of disseminated tumour cells. This required using a model whereby disseminated human 

breast cancer cells were present in the hind limbs of animals, described in the following section. 

Following the characterisation of the bone microenvironment after a 7-day low calcium diet, non-

significant changes in the physical bone parameters and genetic level led to the extension of the low 

calcium diet to 14 days in the subsequent experiments.  

15-week old BALB/C nude mice were injected with 1x105 GFP+ and Luc2+ transfected MDA-MB-231-

IV cells labelled with Vybrant DiD lipophilic dye via intra-cardiac injection. Cells were labelled with 

Vybrant Did in order to facilitate tracking of cells for downstream analysis. Mice were subsequently 

monitored for 21 days post injection, with a lack of tumour outgrowth indicating that tumour cells 

remain dormant in bone. At day 21, mice with detectable tumour growth were removed from the 

experimental group, while non-skeletal tumour-bearing mice, predicted to have dormant, 

disseminated tumour cells based on previous studies (Ottewell et al., 2015) , were randomised 50/50 

to receive either a low-calcium diet or a normal diet for 14 days. Mice were monitored for signs of 

overt tumour growth and comparisons between the low calcium diet and normal diet would be made 

relating to the rate of overt tumour growth in the two conditions (see Figure 3-19). 

 

Figure 3-19: Experimental overview of in vivo experiment to assess the effect of a low calcium diet for 14 days on the outgrowth of 
disseminated tumour cells 

In this experiment, three animals were culled shortly after intra-cardiac injection due to hind limb 

paralysis, seizures and lung tumours, leaving n=17 for the remainder of the experiment. Unexpectedly, 

in vivo IVIS imaging revealed 15 out of 17 animals developed skeletal tumours by day 21, thereby 

confounding subsequent results in attributing growth of tumour to alteration of diet. The experiment 

was therefore re-designed at this point and animals randomised to either the low calcium diet (n=9) 

or controlled with normal diet (n=8) for 14 days. Animals were culled and tissues harvested for ex vivo 

analysis to assess the potential effects of the low calcium diet on increasing tumour outgrowth,  for 
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14 days. The model did not mimic dormancy as expected due to the early onset of tumours in the 

skeletal sites of the mice. 

 

Figure 3-20: In vivo (IVIS) images of mice injected with MDA-MB-231 -GFP+-Luc2+ cells and randomised after 3 weeks to be fed either a 
low calcium diet for 14 days or a left on a normal diet . Left, green text, normal diet. Right, orange text, low calcium diet. Each row 
represents a different mouse (M#). Each set of two photos (ventral and dorsal)  from left to right represents a subsequent, 1-week 
incremental time point 
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Figure 3-21: Average number of hind limb tumours in mice placed on a low calcium diet or normal diet on week 3 following intra-cardiac 
injection with MDA-MB-231 cells. Exposure to low calcium diet for animals randomised to receive it indicated by orange vertical column.  

The tumours per mouse were calculated as the total number of skeletal size tumours in the group 

divided by the number of mice in the group that completed the experiment. Skeletal tumours were 

the prevalent site of metastasis and therefore no soft tissue metastases were observed during viable 

imaging. There was no observable significant difference in site or number of metastases. 

3.4.5.1 µCT – PHYSICAL EFFECTS OF A LOW CALCIUM DIET ON THE BONE MICROENVIRONMENT  

Following 14 days of low-calcium diet, mice were culled and right tibias obtained for use in µCT to 

ascertain the effect of the low-calcium diet for 14 days on trabecular bone. There was no significant 

difference between mice fed a low calcium diet and those on a normal diet on trabecular bone physical 

parameters as measured by µCT  (see Figure 3-22).
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Figure 3-22: Right tibias were analysed by μCT on animals from the entire study with n=8 normal diet, n=9 low calcium diet. Unpaired T-
test was performed for each parameter measured A.) Tissue Volume, B.) Bone Volume, C.) Percent Bone Volume, D.) Trabecular 
Thickness, E.) Trabecular Spacing  , F.) Trabecular Number.   

Measured mean tissue volume (TV) (measured in mm3) for the normal diet group (n=8) was 1.440 and 

1.337  for the low-calcium diet group (n=9), a difference between the mean of 0.1033 (± 0.07514 SEM) 

with a non-significant p-value of 0.1968. Average measured bone volume (BV) (measured in mm3)  

was 0.1178 for the low calcium group (n=9) and 0.1108 for the normal diet group (n=8), a difference 

between the means of 0.006974 ± 0.01489 with a non-significant p-value of 0.0.6470. Percent bone 

volume measured as (BV/TV %) yielded an average of 8.064 for the low calcium diet group (n=9) and 

8.297 for the normal diet group (n=8) with difference between the means of -0.2327 ± 0.8754 SEM 

and non-significant p-value of 0.7942. Average trabecular thickness (measured in mm) for the low 

calcium diet group (n=9) was 0.04199 whereas the normal diet group (n=8) measured 0.04334, a 

difference  between the means of -0.001352 ± 0.001925 SEM with a non-significant p-value of 0.4966. 

Average trabecular number (measured in mm-1) was 1.903 for the low calcium diet group (n=9) and 

1.919 for the normal diet group (n=8), a difference between the means of -0.01612 ± 0.1711 SEM, 

with a non-significant p-value of 0.9266. Mean trabecular spacing (measured in mm) was 0.2301 and 
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0.2073 for the low calcium diet (n=9) and normal diet (n=8) groups respectively, a difference between 

the means of 0.02286 ± 0.01331 with a non-significant p-value of 0.1127. 

Taken together, these data reflect a largely non-significant trend in increased bone resorption in the 

low-calcium diet group compared to control, but no significant differences in tumour size or site of 

metastasis outgrowth were observed. Due to the early onset of tumour growth in in this experiment, 

the effect on escape from dormancy could not be ascertained, therefore requiring a repeat with the 

same experimental plan with exception of fewer cells inoculated into mice, 50,000 cells injected per 

mouse instead of 100,000, in order to have a slower rate of tumour growth. 

3.4.6 CHARACTERISING THE EFFECT OF BONE TURNOVER FOLLOWING A LOW CALCIUM DIET ON THE 

OUTGROWTH OF BONE-DISSEMINATED TUMOUR CELLS 

Due to the unexpected early onset of tumour growth in mice injected with MDA-MBD-231 cells prior 

to being placed on a low calcium diet, a repeat experiment was carried reducing the number of breast 

cancer cells injected per mouse in order to extend the time to detectable tumour growth. 

15-week old BALB/c nude mice were injected with 5x104 GFP+ and Luc2+ transfected MDA-MB-231-

IV cells labelled with Vybrant DiD lipophilic dye via intra-cardiac injection. Mice were subsequently 

monitored for 21 days post injection for tumour growth, with a lack of tumour indicating dormant 

cells. At day 21, mice with detectable tumours by bioluminescent imaging were removed from the 

experimental group, while non-skeletal tumour-bearing mice were planned randomised 50/50 to 

receive either a low-calcium diet or a normal diet for 14 days. Mice were monitored for signs of overt 

tumour growth and comparisons between the low calcium diet and normal diet would be made 

relating to the rate of overt tumour growth in the two conditions 

 

Figure 3-23: Experimental overview of the repeat experiment of the effect of a low calcium diet on the outgrowth of tumours from DTC-
bearing mice 

Similarly to the previous experiment, a large proportion of the animals (n=10/20) developed tumours 

in their hind limbs or other skeletal sites prior to randomising on day 21 to receive a low calcium diet. 

In order to examine whether placement on a low calcium diet for different periods of time would 



 

 

137 

 

result in variable rates of outgrowth, these animals, and one more from the group not bearing 

tumours, were randomised to receive a low calcium diet (n=2) or normal diet (n=2) for 2 days, a low 

calcium diet (n=4) or normal diet for 3 days (n=3). The tumour-free animals were randomised to 

receive either a normal diet (n=4) or low-calcium diet (n=5) for 14 days. This randomisation would be 

similar to results found in preliminary studies in our lab whereby placing mice on a low calcium diet 

for 3 days had an impact on overt tumour growth (data unpublished). 

Following alteration of diet, 1 animal developed hind limb tumours on the normal diet and 1 animal 

from the low-calcium diet also developed hind-limb tumours. See Figure 3-24 and Figure 3-25 for 

graphical summaries of the development of tumours over time in mice given a low calcium diet for 2, 

3 or 14 days. 

 

Figure 3-24: Mice randomised to receive either a low calcium diet  or continue a normal diet 3 weeks post tumour cell injection for 2 days 
(A) – low calcium (n=2), normal diet (n=2) or 3 days (B) – low calcium (n=3), normal diet (n=2) as indicated by orange vertical bars. 
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Figure 3-25: Mice fed a low calcium diet 3 weeks post injection for 14 days and randomised to receive either a low calcium diet (n=5) or 
a normal diet (n=4) for 14 days as indicated by orange vertical. 

Placing mice on a low calcium diet for either 2, 3, or 14 days did not have a significant effect on the 

number of skeletal tumours in mice as compared with controls. However, the low calcium diet’s effect 
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may have been attenuated by increased calcium mobilisation from osteolytic tumours already present 

in skeletal sites. It must be noted, however, a small proportion of animals (n=4) without any skeletal 

tumours did not proceed to develop any skeletal metastases following exposure to a low calcium diet 

for up to 14 days.  In my experiments, the animals were culled shortly following the low calcium diet.  

In other studies, however, mice were monitored for a longer period of time following inducement of 

bone turnover through hormone deprivation or low calcium. Subsequent studies would therefore 

utilise a longer period of monitoring following the low calcium diet, albeit with tumour burden 

presenting a constraining factor. 

3.4.7  ASSESSING THE GROWTH OF MDA-MB-231-TD-TOMATO CELLS IN 12-WEEK OLD BALB/C 

NUDE MICE  

 

Figure 3-26: Experimental outline of an experiment investigating the effect of a low calcium diet on disseminated MDA-MB-231-TD-
Tomato cells 
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Following rapid outgrowth of injected MDA-MB-231 

cells in prior experiments, it was decided to repeat 

the experiment using a  different clone of the human 

breast cancer cell line; MDA-MB-231-TD-Tomato cells 

transfected with red fluorescent protein (RFP), with a 

slower cycling time. Twelve week old mice were 

injected intra-cardiac with 5x10^4 cells and were left 

to develop signs of tumour growth or dormancy and 

monitored via IVIS (see Figure 3-26). Following a 

period of 7 weeks without any signs of outgrowth, 

mice were subsequently placed on a low calcium diet 

for 28 days, following which period they were placed 

back on a normal diet for a further 20 days (see Figure 

3-27). Post-dissection imaging further showed no 

signs of tumour in any skeletal sites. It was decided to 

not pursue this intervention further as it was not 

possible to recapitulate the dormancy model. 

Figure 3-27: Mice were injected with MDA-MB-231-TD-Tomato cells and 
images represent: column 1 - 1 day following intra-cardiac injections; 
column 2 -  7 weeks following intra-cardiac injections; and column 3 - 20 
days after cessation of the low calcium diet 

 

3.5 DISCUSSION 

Cancer cell dormancy represents a significant aspect 

of breast cancer,  the understanding of which may 

contribute to therapies preventing or delaying 

metastatic relapse. Breast cancer is the most 

frequently diagnosed cancer, whose most common site of dissemination is the bone, where 

disseminated cells may reside dormant for many years or even decades before incurable secondary 

relapse (Gomis and Gawrzak 2016). Understanding how the bone microenvironment contributes to 

the mechanisms underlying this phenotypic change into dormancy and subsequent exit is the basis of 

my project.  

In particular, the regulation of dormancy within the bone metastatic niche by microenvironmental 

signals, including HSC expansion in response to increased bone turnover, is of interest to my project, 

as this is the mechanism under investigation as to the induction and exit from dormancy for 

disseminated tumour cells. Increasing bone turnover through a low calcium diet, subsequently 

accelerating escape from dormancy would provide a potential for utilising dietary interventions to 

induce tumour outgrowth in models where other methods would be permanent or confound 

experimental plans. 
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3.5.1 CHARACTERISATION OF THE BONE MICROENVIRONMENT FOLLOWING A LOW CALCIUM DIET FOR 7 

DAYS IN IMMUNOCOMPETENT AND IMMUNOCOMPROMISED MICE   

I initially performed a number of studies to establish the effects of a low calcium diet on bone turnover 

in immunocompromised and immunocompetent mice. The results of these experiments would then 

be used as a foundation to explore the effect of increased bone turnover following a low calcium diet 

on the exit from dormancy and subsequent overt outgrowth of disseminated tumour cells residing in 

the bone. The basis of these studies was earlier unpublished studies carried out in the group, which 

had found that  placing mice on a low calcium diet for 1 or 5 days increased the onset of the outgrowth 

on disseminated tumour cells, compared to a control group (see Figure 3-3, Figure 3-4). Furthermore, 

the pro-tumourigenic effect was significantly increased after 5 days of a low calcium diet, compared 

to 1 day, and was attenuated with the use of the bisphosphonate zoledronic acid, which acts by 

reducing bone resorption. This suggested that the effect of a low-calcium diet on outgrowth of 

disseminated tumour cells was attributed to the increase in bone resorption. After consultation with 

Professor Ingunn Holen and Dr Hannah Brown, who had conducted these studies, it was decided a 

period of 7 days on a low calcium diet would facilitate adequate bone resorption to trigger outgrowth 

of disseminated tumour cells.   

Conducting these experiments on tumour-free mice would allow for the assessment of the changes 

of the microenvironment that would precede tumour outgrowth. The presence of overt tumours in 

the bone microenvironment may have confounded any relevant analysis, such as bone turnover and 

gene expression. Therefore, these experiments would allow for analysis of the effect that a low-

calcium diet was having on the microenvironment, and allow for mechanistic identification. 

Furthermore, prior studies had been carried out on immunocompromised mice, yet the adaptive 

immune system plays a significant role in cancer, and taking this into account in an experiment would 

be more representative of a clinical setting. Therefore, also using an immunocompetent mouse model 

would allow for the assessment of the role of the immune system in the outgrowth of DTCs in the 

bone marrow, whether there would be a difference and what causative factors may be attributed to 

this difference.  

After placing mice on a low calcium diet for 7 days, I found that there was no significant difference as 

a result of the low calcium diet on bone structure and composition and select gene expression as 

measured by µCT and PCR analyses.   

When used on bone, µCT can be, and is often, used to infer the physical structural characteristics 

based on volume and density of minerals, specifically that of calcium (Nazarian et al. 2008). Increases 

or decreases in bone volume or density can be attributed to bone anabolic or catabolic activity 

respectively, attributed to the activity of osteoblasts in the formation of bone, and osteoclasts in the 

degradation. The trabecular region of bone is the primary site of osteoclast localisation and activity, 

and so measurements of this area would be more sensitive in detecting changes in bone 

resorption (Nordin et al. 1984). Data from µCT analysis of the trabecular region measuring percent 

bone volume, trabecular number, trabecular thickness or trabecular spacing did not show any 
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significant difference between the two groups tested. This suggests minimally altered mineral 

composition of bone samples between animals placed on a low calcium diet for 7 days and those on 

a normal diet, as any significant increase in bone resorption that may have occurred could not be 

detected nor confirmed by µCT analysis.  

Studies by Alloca et al. showed that DTCs in the bone marrow localise to niches occupied by HSCs. 

This localisation was also shown to increase when the CXCR4-antagonist AMD3100 (Plerixafor) was 

used to dislodge HSCs from the bone marrow into circulation (Allocca et al. 2019). As the HSC niche is 

under investigation as to the induction and subsequent escape from dormancy, molecules associated 

with HSC quiescence (CXCL4, (Bruns et al., 2014)) and HSC expansion (Kit L, (Katayama et al., 1993, 

Wilson et al., 2007)) were selected as candidate genes to investigate microenvironmental control of 

HSCs. Inference may be made as to the microenvironmental mechanisms of control of HSC quiescence 

and expansion similarly regulating DTCs in a similar manner, should a correlation be found. Further to 

this, the rate of increased bone resorption under investigation led to genes involved in increased 

osteoclast differentiation and activity (RANKL, (Teitelbaum and Ross, 2003)) as well as increased bone 

resorption (Osteopontin, ), or decreased RANKL signalling (Osteoprotegerin (Teitelbaum and Ross, 

2003)) being selected as indicators of increased bone resorption (Kostenuik 2005; Luukkonen et 

al. 2019). Increased bone resorption would lead to release of growth factors and calcium, triggering 

the exit of DTCs from dormancy and provide a plausible explanation should gene expression correlate 

with increased bone resorption and subsequent DTC escape from dormancy. As restriction of overt 

outgrowth can be attributed in part to nutrient deprivation from inhibited angiogenesis and blood 

supply, the anti-angiogenic molecule Thrombospondin 1, significantly expressed in the bone by 

megakaryocytes, was also selected as a candidate gene (McLaren 1983; Ghajar et al. 2013).  

To evaluate whether any significant differences in genes regulating hematopoietic stem cell 

quiescence or bone resorption between mice placed on a low calcium diet and those on a normal diet, 

despite no changes observed in the bone mineral composition, PCR was used to quantify selected 

transcripts and the effect of a low calcium diet on their regulation. In order to assess the effect of a 

low calcium diet on the expression of Kit L, CXCL4, RANKL, Osteoprotegerin, Osteopontin and 

Thrombospondin 1, PCR experiments were run using samples from flushed bone marrow, with primers 

specific for these genes. The PCR data did not show significant differences in expression of Kit L, CXCL4, 

RANKL, Osteopontin, Osteoprotegerin or Thrombospondin 1 beteween the treatment and control 

groups. The technical replicates of each sample were of satisfactory precision, but the difference 

between biological replicates seemed to be the cause of variance in plotted data, and therefore non-

significant statistical results.  

The biological variation may be due to individual differences in mechanisms such as decreased renal 

excretion of calcium, effected by PTH, leading to differences in gene expression between mice on low 

calcium diet and control diet (Caniggia et al. 1976). The small group sizes (n=5 per group) was a 

potential limitation, but due to unexpected variability between tumour-free mice, a large number of 

mice was not used. Furthermore, increased bone resorption, and associated genes, in particular, 

RANKL, may be expected to be seen in immunocompetent mice due to the presence of Th17 cells 
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which further express RANKL in the presence of continuous PTH secretion (Pacifici 2016). In this case, 

through personal communication with Dr. Penelope Ottewell, it was suggested that the C57BL/6 

strain has been noted to be resistant to bone resorption following ovariectomy, and this may be why 

there was no statistically significant difference in gene expression. However, this does not account for 

the similar insignificant response to bone resorption seen in the BALB/C nude strain.  

3.5.2 ESTABLISHMENT OF THE BONE MICROENVIRONMENT FOLLOWING A LOW CALCIUM DIET  OVER A 

PERIOD OF 28 DAYS IN IMMUNOCOMPETENT MICE  

After finding minimal effects in mice given a low calcium diet for 7 days, a time course was set up to 

assess the effects of a low calcium diet over a period of time up to 28 days to obtain an optimal time 

point on which to place animals with disseminated tumour cells. Samples were analysed by µCT (bone 

architecture), rtPCR (gene expression) and ELISA (bone turnover markers P1NP and TRAP). The 

findings showed no significant difference in gene expression, owing to inter-individual variations 

within the groups. Furthermore, bone architecture did not change over 14 days, but there was a small  

statistically significant decrease in bone volume in the low calcium diet group by day 28. Serum 

assessment of bone turnover markers showed that there was indeed a difference in bone turnover, 

having a decrease in P1NP, a marker for bone formation, and an increase in TRAP, a marker for bone 

resorption, in mice fed a low calcium diet across all time points.  

Histomorphometric analyses of bones from animals fed a low calcium diet for 7 days showed that 

there was no difference in osteoclasts number, but a decrease in osteoblast numbers. The effect of 

PTH, altered by a low calcium-diet, on osteoblast population has been demonstrated in a study by 

Brown et. al (2018), who found that 5-days of treatment with PTH on 12-week old BALB/c nude mice 

had no effect on trabecular bone volume, width or number as measured by µCT, as compared with 

untreated controls when measured between 5 and 15 days post-treatment. However, PTH-treated 

animals had increased osteoblast numbers and increased PINP on days 5 and 7  (Brown et al., 

2018). In contrast to these findings, I found that following a 7-day low calcium diet, there was a 

significant decrease in PINP and an increase in TRAP as measured by ELISA, as well as a decrease in 

osteoblast numbers. Significantly, Brown et. Al administered a single daily dose of PTH, reflecting an 

intermittent release of PTH in contrast to the chronic, continuous release of PTH that should arise as 

a result of a constant state of hypocalcaemia, and thus have a differential, catabolic effect, as was 

shown after 7 days of a low calcium diet (Lotinun et al., 2002).  

This increase in osteoblast numbers may be less of a direct effect of PTH on osteoblasts, but may be 

attributed to indirect effects of osteoclasts in the promotion of osteoblast differentiation and 

expansion (Mansour et al., 2012). Osteoclasts have been implicated in the formation of HSC niches 

due to the activation of osteoblasts following osteoclast activity. As observed in subjecting mice to a 

low calcium diet, after 7 and 14 days there was an increase in osteoclast activity as measured by ELISA, 

but without a correlated increase in osteoclast size or numbers as measured by 

histomorphometry. This correlated with a decrease in osteoblast numbers as would be expected.  
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Similar findings of attenuation of low calcium effects after a given period of time have been found by 

other researchers. In a mouse model of multiple myeloma, Libouban and Chappard injected two 

groups of C57BL/KaLwRij mice with 5T2MM cells accompanied by either a normal diet (0.8% calcium) 

or a low calcium diet (0.05%) and were monitored at 6, 8 and 10 weeks (Libouban and Chappard 2017). 

Osteoclast numbers from the endosteal region of tibiae showed an increase at 6 weeks in the low 

calcium diet, but this effect was attenuated by week 8 and 10, suggesting a time-sensitive fluctuation 

in response to a low calcium diet. This suggests that bone turnover in response to a low calcium diet 

does indeed have feedback mechanisms to regulate calcium homeostasis and balance in bone 

turnover.   

The results of my experiment elucidating the effects of a low calcium diet over 28 days suggested 

between 7 and 14 days was optimal to elicit the most cellular and molecular changes in comparison 

to 2, 3 or 28 days.  

3.5.3 EFFECTS OF A LOW CALCIUM DIET ON THE BONE MICROENVIRONMENT AND INFLUENCE ON 

DORMANCY ESCAPE   

To investigate the effect of a low calcium diet on subsequent disseminated tumour cell escape from 

dormancy, studies were carried out which aimed to seed mammary carcinoma cells in a dormant state 

within the bone, before placing a portion of the animals on a low calcium diet to observe the effect of 

the escape from dormancy. Previously published studies have demonstrated that a low calcium diet 

increases disseminated breast cancer tumour cell growth in bone (Zheng et al. 2008; Wang et 

al. 2017). Furthermore, in a study by Zheng et al, the increased tumour growth from a low calcium 

diet was attenuated by administration of Osteoprotegerin, suggesting a mechanism involving 

increased osteoclast activity was responsible for low-calcium mediated increased tumour growth 

(Zheng et al. 2008). However, these studies used a low calcium (0.1%) diet prior to, or relatively shortly 

following tumour cell seeding and the effect of tumour outgrowth, not as a potential trigger of escape 

from dormancy. The studies I carried out aimed to mimic the escape from dormancy, whereby animals 

would not develop skeletal tumours after a prolonged period of time, before being placed on a low 

calcium diet.  

Cancer cell dormancy is characterised by a period of restrained outgrowth through decreased cell 

cycling, restrained outgrowth due to nutrient deprivation or immune editing (Gao et al. 2017). 

Previously published studies from our lab have showed that a proportion of mature BALB/c nude mice 

aged 12-weeks old injected with 75,000 MDA-MB-231 cells had detectable dormant tumour cells in 

bone (Allocca et al. 2019). However, this was not reflected in my experiments where BALB/c nude 

mice injected with 100,000 or 50,000 cells per mouse, were expected to show a very limited number 

of detectable metastases at 21 days and therefore considered to harbour dormant cells. A significant 

proportion of mice developed hind-limb or skeletal tumours within 14 days of tumour cell injection, 

which contribute to accelerated cancer-induced bone resorption, thereby possibly increasing serum 

calcium and confounding any effects a low-calcium diet may have on modulating bone resorption.  
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It is therefore expected that serum bone resorption markers would have been elevated both in mice 

on low-calcium and normal diets due to the development of cancer-induced bone disease. This was 

reflected in the second experiment in section 3.4.6 whereby a change of diet did not result in a 

difference in tumour growth in the hind limbs. This could be due to the presence of excess calcium in 

serum from distant skeletal sites negatively regulating the release of PTH; and thereby inhibiting its 

bone catabolic action on osteoclasts. Levels of PTH and bone resorption markers would ordinarily be 

measured in serum samples, but presence of osteolytic lesions prior to adjustment of diet would 

confound the results.  

I proceeded to use a slower-growing  MDA-MB-231-Td-Tomato clone, which  did appear to 

recapitulate the dormancy model, without tumour outgrowth for up to 7-weeks post-injection (5x104-

7.5x104 cells per mouse in 6-week and 12-week old mice). However, when consequently given a low 

calcium diet for 28 days, before being placed back on a normal diet and monitored for tumour 

outgrowth, no tumours were detected in skeletal sites even up to a period of 3 months post-injection.  

Thus there was no effect of exposure to low calcium diet in mice expected to have disseminated 

tumour cells in their long bones. Lack of access to previously available multiphoton microscopy meant 

verification of the presence of disseminated tumour cells could not be demonstrated in the same 

manner as in the previously published studies (Allocca et al., 2019b) hence it cannot be ruled out that 

tumour cells failed to reach and/or were eliminated from skeletal sites in my studies. 

These findings did not recapitulate the results achieved by hormone deprivation in 

castration/ovariectomy induced bone loss studies (Ottewell et al., 2015).  Decreased expression of 

OPG expression by osteoblasts due to hormone deprivation induces a rapid, sustained loss of bone 

(Bord et al., 2003). In contrast PTH released in response to hypocalcemia, induces bone resorption, to 

increase serum calcium, but also increases the efficiency of calcium absorption in the gastrointestinal 

tract and re-uptake in the kidneys, leading to stabilised serum calcium levels. This then attenuates PTH 

in a negative feedback loop, which then also reduces bone turnover (Fleet, 2017, Mundy and Guise, 

1999). As was seen across different time points in my studies, TRAP and P1NP levels fluctuated and 

were attenuated at different time points, possibly to this mechanism, and hence, may be why a 

dramatic loss of bone is not detected as a result of a low calcium diet in contrast to hormone 

deprivation. 

3.6 CONCLUSIONS, LIMITATIONS AND FUTURE WORK 

Preliminary work in our lab has shown the use of a low calcium diet may influence exit from dormancy 

in immunocompromised BALB/C nude mice. Recapitulation of these results has been unsuccessful in 

initial experiments and lead to revision of the experimental plans. The low calcium chow used to place 

the mice on a low calcium diet was the same batch from the same supplier, the mice used of the same 

strain and age and so no obvious explanation has been found to explain the discrepancy. A low calcium 

(0.1%) diet has shown changes in cellular number of osteoblasts and increase of activity in osteoclasts, 

with minor yet statistically significant effects on percentage bone volume after 28 days of a low 

calcium diet. However, in pilot studies, this has not translated to any difference in tumour growth in 
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both 6 week-old 12 week-old mice. Concerns about mice obtaining calcium from the drinking water 

still exist, although an increase in TRAP and decrease in PINP by day 7 and 14 on a low calcium diet 

show that it is not significant enough to completely attenuate the effect of the low calcium diet. Levels 

of RANKL and OPG, key molecules involved in the regulation of bone turnover, has not been shown to 

be significantly different between mice placed on a low calcium diet and those on a normal diet. 

However, similar to bone turnover having fluctuations, it may also be the case that the molecules 

involved in their regulation have similar fluctuations within shorter spaces of time. Statistically 

significant results could not be obtained due to high inter-individual variations in the expression of 

these genes within each treatment group. This may be attributed to fluctuations in the up- or 

downregulation of these genes across individuals at different times.   

Despite fluctuations in bone turnover, the low calcium diet (28 days)  has not shown any effects on 

DTC outgrowth as shown in in vivo experiments utilising MDA-MB-231-TD-Tomato which display a 

dormant phenotype . An explanation of the lack of response may be due to the slower cycling of these 

cells, as is seen in the experiments where outgrowth was delayed for at least 5 weeks post-injection, 

compared to MDA-MB-231-IV cell lines which displayed rapid outgrowth on average 2 weeks following 

intra-cardiac injection. A low calcium diet’s effect on bone turnover may be insufficient to trigger rapid 

expansion of tumour cells, as µCT scans showed no significant difference in bone architecture up to 

day 28, which then had a statistically significant difference, yet of low magnitude. An approach 

that confers increased bone turnover in a more aggressive manner, such as an ovariectomy, may be a 

more appropriate approach to guarantee increased bone turnover, and therefore stimulation of overt 

growth from dormant, disseminated tumour cells, which has previously been shown to be the case by 

Ottewell et. al (Ottewell et al., 2015).  

 Studies using a low calcium diet in models using tumour cells, and those without, have not shown 

dramatic differences in initial outgrowth of tumour cells or bone architecture, but rather show 

differences in proliferation over a longer period of time on the diet (Zheng et al., 2007). Along with 

my findings, this suggests that a low calcium diet may not invoke as rapid a change in bone turnover 

as seen in hormone deprivation, and so may not be sufficient, in isolation, to trigger the outgrowth of 

disseminated tumour cells. 

3.6.1 LIMITATIONS OF THE STUDY AND FURTHER WORK 

A limitation to attributing escape from dormancy following a low calcium diet, is that PTH type 1 

receptor (PTH1R) activation may directly affect tumour dormancy. The PTH-related protein (PTHrP), 

which binds to PTH1R has been reported to negatively regulate pro-dormancy genes (Johnson et 

al. 2018). The similarity between PTH and PTHrP would need to be examined as to exclude the 

downregulation of pro-dormancy genes causes an escape from dormancy, rather than the micro-

environmental effects following increased bone resorption. Utilising ovariectomy-induced bone 

resorption leading to dormancy escape may give an indicator that this effect is, indeed, independent 

of PTH1R activation on the cancer cells and has been shown by our group in published 

studies (Ottewell et al. 2015; Brown et al. 2018).   
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A further limitation to this study is that bone loss was only measured in the hind limbs by µCT, which 

may have missed detection of skeletal-wide changes yet at a lower detectable levels in the hind limbs 

alone. PTH’s actions are not limited to the hind limbs, but induce bone resorption in areas with 

particularly higher trabecular bone, such as the spinal vertebrae. A whole-mouse scan may have 

revealed differences not detected by µCT. This is further suggested by the significant increase in serum 

TRAP levels, yet corresponding cellular and bone-mineral changes were not detected when analysing 

the hind limbs in isolation. This increase in serum turnover markers may be reflecting slight increases 

in bone turnover across numerous sites in the skeleton rather than significant, dramatic changes in 

the hind limbs alone. 

Direct effects of extracellular calcium on cancer cells is a key consideration on the effect of a low-

calcium diet on disseminated tumour cells. The Calcium Sensing Receptor (CaSR) is implicated in 

promoting proliferation and inhibiting apoptosis in conditions of high extracellular calcium 

concentrations . This is mediated by reduction of p27kip1 levels, induced by the actions of PTHrP, 

leading to the reduction of nuclear concentration of Apoptosis Inducing Factor (AIF). Furthermore, 

endogenously expressed CaSR on metastatic breast cancer cells has been found to regulate tumour 

cell secretion of IL-6, a pro-tumour inflammatory cytokine. Pharmacological inhibition 

of CaSR engages a Rab11a-dependent attenuation of IL-6 secretion via PI3K/AKT and PKC signalling 

pathways. On the contrary, using an inverse antagonist promoting constitutive activity 

of CaSR resulted in an increased secretion of IL-6 through Gαs/PKC, MEK1/2 and 

mTORC1 signaling pathways (Hernandez-Bedolla et al. 2016).  CaSR activation 

would therefore promote tumourigenesis in disseminated tumour cells following an increase in 

extracellular ionic calcium. As local calcium concentrations of in the bone microenvironment are 

enriched following bone turnover, it would be expected to further promote overt outgrowth instead 

of diminishing proliferation. As no increased outgrowth in skeletal sites was present in mice 

with disseminated tumour cells displaying latent dormant phenotypes, it can be deduced that either 

the proximity of the tumour cells to areas of increased bone turnover was not sufficient to elicit a 

response to increased presence of soluble growth factors and calcium released from the organic and 

mineralised bone matrix, or the cells did not colonise the bone as expected.  

Other molecules of interest:  

In addition to increased bone resorption and direct effects on cancer cells, PTH may affect 

tumorigenesis through regulation of immunomodulatory chemicals. Of particular interest is 

Monocyte Chemoattractant Protein 1 (MCP-1) (CCL2) which is a protein involved in the chemotaxis of 

monocytes to areas of secretion. In the bone, it is primarily secreted by osteoblasts, and is an 

important factor in the localization and infiltration of monocyte progenitors which may subsequently 

differentiate into osteoclasts (Yadav et al. 2010). MCP-1 secretion is upregulated in the presence of 

PTH and is markedly correlated with osteoporotic bone in prostate cancer-induced bone resorption. 

The effects of MCP-1 are functionally dynamic, being reported to have dual effects. As with bone 

anabolic or catabolic effects of PTH being dependent on intermittent (anabolic) or continuous 

(catabolic) PTH secretion, MCP-1’s effects is also dependent in a similar manner on the type of PTH 
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secretion (Siddiqui and Partridge 2017). A state of hypocalcaemia leading to continuous PTH may lead 

to increased MCP-1 secretion, further affecting the immune-milieu of the bone microenvironment. 

The immune population is therefore worthy of consideration in assessing the effects of PTH on DTC 

outgrowth in a setting of hypocalcaemia.  
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4 CHARACTERISING THE EFFECTS OF ZOLEDRONIC ACID ON TUMOUR GROWTH 

AND CELLS OF THE BONE MICROENVIRONMENT IN YOUNG MICE 
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4.1 SUMMARY 

Data from model systems have led to bone turnover increasingly being implicated in the establishment 

of secondary tumour metastases from dormant, disseminated tumour cells in this organ. As a result, 

the potential of bone-targeted agents (BTAs) reducing skeletal metastasis has been investigated in 

laboratory studies as well as in clinical trials. 

A commonly used BTA is Zoledronic acid (Zol), a nitrogen-containing bisphosphonate which is a 

pseudo-specific drug against osteoclasts due to its distribution in the body and high affinity for bone 

surface hydroxyapatite crystals. Due to its potent anti-resorptive actions Zol inhibits progression of 

osteolytic bone lesions, figuring prominently in the treatment of cancer-induced bone disease. Its role 

in preventing or slowing development of secondary bone metastases is under investigation and has 

so far yielded inconclusive results.  Previous studies using murine models of breast cancer bone 

metastasis have shown that models with higher bone turnover (following ovariectomy, a low calcium 

diet or using young - 6-week old - mice) have a higher frequency of tumour growth compared to 

mature mice with low bone turnover. Interventions to reduce bone turnover, such as use of anti-

resorptive agents, inhibit the metastatic outgrowth of tumour cells in bone shown in mature (12-20 

week-old) mice, demonstrating a link between the levels of bone turnover, in particular osteoclast 

activity, and tumour growth in bone. However, the precise interplay between the bone 

microenvironment in a state of high bone turnover and colonised tumour cells, and how this is 

modified by of anti-resorptive agents in altering the rate of tumour outgrowth, requires further 

elucidation. 

I therefore set out to characterise the effect of repeated Zol treatment on the bone microenvironment 

in young mice (6-week old, high bone turnover) and subsequent outgrowth of two different clones of 

triple negative breast cancer cells. The effect of Zol on circulating hematopoietic cells was also 

assessed to assess the extent of Zol activity on bone and bone-derived populations. 

uCT analysis showed that 4 weeks of weekly Zol administration induced a significant increase in 

trabecular bone volume and number and significant decrease in trabecular spacing, but importantly, 

not affecting trabecular thickness, indicating a reduction in osteoclast-mediated bone resorption 

rather than increased bone growth. Interestingly, this was not followed by a significant reduction in 

osteoclasts by Zol, but a trend to increase osteoclast numbers. Nevertheless, this increase in 

osteoclasts still resulted in increased trabecular bone content, suggesting inactive osteoclasts or a high 

rate of apoptosis to match osteoclast formation. 

Despite having a major impact on the bone structure, Zol treatment did not reduce the rate of growth 

or number of skeletal tumours compared to control treatments, supporting clinical observations and 

pre-clinical in vivo studies that show that Zol has bone protective effects but does not significantly 
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impact tumour growth. This result was consistent across two different MDA-MB-231 human breast 

cancer cell clones used. 

Circulating hematopoietic cell populations were largely unaltered by Zol treatment, but showed a 

trend to increase eosinophil and granulocyte numbers in both tumour-free and tumour-bearing 

animals. In addition, the presence of skeletal tumours similarly did not alter the circulating 

hematopoietic population, suggesting that the skeletal sites that remained tumour free were 

sufficient to maintain the circulating population(s). 

Although Zol had a significant effect on trabecular bone, it did not affect tumour growth nor 

hematopoietic cells in circulation.  
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4.2 INTRODUCTION  

4.2.1 BONE TURNOVER AND TUMOUR GROWTH 

Breast cancer bone metastasis is characterised by osteolytic lesions within the bone caused by the 

activity of osteoclasts. As described in chapter 3 section 3.2.1, increased bone turnover leads to the 

release of minerals and growth factors stored within the bone matrix that support the growth of 

tumour cells within the bone microenvironment. In addition, accompanying skeletal-related events 

(SREs) still pose significant morbidity in patients with osteolytic bone metastases (Coleman, 1997a).  

Murine model systems have been widely used to study bone metastases, including immunocompetent 

and immunocompromised models where tumour cells implanted into the mammary fat pad 

spontaneously metastasise, including to bone (Tulotta et al., 2019). Alternatively, intraosseous and 

intracardiac injection models where tumour cells are injected into the circulation before engraftment 

in the bone or directly injected into the bone, are used to mimic the metastatic setting (Jinnah et al., 

2018). Upon engraftment, interventions introducing alterations to the bone microenvironment, such 

as through ovariectomy or diets consisting of low calcium content, often inducing increased bone 

turnover, are used to reflect the osteolytic nature of breast cancer metastases. 

The use of animals of different ages, young (approximately 6-week), or mature (12-week old and 

upwards) have been used to study different aspects of tumour-bone interaction (Dutta and Sengupta, 

2016). Younger mice have an immature bone structure and as such, display high levels of bone 

turnover indicated by high osteoblast and osteoclast activity, resulting in a tumour growth permissive 

bone microenvironment. In comparison, mature mice display lower levels of bone turnover and have 

shown a DTC dormancy-supportive microenvironment (Jilka, 2013). 

These model systems provide opportunities to investigate the different stages of bone metastases and 

the role of the microenvironment in affecting the rate of tumour growth in bone. Bone targeted 

agents, including bisphosphonates, haven been widely used in these models,  and have been shown 

to induce osteoclast apoptosis, thereby reducing bone turnover, modulate hematopoietic 

populations, and  inhibit the outgrowth of disseminated tumour cells induced into overt outgrowth 

through increased bone turnover (Fournier et al., 2010). 

4.2.2 USE OF ZOLEDRONIC ACID IN CANCER 

Zoledronic acid has been shown to decrease breast tumour cell proliferation and invasion in vitro 

(Mahmood et al., 2020). However, due to its strong affinity for bone and rapid clearance from 

circulation, direct effects in vitro are often not reflected in vivo. Despite having the potential to directly 

affect tumour cells following repeated high dosing in vitro, any observed anti-tumour effects in vivo 

are likely to be indirect following inhibition of osteoclast activity and release of bone-associated 

growth factors. Research into Zol in the cancer setting has therefore focused on its effect on the bone 

microenvironment which would indirectly influence tumour growth.  
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Zol is used in three different breast cancer settings; 1) in patients with confirmed bone metastases to 

prevent development of skeletal-related events and improve quality of life, 2) as adjuvant therapy in 

post-menopausal patients with early breast cancer to prevent recurrence and improve survival and 3) 

to prevent cancer treatment-induced bone loss (such as from aromatase inhibitors).   

Zol is used routinely to reduce skeletal complications in patients who have established skeletal 

metastasis and has shown superior efficacy compared to other bisphosphonates. This was 

demonstrated in a phase III randomised trial investigating the effect of 90mg of pamidronate (Pam), 

every 3-4 weeks for 12 months, compared to 4mg or 8mg Zol at the same frequency and duration on 

the reduction of skeletal events in 1130 breast cancer patients who had bone metastases (Rosen et 

al., 2003). Though proportions of SRE occurrence between treatment groups was comparable (43% in 

4mg Zol treated vs 45% in Pam-treated), among patients with at least 1 osteolytic lesion at study 

enrolment, Zol showed a reduction in the proportion with SREs (48% Zol vs 58% Pam) though not 

significant (p = 0.058). Time to first SRE was longer amongst the group treated with Zol compared with 

Pam (median, 310 vs 174 days; p=0.013) as well as showing a 30% reduction in the risk of developing 

SREs amongst the osteolytic subset (p=0.037)(Rosen et al., 2003).  

Adjuvant Zol is also used in post menopausal patients with early breast cancer to prevent recurrence 

and improve survival. A major analysis into the adjuvant use of Zol in cancer was performed in the 

AZURE trial, a randomised open-label phase 3 trial of 3360 women investigating the adjuvant use of 

Zol in high-risk patients with stage II/III breast cancer. In the overall population, Zol did not improve 

overall survival or distant recurrences, but reduced development of bone metastases (Coleman et al., 

2014). Significantly, in women who were at least 5 years past menopause, Zol improved invasive 

disease-free survival (DFS), but there was no benefit in other menopausal groups. Significantly, this 

effect was observed regardless of tumour estrogen receptor status, suggesting a role for estrogen in 

the microenvironment altering the actions of Zol. 

The cellular and molecular mechanisms responsible for the differential effect of Zol in pre vs post 

menopausal women remain to be established, including the impact of the different endocrine 

environments in bone in these settings. Following on from the AZURE study, a number of in vivo model 

studies were instigated to try and determine how Zol affects bone and bone metastasis, mimicking 

the pre- and post-menopausal setting. 

One such preclinical investigation was carried out by Ottewell, et al. who used 12-week-old female 

BALB/c-nude mice with disseminated MDA-MB-231 breast cancer cells characterised by a dormant 

phenotype, before performing ovariectomy or sham surgery and treating with Zol or control. Their 

results showed that ovariectomised mice had increased bone turnover and 83% of animals had 

detectable tumours, compared with 17% of those which underwent a sham operation (Ottewell et al., 

2015). Importantly, the ovariectomy-induced growth of DTCs was completely prevented by the use of 

Zol, whereas growth of DTCs in the sham-operated animals were unaffected. These results  

demonstrated that OVX-induced tumour growth was driven by osteoclast activity. The same results 

were achieved by using OPG-Fc to prevent osteoclast expansion and activation, suggesting that Zol 



 

 

153 

 

acted on DTCs by reducing bone turnover (Ottewell et al., 2015).  Combining these observations with 

results from clinical trial data reflect the beneficial impact of using Zol for early bone metastatic 

disease in post menopausal women (Coleman et al., 2014), and suggests the link between Zol and 

estrogen being in part due to bone turnover induced by osteoclasts. 

The interaction between the tumour and the bone microenvironment at different stages of tumour 

growth is incompletely understood. Work by Ottewell et al. (2015) used a single dose of Zol, prior to 

subsequent injection of cells which prevented the outgrowth of disseminated tumour cells by 

increased bone turnover in an ovariectomised model. Despite this success, there are unanswered 

questions as to the tumour-bone interactions at different stages of tumour growth, and how Zol may 

affect later stages of tumour growth. Current NICE guidelines indicate monthly dosing for adult 

patients who are at risk of SREs in advanced malignancies (myeloma, secondary bladder, breast and 

prostate cancer) involving bone (BNF, 2020).  

4.2.3 ZOLEDRONIC ACID AS AN IMMUNOMODULATOR AND EFFECTS ON HEMATOPOIESIS 

Increasing evidence shows that Zol affects more hematopoietic subsets than just osteoclasts, including 

various immune subsets (George et al., 2020). What effect Zol may have on the immune compartment 

within the bone microenvironment is still under investigation and may elucidate the intricate 

mechanism of action exerted by Zol on immune cells (Liu et al., 2016a). A number of cells of the 

immune system have been well characterised as modulated by Zol, and further investigations into 

different subsets are still pending. Some of these will be summarised below. 

An immune cell population well characterised as a target of Zol-mediated immunomodulation are γδ 

T cells. Inhibition of the mevalonate pathway by N-BPs result in an accumulation of metabolic 

intermediates from the pathway, such as isopentenyl pyrophosphate (IPP). IPP is then secreted 

extracellularly and is a potent activator of circulating γδ T cells (Gober et al., 2003b, Tanaka et al., 

1995). Activation of this T-cell subset by N-BPs including Zol has been demonstrated in humans and in 

cancer models, which typically leads to increased anti-cancer activity (Altvater et al., 2012, Correia et 

al., 2013, Gober et al., 2003a, Hewitt et al., 2005, Kunzmann et al., 2000). Another facet of Zol’s 

immunomodulatory role is its effects on macrophages. The functionally enigmatic role of tumour-

infiltrating macrophages is attributed to their polarization, generally categorized as either tumour 

suppressive and immune promoting (M1) or tumour promoting and immune-suppressive phenotype 

(M2), although these represent parts of a wide spectrum (Lanciotti et al., 2014, Zhang et al., 2014a). 

Zol has been demonstrated to increase M1 polarisation in tumour associated macrophages and as 

such, may have an influence on the anti-tumour immune response (Kaneko et al., 2018, Rogers and 

Holen, 2011). Recent advances in immunotherapy have cemented a significant role for the immune 

system in the development of cancer, therefore the immunomodulatory effect of Zol warrants 

investigation.  

In addition to immune cells, hematopoietic populations are affected by the use of Zol. Ubellacker et 

al. (2017), demonstrated that a single, clinically relevant dose of Zol induced transient changes in the 
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numbers of hematopoietic stem cells, myeloid-biased and lymphoid-biased progenitor cells, which 

also inhibited breast tumour growth in bone in 6 to 7 week-old mice. Interestingly, the tumour 

suppressive effect was maintained past the timepoint at which progenitor cells returned to base line 

(Ubellacker et al., 2017). An interpretation of these findings could conclude that these changes may 

be attributed to the fact that endosteal and vascular niches, which are significantly modified by 

changes in bone turnover, are important for hematopoietic homeostasis, and so attenuation of bone 

turnover by inhibiting osteoclast activity may directly affect the numbers of hematopoietic stem cells 

and progenitor cells. 

Table 4-1: Immunomodulatory mechanisms of Zoledronic acid in humans and mice 

Organism Cells Effect Result Dose/ 

Frequency 

Reference 

Human-based experiments 

Human T-regs Co-localization of the 

nuclear factor of 

activated T cells (NFAT) 

and forkhead box P3 

(FOXP3) diminished by 

Zol treatment 

Increased 

proliferation of T 

cells and NK cells 

Single 

overnight 

10μM in 

vitro 

incubation 

(Sarhan et al. 

2017) 

Human Natural Killer / 

Dendritic Cells 

Depletion of 

endogenous prenyl 

pyrophosphates in 

Dendritic Cells and 

increased secretion of IL-

1β and IL-18 

Increased 

expansion of NK 

cells and 

secretion of IFN-

γ 

Single 10 or 

30μM  in 

vitro 

incubation 

for 20 

hours 

(Nussbaumer 

et al. 2011) 

Mouse-based experiments 

Mouse Thymocytes Increased response to 

flu-HA protein in aged 

mice compared to young 

Enhanced host 

response to 

immunisation 

and increased 

survival 

Single dose 

100μg/kg 

(Melissa et 

al. 2011) 

Mouse CD4+CD25+ T-

regs 

Downregulated CCR4, 

CTLA4, PD-1 and RANKL 

on T-regs 

Attenuated T-

reg enhanced 

breast cancer 

migration rate 

Single 24-

hour 

100μM in 

vitro 

incubation 

(Liu et al. 

2016) 

Mouse Myeloid 

progenitors 

Myeloid/Osteoclast 

Progenitors numbers 

reduced with Zol 

Reduced tumour 

growth 

Single dose 

100μg/kg 

single  

(Ubellacker 

et al. 2018) 
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Mouse Hematopoietic 

Stem cells 

(HSCs), 

myeloid-biased 

and lymphoid-

biased 

progenitor cells 

Transient increase in 

myeloid-biased and 

lymphoid-biased 

progenitor cells 

concurrent with increase 

in HSCs 

Tumour 

outgrowth was 

inhibited by Zol 

administration 

Single dose 

100μg/kg 

(Ubellacker 

et al. 2017)  

 

Further hematopoietic alterations and immunomodulatory functions attributed to Zol in various 

settings; in vitro and in vivo, in human and mouse can be seen in Table 4-1. Importantly, the in vivo 

studies included in the table have used a single, clinically relevant dose of Zol, thereby providing 

evidence that even limited exposure to this drug can result in altered hematological and immune 

populations either through abundance or function. 

Therefore, the hematopoietic and immune-modulatory effects of Zol warrant further investigation to 

establish what cell populations Zol treatment alters in the bone microenvironment other than 

osteoclasts, that sustain a tumour suppressive microenvironment.  

GIPC1 and CAPG 

Specific proteins that potentially influence the response to Zol and may be used as biomarkers to 

select patients that may or may not benefit are not well characterised, but a few have been identified. 

Two such proteins are macrophage-capping protein (CAPG) and PDZ domain-containing protein GIPC1 

(GIPC1), two novel biomarker candidates which have been identified for bone-metastasis in MDA-MB-

231 cells (Westbrook et al., 2016). In proteomic analyses from the AZURE trial, it was found that high 

tumour expression of both proteins led to an increased chance of developing first distant recurrence 

in bone in patients not treated with Zol, compared to patients with a lower expression of the proteins. 

In contrast, patients with high expression of both proteins that were treated with Zol, had a 10-fold 

reduction in the hazard ratio for first distant recurrence in bone compared to control (Westbrook et 

al., 2016). This report identifies GIPC1/CAPG as promising therapeutic targets, but whether inhibition 

or deletion of these proteins in conjunction with Zol administration would affect tumour growth rate 

in vivo needs to be established. I therefore carried out a pilot study to determine if breast cancer cells 

where CAPG and GIPC had been silenced formed tumours in bone following intra-cardiac injection in 

young animals and whether their subsequent growth was affected by Zol treatment. 
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4.2.4 HYPOTHESIS AND AIMS 

The hypothesis underpinning the work in this chapter is that Zoledronic acid reduces bone turnover, 

affecting bone mass, tumour growth and the hematopoietic milieu in young mice. 

The main aims of this chapter were as follows: 

1) Characterise the BMEV and growth of TNBC cells in the bone of young (6-week old) mice  

2) Investigate how tumour growth is affected by Zol and whether this effect is influenced by 

silencing expression of GIPC1 and CAPG in the tumour cells 

3) Determine how weekly Zol modifies the bone microenvironment and influences tumour 

growth  

4.3 MATERIALS AND METHODS 

Method  Parameters analysed  Materials / Equipment / Software 

Bone mineralised content   

Microcomputed 

tomography (µCT) 

-Trabecular bone volume 

(BV/TV in %) 

-Trabecular number 

(TB.N. in mm-1) 

-Trabecular thickness 

(Tb.Th. in mm) 

Trabecular Spacing (in mm) 

-SkyScan 1172/1272 scanner 

(SkyScan) 

-NRecon software 

-CTAn software 

Circulating Blood Cells   

Hematological Analysis 

Circulating erythrocytes, 

thrombocytes, leukocytes, 

hemoglobin and all erythrocyte-

indices in absolute quantity and 

relative percentage 

Scil Vet abc Plus hematological 

analyzer (Horiba Medical) 

Histological assessment   

Tartrate-resistant 

acid phosphatase 

staining (TRAP) 

-Osteoclast number per mm 

of trabecular bone surface 

-Osteoclast size (in mm) 

 

-OsteoMeasure software 

(OsteoMetrics) 

-LeicaDMRB upright microscope 

Haematoxylin and 

Eosin staining 

(H&E) 

-Osteoblast number per mm 

trabecular bone surface 

-Osteoblast size (in mm) 

-OsteoMeasure software 

(OsteoMetrics) 

-Leica DMRB upright microscope 

-Olympus BX53 microscope 

Tumour growth in bone   
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IVIS in vivo imaging 
-Presence of tumour cells in 

live mice and tissue ex vivo 

(IVIS) LUMINA II (Caliper Life 

Sciences). 

Statistical analysis   

Statistical analysis  -Experimental datasets  

-Prism GraphPad 

-Python 3.7.4 : pandas package 

version 1.12 and seaborn package 

version 0.11.0 

4.3.1 CELLS 

For this experiment, two MDA-MB-231 clones were used. An MDA-MB-231 Luc2 positive cell line, 

(referred to as control cells) and MDA-MB-231 cell line with CRISPR-Cas9 mediated knockout of two 

genes, CAPG and GIPC1, (referred to as DKO). Cells were modified by and obtained from Dr Victoria 

Cookson (University of Sheffield) who also found that there was no difference in proliferation rate or 

cell cycle distribution in vitro between control and DKO cells (unpublished). Analysis have shown that 

patients with breast tumours expressing GIPC1 and CAPG are more likely to develop a first distant 

recurrence in bone but that this is also associated with better response to Zol (Westbrook et al., 2016).  

4.3.2 ANIMALS  

Six-week-old female Bagg and Albino (BALB)/c (CAnN.Cg-Foxn1nu/Crl) nude (immunocompromised), 

mice were acquired from Charles River, UK.  Upon arrival, mice were acclimatised in the Biological 

Services Unite (BSU) for a minimum of 7 days before procedures.  

All procedures performed were approved and carried out under Procedure Project Licence (PPL) 

70/8964 and personal license PIL I62B58981 within the Biological Services Unit (BSU) under local 

guidelines and in accordance with Home Office regulations. 

4.3.3 ZOLEDRONIC ACID 

Zol was prepared to by diluting 10μl of stock 10μg/ml Zol solution 1/500 in 4990μl of PBS. Assuming 

an average weight of 20g per mouse, this dilution would yield 100μg/kg when injected at 100μl per 

mouse intra-peritoneally. 

4.3.4 INTRA-CARDIAC INJECTION OF MDA-MB-231 CELLS 

Late-stage metastasis was mimicked by intra-cardiac injection of MDA-MB-231 human breast cancer. 

To establish bone metastases, 100µl of 1x105 cells from either clone, suspended in PBS were injected 

directly into the left ventricle of 32 mice under inhalation anaesthesia consisting of 2-3% isoflurane 

(Zoetis, UK). Subsequently, 16 mice were randomised to receive control cells, and 16 to receive double 

knockout (DKO) cells. Mice were in groups of 4 per cage and were randomised to ensure two mice per 
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cage were injected with either cell line to control for cage-mediated differences. All mice were injected 

on the same day by two operators alternating per mouse to control day-mediated or operator-induced 

differences in cell engraftment in each treatment group. Mice were placed in an incubator at 32°C for 

1-3 hours post-injection and monitored closely for adverse signs in the 24-hour period ensuing. 

4.3.5 IN VIVO IMAGING 

To track tumour progress in vivo, animals injected with cancer cells expressing firefly luciferase were 

injected sub-cutaneously with 100μl of D-luciferin (30mg/kg) 5 minutes prior to imaging on both sides 

of the coronal plane (front and back) of the animal. Imaging was done in the in vivo imaging system 

(IVIS) LUMINA II (Caliper Life Sciences). This procedure was carried out under anaesthetic following 

administration of 2-4% isofluorane. 

Living image software (version 4.1) was used to identify presence and quantify size of tumours by 

bioluminescent capture measured in photos/second and displayed on a scale with different colours 

representing varying intensities of luminescence. Both larger size and increased intensity of 

luminescence represent larger tumours. 

4.3.6 INTRA-PERITONEAL INJECTION OF ZOLEDRONIC ACID OR PBS 

Seven days post intra-cardiac injection of MDA-MB-231 cells, mice from both the control and DKO 

group were randomised to receive either PBS (n=8 per group) or Zol (n=8/group). Zol, prepared at 

100μg/kg per mouse per 100μl or PBS were injected at a volume of 100μl per mouse once per week 

for four weeks. Injections were performed intraperitoneally on opposite sides of the sagittal plane 

relative to the previous injection, injected in the left or right segment of the peritoneum. 

4.3.7 EX VIVO ANALYSIS 

4.3.7.1 HEMATOLOGICAL ANALYSIS 

Upon culling, mice had their blood withdrawn through cardiac puncture, of which 20μl was placed 

into 500μl Eppendorf tubes containing 20μl of EDTA to prevent clotting, thoroughly mixed and stored 

at room temperature for up to 2 hours post-cull. These samples (10μl per sample) were then run 

through a Scil Vet abc Plus hematological analyzer (Horiba Medical) which measured total white blood 

cells (number per 103/mm3 blood), total red blood cells (number per 103/mm3 blood), lymphocytes 

(percentage (%) and number per 103/mm3 blood), monocytes (percentage (%) and number per 

103/mm3 blood), granulocytes (percentage (%) and number per 103/mm3 blood), eosinophils 

(percentage (%) and number per 103/mm3 blood), hemoglobin (g/dL), hematocrit (percentage), mean 

corpuscular volume (μm3), mean corpuscular hemoglobin (pg), mean corpuscular hemoglobin 

concentration (g/dL), red blood cell distribution width (percentage), platelets (number per 103/mm3 

blood) and mean platelet volume (μm3). 

 



 

 

159 

 

4.3.7.2 PREPARATION OF SAMPLES FOR HISTOLOGY AND BONE HISTOMORPHOMETRY  

Immediately following dissection, tibias used for histology and histomorphometry were placed in 4% 

(w/v) paraformaldehyde (PFA) for 48-72 hours. These were then washed 3 times in ice-cold PBS and 

stored in PBS at 4°C pending μCT analysis. Once μCT scanning was complete, bones were placed in a 

PBS 14% (w/v) ethylenediaminetetraacetic acid (EDTA) solution for decalcification. This solution was 

changed twice a week for 3 weeks before bone processing. Bones were subsequently paraffin-

embedded (wax). To obtain sections for histological analysis, wax embedded tibias were cut at 3µm 

thickness, and 6 samples taken from 3 levels, 20-30µm apart before mounting on glass slides and 

stored at room temperature. 

4.3.7.3 MICROCOMPUTED TOMOGRAPHY 

Micro-computed tomography (µCT) performed on bones was performed in three steps; scanning, 

reconstruction and analysis. Scanning involves the projection of x-rays through a sample onto a 

detection plate to create an image representing mineralised bone using a SkyScan 1172/1272 scanner 

. The sample is then partially rotated through a selected rotation range with smaller rotation steps 

with an x-ray-generated image created at each rotation step. The collection of images is subsequently 

collated and reconstructed to produce 3D images. Finally, 3D images are analysed to produce 

quantitative data on various bone physical parameters.  

4.3.8 STATISTICAL ANALYSIS 

Graphpad prism 8.0.2 was used to derive statistical analysis, running singular or multiple t-tests where 

appropriate, analysing both row factor (treatment), column factor (tumour status) and row x column 

factor (treatment given tumour status) t-tests. 

Correlation plots were drawn using Python 3.7.4 using Pandas package 1.1.2 correlation plot with the 

spearman correlation parameter, and Seaborn package 0.11.0 heatmap to visualise results. 

4.4 RESULTS 

4.4.1 CELL CLONE BIOLUMINESCENCE 

Bioluminesence as observed during in vivo imaging relies on the production of exogenously 

incorporated luciferase, expressed by tumour cells, and their subsequent metabolism of D-luciferin to 

produce photons that are detected, quantified and displayed by Living Image software as photons per 

second. The expression of luciferase and rate of uptake of luciferin may be different between clones 

and can therefore affect the rate of release of photons per cell. This may lead to incorrect 

measurements and comparisons of tumour size, and therefore tumour growth rate.  As I used 2 

different MDA-MB-231 breast cancer cell clones in this experiment (control cells and DKO cells where 

CAPG and GIPC1 had been silenced), it was possible that their Luc2 expression may have been 

different, and would have confounded in vivo estimation of tumour size using bioluminescent capture. 
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Fewer cells with a stronger bioluminescent output could therefore appear a similar size to a higher 

number of cells with a lower expression of Luc2. 

To assess whether clone type impacted observable bioluminescence, cells from each clone were 

suspended in 1ml of media at different densities (5x105, 1x105, 5x104 and 1x104 cells per well) in a 12-

well plate, incubated with 10μl of D-luciferin (6mg/ml) and exposed in (IVIS) LUMINA II for 60 seconds.  

Control cells showed a higher bioluminescence than DKO cells (see Figure 4-1). These results 

demonstrate that an equal number of cells from each clone yields different bioluminescence intensity, 

hence making it a challenge to accurately compare tumour size from the different clones based on 

bioluminescent signal in vivo.  
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Figure 4-1: Left: Bioluminescent analysis of different clone types seeded at different densities in 1ml medium, incubated with 10μl 
luciferin and exposed for 60 seconds . Top: MDA-MB-231-GIPC1/CAPG double-knockout cells; A.) 5x105, B.) 1x105, C.)  5x104 and D.)1x104 
cells per well. Bottom: MDA-MB-231 control cells; E.) 5x105, F.) 1x105, G.) 5x104 and H.) 1x104 cells per well. Right: Bioluminesence of 
the two MDA-MB-231 clones used in this experiment at different cell densities 

4.4.2 EXPERIMENTAL OUTLINE 

To assess the effect of Zol on the bone microenvironment and tumour growth in bone of young, 

immunocompromised mice, 6-week old female BALB/C nude mice (n=32) were randomised into two 

groups of n=16 injected with 1x105 either control or DKO MDA-MB-231 cancer cell clones, before being 

randomly assigned to one of two groups (n=8/treatment group/cell type) that received four 

consecutive weekly treatments with either PBS (control) or Zol  (100μg/kg) (see Figure 4-2).  
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Figure 4-2: Experimental outline to assess the effect of Zoledronic acid on the bone microenvironment and circulating immune cells. On 

day 0, all mice (n=32) were injected intra-cardiac with 1x105 MDA-MB-231 cancer cells in 100l suspension and randomised on day 7 to 
receive either PBS or Zoledronic acid once weekly for 4 weeks before subsequently being culled on day 32. 

Randomisation was performed according to strength of bioluminescent signal in the skull as imaged 

24 hours following injection with cells, a measure of the success of intra-cardiac injections, to ensure 

both treatment groups in both cell clone groups were similar in cancer cell uptake profile (see Figure 

4-3). After four once-weekly treatments, mice were culled on day 32. Two mice in the PBS-treated 

developed hind limb paralysis, one shortly after intra-cardiac injection, and the other two weeks later 

and were subsequently culled due to humane endpoints, resulting in final numbers of n=16 in the Zol 

group  and n=14 in the PBS control group. See Table 4-2 for a more detailed breakdown of 

randomisation and tumour growth per stratified group. 
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Figure 4-3: Example bioluminescent imaging 24 hours following intra-cardiac injection as an indicator of injection success. A.) Left, mouse 
7, an example of no signal. B.) Middle, mouse 10, an example of weak signal. C.) Right, mouse 4, an example of strong signal. 

Table 4-2: Stratification of animals into different groups according to signal strength and subsequent skeletal tumour development with 
percentage figures. W; Weak signal, S; Strong signal, N; No signal in the skull 24 hours following intra-cardiac injection with cancer cells. 

 

Mice with any signal 24 hours post intra-cardiac injection were defined as positive, whereas mice with 

no signal were defined as negative. As can be seen in Table 4-2, 100% of the mice with a detectable 

bioluminescent signal in the skull 24 hours following intra-cardiac injection went on to develop skeletal 

tumours. Mice with no signal were a higher percentage (62.5% in DKO and 46% in control groups with 

no signal, compared with 25% DKO and 13% control with weak signal and 12.5% DKO and 40% control 

with strong signal), and fewer developed tumours (40% in DKO and 71.4% compared to 100% of both 

weak and strong signal in both clone groups groups) than those with weak or strong signal. The 

resultant animals not bearing tumours were all from the group with no signal and therefore it is 
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assumed that the lack of tumour development was due to poor cell uptake in this group, rather than 

due to treatment effects. 

To assess whether first time to metastasis was affected by treatment, analysis was done of the time it 

took to achieve first observable metastasis within the hind limbs in vivo as detected by a 

bioluminescence signal. As can be seen in Figure 4-4, within animals receiving the control cells, the 

use of Zol appeared to reduce the time to first observable metastasis, whereas it significantly delayed 

the time to metastasis in DKO cells (p 0.0059 as measured by two-way ANOVA). 

 

Figure 4-4: A.) Average time to first tumour as stratified by treatment and cell type. Difference between means of Zol and PBS treated 
animals was 1.375 days, p 0.3128, whereas difference between cell type was 0.5 days p 0.7113. However, combined ANOVA identified a 
mixed difference of 1.1 days, with a p value of 0.0173 as analysed by a two-way ANOVA.B.) Average time to first observable tumour when 
omitting animals that did not go on to develop any tumours. Treatment difference p-value 0.9392, cell-type p-value of 0.9392 and mixed 
effect analysis p-value of 0.3286 as assessed by a two-way ANOVA. No significant differences were observed 

Further analysis into time to first tumour identified 9 animals that did not develop any tumours, which 

all belonged to the cohort of animals with no signal in the skull 24 hours following injection of tumour 

cells. These were omitted from analysis as they were assumed to not have had tumour cells of 

sufficient quantity injected into their circulation. Including them in the analysis would bias the effects 

of treatment on preventing tumour growth as only animals with engrafted tumour cells should be 

considered. Omitting these animals from analyses, the differences between cell types and treatments 

became less apparent and showed only minor effects with a mixed factor analysis p value of 0.3286. 

4.4.3 ASSESSING THE EFFECTS OF ZOLEDRONIC ACID ON TUMOUR GROWTH 

Mice were monitored weekly by in vivo imaging for tumour growth. As can be seen in Figure 4-5, the 

number of animals with skeletal tumours, and their growth, were comparably similar between the 

Zol-treated and PBS-treated groups. Attenuation of tumour growth by Zol was not observed as the 

individually tracked mice and the grouped analyses both reflected a relatively similar rate of tumour 

growth in skeletal sites.  
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Figure 4-5: The total flux per individual mouse measured on all skeletal sites bearing tumours over time distinguished by A.) treatment  
only for individual mice, including both cell types B.) treatment only for group averages C.) treatment and clone type for individual mice. 

No significant trend was observed into the attenuation of tumour growth by either PBS or Zol, nor did 

the clone type have significant differences on tumour growth rate. Control cells appeared more 

luminescent in in vitro  assessment, and as such, appear more luminescent in these graphs. However, 

the difference between control and DKO cells varied with cell count, making it difficult to normalise 

the in vivo  derived bioluminescence without knowing the cell count.  

10 out of 15 (66.7%) of PBS-treated animals and 8 out of 16 (50%) Zol-treated animals developed 

tumours in the hind limb by the first week, rising to 11 out of 14 (78.6%) and 9 out of 16 (56.25%) 

treated with PBS and Zol, respectively, by the second week. Eight out of 16 in DKO-injected animals 

and 10 out of 15 (66.7%) in control-injected animals developed tumours by week 2. Overall, there was 

no significant difference in tumour growth rate or first time to tumour between the different clones 

injected, nor did Zol treatment affect tumour growth rate. Animals from both cell clone groups and 

both treatments within those groups displayed a range of tumour numbers and sites (hind limb, spinal 

and front limb), as well as rates of growth which were not characteristic of any single treatment/cell 

clone stratification and seemed random (see Figure 4-6:). As a result of this variability, conclusions as 

to the effect of the clone type or treatment could not be firmly made.  

The quantification of the number of animals bearing skeletal tumours were used in the subsequent 

results. 
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Figure 4-6: A. (Left) Example images of tumour growth in both Zol-treated and PBS-treated animals. A.) variety of tumour growth 
characteristics from none (no tumour), small number of site engraftment (medium burden) and widespread tumour growth (heavy 
burden) can be seen in both groups. B.) (Top Right) The number of animals with hind-limb skeletal tumours. Tumour-free PBS treated 
n=5, tumour-free Zol treated n=5, tumour bearing PBS treated n=9, tumour-bearing Zol-treated n=11. C.) (Bottom Right) (Right) Summary 
table of number of animals per treatment group across treatments and tumour status. 

4.4.4  EFFECTS OF ZOLEDRONIC ACID ON TRABECULAR BONE 

Zol is a potent anti-resorptive agent that reduces bone turnover. Trabecular bone has a higher rate of 

turnover than cortical bone (Ott, 2018), effects of Zol would be most pronounced in trabecular bone 

and analyses were therefore focussed on this area. As the mice injected were young (age 6-7 weeks 

at the start of Zol treatment), a relatively high rate of bone turnover was assumed. Osteoclast 

inhibition would therefore lead to increased trabecular bone and be a reliable indicator into the effect 

of Zol. To establish this, μCT analysis was performed on the trabecular region of tumour-free tibias 

from all mice with at least one tumour-free tibia (n=28). 

Figure 4-7 illustrates the differences between Zol-treated and PBS-treated animals, showing that 4 

weeks of weekly Zol treatment has a dramatic effect on bone architecture, increasing the amount, but 

not the thickness, of trabecular bone. These results were quantified in detail (Figure 4-8) 
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Figure 4-7: Example first scanning region of interest from 5 different mice treated with four weekly doses of Zol (A-E) and or with four 
weekly doses of PBS (F-J). 

 

  

Parameter PBS-

treated 

mean 

Zol-

treated 

mean 

Difference 

between 

means ± SEM 

P Value 
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Percent Bone Volume 

(%) 

15.14 40.15 25.01 ± 3.101 < 0.0001 

Trabecular Thickness 

(mm) 

9.60 9.55 0.05 ± 0.312 0.8845 

Trabecular Separation 

(mm) 

30.77 18.47 12.30 ± 1.907 < 0.0001 

Trabecular Number 

(mm-1) 

0.015 0.042 0.27 ± 0.003 < 0.0001 

Figure 4-8: Effects of Zoledronic Acid on bone structure and integrity in the absence of tumour. Quantification of A.) trabecular bone 
volume (BV) per tissue Volume (TV) (BV/TV%), B.) Trabecular Thickness, C.) Trabecular Separation and D.) Trabecular Number for animals 
(n=28) given four once weekly doses of 100μg/kg Zoledronic Acid (n=16) or PBS (n=14). Two-tailed t-test with Welch’s correction 
performed for significance. **** indicates a p-value of <0.0001. 

As shown in Figure 4-8, percentage bone volume and trabecular number were all significantly 

increased and trabecular separation significantly increased in Zol-treated mice compared to control. 

In contrast, trabecular thickness was unchanged between groups. As osteoclasts are responsible for 

bone resorption, results show that Zol significantly reduced osteoclast activity. 

4.4.5 BONE HISTOMORPHOMETRY 

To assess the effect of Zol on bone resident populations, TRAP staining (allowing detection of active 

osteoclasts stained red in the following figures) was performed on tibias from mice treated with four-

weekly 100μg/kg doses of Zol (n=6); with (n=3) and without (n=3) tumours, and from mice treated 

with four-weekly injections of PBS (n=6); with (n=3) and without (n=3) tumours. 

This experiment was completed in March 2020, at the commencement of the national lockdown, and 

samples were subsequently stored in PBS after being fixed with 4% PFA for 24 hours. However, at the 

time, it was not known how long lockdown would last. The samples were subsequently left in PBS for 

5 months, which is postulated to be responsible for causing dispersion of the bone marrow cellular 

content specifically around the trabecular region. Most samples displayed this condition, which 

involved dispersion of bone marrow cellular content, as well as the compression of bone marrow cells 

against the trabecular bone (see Figure 4-9 for dispersion compared to a reference image in Figure 

4-10 without dispersion).  
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Figure 4-9: 10x magnification of zol-treated tibia showing dispersion of marrow cells around the trabecular region. Empty spaces can be 
seen where bone marrow cells would normally be expected to be filled. 

 

Figure 4-10: Reference bone with no dispersion of cells between trabeculae 

These effects made it difficult to accurately identify osteoblasts, which appear cuboidal and flat 

compared to other bone resident cells. The compressed marrow cells developed a flattened 

appearance, making them difficult to distinguish from osteoblasts that were stained a similar colour 

by Gill’s haematoxylin, in contrast to the red-stained osteoclasts (see Figure 4-11). As a result, 

osteoblast quantification could not be performed on these samples and analyses focused on 

osteoclasts (in red). 
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Figure 4-11:40x magnification of Zol-treated tibia showing dispersion and compression of cells against trabecular bone. Red stained 
osteoblasts can be easily identified, but accurate osteoblast measurements are difficult.  

In representative images, the volume of trabecular bone between Zol-treated and PBS-treated tibias 

could be visualised, with Zol treated tibias showing an increased volume of trabecular bone. Some 

tibias with tumour cells had significantly reduced trabecular bone due to extensive tumour growth 

filling the marrow cavity (see Figure 4-12). 
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Figure 4-12: 8.7x magnification of representative tibias A) PBS-treated tibia showing trabeculae and number of osteoclasts (top), and B) 
Zol-treated tibia showing trabeculae and number of osteoclasts (middle), and C) PBS-treated tibia bearing tumour 
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Figure 4-13: 40x magnification of ex vivo tibia sections with tumour cells, either DKO or control,  following four once-weekly treatments of PBS or 100µg/kg Zol. A.) Control tumour cells treated with PBS, B.) DKO 
cells treated with PBS, C.) DKO cells treated with Zol. Control cells treated with zol missing due to sample degradation
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Tumour cells within the bone retained a squamous epithelial morphology with a larger cell size than 

most cells within the bone marrow and positive TRAP staining within the tumour. Tumour cells from 

the control group appeared larger and showed a more spindle-like morphology than DKO cells, 

whereas the DKO cells appear smaller and rounder in morphology. 

Treatment with Zol did not seem to change the general morphology of the DKO tumour cells as could 

be detected by microscope. 
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Figure 4-14: The average number/mm of osteoclasts in the trabecular area of tibias in animals treated with PBS or Zol and stratified by 
the presence or absence of tumours in the tibia measured. A) tumour free tibias, treated with Zol (n=3) or PBS (n=3), B) tumour bearing, 
treated with Zol (n=3) or PBS (n=3), C) tibias treated with PBS with (n=3) and without (n=3) tumours, and D) tibias treated with Zol with 
(n=3) and without (n=3) tumours in measured tibias. The table shows group means, differences between the means and P value. No 
significant differences were observed. 

When accounting for all tibias with and without the presence of tumours, the number of osteoclasts 

is significantly increased in the Zol treated animals compared to PBS treated animals (see Figure 4-15).  

This difference seems to be driven mainly by an increase in the number of osteoclasts in tumour free 

tibias treated with Zol with a difference between means (compared to PBS) of 1.160 (p=0.1052). 

However, separate analysis of the tumour-free tibias did not reveal a significant difference when 

comparing treatments, and the increased significance when combining tumour free and tumour 

bearing tibias may be a facet of increased numbers and therefore more likely significance in statistical 

tests. Indeed, this increase in osteoclast number in tibias from Zol treated mice was also seen in 

histology slides (see Figure 4-12). 
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Figure 4-15: The average number of osteoclasts in the trabecular for all tibias with and without tumours, stratified y treatment .Average 
number of osteoclasts per mm for PBS 1.34, compared with Zol, 2.55. Difference between means (SEM) 1.208 ± 0.2767and p = 0.0058. 

4.4.6 CHARACTERISING THE EFFECTS OF ZOLEDRONIC ACID ON CIRCULATING BLOOD CELLS 

Due to the major impact of Zol treatment seen in the µCT analysis, the question was raised as to 

whether reduced physical space may have an effect on other cells in the niche, such as terminally 

differentiated progeny that are more numerous than their bone-resident progenitor cells, nor 

whether this can be identified in the circulating milieu (Ubellacker et al., 2017). 

To characterise the effects of weekly Zol administration on circulating hematopoietic cells, 

hematological analysis was carried out on 10μl of blood diluted 1:1 in EDTA from all mice (n=30). 

Animals were classified as tumour free or tumour bearing on the basis of having detectable skeletal 
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tumours (luc 2 signal) by IVIS following cull and ex vivo imaging of hind limbs and samples were 

collected 2 hours after the last Zol administration.  

As shown in Figure 4-16 Zol treatment did not cause significant changes to circulating hematopoietic 

cell populations compared to control. There was also no significant difference in these cells between 

tumour-free and tumour-bearing animals. Multiple t tests measured the difference between tumour 

status (tumour free vs tumour bearing), treatment (Zol-treated vs PBS-treated) and cross-testing of 

tumour status incorporating treatment using two way analysis of variation (ANOVA). These yielded 

non-significant results and the group averages did not show a trend in any direction. However, 

eosinophils had a trend to increase with Zol treatment regardless of tumour status, as can be seen 

with a lower p-value of 0.1149 when taking into account treatment effects only, but a higher p-value 

of 0.7359 when taking into account tumour status only, suggesting Zol had a minor effect on 

circulating eosinophils. Granulocytes also showed a similar trend, although not as strong as 

Eosinophils, with a treatment only p-value of 0.2686 and a tumour status p-value of 0.7494. 
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To visualise correlations between the treatment type and effects on measured parameters from 

circulating hematopoietic cells, a correlation plot using pandas and seaborn within python were used. 

To obtain a correlation with treatment type, treatments had to be converted into numerical encoding; 

1 for PBS-treated animals and 0 for Zol-treated animals. As such, negative correlation with treatment 

indicates a correlation of increased number with Zol treatment, and a positive correlation indicates 

decreased correlation with Zol-treatment (see Figure 4-17). Areas of high  

 

Figure 4-16:  The effects of Zoledronic Acid on circulating hematopoietic cells in animals bearing tumours and tumour-free animals. 
Actual values and p-value results can be seen in table 
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Figure 4-17: Correlation plot showing correlation between different parameters analysed by hematological analysis using spearman 
correlation; positive values (from 0-1) indicate positive correlations with an increasing value, negative values (from 0 to -1) indicate 
negative correlations and 0 represents no correlation. Areas of high positive correlation have colour tending towards bright yellow with 
increasing positive correlation. Areas of high negative correlation tend towards black colour with decreasing negative correlation value 
(and therefore increased negative correlation). Areas of no correlation tend towards purple/red at 0. 

The correlation plot shows minor correlations with the treatment column, suggesting that treatment 

had a weak effect on circulating hematopoietic cells. Interestingly, granulocyte percentage and 

eosinophil percentage had correlations of -0.21 and -0.27 respectively, suggesting an increase of 

eosinophils and granulocytes as a result of Zol treatment. This confirms data shown in Figure 4-16 

which, although insignificant, show a trend towards increasing eosinophil and granulocyte 

percentages with Zol treatment. 
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4.5 DISCUSSION 

4.5.1 GENERAL OVERVIEW 

In this chapter, I explored how Zol affects skeletal metastases growth in young animals, through the 

modulation of the microenvironment. Included in this analysis was whether the cancer cell clone type 

had a significant effect on growth characteristics when Zol was administered, whether the 

hematopoietic milieu was altered, both in the bone marrow and in the circulation, as well as how 

repeated administration compared to results reported by literature following administration of a 

single dose. 

4.5.2 DOSING CONCENTRATION AND SCHEDULE 

The clinical dosing regimen for Zol is a dose of 4mg given every 3-4 weeks in patients with confirmed 

bone metastases. The in vivo dose of 100μg/kg used in this project is equivalent to that given in the 

clinic and several studies have investigated the effects of single doses of Zol  (Brown et al., 2012, 

Haider et al., 2014, Ottewell et al., 2008, Ottewell et al., 2015) , therefore I sought to characterise the 

effect of multiple clinically relevant doses at an increased frequency. Although the cumulative effect 

of weekly administration is significantly higher than the clinical administration given once every 3-4 

weeks, my dosing regimen maintained the clinical relevance at single doses, and was selected to 

ensure maximal suppression of osteoclast activity. This would allow investigation into the impact of 

inhibition of osteoclastic activity on bone structure, hematopoeisis and tumour growth in bone. 

Furthermore, the rate of cancellous bone turnover is higher in mice (0.7% per day as measured in the 

distal femur) compared to humans (0.1% per day as measured in the iliac crest), and a more frequent 

dosing is therefore commonly used in murine models  (Jilka, 2013). 

4.5.1 EFFECT OF ZOLEDRONIC ACID ON BONE STRUCTURE 

The effect of Zol on trabecular bone showed a dramatic effect, increasing the amount, but not the 

thickness, of trabecular bone. Zol primarily inhibits osteoclasts, leading to a reduction in bone 

resorption, and as a consequence, it is expected that there would be an increase in bone volume and 

alterations in the trabecular structure, but not an alteration in thickness which would suggest an 

increase of osteoblastic function. The major increase in bone volume following repeated Zol dosing is 

likely to affect multiple bone niches with potential implications for their resident cell populations such 

as HSCs and the bone microvascular network.   

My findings are in agreement with previous studies showing that administrations of Zol have 

significant impact on trabecular bone parameters; percent bone volume, trabecular number and 

reduction in trabecular separation. These effects have been observed consistently in both  young (6-

week old) and mature (12+-week old) mice (Brown et al., 2012, Haider et al., 2014, Ottewell et al., 

2008, Ottewell et al., 2015). In all these studies, Zol was shown to increase bone volume percentage 

and improve bone structural integrity compared to control, but did not significantly alter tumour 

growth on its own, despite beginning Zol treatment prior to the injection of cells in young (4-7 week 



 

 

178 

 

old) mice. However, Zol showed enhanced anti-tumour efficacy when combined with a standard of 

care treatment, such as Doxorubicin compared to the standard of care alone (Ottewell et al., 2008). 

In agreement with the previously published studies I found using Zol as a single agent enhanced bone 

structural integrity, but without antitumour activity. These data support the combination of Zol with 

a chemotherapy over a single agent in osteolytic bone disease. 

Interestingly, at the cellular level, Zol did not significantly alter the number of osteoclasts in trabecular 

bone when stratified by the presence or absence of tumour, nor did it significantly alter the number 

of osteoclasts when comparing tibias that were tumour bearing and tumour free. As Zol primarily 

targets osteoclasts, this was a surprising result. However, it must be noted that in several tumour-

bearing bone samples had their trabecular bone completely replaced by tumour, and as osteoclasts 

tend to be located along the bone surfaces, this may have led to a false negative result. Ubellacker 

and colleagues (2017), found that a single dose of Zol induced a 7-fold decrease in the number of 

osteoclasts after a single dose of Zol at 100 μg/kg (Ubellacker et al., 2017). It may be that the quantity 

of osteoclasts is proportionate to the increased trabecular bone area in young mice with higher rates 

of hematopoiesis, as Zol induces apoptosis in actively resorbing osteoclasts at a higher rate than 

inactive precursors. This however, is contradictory to findings by Ubellacker and other results in 

mature mice. The increased osteoclast number in Zol-treated animals could be seen in histology slides. 

Furthermore, this was driven by increased numbers of osteoclasts in Zol-treated in tumour free 

animals than those without tumours, suggesting that the presence of tumour cells did not drive an 

increase in osteoclasts. It must be noted, however, that although there was an increase in osteoclast 

numbers, they were less active as, seen in histology slides and μCT data, showing a significant increase 

in trabecular bone in Zol-treated animals. Unfortunately, the osteoblast numbers could not be 

accurately determined in these samples, whose numbers may have shed light on the population 

balance between Zol-treated and PBS-treated tibias. Serum bone turnover markers for osteoclast and 

osteoblast activity, TRAP and P1NP respectively, would be more accurate measurements of dynamic 

changes in bone turnover, but would be still limited to end-point measurement. Ultimately, Zol still 

produced the same increase in trabecular bone as expected. 

4.5.2 EFFECT OF ZOLEDRONIC ACID ON CIRCULATING HEMATOPOIETIC POPULATIONS 

The BALB/c Nude mice used in this study carry a mutation in the transcription factor Forkhead box 

protein N1 gene, Fox N1 (former name: Whn or Hfh11) (Schorpp et al., 1997). The mutation in the 

gene coding for this pleiotropic protein is responsible for hairlessness and athymia which is a typical 

phenotype of mice carrying mutations in this gene (Schorpp et al., 1997). The result is an 

immunodeficient status due to significant reductions in T-cells that mature in the thymus (Flanagan, 

1966). As I carried out haematological analysis of these T-cell depleted mice, lymphocytes were 

identified as being the largest population of circulating immune cells. Despite lacking T-cells, athymic 

nude mice possess comparable B-cell compartment, in terms of abundance and diversity, to wild-type 

BALB/C Foxn1+/+ mice and are the cell type responsible for the abundance of circulating lymphocytes 

(Cancro and Klinman, 1980, Quintáns and Lefkovits, 1973). Notwithstanding the lack of T-cell 
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compartments, athymic nude mice produce other immune subsets , which have been reported to be 

altered by Zol, as well as a range of hematopoietic cells.  

Ubellacker et al. (2017) demonstrated that by administering a single dose of Zol at the concentration 

I used (100μg/kg) in the same mouse strain (BALB/C Nude) and age (6-7 weeks) altered the 

hematopoietic population as estimated by flow cytometry of flushed bone marrow from femurs. In 

particular, hematopoietic stem cells (HSC) (day 3) and common myeloid progenitors (CMP) (days 3 

and 5) were increased after Zol administration, but common lymphoid progenitors (CLP) (day 5) were 

reduced following Zol administration compared to PBS-treated mice. Therefore, a significant 

alteration of these progenitor cells which give rise to immune cells was mediated by a single dose of 

Zol. In addition, megakaryocyte/erythroid progenitors (MEPs, which give rise to megakaryocytes, 

erythrocytes and platelets) were also significantly increased at day 5 post-Zol treatment (Ubellacker 

et al., 2017). Importantly, all of these progenitor cells populations returned to near-baseline levels by 

day 10 following Zol administration, suggesting a transient change that is restored after a period of 

time. Whether repeated doses of Zol would sustain a significant change in these cells over time, or 

whether cells would be de-sensitised to repeat Zol exposure, is still unanswered. 

My analysis of hematological cells circulating in peripheral blood vessels showed no significant 

alteration in the daughter cells that differentiate from the aforementioned progenitor cells. Lymphoid- 

and myeloid-derived immune cells, as well as red blood cells and platelets showed no significant 

changes in animals treated with Zol compared to those treated with PBS. Ubellacker et al. (2017) also 

followed up their findings of altered hematopoietic stem and progenitor cells, measured through flow 

cytometry, with hematological analysis of peripheral circulating hematopoietic cells, and similarly 

found no significant changes in circulating hematopoietic cells in BALB/C Nude mice following a single 

dose of Zol, but a slight trend towards reduced neutrophil and monocytes in these animals compared 

to vehicle-treated control. Of note, Ubellacker et al. (2017)  treated C57BL/6 mice with Zol and found 

alterations in the hematopoietic stem and progenitor milieu in the bone marrow, similar to that in 

BALB/c Nude mice treated with Zol, but also found a corresponding significant increase in circulating 

monocytes and neutrophils (day 3 and 5), as well as platelets (day 5) after Zol treatment. This altered 

population was back to baseline levels after 10 days following Zol treatment, again suggesting a 

transient increase in circulating monocytes, neutrophils and platelets similar to the transient nature 

observed in the stem and progenitor cells in the bone marrow. Their findings suggest that 

hematopoietic stem and progenitor cells are significantly altered by Zol within the bone marrow, yet 

mice lacking an intact, complete immune system do not display a corresponding significant change in 

differentiated circulating cells. 

The findings from Ubellacker et al. (2017) showed that the most significant alteration in the 

hematopoietic cells were detected between 3 and 5 days post Zol treatment. As my analyses were 

carried out within four days of the last Zol administration, they were within the window of time 

showing the largest difference in these cell types between control and Zol treated animals, and any 

changes to circulating cells would not be expected to have returned to homeostasis within this time. 

Therefore, it can be concluded that there were no significant changes to circulating hematopoietic 
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cells even after four repeated weekly doses of Zol. This is in agreement with findings by Ubellacker et 

al. (2017) which show that immunocompromised mice do not exhibit significant changes in the 

circulating milieu as a result of repeated weekly exposure to Zol.  Importantly, progenitor cells 

appeared to recover their function in-between repeated treatments, and this may be a basis as to why 

the circulating population was maintained. 

Despite having a significant effect on the physical bone structure as demonstrated by the uCT results, 

my analyses confirmed that Zol did not appear to have a significant effect on circulating immune cells. 

Hematological analysis showed no significant difference in the circulating hematopoietic population 

measured, which is in agreement with previously published data (Ubellacker et al., 2017). Questions 

still remain as to the tightly controlled homeostasis of circulating hematopoietic cells. The immune 

landscape is known to transform in the presence of tumours, yet the presence or absence of tumours 

in PBS-treated animals did not appear to have a significant difference on circulating hematopoietic 

cells either. Furthermore, the lack of resolution into immune subsets may have played a role in a 

seeming lack of difference in immune types, as Zol has been shown to polarise or induce 

differentiation in subsets of immune cells in specific tissue locations, rather than alter their abundance 

(Clarke et al., 2018, Comito et al., 2017, Coscia et al., 2010, Veltman et al., 2010). Still, previous data 

showing alterations in circulating immune cells in mice with a fully intact immune compartment 

suggest that the presence and/or activity of T-lymphocytes plays a significant role into the effect of 

Zol on circulating immune subsets of hematopoietic cells. 

Routine clinical use of Zol reflects the single administration given to mice by Ubellacker et al. (2017) 

and assessed within 3 weeks, compared to the weekly doses I used in my studies, which was at a 

higher dosage and intensity than the most frequent dose of 4mg every 3-4 weeks (BNF, 2020). No 

change in circulating hematological populations in mice at either a clinically-relevant dosing regimen 

used by Ubellacker et al. or an increased frequency used in my studies, is consistent with clinical 

guidance in which disturbances of the hematological compartment are limited to uncommon 

(haematuria, leucopenia and thrombocytopenia) and rare or very rare (pancytopenia) side effects with 

the use of Zol (BNF, 2020). My findings are in agreement with those from the AZURE trial which placed 

patients on a frequent dosage of 4mg/3-4 weeks for six doses, then every 3 months for eight doses, 

followed by every 6 months for five doses, for a total of 5 years of treatment, monitored hematological 

function of women enrolled on the study and did not report significant effects that altered 

hematological function while on Zol, illustrating the minimal impact of Zol on circulating 

hematopoietic abundance (Coleman et al., 2014). 

4.5.3 THE EFFECT OF ZOL ON TUMOUR GROWTH IN BONE AND YOUNG ANIMALS 

Although Zol had a significant effect on the bone structure, this did not translate into significant effects 

on the rate of tumour growth. There was no significant difference in tumour growth rate between 

animals treated with Zol and those treated with PBS, regardless of tumour cell clone. 
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Tumour growth is increased by growth factors released during accelerated bone turnover, but also 

induce bone turnover through the vicious cycle, meaning that micro-metastases size at time of 

treatment may be important in establishing the success of Zol as an intervention (Chirgwin and Guise, 

2000, Guise and Chirgwin, 2003). Furthermore, tumours may reach a size and become 

microenvironment-independent such that inhibition of osteoclasts does not significantly affect 

tumour growth.  

Considering this, the size of established tumours at the point when Zol treatment was initiated has 

the potential to affect its ultimate effect on controlling tumour growth. Previous studies from our lab 

have shown bone colonisation rates of a few dozen cells per bone, but this was in mature (aged 12 

weeks+) mice (Allocca et al., 2019a). This rate may be significantly higher in young mice (age 6-8 

weeks), but it assumed similarly small clusters of a few cells would form and colonise the bone 

microenvironment even though ultimately numbers may be higher. At this size, the microenvironment 

would have a significant effect on the replicative ability of tumour cells. A week after I injected the 

tumour cells, a significant number of mice (n=18) had already developed a detectable tumour in a 

skeletal site. Through examining the cells’ bioluminescent profile (see Figure 4-3), at a count of 104 

cells, there was barely any signal identified. Therefore, detectable tumours would be assumed to 

contain cells exceeding this number, and especially considering the location of the tumours 

underneath tissues that occlude a significant portion of signal. It can thus be stated that by the time 

Zol was introduced, many of the animals had tumours that may have had capacity to grow, at least 

partially independent of the microenvironment, thus any alterations by Zol may have been 

insignificant for tumour growth.  

Previous studies which used Zol after the introduction of tumour cells administered Zol at an earlier 

time point and further used a chemotherapy combination to inhibit tumour growth (Brown et al., 

2012, Ottewell et al., 2008). An example is work done by Brown  et al. (2012) using 6-week old BALB/c 

nude mice with inoculation of a similar number of MDA-MB-231 cells as I used (1x105), followed by a 

single PBS, Zol (100μg/kg) or Doxorubicin (Dox) (2mg/kg) administration 24 hours later. A subset of 

the animals received Zol treatment 24 hours following Dox injection (Brown et al., 2012). In these 

studies, the use of Zol alone did not alter tumour growth when assessed on day 15 and 23, whereas 

the combination of Zol with Dox did result in attenuating the growth of the tumours. Breast tumour 

cells grow in organs outside the bone, indeed the primary tissue is distinct, where osteoclasts and the 

vicious cycle are not present. As such, it is to be expected that osteoclast-independent growth can 

continue even in the presence of osteoclast inhibitors like Zol.  

The effect of Zol alone on inhibiting tumour growth has been shown in a few studies, but these have 

used a significantly higher dose of Zol compared to the clinically-relevant dose, which is limited due 

renal toxicity at higher doses. Croucher et al. used 120μg/kg Zol twice weekly for 12 weeks to prevent 

osteolytic myeloma bone disease in 6-week old C57 mice (Croucher et al. 2003) and Corey et al. used 

200μg/kg twice weekly over a period of 4 to 9 weeks in order to also reduce osteolytic lesions from 

metastatic prostate cancer cells in 4-8 week old male Fox chase SCID mice (Corey et al., 2003, Croucher 

et al., 2003). Despite having an increased dosing frequency of Zol in my studies, I did not manage to 
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recapitulate the findings in the studies. However, although the mice were similar ages to my studies, 

they were different strains and the dosages of Zol were 2-4 times greater than that I used, in addition 

to being tumours of different tissue origin. Therefore, it is not surprising to obtain different results. 

Interestingly, using a B02/GFP breast cancer model, Daubiné et al. (2007) reported that more frequent 

daily and weekly dosages, amounting to 100μg/kg/3-4 weeks accumulated dose, did reduce skeletal 

tumour burden (Daubiné et al., 2007). However, this was measured by the size and incidence of 

osteolytic tumour lesions, which, although reducing bone osteolysis, does not necessarily mean a 

reduced tumour burden within the bone.  

4.5.4 DIFFERENTIAL EFFECT OF ZOLEDRONIC ACID IN GIPC1 AND CAPG KNOCKOUT CELLS  

A limitation with many of the published studies of effects of Zol on tumour growth in bone is that they 

used a single cell line model, most commonly a version of the TNBC MDA-MB-231 line (Dai et al., 

2017). The results from these studies could therefore to some degree be cell line specific, applicable 

only to the particular line used. By combining my studies with ongoing work on a complementary 

project, I had the opportunity to directly compare Zol effects on tumours derived from 2 different 

clones of MDA-MB-231 cells within the same experiment. The clones differ only in their expression of 

two proteins; GIPC1 and CAPG, and have been shown to have similar growth rate in vitro (see Figure 

4-18). 

 

Figure 4-18: Unpublished data generated by Dr Victoria Cookson comparing growth rates of control cells compared to CAPG KO, GIPC1 
KO and DKO as measured by in vitro bioluminesence 

The effect of clonal difference was investigated in the context as to whether cells not expressing GIPC1 

and CAPG would have a significant difference to tumour outgrowth. Work done by Westbrook et al. 

(2016) revealed a poorer prognosis in time to distant recurrence when these proteins were highly 

expressed in tumours of breast cancer patients not treated with Zol, yet high expression of these 

proteins was correlated with a reduced time to distant recurrence in patients treated with Zol 

(Westbrook et al., 2016). Therefore, it would be expected that clones expressing GIPC1 and CAPG 
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would have a faster time to metastasis in PBS-treated animals compared to the DKO, but would show 

the opposite in a reduced time to metastasis in Zol-treated animals, a differential response to Zol. The 

data suggests high tumour cell expression of GIPC1/CAPG is correlated with a better response to Zol, 

and as such, DKO tumour cells should in theory have a weaker response to Zol than the parental cell 

line they were derived from. 

Initial analysis of time to first observable metastasis in animals showed similar results to findings by 

Westbrook et al. (2016) in which cells expressing a higher level of GIPC1 and CAPG (control cells) had 

a faster time to metastasis those with a lower level (DKO cells). However, 10 of the 30 animals did not 

have signal in their skull 24 hours following intra-cardiac injection (positive signal in the skull), and did 

not go on to develop tumours at any site. Therefore, these were omitted from the analysis due to poor 

injection success, leaving 20 out of 30 animals available for the tumour progression analysis. Upon re-

assessment, there was no significant difference between cell type nor treatment in time to first 

metastasis, which did not support the published literature. What remains unclear is whether the 

animals that did not have any detectable bioluminescence signal indeed had any colonization of 

disseminated cancer cells in bone which simply did not grow out. The lack of availability of a 

multiphoton microscope for my use further prevented assessment of whether this was the case, as 

tumour cells would have to be established in growth and be at least 104 cells to be identified by IVIS 

imaging. I therefore opted to discount these animals from analyses relating to differences between 

clones as tumour colonisation of bone could not be confidently assumed although some animals not 

showing any signal in the skull 24 hours following intra-cardiac injection went on to develop 

metastases. 

It must be noted that GIPC1 and CAPG are involved in cellular motility and the clinical endpoints they 

affected were time to distant recurrence, inferring a role in the process of metastasis. Considering 

this, Zol treatment commenced one week following the injection of tumour cells when colonisation of 

bone would have already taken place. This may explain why there was no difference in the growth 

rate between the clones, as cells were already in suspension and in the circulation, potentially masking 

the effect of motility proteins in progressing the tumour to a motile phenotype. GIPC1 and CAPG may 

still therefore have a significant influence on time to metastasis in a model where cells are injected at 

the primary site breast tissue and have to undergo processes to induce motility through epithelial to 

mesenchymal transition (EMT). Indeed, DKO cells exhibited a different morphology, appearing smaller 

and less epithelial-like than the control cells, which suggests there may be a corresponding difference 

in motility. This is supported by unpublished data generated by Dr Victoria Cookson. It is also 

important to note that the AZURE trial used Zol in the neoadjuvant setting, whereas my studies 

focused on the metastatic setting with Zol as a singular agent, and therefore differences in treatment 

regime may account for differences in observations. 

4.5.5 FURTHER QUESTIONS AND RESEARCH 

Further questions still remain surrounding the use of Zol in the bone-tumour microenvironment. In 

particular, too few tumours of consistent size developed to accurately identify differences between 



 

 

184 

 

the potential differential response of GIPC1/CAPG DKO cells and control cells to Zol. I would repeat 

this experiment with bigger numbers to ensure sufficient number and onset of tumours occur. 

Although my experiment involved investigating the differential effect of Zol based on CAPG/GIPC1 

expression by knockout of CAPG and GIPC1 in MDA-MB-231 cells, an alternative method of 

investigation would be to induced overexpression of these proteins in the cell lines, as differential 

expression of GIPC1 and CAPG can be induced by overexpression. Indeed, inducing overexpression in 

contrast to knockout cells with a wild type control would yield the best conditions to investigate the 

effect of these two proteins on differential response to Zol. It may be overexpression is required to 

have any observable effects. 

Zol has been shown to induce changes in bone cellular populations, specifically osteoclasts and 

progenitor cells (Ubellacker et al., 2018, Ubellacker et al., 2017). However, although Zol had a potent 

effect on the bone structure, the effects on the circulating cells and on osteoclasts were 

uncharacteristic and different to previous findings. Whether frequent repeat doses would have an 

unforeseen and unexpected effect on the bone marrow populations is unknown. Repeating this 

experiment with its dosing regimen and re-quantifying the cellular and circulating hematopoietic and 

bone resident populations using more sensitive measurement methods, such as flow cytometry, 

would further elucidate whether there is an underlying, unseen mechanism, as the literature is sparse 

on frequently repeated doses in young mice.  

The vicious cycle is a well characterised mechanism used to explain the interaction between osteolytic 

tumour cells in the bone and osteoclasts. Furthermore, the initiation of the vicious cycle has also been 

shown to initiate and increase the rate of tumour growth within the bone. Despite this, inhibition of 

osteoclast activity and therefore the disruption of the vicious cycle has not shown a significant impact 

on tumour growth within the bone. In particular, the DCARE trial, an international, multicentre, 

randomised, placebo-controlled phase 3 trial of 4509 women with stage II or II breast cancer 

investigated the effects of denosumab, a significantly more-potent inhibitor of osteoclasts than Zol, 

with adjuvant chemotherapy (Coleman et al., 2020a). The findings showed that there was no benefit 

in disease-related outcomes for women with high-risk early breast cancer from osteoclast inhibition 

by denosumab. This is similar to findings in the AZURE trial, which found no significant overall benefit 

in the use of Zol in patients of a similar cohort. However, stratification of patients in the AZURE trial 

revealed a benefit for women post-menopause compared to peri or pre menopausal women. This 

suggests that, unlike Denosumab which is highly targeted to osteoclasts, Zol has an effect on the bone 

microenvironment in conjunction with decreased oestrogen presence. Work by Ottewell and 

colleagues showed the use of Zol in mature mice prevented the outgrowth of dormant, disseminated, 

tumour cells, which were not in an acquired growth phase. Therefore, understanding the bone 

microenvironment in the early stage of the initiation of bone turnover and how the bone 

microenvironment changes in response to bone turnover needs to be better understood in order to 

provide more suitable targets for therapy. 
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5 TRANSCRIPTOMIC PROFILING OF THE BONE MICROENVIRONMENT 

COMPARING OVARIECTOMISED AND SHAM OPERATED MICE 
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5.1 SUMMARY 

How the bone microenvironment regulates disseminated breast cancer cells remains an active area of 

research. Animal models aim to recapitulate the bone microenvironment in various clinical situations 

by introducing various perturbations to the bone microenvironment in the presence of tumour cells. 

In particular, modelling the post-menopausal, oestrogen-deprived bone microenvironment involves 

the excising ovaries of mature (12+ week-old)  mice, and in combination with inoculation with tumour 

cells, provides a window into the dynamic interplay between the cancer cells and bone 

microenvironment. Published research has demonstrated the link between oestrogen deprivation via 

ovariectomy and the outgrowth of dormant, disseminated tumour cells in ovariectomised mice 

compared to sham operated mice. Inhibition of osteoclasts in conjunction with ovariectomy has been 

shown to prevent this overt outgrowth. However, what early transcriptional events occur within the 

bone microenvironment to trigger this outgrowth, and whether these changes can be therapeutically 

targeted outside osteoclast inhibition still remain to be further elucidated. To what extent the 

ovariectomised mouse bone microenvironment reflects the aged post-menopausal bone 

microenvironment is a question that also needs further analysis. 

I therefore set out to characterise the early transcriptional landscape of the bone microenvironment 

in mature (14 week-old) mice following ovariectomy by RNA-Sequencing flushed whole bone marrow 

14 days following ovariectomy. Selected publicly available datasets were used to assess the similarity 

between the post-menopausal human bone microenvironment and ovariectomised mouse bone 

microenvironment. 

μCT analysis showed a decrease in bone volume and trabecular thickness in ovariectomised mice 

compared to sham, at levels consistent with published research of a similar model, indicating cellular 

and transcriptional changes within the bone. Circulating hematopoietic cells as measured by 

hematological analysis were largely unaltered by ovariectomy, although there was a trend to decrease 

red blood cell count, with a corresponding decrease in expression of erythropoietic genes EPB41 and 

EPB42 as measured by RNA-Seq. Homeostatic mechanisms are thought to have returned circulating 

cells to baseline by the time of measurement. 

Differential expression testing of RNA-Seq data revealed 82 genes were significantly downregulated 

and 75 significantly upregulated, with altered pathways including ECM-receptor interaction and focal 

adhesion amongst those upregulated in ovariectomised mice. From a comparative dataset generated 

by Farr et al. (2015), young women were found to also have cell adhesion and extra cellular matrix 

organisation upregulated relative to older women, with increased angiogenic pathways in addition.  

Genes of interest upregulated in ovariectomised mice included THBS1, SPP1, MMP2 and POSTN, 

soluble proteins secreted into the microenvironment that were upregulated in ovariectomised mice, 

altered by age in human datasets as well being differentially expressed in bone metastases compared 

to brain, liver and lung, with SPP1 and THBSP1 contributing to significantly reduced DMFS in large-

scale public data. 
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Scoring gene expression from mice against established cancer dormancy signatures generated by Kim 

et al. (2012) did not reveal any differences between ovariectomised and sham-operated animals, 

indicating dormancy signatures are difficult to apply to generic populations in a rapidly dividing tissue. 

Overall, the ovariectomised bone microenvironment induced transcriptional changes consistent with 

those found altered by age. However, these changes take on similarities to both old women and young 

women, thereby supporting the need for caution in extrapolating comparisons of the mouse 

ovariectomised bone microenvironment with the human post-menopausal bone microenvironment. 

Further development of models that recapitulate the bone microenvironment in old, post-

menopausal women is needed to better represent the clinical situation.  

5.2 INTRODUCTION 

Oestrogen is the most abundant form of the oestrogen family of steroidal hormones found in women 

and is a major hormonal regulator of bone metabolism. The effects of oestrogen on cells requires the 

presence and homo- or hetero-dimerisation of two subsets of oestrogen receptors (ER), alpha (ERα) 

and beta (ERβ). A number of cell types within the bone microenvironment express these receptors 

including hematopoietic stem cells, osteoclasts and osteoblasts, whose activation leads to various 

outcomes dependent on cell location and type, quantity and subtype of oestrogen receptor expressed, 

and nature of ER-dependent promoter regulatory sequences (Manolagas et al., 2013, Martin-Millan 

et al., 2010). An example of this differential effect is the extension of osteoblastic-lineage cells by ERβ 

activation, contrasted to reduction of osteoclast longevity by ERα (Bradford et al., 2010, Hughes et al., 

1996, Martin-Millan et al., 2010). The precise mechanisms through which oestrogen influences various 

cell types within the bone microenvironment is still an area of active research. In particular, the impact 

of reduced levels of oestrogen on the bone microenvironment and how this may affect disseminated 

cancer cells, remains to be established and is the focus of the research within this this chapter. 

5.2.1 OESTROGEN AND BONE TURNOVER 

A major role played by oestrogen within the bone microenvironment is that of regulating bone 

metabolism, primarily through ERα (Sims et al., 2003). Clinically, it is well established women past 

menopause experience dramatic increases in bone loss, frequently leading to conditions such as 

osteoporosis. Lindsay et al demonstrated that metacarpal mineral content loss in oophorectomized 

women could be completely attenuated by treatment with synthetic oestrogen, demonstrating its 

central role in the regulation of bone metabolism (Lindsay et al., 1976).  

Studying the effects of oestrogen-induced bone loss on cancer progression in humans is difficult, as 

menopausal status in clinical trials is often self-reported, as well as variable definitions of pre-

menopause or post-menopause across studies (Wright and Guise, 2014). Modelling ovarian failure in 

pre-clinical in vivo studies eliminates this variability and can be precisely timed in order to capture and 

rightly attribute early events in microenvironment modification from oestrogen deprivation. 
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Various studies in mice have detailed an increase in bone loss in response to ovariectomy. One such 

study, done by Streicher and colleagues, performed selective deletion of ERα or inhibition of RANKL 

in hematopoietic and mesenchymal cells in 16-week old αERKO and huRANKL-KI mice from a C57BL/6 

genetic background. Their results identified suppression of RANKL expression by bone lining cells as a 

prominent mechanism through which oestrogen protects the bone from degradation, whereas ERα-

mediated signalling in hematopoietic cells and RANKL derived from hematopoietic sources in 

ovariectomised mice did not have an impact on physiological bone turnover (Streicher et al., 2017). 

5.2.2 OVARIECTOMY IN DORMANCY 

Ovariectomy-induced reduction of oestrogen has been shown to increase tumour growth in murine 

models of breast cancer, mediated through changes in the bone microenvironment.  

However, its role in inducing dormant, disseminated tumour cells into overt outgrowth was 

demonstrated by Ottewell and colleagues, who developed a murine model to mimic pre and post-

menopausal status in order to study the differential effects of oestrogen deprivation on tumour 

growth in vivo. In their model, they used twelve week old BALB/c-nude female mice that underwent 

ovariectomy or sham operations for between 1 to 8 weeks prior to assessment of ovariectomy-

induced bone effects in the absence of tumour. In addition, another cohort of mice were 

ovariectomised or had a sham operation performed 7 days prior to inoculation with triple negative 

breast cancer cells, that are not known to be affected by direct oestrogenic influence, to assess tumour 

growth driven by changes in the microenvironment in response to oestrogen deprivation (Ottewell et 

al., 2014a). OVX was shown to induce a rapid loss of bone volume and induced the outgrowth of 

dormant, disseminated tumour cells in the long bones of mice within 4 weeks of procedure, whereas 

sham-operated animals did not display significant outgrowth. Ottewell et al. went on to demonstrate 

the differential effects of the anti-resorptive agent Zoledronic acid on cancer progression in 

ovariectomised compared to sham operated mice, which had an effect on mice in the OVX group but 

not the sham operated group. These experiments showed that the effects of OVX on the outgrowth 

of DTCs was due to the effects of oestrogen, and that inhibition of osteoclasts attenuated the resulting 

outgrowth, suggesting a central role of increased osteoclast activity under oestrogen deprivation in 

influencing tumour outgrowth. 

These findings linked their studies to the AZURE trial which found that women who were 

postmenopausal for at least 5 years prior to entry into the study had a significantly reduced risk of 

disease-free progression (DFS) and risk of death from any cause (Coleman et al., 2014, Ottewell et al., 

2014a). This differential response to anti-resorptive agents dependent on menopausal status/age was 

also observed in other trials including NSABP-34 which showed increased DFS in women over 50 

receiving clodronate, as well as an increased survival in women over age 40 who received Zoledronic 

acid therapy in the ABCSG-12 trial (Gnant et al., 2011). In follow up studies, Ottewell and colleagues 

showed that the attenuation of tumour growth in ovariectomised mice can be recapitulated by the 

use of RANKL-decoy, OPG-Fc, further strengthening the hypothesis that prevention of outgrowth is 

achieved by inhibition of osteoclast-mediated bone resorption (Ottewell et al., 2015). However, the 
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precise molecular mechanisms underpinning the differential effects of anti-resorptive agents in the 

pre- vs the post-menopausal setting remain to be established. 

5.2.3 EARLY EVENTS AND GENES AFFECTED BY OVARIECTOMY. 

Studies assessing the role of oestrogens in tumour progression and outgrowth from dormancy have 

demonstrated that the attenuation of bone turnover by osteoclast inhibition plays a significant role in 

reducing morbidity and disease progression. However, the early events played by oestrogen loss in 

altering the bone microenvironment to adopt a conducive landscape for osteoclast differentiation and 

increased bone resorption is still unclear. Furthermore, whether these changes induced by rapid and 

dramatic loss in oestrogen and subsequent increase in bone loss can be translated to menopausal 

changes in women needs to be further established. 

Limited candidate gene expression studies by Ottewell et al.  showed that a number of genes involved 

in osteoclast-mediated bone turnover were upregulated in ovariectomised mice compared with sham 

controls, including MMP2 and SPP1 (Ottewell et al., 2014a). However, the use of zoledronic acid in 

bone metastases has not been successful in completely stopping tumour growth, compared to the 

early use of Zol in ovariectomised mice. A comprehensive analysis of the transcriptional landscape, 

comparing the bone microenvironment in OVX vs Sham operated mice, may further elucidate gene 

regulation may provide a more thorough picture and alternative mechanisms of early events that 

trigger tumour cell escape from dormancy leading to subsequent tumour outgrowth dictated by the 

microenvironment. 

5.2.4 RNA-SEQ PROFILING OF THE OESTROGEN-DEPRIVED BONE MICROENVIRONMENT 

Increased use of gene expression profiling by sequencing has vastly increased the insights into 

transcriptional alterations within cells and can be utilised to increase our understanding of how loss 

of oestrogen modifies the bone microenvironment. Furthermore, various computational tools 

validated by experimental results have been developed to further illuminate gene expression data, 

such as to detail the cellular landscape based on bulk RNA-Seq deconvolution and identify altered 

signatures and pathways.  

The advent of next-generation sequencing has produced vast amounts of data which are available in 

public databases for the use of researchers, and provided unparalleled depth of information in regards 

to genetic coding and gene expression in samples sequenced. These publicly available data are 

invaluable to modern day researchers as they provide freely usable information and a plethora of 

methods that can be performed on them.  

Of particular relevance to my work, a study performed by Farr, et al. (2015) on the Effects on Age and 

Oestrogen on Skeletal Gene Expression in Humans Assessed by RNA Sequencing, is publicly available 

for analysis through the Gene Expression Omnibus. In this study, 58 women, 19 young (mean age 30.3 

+/- 5.4 years), 19 older women (mean age 73.1 +/- 6.6 years) and 20 old women treated with 3 weeks 
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of Oestrogen Therapy (mean age 70.5 +/- 5.2 years) had samples from their bone marrow sequenced 

(Farr et al., 2015). In this study, it was found that aging altered a total of 678 genes and 12 pathways, 

which included a subset characterized in regulation of bone metabolism, such as Notch. Furthermore, 

the Wnt/β-catenin signaling pathway, with downstream transcription factor LEF1, whose binding sites 

were significantly enriched in the promoter regions of differentially expressed genes, was found to be 

upregulated in the old versus young women. Supplemental oestrogen in older women for 3 weeks 

restored 21 unique genes, including INHBB (encodes beta B polypeptide inhibin), a gonadal peptide 

member of the TGF-β super family which was restored to levels seen in young women (Farr et al., 

2015). This study demonstrated that hormonal-regulated changes in gene expression responsible for 

bone turnover were among the major changes induced by age, some of which were rescued by short 

term oestrogen therapy. 

The availability of methods to deconvolute bulk expression data to identify the relative abundance of 

immune and stromal cells, as well as methods to identify pathways, genes, and signatures altered 

make this a valuable resource to understand the changes that occur with age, and those directly 

affected by oestrogen. This dataset coincides with research into the effects of ovariectomy (and thus 

oestrogen loss)-induced increased bone turnover and may provide further insight into bone-turnover 

induced escape from dormancy of disseminated tumour cells. Thus, combining data from this human  

study, with RNA-Sequencing data from ovariectomized mice would allow the deconvolution of cell-

specific and transcriptome-wide changes that may contribute to tumour escape within the bone 

microenvironment.  

5.3 HYPOTHESIS AND AIMS 

The hypothesis underpinning the work in this chapter is that ovariectomy in mice induces early 

transcriptional events that lead to increased bone turnover,  altering the cellular and molecular 

landscape to recapitulate the clinical setting where oestrogen alters the bone microenvironment 

according to menopausal status. 

The main aims of this chapter are as follows: 

1. Establish how the loss of oestrogen drives changes within the bone microenvironment that 

induces dormant cancer cells into overt outgrowth 

2. Determine whether these changes are consistent with those reported in women according to 

their menopausal status  

The main objectives of this chapter are as follows: 

1. Develop an optimal method of RNA extraction from bone for RNA-Sequencing purposes 

2. Carry out RNA-Seq on samples extracted from ovariectomised and sham operated mice 

3. Establish a pipeline for analysis of raw RNA-Seq FASTQ files into file formats to be used in R 

for differential expression, signature scoring, gene network inferring and bulk deconvolution 
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4. Use transcriptomic profiling to assess the effects of ovariectomy compared to a sham 

operation on the bone microenvironment of mature mice 

5. Compare the effects of ovariectomy on the bone microenvironment of mature mice with 

relevant publicly available human datasets 

5.4 MATERIALS AND METHODS 

Method  Parameters analysed / Purpose Materials / Equipment / Software 

Ovariectomy   

Mice either ovariectomised or 

undergone a sham operations. 

 

- 

 

- 

Bone mineralised content   

Microcomputed 

tomography (µCT) 

-Trabecular bone volume 

(BV/TV in %) 

-Trabecular number 

(TB.N. in mm-1) 

-Trabecular thickness 

(Tb.Th. in mm) 

Trabecular Spacing (in mm) 

-SkyScan 1172/1272 scanner 

(SkyScan) 

-NRecon software 

-CTAn software 

Circulating Blood Cells   

Hematological Analysis 

Circulating erythrocytes, 

thrombocytes, leukocytes, 

hemoglobin and all erythrocyte-

indices in absolute quantity and 

relative percentage 

Scil Vet abc Plus hematological 

analyzer (Horiba Medical) 

Histological assessment   

Tartrate-resistant 

acid phosphatase 

staining (TRAP) 

-Osteoclast number per mm 

of trabecular bone surface 

-Osteoclast size (in mm) 

 

-OsteoMeasure software 

(OsteoMetrics) 

-LeicaDMRB upright microscope 

Haematoxylin and 

Eosin staining 

(H&E) 

-Osteoblast number per mm 

trabecular bone surface 

-Osteoblast size (in mm) 

-OsteoMeasure software 

(OsteoMetrics) 

-Leica DMRB upright microscope 

-Olympus BX53 microscope 

Statistical analysis   

Spearman correlation  

Spearman correlation of 

parameters analysed by 

hematological analysis 

Python 3.7.4 : pandas package 

version 1.12 and seaborn package 

version 0.11.0 
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Unpaired t-tests 
Unpaired t-tests of column 

analyses 
Graphpad Prism 9.1.0 

RNA extraction   

Hybrid extraction method with 

pre-cooled equipment 

Extraction of high yield, purity 

and integrity RNA 

Trizol 

RNeasy Mini Kit (Qiagen) 

Genomic DNA contamination 

digestion 

Removal of genomic 

contamination from RNA 

samples 

Lyophilised DNAse (Qiagen) 

RNeasy Mini Kit (Qiagen) 

RNA sequencing   

rRNA depletion 
Deplete rRNA prior to 

sequencing 
 

Library preparation 
Library preparation for RNA-

Sequencing 
 

Sequencing 
Single end sequencing at 37.5 

million reads per samplDAVIDe 
Illumina HiSeq™ 2500 

Pre-processing of RNA-

Sequencing reads 
  

Trimming of raw reads 
Trim adapter sequences from 

raw RNA-Seq reads 

Cutadapt 3.4 (wrapped through 

TrimGalore 0.4.1) 

Quality assessment of raw reads 
Assess quality of raw and 

trimmed RNA-Seq reads 

FastQC (wrapped through 

TrimGalore 0.4.1) 0.11.7 

Alignment of reads 
Align the reads to GRCm39 

mouse reference genome 
STAR Aligner 2.7.8a 

Counting of aligned reads 

Count reads aligned to 

reference genome taking into 

account RNA degradation 

indexes 

DegNorm 0.1.4 

Processing of RNA-Sequencing 

data within the R framework 
  

Differential expression testing 
Quantifying significantly altered 

genes across conditions 
DESeq2 1.30.1 

Identification of altered 

pathways and networks 
 DAVID 6.8 

Signature scoring 
Scoring samples for selected 

signatures using gene counts 
Singscore 1.10.0 

Deconvolution of Bulk RNA-Seq 

Quantifying stromal and 

immune cellular populations 

from bulk sequencing data 

xCell 1.1.0 
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5.4.1 ANIMALS 

Twelve-week-old female Bagg and Albino (BALB)/c (immunocompetent) mice were purchased from 

Charles River, UK.  Upon arrival, mice were acclimatised in the Biological Services Unite (BSU) for 14  

days before procedures beginning when the mice were aged 14 weeks old.  

All procedures performed were approved and carried out under Procedure Project Licence (PPL) PPL 

P99922A2E within the Biological Services Unit (BSU) under local guidelines and in accordance with 

Home Office regulations. 

5.4.2 OVARIECTOMY 

Mice were randomised into two groups to undergo either an ovariectomy or a sham control (whereby 

identical surgical procedures to ovariectomy were followed, with the exception of the removal of 

ovaries) as described in detail in section 2.3.4.12.3.4 of the materials and methods section. This would 

ensure any experimental differences observed would be due to the loss of ovaries and not due to 

systemic effects of surgical procedures. The surgery was carried out by Dr Penelope Ottewell, Mrs. 

Diane Lefley under the project license (PPL P99922A2E).  

5.4.3 EX VIVO ANALYSIS 

5.4.3.1 HEMATOLOGICAL ANALYSIS 

Upon culling, mice had their blood withdrawn through cardiac puncture, of which 20μl was placed 

into 500μl Eppendorf tubes containing 20μl of EDTA to prevent clotting, thoroughly mixed and stored 

at room temperature for up to 2 hours post-cull. These samples (10μl per sample) were then run 

through a Scil Vet abc Plus hematological analyzer (Horiba Medical) which measured the following as 

% and number per 103/mm3 blood; total white blood cells, total red blood cells, the following as %  

and number per 103/mm3 blood; lymphocytes, monocytes, granulocytes, hematocrit (percentage), 

mean corpuscular volume (μm3), mean corpuscular hemoglobin (pg), mean corpuscular hemoglobin 

concentration (g/dL), red blood cell distribution width (percentage), platelets (number per 103/mm3 

blood) and mean platelet volume (μm3). 

5.4.3.2 PREPARATION OF SAMPLES FOR HISTOLOGY AND BONE HISTOMORPHOMETRY  

Immediately following dissection, tibias that were used for histology and histomorphometry were 

placed in 4% (w/v) paraformaldehyde (PFA) for 48-72 hours. These were then washed 3 times in ice-

cold PBS and stored in PBS at 4°C pending μCT analysis. Once μCT scanning was complete, bones were 

placed in a PBS 14% (w/v) ethylenediaminetetraacetic acid (EDTA) solution for decalcification. This 

solution was changed twice a week for 3 weeks before bone processing. Bones were subsequently 

paraffin-embedded (wax). To obtain sections for histological analysis, wax embedded tibias were cut 

at 3µm thickness, and 6 samples taken from 3 levels, 20-30µm apart before mounting on glass slides 

and stored at room temperature. 
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5.4.3.3 MICROCOMPUTED TOMOGRAPHY 

Micro-computed tomography (µCT) performed on bones was performed in three steps; scanning, 

reconstruction and analysis. Scanning involves the projection of x-rays through a sample onto a 

detection plate to create an image representing mineralised bone. The sample is then partially rotated 

through a selected rotation range with smaller rotation steps with an x-ray-generated image created 

at each rotation step. The collection of images is subsequently collated and reconstructed to produce 

3D images. Finally, 3D images are analysed to produce quantitative data on various bone physical 

parameters.  

5.4.4 EXTRACTING MATERIAL FOR RNA SEQUENCING 

Femurs of mice were dissociated by being placed in Trizol and spun in a bead mill for 60 seconds, 

according to the bead mill protocol in section 2.7.2.4 and RNA extracted using the Hybrid method as 

detailed in section 2.7.3.1. Genomic contamination was then removed as detailed in section 2.7.3.1, 

before RNA quality was assessed using Nanodrop as detailed in 2.7.2.9. Eight of the highest quality 

RNA samples were then delivered to Dr Timothy Wright at the Sheffield Diagnostic Genetics Service 

of the Sheffield Children’s NHS Foundation Trust on dry ice. 

The sequencing of raw reads was subsequently performed by Dr Timothy Wright at the Sheffield 

Diagnostic Genetics Service.  Eight samples, consisting of four samples per group (OVX n=4, Sham n=4) 

were prepared for sequencing using the NEBNext rRNA depletion kit protocol. Sequencing was 

performed using an Illumina Hiseq Rapid 100bp single read flow cell providing 300 million reads, with 

samples sequenced at 37.5 million reads per sample. 

5.4.5 PRE-PROCESSING OF RAW RNA-SEQUENCING READS 

Raw reads from sequencing were provided by amazon web services (AWS) S3 cloud storage as raw 

FASTQ files (n=8). These files were subsequently downloaded onto personal researcher storage on the 

Sheffield Advanced Research Computer (ShARC) high performance computing (HPC) cluster under 

user storage ready for pre-processing. 

5.4.5.1 QUALITY ASSESSMENT OF SEQUENCING READS  

Prior  to pre-processing, adequate read quality was measured using TrimGalore, which is a wrapper 

around FastQC and Cutadapt, tools for quality checking and trimming respectively. FastQC is a tool 

designed to assess the quality of raw reads from a variety of sequencer, including the Illumina HiSeq™ 

2500 used for these samples. FastQC is a java-based programme that can be used through the 

command line to assess quality metrics such as per base sequence quality, per tile sequence quality, 

per sequence quality scores, per base sequence content, per sequence GC content, per base N 

content, sequence length distribution, sequence duplication levels, overrepresented sequences, 

adapter content and kmer content. FastQC version 0.11.7 was used to assess the quality of the reads. 
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In addition to FastQC, MultiQC was used to produce summarised reports representing all samples, 

showing an overview of sequencing quality. MultiQC version 1.9 was used to aggregate sample quality 

metrics into a single html file for viewing. 

5.4.5.2 TRIMMING OF ADAPTER SEQUENCES AND LOW-QUALITY READS 

During library preparation, adapters were ligated to sample RNA. These, as well as primers, needed to 

be removed prior to aligning to the reference genome. TrimGalore version 0.6.6 was used to 

concurrently trim reads and provide quality metrics. 

5.4.5.3 ALIGNMENT OF READS TO REFERENCE GENOME 

To align RNA-Seq reads to a reference genome prior to quantification, the commonly used alignment 

tool Spliced Transcripts Alignment to a Reference (STAR), which uses sequential maximum mappable 

seed search in uncompressed suffix arrays followed by a seed clustering and stitching procedure, was 

used. 

STAR version 2.7.8a was initially used to index a reference genome, the gencode release M27 

(GRCm39) using the comprehensive gene annotation Gene Transfer File (GTF) format which is the 

main annotation file for most users. This was used with the transcript sequences FASTA file containing 

the nucleotide sequences of all transcripts on the reference chromosomes to index a reference 

genome using the genomeGenerate function of STAR with a transcript overhang of 100, as a read 

length minus 1 is suggested for most cases whereby the transcripts used had 101 bases per read. 

Following the generation of an indexed genome, trimmed sample FASTQ files were aligned to the 

genome using STAR with BAM SortedByCoordinate specified in the outSAMtype argument to generate 

sorted Binary Sequence Alignment Map (SAM) (BAM) files for the samples. These sorted BAM files 

would subsequently be used in the quantification step by a quantification tool. 

5.4.5.4 QUANTIFICATION OF ALIGNED READS 

The quality of RNA sequencing results is affected by RNA degradation, and is a significant factor that 

may bias the results from RNA-Seq analysis. As the samples sequenced had RIN scores of <7, leading 

to the rRNA sequencing protocol being used, degradation would potentially be a source of bias in 

transcript abundance estimation. In order to reduce the bias and variability present due to 

degradation, DegNorm, a pipeline which adjusts read counts for transcript degradation on a gene-by-

gene basis, while controlling for sequencing depth was used to quantify the aligned and sorted sample 

BAM files. Degnorm version 0.1.4 was used in conjunction with the gencode release M27 GTF 

annotation file to quantify BAM files, with 100 for the -nmf-iter argument resulting in 100 iterations 

per non-negative matrix factorisation (NMF) over-approximation (OA) algorithm approximations. 
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The output from quantification by DegNorm was a comma separated values (csv) file containing 

adjusted read counts. These adjusted read counts, adjusted for transcript degradation, were then used 

in subsequent downstream analyses. 

5.4.6 ANALYSIS OF DIFFERENTIALLY EXPRESSED GENES 

Analyses downstream from obtaining adjusted read counts were performed in R version 4.0.4 (2021-

02-15) through R Studio version 1.4.1106 unless otherwise stated. 

To obtain differentially expressed genes, the adjusted read counts in csv file types obtained as an 

output from DegNorm counting were loaded into R studio, along with a file containing experimental 

metadata for each sample.  

Differential gene expression was next performed. Differential gene expression is often performed 

using three main packages in the R/Bioconductor language and package ecosystem; limma, edgeR and 

DESeq2 (Dillies et al., 2013, Liu et al., 2021, Ritchie et al., 2015). DESeq2 and edgeR both use the 

negative binomial distribution, and perform geometric and a weighted mean of log ratios-based 

normalisation methods respectively, both initially assuming no genes are differentially expressed 

(Love et al., 2014, Robinson et al., 2010). In contrast limma uses a linear model to calculate gene 

expression statistics, using quantile normalisation to attempt the matching of gene count distributions 

across samples in the dataset (Ritchie et al., 2015). While DESeq2 and edgeR are frequently used in 

RNA-seq analysis, limma is more commonly used for microarray analysis (Liu et al., 2021). Schurch, et 

al. (2016) showed that when fewer than 12 replicates are used, edgeR and DESeq2 have a superior 

combination of increasing true positive and reducing false positive performance, whereas DESeq2 

marginally outperforms the other tools when minimising the false positives are more important with 

more replicates (Schurch et al., 2016). Due to superior performance across these metrics, as well as 

ease of use, DESeq2 was selected as the most optimal tool to perform differential gene expression, 

though edgeR could have also been used. 

Using the DESeq2 package version 1.30.1, the two files were combined into a DESeq DataSet object 

using the DESeqDataSetFromMatrix function, using the counts file with rounded integers as values as 

the countData argument, using the metadata file as the colData argument and the experimental 

condition (OVX or Sham) as the design argument in the function. The DESeq DataSet object was then 

used to create a new object with the function estimateSizeFactors in order to assess various quality 

control metrics, such as clustering and principal component analysis after a variance stabilising 

transform (VST). The original DESeq DataSet object was then finally used to obtain differentially 

expressed genes by the function DESeq performed on the expression and group data contained in the 

object. 

5.4.6.1 POWER ANALYSIS 

Statistical power refers to the probability that a hypothesis test leads to the correct rejection of the 

null hypothesis when a specific alternative hypothesis is true, and is influenced by significance 
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criterion, magnitude of effect and sample size of the statistical test (Lenth, 2007). In RNA sequencing 

experiments, it is common to run simulations with representative data to analyse the statistical power 

of an experiment given number of genes tested, sample size and significance criterion (Yu et al., 2017). 

To perform power analysis for RNA-seq,  PROspective Power Evaluation for RNAseq (PROPER) 

Bioconductor package version 1.30.0 was used. Briefly, PROPER runs simulations on finding 

differentially expressed genes in an RNA seq, with the option to select a dataset of choice to more-

accurately reflect experimental conditions being modelled (Wu et al., 2015). 

Simulations were performed on the Bottomly (2011) dataset which consists of consisting of 11 

replicates of striatal tissue from DBA/2J mice, and 10 replicates of striatal tissue from C57BL/6J mice 

(Bottomly et al., 2011). This dataset is representative of the ovariectomy and sham dataset and 

therefore would be used instead of data from human RNA-seq samples as there is less dispersion in 

gene expression with inbred mice compared to unrelated human individuals, and this dataset would 

be more representative of the data it is modelling. To model the experimental conditions, a dataset 

consisting of 28,000 was selected with 20 repeat simulations with a log2 fold change greater than 0.5. 

Furthermore, false discovery rates (FDR) of 0.05 and 0.1 were explored as well as 3, 4,8 and 12 samples 

per group to assess the effect of altering the significance threshold as well as sample number on 

statistical power. 

5.4.7 DECONVOLUTION OF BULK RNA SEQUENCING READS 

To obtain an estimation of cellular populations within the microenvironment of sequenced samples, 

bulk deconvolution was performed whereby cellular populations could be inferred by relative 

abundances of transcripts associated with cell-type signatures. For this, the xCell, a computational 

gene signature-based method employing a curve fitting approach for linear comparison of cell types 

and single sample gene set enrichment analysis (ssGSEA) was used. xCell provide a  reference signature 

dataset for 64 immune and stromal types harmonised from 1822 human transcriptomes, validated by 

in silico analyses and cytometry immunophenotyping comparison consisting of the following cells; 

Adipocytes, Astrocytes, B-cells, Basophils, CD4+ T-cells, CD4+ Tcm, CD4+ Tem, CD4+ memory T-cells, 

CD4+ naive T-cells, CD8+ T-cells, CD8+ Tcm, CD8+ Tem, CD8+ naive T-cells, common lymphoid 

progenitors (CLP), common myeloid progenitors (CMP), Chondrocytes, Class-switched memory B-

cells, dendritic cells (DC), Endothelial cells, Eosinophils,  Epithelial cells, Erythrocytes, Fibroblasts,  

granulocyte-monocyte progenitor (GMP), HSC, Hepatocytes, Keratinocytes,  Megakaryocyte–

erythroid progenitor cell (MEP), Multi-Potent Progenitor (MPP), mesenchymal stem cells (MSC), 

Macrophages (total, M1 and M2 polarised), Mast cells, Megakaryocytes, Melanocytes, Memory B-

cells, Mesangial cells, Monocytes, Myocytes, NK cells, natural killer T cells (NKT), Neuronal cells, 

Neutrophils, Osteoblasts, Pericytes, Plasma cells, Platelets, Preadipocytes, Sebocytes, Skeletal muscle, 

Smooth muscle, Gamma Delta T cells (Tgd), Th1 cells, Th2 cells, Tregs, activated dendritic cells (aDC), 

classical dendritic cells (cDC), interstitial dendritic cells (iDC), Endothelial cells, Endothelial cells, naive 

B-cells plasmacytoid dendritic cells (pDC) and pro B-cells.  
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As xCell uses human gene references for inference of cell types, samples from the mouse reference 

genome were converted to human orthologs using the biomaRt package version 2.46.3 and the 

ensembl mart within the getLDS function, successfully mapping 17,484 genes from mouse to human. 

These were retained and used in xCell within the xCellAnalysis function of the xCell package version 

1.1.0. The output from this is a matrix consisting of samples in columns and estimated cell types in 

rows with their relative fraction compared between samples. 

5.4.8 SIGNATURE SCORING OF RNA-SEQUENCING READS 

To assess dormancy signatures, a tool or method allowing for the supplying of a custom set of genes 

was required. Singscore is a rank-based single sample scoring method that scores the expression 

activities of specified gene sets at a single-sample level. Singscore version 1.10 was used, and as an 

input, genes mapped to human orthologs from the deconvolution step were used. Prior to scoring 

samples, the dataset was ranked using the rankGenes function which returns a rank matrix. This matrix 

was then supplied to the simpleScore function, with a list of upregulated genes as the upSet argument 

and a list of genes downregulated genes in the downSet argument, where upregulated and 

downregulated genes are genes altered in the signature of interested for the samples to be scored by. 

This returns a dataframe consisting of the scores and dispersion for the upregulated genes in isolation, 

the downregulated genes in isolation and the total score of both the upregulated and downregulated 

genes combined. These are then visualised to show dispersion and scores. 

5.4.9 IDENTIFYING GENE ONTOLOGY TERMS 

To identify altered terms according to gene ontology, the Database for Annotation, Visualization and 

Integrated Discovery (DAVID) v6.8 was used. Lists of up-regulated and down-regulated genes were 

uploaded into the Gene List Manager on the DAVID website (https://david.ncifcrf.gov/tools.jsp), 

whereby they were scored against DAVID’s databases functional annotation by the Functional 

Annotation Tool. Gene Ontology (GO) and Kyoto Encyclopaedia of Genes and Genomes (KEGG) 

Pathways were used to derive altered terms and pathways, with associated FDR values and genes 

involved in the specified pathways. 

5.5 RESULTS 

5.5.1 DEVELOPING A METHOD FOR ISOLATION OF HIGH-QUALITY RNA FROM SNAP-FROZEN BONE FOR 

RNA SEQUENCING 

Prior to RNA-Sequencing, high quality RNA material needed to be extracted from the bone tissue, as 

assessed by a high RNA Integrity Number (RIN) which measures the degradation index of RNA as 

compared to ribosomal 28s and 60s subunit RNA. A score of 10 is the highest measure undegraded, 

intact RNA, whereas a score of 1 is completely fragmented RNA. For RNA sequencing by polyA 

enrichment workflow, an RNA integrity score of > 7 is recommended for Illumina sequencers, whereas 

RNA showing a lower degradation score require an rRNA-depletion workflow. 

https://david.ncifcrf.gov/tools.jsp
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Bone contains a large amount of platelets, adipose tissue, collagen and minerals that make it a 

particularly challenging tissue to extract high integrity RNA from. Prior efforts in our lab did not yield 

RNA integrity above RIN 4 despite being able to produce high RNA yields and purity. I therefore needed 

to optimise a method that would yield RNA of higher quality for sequencing. The outline of this 

processes is shown in Figure 5-1. 

 

Figure 5-1: An outline of methods and steps taking to extract RNA from bone with an improved yield, purity and integrity for the purpose 
of RNA-Sequencing. 

The first step was to carry out RNA extraction using the Trizol method, which yielded high 

concentrations of RNA, but low purity and integrity (see Figure 5-2).  

Subsequently, the RNeasy kit was purchased and RNA-extracted using the manufacturer’s protocol. 

However, this yielded poor results and lysis failed to occur adequately for these samples using the 

manufacturer’s lysis buffer, and the results were very poor yields for the material expected in bone.  

Following poor results from the RNeasy method, I attempted lysing with TRI reagent instead of RLT 

buffer and following subsequent steps using the RNeasy protocol. This hybrid method started yielding 

better results, yet the RIN scores were poor. To troubleshoot this, I first pre-cooled all the tubes to 

ensure any residual RNase activity was slowed down, and the results increased (see Figure 5-2). 

However, results were still variable, though improved. Subsequently, I tested different methods of 

RNA dissociation to identify whether lysis steps were causing fragmentation, and found using ceramic 

beads for 60 seconds at speed 3 was optimal (see Figure 5-2) 

Method 1



 

 

200 

 

  

I therefore used the cooled hybrid method, with a dissociation method of ceramic beads at speed 3 

for 60 seconds during subsequent RNA extraction from snap frozen femurs isolated from OVX or sham 

operated mice. 

5.5.2 EXPERIMENTAL OVERVIEW 

To assess the effect of ovariectomy on the early events within the bone microenvironment that could 

trigger the overt outgrowth of disseminated, dormant tumour cells, 14-week immunocompetent 

BALB/C mice (n=12) were randomised into two groups of n=6 to receive either a OVX or a sham 

operation as control for 14 days (see Figure 5-3). Following 14 days under procedure, mice were culled 

and had both femurs snap frozen in liquid nitrogen for RNA extraction for the purpose of 

transcriptomic profiling by RNA-Seq. Both tibias were fixed in PFA for 48 hours before performing μCT 

analysis, and then being decalcified and embedded in paraffin wax for histology. Blood was extracted 

Figure 5-2: Different dissociation methods and their impact on yield, nanodrop values (purity) and RIN scores (integrity). 
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from the mice for haematological analysis and serum extracted for analysis of systemic soluble 

proteins. 

 

Figure 5-3: Experimental outline. On day 0, animals were randomised to undergo either a sham control (n=6) operation or ovariectomy 
(n=6) and subsequently culled on day 14 when tissues were collected for downstream processing. 

5.5.3 ASSESSING THE EFFECTS OF OVARIECTOMY-INDUCED BONE RESORPTION 

Oestrogen is a potent modulator of the bone microenvironment. Several decades ago, Fuller Albright 

observed an association between oestrogen deficiency and bone loss and osteoporosis (Albright et 

al., 1946). Lindsay et al. solidified this role for oestrogen by completely preventing the loss of 

metacarpal calcium mineral content over 5 years in oophorectomized women treated with a synthetic 

oestrogen mestranol compared to sustained loss by those without this supplemental oestrogen 

(Albright et al., 1946, Khosla et al., 2011, Lindsay et al., 1976). Since then, the role of oestrogen in 

bone loss has now been established by significant basic and clinical research (Khosla et al., 2012). One 

mechanism through which, oestrogen affects the bone is through inducing the secretion of OPG, 

subsequently sequestering soluble RANKL and leading to reduced osteoclastogenesis. Deprivation of 

oestrogen would lead to reduced OPG secretion, increased osteoclast formation and activity, resulting 

in bone loss. I therefore set out to establish the effect of oestrogen deprivation by OVX on the 

trabecular region of the tibias of mice that had undergone OVX procedure compared to those that 

undergone a sham operation. 

As trabecular bone has a higher rate of turnover than cortical bone, effects of OVX would be most 

pronounced in trabecular bone, especially within the relatively short time frame under this 

experiment of 14 days, and analyses were therefore focussed on this area. As the mice were mature 

(age 14 weeks at the time of procedure), a relatively low rate of bone turnover and bone mineral 

constancy was assumed. Decreased oestrogen resulting in increased osteoclast activity would 
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therefore lead to decreased trabecular bone and be a reliable indicator that sufficient effect on the 

bone microenvironment had occurred to affect bone structure. To establish this, μCT analysis was 

performed on the trabecular region of one tibia from all mice (n=10) (see Figure 5-4). 

 

Figure 5-4: Example first µCT scanning region of interest of trabecular cross sections of proximal tibia from 5 different mice from the Sham 
(A-E) and OVX (F-J) groups. 

As shown in Figure 5-5 percentage bone volume and trabecular thickness were significantly decreased 

in OVX-operated mice compared to sham-operated controls. Trabecular number also decreased, 

although not significantly, a p value of 0.0720 is close to significance. Thus a longer gap between OVX 

and subsequent culling may have resulted in significant changes as alterations to the physical bone 

takes place over a period of time.  

In contrast, trabecular spacing was unchanged between groups. As osteoclasts are responsible for 

bone resorption, increased osteoclast activity would result in a decrease in trabecular bone, but an 

unchanged trabecular spacing suggests distances between the trabeculae are unchanged, possibly 

due to incomplete degradation of individual trabeculae. These results show that OVX had a significant 

effect on osteoclast activity as shown by a decrease in trabecular bone.  
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5.5.4 ASSESSING THE EFFECTS OF OVARIECTOMY-INDUCED OESTROGEN DEPRIVATION ON CIRCULATING 

HEMATOPOIETIC CELLS 

Major alterations in the bone microenvironment by oestrogen deprivation by OVX may impact 

hematopoietic populations due to the regulation of the endosteal and vascular niches by bone 

turnover and direct effects of oestrogen. As oestrogen can affect a variety of cells in the hematopoietic 

lineage in mammalian organisms, such as leading to increased HSC self-renewal, or oestrogen 

deficiency resulting in dysfunctional haematopoiesis, I sought to characterise whether such changes 

may be evident in the circulating population (Nakada et al., 2014, Qiu et al., 2012). 

Figure 5-5: Effects of OVX on bone structure and integrity. Quantification of A.) trabecular bone volume (BV) per tissue Volume 
(TV) (BV/TV%), B.) Trabecular Thickness, C.) Trabecular Separation and D.) Trabecular Number for animals (n=8) that underwent 
sham or ovariectomy procedures (n=4/group). Unpaired two-tailed t-test with Welch’s correction performed for significance. * 
indicates a p-value < 0.05, ** < 0.01 



 

 

204 

 

To characterise the effects of OVX on circulating hematopoietic cells, analysis was carried out on 10μl 

of blood diluted 1:1 in EDTA from all mice (n=11) measuring total white blood cells, total red blood 

cells, lymphocytes, monocytes, granulocytes and eosinophils.  

As shown in Figure 5-6,  OVX did not cause significant changes to circulating hematopoietic cell 

populations compared to a sham operation. Significance was calculated using t-test via GraphPad 

Prism version 9.1. These yielded non-significant results and the group averages did not show an overall 

trend in any direction. However, red blood cell count had a trend to decrease in the OVX group, as can 

be seen with a p-value close to significance of 0.0879, suggesting OVX had a minor effect on red blood 

cell count. Eosinophils also showed a marginal trend, although not as strong as the change in red blood 

cell count, with a p-value of 0.3145. 
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To visualise correlations between the operation and effects on measured parameters from circulating 

Figure 5-6: The effects of OVX on circulating hematopoietic cells  A.) White blood cells, B.) Lymphocytes, C.) Monocytes, 
D.) Granulocytes, E.) Eosinophils, F.) Red blood cells from animals (n=8) that underwent sham or ovariectomy procedures 
(n=4/group). Unpaired two-tailed t-test with Welch’s correction performed for significance. No values found significant 
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hematopoietic cells, a correlation plot using pandas and seaborn within python were used. To obtain 

a correlation with operation, treatments had to be converted into numerical encoding; 1 for OVX-

intervention and 0 for Sham-intervention. As such, positive correlation with intervention indicates an 

increase with ovariectomy, and a negative correlation indicates a decrease in the parameter with OVX-

operated animals (see Figure 5-7). A correlation close to 0 indicates no strong trend to either increase 

or decrease with either sham or OVX. 

 

Figure 5-7: Spearman correlation of Hematological parameters measured following ovariectomy or sham operation. Intervention refers 
to surgical procedure applied to mice converted into binary digits (0 for sham, 1 for ovariectomy) to allow numerical correlation with 
other features in the data. 
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5.6 PRE-PROCESSING OF RNA SEQ DATA 

To assess transcriptomic changes in the early stage of OVX-induced bone turnover, whole femur 

marrow samples from 11 mice were extracted using a hybrid extraction technique involving pre-

chilling materials and using Qiagen’s RNeasy kit once tissues were homogenised in a Bead Mill 4 

(Thermo Fisher) for 60 seconds, in Trizol to achieve lysing of cells. The RNA extracted from the samples 

was dissolved in molecular biology-grade water and delivered to Dr Timothy Wright at the Sheffield 

Diagnostic Genetics Service of the Sheffield Children’s NHS Foundation Trust in dry ice. 

The sequencing of raw reads was subsequently performed by Dr Timothy Wright at the Sheffield 

Diagnostic Genetics Service.  Eight samples, consisting of four samples per group (OVX n=4, Sham n=4) 

were prepared for sequencing using the NEBNext rRNA depletion kit protocol. Sequencing was 

performed using an Illumina Hiseq Rapid 100bp single read flow cell providing 300 million reads, with 

samples sequenced at 37.5 million reads per sample. 

Sequenced reads in the standard format of FASTQ were then hosted on Amazon Web Services (AWS) 

S3 storage facilities before being downloaded into storage on the University of Sheffield’s HPC 

Sheffield Advanced Research Computer (ShARC) cluster ready for pre-processing. 

5.6.1 PRE-PROCESSING OF RAW RNA-SEQUENCING READS 

Prior to differential expression and other downstream analysis, raw reads must be assessed for 

quality, have adapters trimmed, aligned to the genome and aligned reads be counted before obtaining 

a final count file to be used for downstream analysis, performed in a HPC cluster due to processing 

and memory requirements. Pre-processing started with raw FASTQ files, containing multiple sequence 

reads 100 base pairs long, with information regarding base sequence, base quality scores and flow cell 

location for the reads. These reads were then aligned to mouse reference genome GRCm39 using 

STAR, producing aligned and sorted BAM files. These were then subsequently quantified using 

DegNorm, which accounts for degraded transcripts in its counting algorithm. The output from this was 

the adjusted read counts file, a comma-separated value (CSV) file, containing an expression matrix 

consisting of samples as columns, genes as rows with their estimated count per transcript. This CSV 

file could then be used in the R programming language for further downstream analysis, such as 

differential expression testing leading to gene ontology and pathway analysis. 

Figure 5-8 outlines the pre-processing steps taken to pre-process the raw files into the final count files
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Figure 5-8: Workflow for RNA-Sequencing pre-processing. Briefly, raw reads are obtained from the sequencing facility and transferred to a high-performance computing environment. These raw reads are 
subsequently checked for quality, trimmed and quality reasessed  post-trimming, before being aligned to a reference genome and subsequently quantification of aligned reads  leads to a counts file output that is 
used in assessment of differential gene expression and further downstream processing.
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5.6.2 QUALITY ASSESSMENT AND TRIMMING OF RAW READS 

To assess the quality of the raw reads, TrimGalore, developed by Babraham Bioinformatics was used 

(https://www.bioinformatics.babraham.ac.uk/projects/fastqc/). TrimGalore is a wrapper around 

frequently used tools FastQC (quality assessment) and Cutadapt (trimming) (Martin, 2011) with html 

reports as outputs for each sample. Following the trimming of reads, multiQC, a tool that summarises 

multiple fastQC reports into a single, summarised report was used to summarise the quality reports 

(Ewels et al., 2016). The FastQC tool assesses basic statistics, per base sequence quality, per tile 

sequence quality, per base sequence content, per base GC content, per base N content, sequence 

length distribution, sequence duplication, overrepresented sequences and adapter content.  

Table 5-1: Metrics covered by FastQC processing and their description 

Measurement Description Importance/Cut off 

Basic statistics The summary of percentage duplications, 
percentage duplication and total sequences 
per sample.   

Importance: Medium 

 

Per base 
sequence quality 

The mean quality value across each base 
position in the read across the sample, 
meant as a measure of the base calling 
quality for each base position within a read. 

Importance: High 

Cut off: Lower quartile for any 
base < 10, median < 20 

Per tile sequence 
quality 

The average quality scores from each tile 
across all bases along parts of the flow cell 
to see if a loss of quality was associated 
with a part of the flow cell. 

Importance: High but reduces 
towards end of read 

Cut off: Most frequently 
observed mean quality < 20 

Per base 
sequence content 

The proportion of each base position for 
which each of the four normal DNA bases 
has been called, which gives an overview as 
to which position in the read may have a 
bias for certain bases. 

Importance: Low 

Cut off: Difference between A/T 
and G/C at any position is > 10% 

Per base GC 
content 

The distribution of percentage GC content 
of reads. 

Importance: Medium 

Cut off:  GC content of any base 
> 10% from the mean 

Per base N 
content 

The percentage of bases calls at each 
position for which the base caller could not 
identify a base with sufficient confidence. 

Importance: Low 

Cut off: Any position shows N 
content of > 20% 

Sequence length 
distribution 

The distribution of fragment sizes (read 
lengths) sequenced. 

Importance: Low 

Cut off: Sequences have zero 
length 

Sequence 
duplication levels 

The relative level of duplication found for 
every sequence. 

Importance: Low 
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Cut off:  Non-unique sequences 
> 50% of total  

Overrepresented 
sequences 

The total amount of overrepresented 
sequences found in the sample library. 

Importance: Low 

Cut off:  Any sequence 
represents >1% of total 

Adapter content The cumulative percentage count of the 
proportion of the library which has seen 
each of the adapter sequences at each 
position. 

Importance: Low 

Cut off:  Any k-mer enriched 
more than 10 fold at any 
individual base position 

 

MultiQC reports for the sequencing data showed normal results for base statistics, per base sequence 

quality, per tile sequence quality and adapter content for all samples, showing good sequencing 

quality and successful adapter trimming (see Figure 5-9). However, per base sequence content, per 

base N content and sequence duplication all showed very unusual results for all samples, and per 

sequence GC content, sequence length distribution and overrepresented sequences showed a mix of 

slightly unusual and very unusual results.  

 

Figure 5-9: Summary plot created with multiQC summarising sample scores for each of the metrics. Green indicates normal results, orange 
indicates slightly abnormal and red indicates very unsual as would be expected from a typical RNA-Seq sequence 
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It must be noted, however, that normal results used for this benchmarking are based on a typical RNA-

Sequence experiment that uses poly A selection methods in the RNA isolation, meaning only mature, 

coding mRNA species are selected. The RNA sequencing flow used for these samples was rRNA 

depletion, which meant various other RNA species, such as long non-coding and shorter fragmented 

RNA are also present in the sample. This leads to an inconsistent sequence length distribution, 

resulting in a higher per base N content when fragments are shorter, less heterogeneity in sequences 

resulting in more overrepresented sequences, and skewed GC content. The unusual results shown can 

largely be explained by the presence of a variety of RNA species in the sequencer due to sequencing 

workflow.  

5.6.3 ALIGNMENT OF READS TO A REFERENCE GENOME 

Once the quality of the raw reads was established, the reads were aligned to a reference genome. For 

this, the STAR aligner was used, which aligns reads to a reference genome, by first creating an index 

from the reference index and then mapping reads to the index. Mouse release M27 (GRCm39) from 

Gencode was used as the latest release, using a comprehensive gene annotation with all regions. The 

index was successfully created with STAR and all sample reads were mapped to the same index 

successfully, producing sorted BAM files for use in counting. 

5.6.4 COUNTING OF ALIGNED READS 

As the reads were based on RNA transcripts exhibiting mild degradation, with RIN scores between 6 

and 7, degradation bias may be introduced in transcript and gene quantification. DegNorm is a pipeline 

tool that adjusts read counts on by accounting for transcript degradation heterogeneity on a gene-by-

gene basis while simultaneously controlling for sequencing depth. 

5.7 DOWNSTREAM ANALYSIS 

5.7.1 WORKFLOW 

To understand molecular and cellular changes within the bone microenvironment of ovariectomised 

mature mice, pre-processed RNA-Seq data was analysed with differential gene expression, 

deconvolution of bulk sequencing, pathway analysis, signature scoring and correlation with public 

datasets was performed (see Figure 5-10).  
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Figure 5-10: Workflow for analysing RNA sequencing against publicly available datasets 

The following sections will detail the results from the corresponding analyses performed. 

5.7.2 QUALITY CONTROL OF ADJUSTED READ COUNTS 

Prior to differential expression gene testing, sample correlations and distancing were assessed to 

understand how closely the genes from each sample were clustering together. In order to accurately 

quantify sample distances, data usually needs to be transformed to possess the same range of 

variance across different ranges of the mean values and achieve homoscedasticity  (constant/close 

range of variation across all values) . However, with RNA-Seq counts, the expected variance grows 

with the mean, meaning genes with higher counts across samples are expected to have a larger 

variation in those counts than those with lower counts. A frequently used transformation to prepare 

RNA-Seq data for clustering and principal component analysis is the variance stabilising transform 

(VST) utilised by the DESeq2 package.  
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Following the VST transform on the data, samples and relative distances were calculated using 

hierarchical clustering from the DESeq2 package, and plotted using pheatmap package which plots a 

heatmap of the distances between samples in a heatmap configuration (see Figure 5-11). 

 

Figure 5-11: Relative sample distances as calculated by hierarchical clustering using the DESeq2 dist function. A distance of 0 indicates 
perfect concord between samples, whereas higher numbers equate to larger distances between samples. Samples are also clustered on 
the axes according to relative distances, with adjacent samples on the axes being closer than distant samples. 

The results showed a relative clustering of the sham and OVX groups. However, two samples, mouse 

8 (sham) and mouse 2 (OVX) appeared to cluster closer to their opposite treatment groups and were 

deemed outliers. 

The transformed data then underwent principal component analysis, which shows the strength of 

separation between different groups of samples. In RNA-seq, principal component analysis uses linear 

combinations to derive eigenvalues of the gene expression values to define a new set of unrelated 

variables principal components (Chen et al., 2020b). The new variables are orthogonal to each other, 

eliminating redundant information allowing the description of data sets and their variance with a 

reduced number of variables. As similarities between data sets are correlated to the distances in the 

projection of the space defined by the principal components, PCA can also be used to identify outliers 

with respect to the principal components. The variance in RNA-Seq data usually grows with the 

expression mean meaning PCA on the matrix of normalised read counts will often lead to principal 

components that are dominated by the variance of a few highly expressed genes (Chen et al., 2020b). 

DESeq2 calculates a variance stabilizing transformation (VST) from the fitted dispersion-mean 

relation(s) and then transforms the count data (normalized by division by the size factors or 

normalization factors), which normalises the high random noise of low count data (Love et al., 2014). 

Therefore, the VST transform is performed prior to PCA. The first principal component (PC1) accounts 
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for the largest difference between the groups, and the second principal component (PC2) accounts 

for the second largest explanation of variation between the groups. When performed on the VST 

transformed data, the samples did not show a distinct separation, suggesting little difference between 

the groups (see Figure 5-12). 

 

Figure 5-12: Principal component plotting of VST transformed data 

Therefore, prior to differential expression testing, outliers identified in the previous hierarchical 

clustering, mouse 2 and mouse 8 were removed in order to achieve greater separation between the 

groups, leaving 3 samples per group. Upon omitting the outlier samples, hierarchical clustering was 

performed and showed more distinct clustering, though one other sample from the OVX group 

clustered closer the sham group (see Figure 5-13). 

 

Figure 5-13: Heatmap plot of hierarchical clustering of samples with outliers removed. Mouse 1 from OVX group clusters closer to the 
sham group 
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PCA analysis following the removal of outliers showed clearer separation between the sham and OVX 

groups (see Figure 5-14).  

 

Figure 5-14: Principal component analysis of reduced sample, showing more distinct separation than with all samples present 

Despite one sample from OVX clustering closer to the sham group, the separation was deemed 

sufficient to perform differential expression testing, as with 3 samples per group, more samples could 

not be removed to maintain a triplicate biological repeat. 

Selecting the most variable genes was considered as a possible avenue to better assess difference 

between the groups. The 6000 most variable genes as  ranked by standard deviation were selected 

and PCA with 8 components according to sample number was performed. The first component 

accounted for 60% of the variance, and the second component accounted for approximately 17% of 

the variance (see Figure 5-15). Despite accounting for a significant portion of the variance, the first 

two components did not linearly separate the two groups.  Components 2 and 3 (accounting for 

approximately 8% of variance) separated the two groups marginally better than component 1 and 2. 

However, it was deemed a more appropriate strategy to remove outliers as shown in previous figures. 
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Figure 5-15:   PCA performed on the 6000 most variable genes as ranked by standard deviation. PCA was performed using 8 components. A.) First 2 components, B.) second and third components, C.) third and 
fourth components, D.) fourth and fifth components, E.) individual explained variance per principal component and cumulative explained variance. Purple dots: Sham operated samples, Orange dots: 
Ovariectomised samples. Selecting the 6000 most variable genes in isolation showed  a lower separation compared to removing outliers
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5.7.3 DIFFERENTIAL GENE EXPRESSION TESTING 

Differential expression analysis identifies genes whose expression are significantly differentially 

expressed between at least two distinct sample groups. Common tools for statistical analysis of 

differential expression perform univariate comparisons, comparing each gene across samples 

individually, producing a score that relates to the fold change between one group compared to 

another. This allows easy interpretation and comparisons of genes whose transcript expression are 

orders of magnitude apart. For my analyses, I used DESeq2, a frequently cited tool in the 

R/Bioconductor ecosystem that uses shrinkage estimation for dispersions and fold changes to produce 

differential expression estimates between samples. 

Differential expression testing omitted genes with a zero read count in more than 3 samples, meaning 

testing was performed on 27,999 genes with non-zero read count and used a Benjamini-Hochberg 

correction to adjust significance rates for the amount of tests being performed, referred to as adjusted 

p-value or false discovery rate (FDR). Out of 27,999 genes with non-zero read count, at an FDR value 

of < 0.1 and log fold changes > 0, 82 genes were found to be significantly downregulated in the OVX 

group, and 75 were found to be significantly upregulated in the OVX group (see Figure 5-16 and Table 

5-2). 

 

 

Figure 5-16: MA plot of differential expression testing, y-axis showing the log2 fold change of genes, and x-axis showing the statistical 
significance value of the differential expression. Blue colour indicates significantly altered genes. 
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Table 5-2: Complete list of genes significantly downregulated and upregulated in the OVX group vs sham according to DESeq2 differential 
expression testing 

Condition Genes 

Downregulated 

in OVX 

ABCB10, ALAS2, ARRB1, BSDC1, BTNL10, CAR2, CD177, CLN8, CREG1, CTSE, DCAF12, DMTN, 

DSTN, E2F4, EIF2AK1, EPB41, EPB42, ERMAP, FAM117A, FZR1, GAS5, GDA, GPX1, GYPA, GYPC, 

H2AX, H2BC9, HBA-A1, HBA-A2, HBB-BT, HEMGN, HMBS, KEL, LCN2, LMO2, MARCHF8, 

MKI67, MKRN1, ODC1, OLFM4, PABPC1, PIGQ, PPOX, PRDX2, PRTN3, RAB3IL1, RANBP10, 

RHD, SLC16A10, SLC25A37, SLC43A1, SLC4A1, SLFN14, SMOX, SNCA, SPECC1, SPIRE1, SPTA1, 

ST3GAL5, TAL1, TENT5C, TFDP2, TMCC2, TRIM10, TRIM59, UBE2O, XPO7 

Upregulated in 

OVX 

MAN2A2, 1110002E22RIK (C4orf54 ortholog), ABLIM1, ACTN3, AGL, AK1, AMPD1, ATP1B1, 

ATP2A1, CACNA2D1, CAMK2A, CAMK2D, CKM, CMYA5 COL11A1, COL12A1 COL1A1, COL1A2, 

COL3A1, COL5A1, COL5A2, CPE, DMPK, FSD2, GJA1, GPD1, HSPA9, IDH3B, IGFN1, IRS1, JPH1, 

KLHL24, LUM, MAF, MAP7D1, MMP2, MYBPC2, YH4, MYL1, MYLK4, MYOZ1, MYPN, PDLIM3, 

PINK1, POSTN, PRKAA2, PVALB, PYGM, RORA, SELENOW, SH3PXD2A, SPARC, SPP1, SUCLA2, 

THBS2, TMEM38A, TNN, TOB1, TPM1, TRDN, TXNIP 

 

When plotting the expression value Z scores for the differentially expressed genes, the groups 

clustered well for both the upregulated and downregulated genes (see Figure 5-17), showing samples 

generally correlated within their groups. Including previously excluded samples (mouse 8 from the 

sham group and mouse 2 from the ovariectomy group) showed contrasting gene expression to their 

own groups and further justified their exclusion from downstream analysis. Although general 

correlation was shown in sample groups, variations of the strength of expression overall were also 

present. Mouse 10 (sham) and mouse 1 (ovariectomy) showed very strong contrast with both 

upregulated and downregulated gene sets, whereas mouse 11 (sham) showed weak correlation in 

both upregulated and downregulated gene sets. Mouse 5 (ovariectomy) showed a weak correlation 

for downregulated genes, but good correlation for the upregulated genes. 
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Figure 5-17: Scale: Z score of gene expression values. Top bar; pink represents Sham operated animals (mouse 8 -11), purple represents 
OVX (mouse 1-6) operated animals. Left green bar: Log2Foldchange of genes in sham compared to ovariectomy, dark green upregulated, 
light green downregulated. Produced using NMF version 0.23.0 aheatmap function 

5.7.3.1 POWER ANALYSIS 

Power analysis for RNA-seq requires the running of simulations to simulate the expected power for a 

given sample size, count of genes and specified FDR. A standard acceptable power is 80%. To 

accomplish this, simulations were run on the Bottomly (2011) dataset consisting of inbred mice using 

the PROPER Bioconductor package (Bottomly et al., 2011, Wu et al., 2015). Simulations were carried 

out to assess the expected power for an experiment investigating 28,000 genes, either a 0.1 or 0.05 

FDR and 3, 4, 8, or 12 samples per group for 20 simulations. Results can be seen in Table 5-3 and show 

that for this experiment with 3 samples per group after omitting outliers, with a nominal FDR of 0.1, 

a marginal power of 0.73 was obtained, with a false discovery cost of 0.19, meaning 19% of genes 

discovered as differentially expressed, 19% would be falsely discovered as so. Increasing samples to 4 

would increase the power to 0.77, whereas reducing nominal FDR to 0.05 would reduce the marginal 

power to 0.7. To achieve a power of over 0.8 (80%), the sample size would have to be 8 or over in the 

range of sample sizes simulated.  
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Table 5-3: Effect of group sample size and FDR on statistical power as generated by the PROPER R package. Nominal FDR – False Discovery 
Rate selected as cut-off for discovery of genes. SS1 & 2 – sample size of group 1 (control) and group 2 (test). TD – True discoveries, FD – 
False discoveries, FDC - False discovery cost, defined as the number of FD divided by the number of TD. 

SS1 SS2 Nominal 
FDR 

Actual FDR Marginal 
power 

Average 
number of 
TD 

Average 
number of 
FD 

FDC 

3 3 0.05 0.09 0.7 348 47 0.14 

4 4 0.05 0.08 0.75 375 44 0.12 

8 8 0.05 0.05 0.83 418 35 0.08 

12 12 0.05 0.05 0.86 435 34 0.08 

3 3 0.1 0.13 0.73 360 69 0.19 

4 4 0.1 0.11 0.77 384 68 0.18 

8 8 0.1 0.09 0.84 425 65 0.15 

12 12 0.1 0.09 0.87 441 65 0.15 

 

The low sample count significantly contributes to a lower power, as well as the heterogenous nature 

of the samples used and lack of technical replicates. The power of this experiment was below the 

minimally expected threshold of 0.8. However, to increase the power, the samples sequenced would 

have to be doubled. Within financial constraints, technical and biological replicates could be 

performed, but the major limiting factor was the number of samples that could be sequenced 

remaining at 4 per group. Therefore increasing power above 0.8 could not be done and the experiment 

would be considered as exploratory with findings to be verified with follow up sufficiently powered 

analyses. 

As the expected number of true discoveries with this experimental setup was 360 and false discoveries 

being 69 (see Table 5-3), the number of differentially expressed genes was expected to be 429. 

However, the number of differentially expressed genes was 157, which is significantly less than 

expected. It must be taken into account that the Bottomly (2011) dataset compared two different 

mouse strains, C57BL/6J and DBA/2J (Bottomly et al., 2011), therefore more genes would be expected 

to be differentially expressed compared to observing groups based on the same strain. Furthermore, 

as the experiment was designed to capture early events following ovariectomy, subtle changes, rather 

than drastic would be expected. 

Importantly, the discovery of 157 genes out of 27,999 falls below the threshold set for the false 

discovery rate of 0.05. Therefore a careful consideration of the genes must be made when making any 

inference with respect to biological expectation; emphasising genes and pathways expected to be 

upregulated or downregulated in ovariectomy or sham operated mice according to previous 

experiments within the lab and in literature.  
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5.7.4 ALTERED PATHWAYS 

In order to understand the wider landscape of transcriptomic changes, pathway analysis was 

performed in the selected genes from the Farr et al. dataset and the one I generated following 

ovariectomy of mature mice.  This would help identify further correlations of process pathways altered 

as different genes can contribute to a singular pathway, thereby potentially obscuring these pathways 

when comparing genes in isolation. To achieve this, lists of upregulated genes in the ovariectomy 

group, as well as the list of upregulated genes in young women compared to old were uploaded into 

the Database for Annotation, Visualization and Integrated Discovery (DAVID) and gene ontology terms 

assessed, with statistical analyses performed for significance (see Table 5-4 and Table 5-5).  

Table 5-4: Gene ontology terms altered from genes upregulated in ovariectomised mice, with their gene counts, significance (FDR - 
adjusted p-value) and genes contributing to the pathway/process 

Term Gene 
Count 

FDR Genes 

ECM-receptor 
interaction 

9 0.0000009 COL1A1, COL3A1, COL1A2, COL5A1, TNN, COL11A1, 
COL5A2, SPP1, THBS2 

Focal adhesion 11 0.0000024 COL1A1, COL3A1, COL1A2, ACTN3, COL5A1, TNN, 
COL11A1, COL5A2, SPP1, THBS2, MYLK4 

Protein digestion and 
absorption 

8 0.0000071 COL1A1, COL3A1, COL1A2, COL5A1, COL11A1, COL12A1, 
COL5A2, ATP1B1 

PI3K-Akt signaling 
pathway 

11 0.00015 COL1A1, COL3A1, COL1A2, PRKAA2, COL5A1, TNN, IRS1, 
COL11A1, COL5A2, SPP1, THBS2 

Platelet activation 7 0.00069 COL1A1, COL3A1, COL1A2, COL5A1, COL11A1, COL5A2, 
MYLK4 

Proteoglycans in cancer 6 0.044  COL1A1, CAMK2D, COL1A2, LUM, MMP2, CAMK2A 

Table 5-5: Gene ontology terms altered from genes upregulated in young women compared to old, with their gene counts, significance 
(FDR - adjusted p-value) and genes contributing to the pathway/process 

Term Gene count FDR Genes 

Angiogenesis 39 8.90E-14 

CCL2, DAB2IP, EGFL7, RAPGEF3, SOX17, SOX18, ANGPTL4, ANGPTL6, 

CAV1, COL4A2, COL15A1, CYP1B1, DLL4, EMCN, EPAS1, ECSCR, FGF1, 

FGFR2, GJA5, HSPG2, HEY1, HIF3A, ID1, LEP, MMP19, MCAM, MMRN2, 

NRXN1, NRP1, NOS3, PIK3CG, PGF, PTPRB, RAMP2, ROBO4, SRPX2, 

THSD7A, TMEM100, TIE1 

Cell adhesion 47 1.70E-08 

CCL2, CX3CL1, CD34, CD36, EGFL7, KIAA1462, NUAK1, PDZD2, AOC3, 

B4GALT1, CDH11, CDH5, COL6A1, COL6A2, COL7A1, COL15A1, 

COL28A1, CYP1B1, EMP2, FERMT1, LGALS4, HES1, ISLR, ITGA7, ITGB4, 

ITGBL1, ICAM3, LAMA3, LAMA4, LAMB1, LAMB2, LAMC1, LSAMP, 

LYVE1, MCAM, MAG, NLGN4X, PARVA, PGM5, PKP1, PODXL, PTPRF, 

PCDH18, PCDHGC3, SORBS1, TINAGL1, VWF 
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Extracellular 

matrix 

organization 25 2.30E-05 

APBB2, B4GALT1, COL2A1, COL4A1, COL4A2, COL5A3, COL6A1, 

COL6A2, COL7A1, FGF2, HSPG2, ITGA7, ITGB4, ICAM3, JAM2, LAMA3, 

LAMA4, LAMB1, LAMB2, LAMC1, NR2E1, OLFML2A, OLFML2B, VWA1, 

VWF 

Vasculogenesis 12 1.10E-03 

EGFL7, EPHA2, SOX17, SOX18, TEAD2, YAP1, CAV1, FZD4, HEG1, 

RAMP2, TMEM100, TIE1 

Positive 

regulation of 

angiogenesis 16 2.70E-03 

CX3CL1, CD34, GATA2, RAPGEF3, ANGPTL4, AQP1, CMA1, CCBE1, 

CYP1B1, FGF1, FGF2, NOS3, NR2E1, PGF, RAMP2, TMIGD2 

 

Cell adhesion and extra cellular matrix organisation pathways were commonly altered between the 

two datasets, with blood vessel formation-inducing genes occurring more significantly in young 

women than ovariectomised mice. Many of the processes significantly upregulated in the dataset I 

generated were driven by collagen genes, thrombospondin-2 (THBS2), osteopontin (SPP1) and 

Tenascin-N precursor (TNN). These genes and processes were expected, taking into account biological 

results of increased bone resorption and disruption of the extra-cellular matrix. 

5.7.5 IDENTIFYING A DORMANCY SIGNATURE 

Identification of individual genes regulating dormancy has revealed that dormancy is a phenomenon 

of transcriptional signature alterations, rather than being primarily driven by individual genes, though 

usually acting through critical signalling nodes for dormancy induction, such as NR2F1. Much research 

has involved finding clusters of genes that drive dormancy within tumour cells. In particular, research 

by Segall and colleagues into transcriptional signatures associated with dormancy derived from 

various cancer types and applied to breast cancer cell lines revealed a number of genes that were 

upregulated and also others that were downregulated in ER+ positive cell lines (see Figure 5-18) (Kim 

et al., 2012). Among them, inhibition of BHLHE41 and NR2F1 were shown to increase in vivo growth 

of ER+ MCF7 cells. 

 

Figure 5-18: Upregulated and downregulated genes in dormant cancer cell lines as identified by Kim et al. (Kim et al., 2012). 
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To investigate the predictive value of these genes within the bone microenvironment, I used a dataset 

from a study published by Cawthorn et al. (2009). In this, bone marrow biopsies were collected from  

breast cancer patients with either metastatic tumour growth within the bone marrow (MTC), or with 

confirmed presence of disseminated tumour cells without overt outgrowth (DTC) (Cawthorn et al., 

2009). This data consisted of genes detected by microarray and their relative expression amongst a 

cohort of 13 patients, 6 MTC and 7 DTC samples. These data were scored for their relative expression 

of the up-regulated and the down-regulated gene sets as discovered by Kim et al. (2012) in breast 

cancer cell lines using SingScore, an R/Bioconductor package for quantifying concordance between 

sample transcriptomes and selected molecular signatures (Foroutan et al., 2018). The scoring of these 

samples produced a plot of score on the x-axis, and dispersion on the y-axis, where the score is an 

arbitrary unit signifying the concordance of the abundance of selected genes in the signature present 

in the sample, whereas dispersion is a factor of the rank of the genes within the samples. Scores are 

provided for upregulated genes, downregulated genes and the total combined (see Figure 5-19).  

 

Figure 5-19: The score and dispersion of the total across up- and down-regulated gene scores and dispersion, the up-regulated and the 
downregulated gene sets from ER+ breast cancer cell lines scored against samples of bone marrow biopsies from women with either 
disseminated tumour cells or metastatic tumour cells (Cawthorn et al., 2009). Higher score reflects higher relative gene expression of 
gene set, high dispersion reflects higher variation in expression of genes in gene set. 

Scoring this dataset yielded interesting results. In both the up-regulated and down-regulated gene 

sets, the samples from the metastatic tumour cells showed a higher score, whereas isolated 

disseminated tumour cells had a low score despite similar dispersion. This indicates that the 

metastatic tumour cell samples had a higher resemblance in transcriptomic profile to the dormant cell 

lines than did the isolated disseminated tumour cells. 

Samples from the ovariectomised mice were also subsequently scored, showing an inconsistent 

scoring of genes across the sample groups with poor separation (see Figure 5-20). 
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Figure 5-20: The score and dispersion of the total across up- and down-regulated gene scores and dispersion, the up-regulated and the 
downregulated gene sets from ER+ breast cancer cell lines scored against samples from ovariectomised and sham operated mice. Higher 
score reflects higher relative gene expression of gene set, high dispersion reflects higher variation in expression of genes in gene set. 

 Treatment Total Score 

Total 

Dispersion Up Score Up Dispersion 

Down 

Score 

Down 

Dispersion 

Mouse 1 OVX 0.044218 5308.82 0.176137 5193.548 -0.13192 5424.092 

Mouse 2 OVX -0.00839 5746.558 0.135223 6412.245 -0.14362 5080.87 

Mouse 5 OVX 0.024332 5788.812 0.160256 6413.728 -0.13592 5163.896 

Mouse 6 OVX 0.024676 5894.076 0.166473 6928.19 -0.1418 4859.963 

Mouse 8 Sham 0.027203 5522.685 0.164916 5356.634 -0.13771 5688.736 

Mouse 9 Sham 0.007528 6103.123 0.148037 6859.99 -0.14051 5346.256 

Mouse 10 Sham -0.04707 5845.892 0.104014 7138.719 -0.15109 4553.065 

Mouse 11 Sham 0.004502 5513.419 0.151265 6154.273 -0.14676 4872.565 
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The results show poor separation between the groups regarding the dormancy signature. To identify 

whether individual genes may have been altered, key genes Kim et al. (2012) identified as being critical 

to dormancy and leading to inhibition of dormancy when inhibited, BHLHE41 and NR2F1 were isolated 

from the adjusted read counts and plotted to show the difference between groups. In addition, 

thrombospondin 1, TGFB2, STAT3 and SOX9, were also plotted to show the difference between groups 

(see Figure 5-21). 
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Figure 5-21: Adjusted read counts of significant genes implicated in cancer dormancy. BHLHE41 sham mean 165.4, OVX mean 144.3, 
difference between means (± SEM) 21.08( ± 27.42) p=0.4711. NR2F1 sham mean 11.72, OVX mean 10.49, difference between means (± 
SEM) 1.230( ± 4.131) p=0.7760. THBS1 sham mean 2795, OVX mean 2600, difference between means (± SEM) 195.1 ( ± 346.4) p=0.5936. 
TGFB2 sham mean 146.1, OVX mean 133.4, difference between means (± SEM) 12.67( ± 26.61) p=0.6509. STAT3 sham mean 614.8, OVX 
mean 622.8, difference between means (± SEM)8.032( ± 47.09) p=0.4737. SOX9  sham mean 55.67, OVX mean 66.32, difference between 
means (± SEM) 10.65( ± 13.94) p=0.4711. 

Consistent with poorly resolved scoring of the dormancy signature between the two groups, none of 

the individual genes plotted revealed significant differences between the two groups. 

To further assess whether age or oestrogen treatment would have an impact on the dormancy score, 

the dataset from Farr et al. (2015) was scored and displayed according to status (young woman, old 

woman, old woman with oestrogen therapy) (see Figure 5-22). 

 

Figure 5-22: The score and dispersion of the total across up- and down-regulated gene scores and dispersion, the up-regulated and the 
downregulated gene sets from ER+ breast cancer cell lines against samples of young (~30 years old) women, old women (~73 years old) 
and old women (~70 years old) treated with 3 weeks of oestrogen therapy. Higher score reflects higher relative gene expression of gene 
set, high dispersion reflects higher variation in expression of genes in gene set. 

Similarly to the dataset based on OVX or sham operated mice, there did not seem to be any strong 

correlation in status with dormancy score, whether the up-regulated, down-regulated or total score 

was measured. Using the dormancy scoring signature against whole bone or bone marrow bulk 

sequences did not show significant differences in treatment groups.  
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5.7.6 DECONVOLUTION OF BULK SEQUENCING 

To estimate cell type abundance within the bone marrow in order to infer the changes in the cellular 

landscape, xCell, a tool that estimates the abundance of 64 different cell types from bulk RNA-Seq 

data was used on the sequencing data from both the comparison between sham and ovariectomised 

mice as well as the data reported in Farr et al. (2015) on the effects of age and oestrogen on human 

skeletal gene expression. Cell type estimates included Adipocytes, Astrocytes, B-cells, Basophils, CD4+ 

T-cells, CD4+ Tcm, CD4+ Tem, CD4+ memory T-cells, CD4+ naive T-cells, CD8+ T-cells, CD8+ Tcm, CD8+ 

Tem, CD8+ naive T-cells, common lymphoid progenitors (CLP), common myeloid progenitors (CMP), 

Chondrocytes, Class-switched memory B-cells, dendritic cells (DC), Endothelial cells, Eosinophils,  

Epithelial cells, Erythrocytes, Fibroblasts,  granulocyte-monocyte progenitor (GMP), HSC, Hepatocytes, 

Keratinocytes,  Megakaryocyte–erythroid progenitor cell (MEP), Multi-Potent Progenitor (MPP), 

mesenchymal stem cells (MSC), Macrophages (total, M1 and M2 polarised), Mast cells, 

Megakaryocytes, Melanocytes, Memory B-cells, Mesangial cells, Monocytes, Myocytes, NK cells, 

natural killer T cells (NKT), Neuronal cells, Neutrophils, Osteoblasts, Pericytes, Plasma cells, Platelets, 

Preadipocytes, Sebocytes, Skeletal muscle, Smooth muscle, Gamma Delta T cells (Tgd), Th1 cells, Th2 

cells, Tregs, activated dendritic cells (aDC), classical dendritic cells (cDC), interstitial dendritic cells 

(iDC), Endothelial cells, Endothelial cells, naive B-cells plasmacytoid dendritic cells (pDC) and pro B-

cells. Analysis of data obtained from mice that underwent a sham or OVX treatment revealed a 

relatively unchanged cellular landscape, with only class switched memory B-cells as significantly 

increased in the OVX group (p = 0.026) (see Figure 5-23). Interestingly, pro-B cells, despite not being 

significantly altered, were increased at a significance value marginally above significance (p=0.0536).  

 

Figure 5-23: Relative fraction estimates of cell type abundances for mice that underwent sham vs OVX procedures. 

These cells were assessed for significant changes in the Farr et al. (2015) dataset deconvoluted results, 

but did not show a significantly altered estimation of either Class Switched memory B-cells or pro B 

cells as assessed by ANOVA (p=0.6032 and p=0.4803 respectively). 
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Figure 5-24: Relative fraction estimates of cell type abundances for samples from the Farr et al. (2015) dataset.  

To further hone cells of interest, the results from the deconvolution were correlated with the 

dormancy score for the samples in the Farr et al. (2015) dataset. Cells having a correlation of > 0.3 or 

<-0.3 indicating either positive or negative correlation were retained, showing that basophils, 

chondrocytes, endothelial cells, fibroblasts, HSCs, monocytes, neutrophils and osteoblasts had 

correlation with the dormancy score, and thus are cells that may influence dormancy either negatively 

or positively (see Figure 5-25).  

 

Figure 5-25: Spearman correlation plot of estimated cell type abundance with either a correlation of >0.3 or <-0.3 for both the dormancy 
up score and the dormancy down score regardless of group (young women, old women or old women treated with oestrogen) 

The resulting correlation showed a negative correlation with dormancy for basophils, and monocytes, 

suggesting their presence is associated with a lower expression of dormancy promoting genes, 



 

 

229 

 

whereas chondrocytes, endothelial cells, fibroblasts, HSCs and osteoblasts were positively correlated 

with the dormancy signature genes, suggesting their presence is associated with a higher expression 

of dormancy promoting genes. 

The expression of these individual cell types was assessed in the deconvoluted dataset for both the 

Farr et al. (2015) dataset (see Figure 5-26) and for mice that underwent sham vs OVX (see Figure 5-27). 

 

Figure 5-26: Cell type abundance estimates from the Farr et al. (2015) dataset. No significant difference in cell abundance between Old 
Woman vs Old Woman + Oestrogen, Old Woman vs Young Woman and Old Woman + Oestrogen vs Young Woman for all cells tested by 
unpaired t-test with welch’s correction 
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In the Farr et al. (2015) dataset, there was a largely unchanged landscape of the cell types isolated 

between the different groups. However, osteoblast numbers were significantly increased in old 

women treated with oestrogen compared to young women. The difference was not significant 

between old women and any of the other groups. This result is not unexpected, as oestrogen mediates 

the differentiation of parental bipolar stromal cells towards osteoblasts (Okazaki et al., 2002). 

The same cells were analysed in the sham vs OVX dataset (see Figure 5-27). 
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Figure 5-27: Cell type abundance estimates from mice that have undergone either sham or OVX. No significant difference found between 
all cells tested between OVX and sham. 
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Similarly to the Farr et al. (2015) dataset, there were no significant differences between the groups, 

with a general tendency to decrease all cell types in the OVX group. Interestingly, cells correlated with 

a decrease in dormancy promoting genes, monocytes and basophils, were reduced on average, though 

non-significantly. However, other cells associated with an increase in dormancy promoting genes 

appeared to be likewise decreased, meaning a trend could not be established. Overall, a correlation 

between pro-dormancy genes could not be established in the conditions belonging to the datasets, 

neither could a correlation between cell types and the dormancy-promoting signature be established. 

The limited number of animals used for this study and sample variability may mask important 

correlations, and repeating this experiment with increased sample numbers would significantly 

improve comparisons between the datasets. 

5.7.6.1 HUMAN CANCER METASTASIS DATABASE CORRELATION 

To investigate the clinical value of the altered transcriptional landscape detected in my sample set, 

the top two enriched pathways upregulated in ovariectomised mice were used to identify potential 

genes of interest to query in clinical datasets. The top two enriched pathways, ECM receptor 

interaction and focal adhesion, contained various genes belonging to the collagen super family as well 

as SPP1, THBS2 and TNN were upregulated in both enriched pathways. Therefore, these genes, SPP1 

and THBS2 were selected to be further investigated. In addition, MMP2, which was altered in the 

Ottewell et al. (2015) dataset, the Farr et al. dataset, as well as in ovariectomised mice was further 

investigated. 

As gene expression data from metastatic sites are limited, analyses were focused on the effect of these 

genes expressed in the primary breast cancer on time to metastasis using distant metastasis free 

survival (DMFS), as well as correlation with the expression of these genes with the site of metastasis. 

DMFS was assessed in KM-plotter using gene symbols as input (SPP1, THBS2, MMP2 and POSTN) with 

default parameters, searching across all breast cancer subtypes and treatments, using the auto-select 

best cut-off feature, which selected the best separation value between the upper and lower 

expression thresholds for separation of high-expressing and lower-expressing patients. This was 

combined with expression data of these genes from breast cancer metastases to different organ sites 

based on data from the Human Cancer Metastasis Database (HCMDB) generated by Zhang et al. (2009. 

Zhang which profiled 58 breast cancer metastases from different organs (bone, liver, lung and brain) 

under Gene Expression Omnibus (GEO) accession number GSE14020 split across 2 datasets (Zhang et 

al., 2009). Data from the HCMBD also included genes co-expressed with the selected gene.   

Analysis of SPP1 expression in breast tumours that metastasised to different sites showed an 

increased expression in the bone compared to  brain liver and lung in both HCMBD analysed (p=0.013) 

(see Figure 5-28). In addition, analysis of DMFS across breast cancer patients found higher expression 

of SPP1 to be significantly correlated with decreased DMFS across breast cancer subtypes or sites of 

metastasis with a hazard ratio of 1.83 (logrank p = 4.4x10-14). Similarly, THBS2 expression was found 

to be significantly increased in tumours that metastasised to bone compared to  the brain and lung in 

both HCMBD datasets analysed (p=2.086x10-3 and 1.167x10-3), and was also found to be significantly 
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correlated with difference in DMFS outcome, though with lower effect compared to SPP1 with hazard 

ratio of 1.27 (p=0.005) (see Figure 5-29). MMP2 was also found to be upregulated in tumours that 

metastasised to the bone compared to brain and lung in both datasets HCMDB datasets selected (p= 

7.038x10-3 and 8.883x10-3 but had an insignificant change in risk of distant metastasis in high 

expressing patients (logrank p =0.09) (see Figure 5-30) . Similarly to MMP2, POSTN expression was 

significantly increased in tumours that metastasised to bone compared to brain and lung (p= 3.30x10-

3 and 4.44x10-3) but risk of metastasis of high expressing patients vs low expressing patients was 

insignificant (logrank p =0.28) (see Figure 5-31).
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Figure 5-28: A and B co-expression correlation of genes with SPP1 in both datasets; C and D; Expression values for SPP1 in tumours that metastasised to Bone (Group A), Brain (Group B), Liver(Group C) and Lung 
(Group D) showing significantly increased expression of SPP1 in tumours that metastasized to bone in both datasets selected (p- 0.013); E DMFS of high expressing patients vs low expressing patients showing 
significantly increased risk of distant metastasis in high expressing patients (logrank p 4.4e-14)  
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Figure 5-29: A and B co-expression correlation of genes with THBS2 in both datasets; C and D; Expression values for SPP1 in tumours that metastasised to Bone (Group A), Brain (Group B), Lung(Group C) showing 
significantly increased expression of THBS2 in tumours that metastasized to bone in both datasets selected (p- 2.086x10-3 and 1.167x10-3); E DMFS of high expressing patients vs low expressing patients showing 
slight yet significantly increased risk of distant metastasis in high expressing patients (logrank p =0.005) 
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Figure 5-30: A and B co-expression correlation of genes with MMP2 in both datasets; C and D; Expression values for MMP2 in tumours that metastasised to Bone (Group A), Brain (Group B), Lung(Group C) showing 
significantly increased expression of MMP2 in tumours that metastasized to bone in both datasets selected (p= 7.038e-3 and 8.883e-3); E DMFS of high expressing patients vs low expressing patients showing an 
insignificant change in risk of distant metastasis in high expressing patients (logrank p =0.09) 
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Figure 5-31: A and B co-expression correlation of genes with POSTN in both datasets; C and D; Expression values for POSTN in tumours that metastasised to Bone (Group A), Brain (Group B), Lung(Group C) showing 
significantly increased expression of POSTN in tumours that metastasized to bone in both datasets selected (p- 3.306e-3 and 4.444e-3); E DMFS of high expressing patients vs low expressing patients showing an 
insignificant change in risk of distant metastasis in high expressing patients (logrank p =0.28)
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5.8 DISCUSSION 

The bone microenvironment plays a significant role in the homing and engraftment of disseminated 

breast cancer cells, as well as their subsequent maintenance in a dormant state or overt outgrowth. 

Understanding the complicated interplay between genes and cells of the microenvironment with 

disseminated tumour cells under different conditions may allow more accurate recapitulation of 

clinical events in research models, as well as provide potential targets for therapeutic or prognostic 

purposes.  

In particular, ovariectomy has been shown to alter the bone microenvironment leading to the overt 

outgrowth of dormant, disseminated tumour cells (DTCs) in the long bones of mice (Ottewell et al., 

2015). Outgrowth of DTCs to form overt tumours has also been inhibited in mouse models by 

therapeutically targeting osteoclasts, even in the absence of cancer-targeting therapies (Ottewell et 

al., 2008). 

However, these results have only been demonstrated in pre clinical models and remain difficult to 

extrapolate to the clinical setting. The AZURE trial showed that the use of the anti-resorptive Zol in 

the adjuvant setting was not sufficient to prevent progressive secondary disease within the bone of 

women with breast cancer (Coleman et al., 2014).  Stratification of results based on menopausal status 

did show that Zol benefit was influenced by menopausal status, with increased invasive disease free 

survival (IDFS) and overall survival (OS) with Zol treatment, but only in women 5 years or more into 

menopause.  These findings suggest that the influence of oestrogen on the bone microenvironment 

of post-menopausal women may have played a significant role in disease prevention with Zol. 

Combined with preclinical data on oestrogen deprivation leading to overt outgrowth of disseminated 

tumour cells (Ottewell et al., 2015), this shows that oestrogen may play a key role in the progression 

of cancer within the bone in both the presence or absence of bone targeting agents.  

Previously, Ottewell et al. (2014) inoculated mature (12week old) BALB/C nude mice with MDA-MB-

231 breast cancer cells before waiting for dormancy to be established after 8 weeks. Animals were 

divided into two groups, to undergo either an ovariectomy or sham operation, and  tumour growth 

monitored. Importantly, mice which underwent an ovariectomy operation had a significant increase 

in tumour cells in the long bones, approximately 80% of the ovariectomised animals developed 

outgrowth of DTCs (n=7). In contrast, the sham operated animals had a lower rate of outgrowth of 

DTCs in the long bones, approximately 30% (n=7) (Ottewell et al., 2015). Understanding the changes 

that occur in the absence of tumours would allow for the assessment of the changes to the 

microenvironment that would precede and subsequently support  tumour growth. I therefore carried 

out a comprehensive study to investigate the composition of the  bone microenvironment following 

oestrogen deprivation by ovariectomy in the absence of tumours, in order to determine the changes 

to the early transcriptional landscape leading to overt outgrowth od DTCs. To this end, 14-week old 

immunocompetent BALB/C mice underwent either a sham operation or ovariectomy and analyses of 

the BMEV carried out after 2 weeks to capture the changes. Bones and tissue from these mice were 

then collected to analyse the physical bone structure, circulating hematopoietic cells and RNA-
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Sequencing to comprehensively characterise and compare the cellular and molecular composition 

under these conditions.  

5.8.1 PHYSICAL BONE STRUCTURE 

Ovariectomy-mediated deprivation of oestrogen within the bone microenvironment leads to a 

reduction of OPG and increased production of RANKL by osteoblasts (Eghbali-Fatourechi et al., 2003, 

Hofbauer et al., 1999), increasing bone turnover and subsequent bone resorption that can be detected 

by µCT. Consistent with this, I found a significant reduction in bone volume and trabecular thickness 

in animals that had undergone  ovariectomy procedure. The change was not dramatic and could be 

marginally observed in reconstructed images, but was significant according to measurements taken 

from the trabecular region. Ottewell et al. (2014) showed that 2 weeks following ovariectomy, bone 

volume as measured by µCT was statistically significantly reduced by approximately 3%, which is 

similar to the results I obtained (Ottewell et al., 2014a). These µCT data indicate that the ovariectomy 

procedure induced the expected effect that could be detected at the structural level, therefore 

implicating changes at the cellular and transcript level. 

5.8.2 CIRCULATING HEMATOPOIETIC CELLS 

Whole blood was collected from the mice for analysis of the hematopoietic milieu in the circulation. 

A significant difference in circulating cells could not be observed following alteration of the bone 

microenvironment by OVX compared to Sham. Interestingly, red blood cells were reduced in the OVX 

group compared to Sham, though not significantly (p=0.0879). This, in conjunction with a reduction of 

erythropoietic genes EPB41 and EPB42 in the OVX group as well as in older women according to the 

Farr et al. (2015) dataset, may indicate that oestrogen influences erythropoiesis and may potentially 

impact on red blood cell numbers. However, further research is required to establish this indication. 

Regulation of haematopoiesis may return cellular populations to homeostatic levels following 

Sham/OVX within the 2-week time frame between operation and sample collection. Although various 

stressors, including DNA damage, inflammation, metabolic stress, obesity and ovariectomy can 

directly influence HSC regulation and function, quiescent HSCs that have been activated by stress can 

return to the quiescent state within a few weeks, as well as returning downstream progeny to baseline 

levels (Poller et al., 2020). It is therefore likely that cells within the peripheral circulation would return 

to homeostatic cell levels within the time frame of my experiment.   

Circulating cells may also appear to be unchanged between OVX and sham animals due to the systemic 

effect that surgery, performed on both groups, has on inflammation and hematopoiesis. Krall and 

colleagues (2018) described an in vivo model of surgery-induced systemic inflammation that led to the 

escape of tumour cells in immune-mediated dormancy (Krall et al., 2018). Analysis of circulating 

hematopoietic cells revealed an elevated level of Ly6Chi monocytes and neutrophils with a 

corresponding increase in G-CSF and CCL2 in surgically-wounded mice, which reflect leukocyte 

pertubations following surgery in breast cancer patients (Bartal et al., 2010). Therefore the surgery 
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experienced in both groups may be a confounding factor that would result in greater alterations in 

circulating hematopoietic cells than oestrogen deprivation alone and may mask an changes observed 

through oestrogen deprivation on circulating hematopoietic cells. 

5.8.3 RNA-SEQUENCING 

To further elucidate the bone microenvironment in sham-operated and ovariectomised mice, whole 

femurs from the mice were used for RNA-Sequencing. This required the optimisation and 

development of a hybrid protocol which allowed extraction of RNA with sufficient integrity. However, 

due to the limitations on the extraction protocol, the whole bone could not be digested, and fragments 

of the bone were not processed. It must be noted that bone lining cells may not have been dislodged 

in sufficient quantity to produce their expressed genes in the data. 

The extracted RNA was then sequenced at 37.5 million reads per sample in single end sequencing. 

Although paired end sequencing and higher reads per sample yield more accurate and robust results, 

due to constrains on budget and the need to sequence at least 4 samples for comparison between 

conditions, through consultation with Dr Timothy Wright at the Sheffield Diagnostic Genetics Service 

and Dr Lewis Quayle, it was decided that this sequencing protocol would be sufficient for the 

conditions and budget.  

The processing pipeline of RNA sequencing reads can significantly impact the results. Therefore, 

methods chosen for pre-processing were chosen as they are well established and cited in the  

literature, such as FastQC for quality control, Trimmomatic for adapter trimming and STAR for read 

alignment, with the latest reference genome for mouse at the time of processing, GRCm39 used as a 

reference genome for alignment and for quantification (Callari et al., 2018, Conesa et al., 2016, Dobin 

et al., 2013). The method used for quantification, DegNorm, was selected as it was deemed optimal 

for the quantification of potentially degraded transcripts and would produce read counts adjusted for 

transcript degradation(Xiong et al., 2019).  

5.8.4 DIFFERENTIALLY EXPRESSED GENES 

Out of 27,999 genes with non-zero read count, at an FDR value of < 0.1 and log fold changes > 0, a 

total of 157 genes were found to be significantly altered between the sham and OVX group. This is a 

relatively small number, as in the Farr et al. (2015) dataset that compared young women (~30 years 

old) with old women (~73 years old), a total of 678 genes were found to be significantly altered. This 

suggests a more moderate difference in physiology between mice that have had an ovariectomy 

compared to sham operated animals. Considering the timeframe in which the animals were under 

procedure, 2 weeks, it is not surprising that the resultant differentially expressed genes were 

moderate in number. In the Farr et al. (2015) dataset, when older women were compared with those 

who had 3 weeks of oestrogen therapy, only 21 genes were found to be differentially expressed 

between the two groups, again indicating significant changes in gene expression within the bone may 

occur through sustained supplementation or loss of oestrogen over greater periods of time. This slight 
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alteration in physiology is also suggested by μCT analysis which showed a slight, yet significant, 

reduction in trabecular bone volume in ovariectomised mice. 

One of the ways proposed that oestrogen exerts bone protective mechanisms is attributed to an 

increase in OPG and decrease in RANKL signalling by osteoblasts leading to reduced 

osteoclastogenesis (Streicher et al., 2017). Therefore, it may be expected to see a change in the 

transcripts, but these were not significantly altered by ovariectomy compared to sham. However, a 

large proportion of the genes upregulated in the ovariectomised group are involved in the remodelling 

of the extracellular matrix and cellular adhesion, notably with MMP2, osteopontin (SPP1), periostin 

and various collagen coding genes upregulated. These indicate an increased bone remodelling cycle 

of degradation and formation by osteoclast and osteoblasts respectively and were also found by 

Ottewell et al. (2015) when identifying differentially expressed genes by rtPCR. The increased 

osteoclast activity as indicated by decreased trabecular bone volume measurements by μCT 

assessment would subsequently involve increased osteoblast activity through the tight coupling of 

bone degradation and formation. Therefore the findings are in harmony with what would be expected 

with increased bone turnover. 

The relatively low number of genes found to be differentially expressed from such a large sample has 

the potential to be misleading, as even with the use of Benjamini-Hochberg correction for multiple 

hypothesis testing, there can still be a significant proportion of genes randomly predicted as 

differentially expressed when such low numbers are identified. In addition to this, with low sample 

numbers, inference must be made with caution due to low statistical power. However, as discussed 

prior, the differentially expressed genes were in in broad agreement with what would be expected in 

a bone microenvironment with higher bone turnover, and it can be safely assumed that the genes 

predicted as differentially expressed are indeed that. 

Although fewer genes and pathways than expected were significantly altered in ovariectomised mice, 

they were consistent with expected results, showing a changes to collagen and cellular adhesion 

molecules, as would be expected to be observed in a microenvironment with increased turnover. 

There was also poor overlap with genes found by Ottewell et al. (2014) using a very similar 

experimental procedure. The timepoint analysed, 14 days following ovariectomy may have been a 

time point when initial transcriptional changes had already occurred and several genes had return to 

homeostasis. Indeed, Ottewell et al (2014) found 27 significantly altered genes by PCR 7 days following 

ovariectomy, of which one was found altered across both datasets (MMP2). Interestingly though, 

MMP2 was upregulated in my dataset of ovariectomised mice, yet Ottewell et al. (2014) found this 

gene to be downregulated. Furthermore, they found a number of genes involved in osteoclast 

function, such as RANKL, TRAP (inducers of osteoclast differentiation and function) and OPG (inhibitor 

of osteoclast function), significantly altered, which did not appear to be differentially expressed in my 

dataset. However, decreased bone volume as measured by μCT and changes in various genes related 

to extra cellular matrix reorganisation, osteoblast function (collagen genes) and osteoclast-mediated 

bone resorption (osteopontin) were detected to indicate that, although the exact gene overlaps were 

small in number, the physiology was similar. It is important to consider that the Ottewell et al. (2014) 
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study performed the analysis of genes 7 days following ovariectomy and it is not clear whether a 

subset of genes that were initially increased in transcription could have returned to base line through 

equilibrating mechanisms and therefore were not differentially expressed in my dataset (analysed at 

day 14). Furthermore, as the optimised method for RNA isolation for RNA-Seq I used may not have 

sufficiently extracted cells from the trabecular region where osteoclasts are concentrated, it may have 

meant that several genes indicating altered osteoblast or increased osteoclast activity would have 

been disproportionate to the actual expression levels in the trabecular region. Therefore there may 

be an underestimation of the transcriptional changes in genes from these bone lining cells. 

5.8.5 ALTERED PATHWAYS 

Pathway analysis using differentially expressed genes showed that pathways involved in cellular 

adhesion, platelet activation and proteoglycans in cancer were generally increased in ovariectomised 

mice, driven in a large part by genes involved in collagen formation. Although overall the bone volume 

decreased, the tight coupling between bone resorption by osteoclasts and formation by osteoblasts 

in the bone remodelling cycle would indicate that increased collagenous genes produced by 

osteoblasts would be expected. The increase in extra cellular matrix remodelling are in agreement  

with results from the Farr et al. (2015) dataset, where young women have an increase in genes 

involved in pathways relating to cell adhesion and extra cellular matrix reorganisation, driven 

significantly by collagen and laminin genes. In contrast, pathways involved in angiogenesis and 

vascular formation were also upregulated in young women compared to old, which did not feature 

significantly in the pathways I found to be upregulated in ovariectomised mice. The short duration 

from OVX/Sham to sample collection may in part account for the lack of altered angiogenic pathways 

altered in the ovariectomised mice.  

5.8.6 GENES OF INTEREST 

Several genes altered in ovariectomised mice were of interest as to the potential regulation of tumour 

cell outgrowth, and a subset discussed in the following sections may be candidates for further 

research.  

MKI67, widely used as a marker for increased proliferation, was found to be upregulated in 

ovariectomised mice, reflecting a general increase in cell cycling within the bone marrow. The 

downregulation of cell cycle repressors E2F4 and TFDP2 in ovariectomised mice further revealed a 

microenvironment supportive of increased proliferation (Chen and Lodish, 2014, Hsu et al., 2019). 

Additionally, TAL1, an important player in leukemogenesis and haematopoiesis that maintains the 

multipotency and quiescence of HSCs, an important factor in upregulating c-KIT, was found to be 

downregulated in ovariectomised mice, suggesting that cells within the HSC niche and progenitor cells 

were activated into proliferation (Vagapova et al., 2018). TAL1 is also upregulated in 60% of T-cell 

acute lymphoblastic leukemia and mutant forms of TAL1 are present in approximately 20% of patients 

diagnosed with lymphoid and myeloid leukemia (Begley et al., 1989, Ferrando et al., 2002). Therefore 

TAL1 would potentially be an interesting target for understanding the regulation of dormancy and 
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cancer progression in the bone. However, as a transcription factor, it is unclear as to whether it is a 

driver of quiescence or a downstream effector of dormancy-inductive cues. Furthermore, it is difficult 

to speculate as to how the microenvironment would induce aberrant expression of TAL1 in resident 

tumour cells without upstream signalling and may thus prove an indicator rather than driver of the 

entry into and exit from dormancy. 

Growth arrest specific 5 (GAS5) is a long non-coding RNA which was downregulated in ovariectomised 

mice. GAS5 has been demonstrated to play a role in quiescence-inductive cues in CD133+ pancreatic  

tumour initiating cancer stem cells, that are characterised by quiescence and are responsible for 

tumour relapse (Sharma et al., 2019). In their study, Sharma and colleagues (2019) demonstrated that 

the emergence of CD133+ pancreatic cancer cells coincided with upregulation of GAS5, further 

characterised with routed metabolites, such as the shunting of biosynthetic pathways such as the 

pentose phosphate pathway, reducing nucleic acid synthesis. On inhibition of GAS5 in this population, 

release from cell cycle arrest occurred, increasing proliferation and nucleic acid synthesis. This study 

demonstrated that altering GAS5 alone was able to regulate quiescence in tumour cells, showing its 

significance in tumour cell dormancy. Furthermore, as a long non-coding RNA, it is possible for its 

transfer between cells in exosome-mediated signalling, and thus can potentially be a molecule used 

to transfer quiescent inductive signals within the microenvironment  (Han et al., 2020, Kogure et al., 

2013). 

The histone subunit H2AX plays a critical part in double strand break repair and H2AX phosphorylation 

is used as a marker for DNA damage (Redon et al., 2010). H2AX was found to be downregulated in 

ovariectomised mice compared to sham operated animals. Oestrogn receptor α-mediated 

transcription has been shown to induce cell cycle-dependent DNA double-strand breaks (DSBs) in 

human MCF-7 breast cancer cells response to 17β-estradiol. Although ovariectomised mice had a 

transcriptional signature suggesting an increase  in cell cycling, and therefore more potential for DSBs 

to occur, Williamson and Lees-Miller showed that the increase in DSBs was through the action of 

oestrogen-inducible genes (Williamson and Lees-Miller, 2011). Therefore, in the absence of oestrogen,   

increased proliferation may be accompanied by fewer DSBs.  Further research is needed to establish 

the correlation of H2AX in therapeutically-induced dormancy in cancer.   

Amongst genes selected for additional analysis were MMP2, POSTN, THBS2 and SPP1, all upregulated 

in ovariectomised mice. These were chosen due to their secretion into the microenvironment and 

inclusion in the two most-enriched pathways in ovariectomised mice (ECM receptor interaction and 

focal adhesion – THBS2 and SPP1), being significantly altered in all three datasets of interest; the Farr 

et al. (2015) and Ottewell et al. (2015) datasets, as well as upregulated in ovariectomised mice 

(MMP2). In addition, POSTN was included as a significantly overexpressed gene in ovariectomised with 

well studied effects within the bone (Bonnet et al., 2016). To establish the potential clinical relevance 

of the upregulation of these genes in cancer is limited by the lack of available datasets; publicly 

available clinical gene expression data are largely derived from in primary tumours without 

corresponding expression data from metastatic sites or the associated microenvironment. Current 

large scale tumour-derived clinical data, combined with smaller data from metastatic sites, were 
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therefore used to suggest how the genes influence the site of metastasis and time to metastasis. 

Although metastatic recurrence is an imperfect measure in this context, a large proportion of patients 

who die from metastatic breast cancer will have skeletal involvement, suggesting a key role of the 

bone microenvironment in metastatic progression. 

Analysis of SPP1, THBS2, MMP2 and POSTN expression at metastatic sites from the HCMDB showed a 

significantly increased expression in the bone compared to brain, liver or lung, implying their 

significance within the bone microenvironment compared to the other sites. In addition, the top co-

expressed genes with MMP2 and THBS2 showed high similarity, with POSTN showing similarity, albeit 

less and even less so with SPP1. These genes included MIR100HG, LINC01279, MIR22HG and MAGI2-

AS3, all non-coding RNAs highly co-expressed with MMP2, THBS2 and POSTN implicated in modulating 

cancer disease progression MAGI2-AS3 and MIR22HG showing tumour-suppressive characteristics  

and MIR100HG and LINC01279 tumour-promoting (Chen et al., 2020a, Meng et al., 2021, Shu and 

Wang, 2020, Xu et al., 2021). High similarity with co-expression of genes further suggests complicated 

interplay between genes and regulatory RNAs that may be upstream of several of these genes and 

may offer attractive targets. However, it must be noted that these non-coding RNAs were not found 

to be significantly altered in my dataset from ovariectomy or sham operated mice, despite the form 

of RNA selection (rRNA depletion), in contrast to poly-A selection, making possible the discovery of 

these non-coding RNAs. The co-expression of these other non-coding RNAs in this case, only highlight 

the importance of exploring regulatory networks in addition to directly comparing altered genes. 

Analysis of expression of MMP2, SPP1, THBS2 and POSTN in large scale clinical data from breast cancer 

primary sites relating to DMFS through KM Plotter showed a significant reduction in time to metastasis 

in patient cohorts with a high expression of SPP1, with a marginal, yet still significantly reduced time 

to metastasis in patients with a high expression of THBS2. High expression of MMP2 and POSTN did 

not significantly change time to metastasis progression when highly expressed by the primary site. A 

lack of resolution to stratify by metastatic site may be confounding the possibility of site-specific 

increased metastatic risk, but it may be reasoned when taking into account data from metastases that 

SPP1 is important in both the metastasis from the primary tumour to the bone, where it continues to 

play a significant role, whereas MMP2, THBS2 and POSTN are more important in the bone 

microenvironment in driving metastasis progression. The proteins coded by these genes are therefore 

targets of interest for further research and therapeutic development as they were significantly altered 

in the oestrogen-deprived microenvironment across datasets, while their co-expressed non-coding 

RNAs potentially provide therapeutic potential upstream of the signalling cascades that lead to the 

expressions of these proteins.  

5.8.7 CELLULAR DECONVOLUTION 

The cellular deconvolution using the xCell package inferred relative abundance of 64 different cell 

types within the bone microenvironment.  The only significant differences in cell types identified by 

deconvolution of the dataset I generated was in class-switched memory B cells, being increased in 

ovariectomised mice. Interestingly, pro B cells were similarly were also increased in ovariectomised 
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mice, although not statistically significantly increased with a p value of 0.0536, marginally above the 

significance threshold. This change in B cells however was not observed when comparing between 

young women, old women and old women supplemented with oestrogen therapy. Oestrogen 

receptors α and β are both present on B cells and lymphoid progenitors (Sanchez-Aguilera and 

Mendez-Ferrer, 2016), and as such could reasonably be thought to be altered due to changes in 

oestrogen presence. Published research has suggested an increase in B cell activation and reduced 

apoptosis in response to oestrogen, which is contrary to the findings that they increase in 

ovariectomised mice, which have reduced oestrogen, compared to sham operated mice (Grimaldi et 

al., 2002). It must be noted, that these changes in B cell activation in response to oestrogen have 

largely been carried out using in vitro models, or settings where bone turnover were not present. Bone 

remodelling alters and is altered by the cellular landscape, in part by increasing osteoclast and 

osteoblast numbers and activity. It may therefore reasonably be expected that other cells in the 

hematopoietic and mesenchymal lineage are affected in response to changes in bone remodelling 

(Compston, 2002). The genes significantly altered in response to ovariectomy did not further support 

alterations in B cell populations. Indeed, TAL1 (SCL), a gene that has been shown to function as a cell 

cycle activator in myeloid and lymphoid progenitors, was downregulated in ovariectomised mice, 

suggesting that this would lead to increases in B cell numbers (Souroullas et al., 2009). Although 

deconvolution showed a significant alteration in class switched memory B cells, there were no other 

indicators in gene expression nor in hematopoietic analysis to support this conclusion. 

Although a number of analyses of cells showed statistically significant changes in cell abundance 

between ovariectomised mice and sham in addition to B cells, they had a majority (more than or equal 

to 2) of samples with zero scores for that specific cell type, which would significantly alter the average. 

These cell types were discarded from analyses, but it is possible that these were true positives and 

were discarded due to caution. Greater sample numbers would allow for more robust analysis and 

handling of outliers. 

Deconvolution in the Farr et al. (2015) dataset only showed osteoblasts as significantly altered 

between young women and old women supplemented with oestrogen. Oestrogen influences 

osteoblast numbers and function, and therefore observing an increase in osteoblast numbers is 

appropriate for women treated with oestrogen. Coinciding with this, on average, women treated with 

oestrogen experienced a 55.4% (+/- 27.4%) increase in serum PINP over the three weeks of 

supplementation, compared to changes of 2.1 (+/- 22.4%) in old women, while data on changes in 

PINP were unavailable for young women. However, it is surprising to observe significant changes in 

osteoblast numbers in old women supplemented with oestrogen compared to young women, but not 

compared to other old women. Neither was there a significant difference in osteoblast numbers 

between old women and young women, where would be expected to observe the greatest 

differences. The genes in young women presented higher levels of osteoblast-associated genes, yet 

they had a lower average number of osteoblasts, although this difference was not significant. 

Furthermore, the genes altered by oestrogen supplementation in older women did not include genes 

associated with osteoblasts. Therefore, even though osteoblast function may be what oestrogen 

deprivation or supplementation is altering, these results do seem inconclusive despite statistical 
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significance and any inference based on them must be done so with caution. It must be noted that 

there is potential for a disconnect between gene expression and cell numbers, as not just cell numbers, 

but relative activity is also important, meaning that each measure in isolation may mask significant 

changes. Furthermore, the data was obtained at a point in time and therefore do not reflect the 

biological changes that would have taken place over years when comparing expression between 

young and old groups. 

Overall, deconvolution of bulk RNA-Sequencing data by xCell was not conclusive despite some 

statistically significant results. The bone microenvironment, being the site of haematopoiesis and also 

a site that contains a heterogeneous population of cells, may be particularly difficult to resolve 

computationally. Furthermore, converting mouse genes to human genes prior to deconvolution 

resulted in the loss of a portion of genes that may have contributed to better resolving the cellular 

population.  

5.8.8 DORMANCY SCORING 

Using singscore, a R/Bioconductor package that allows scoring of custom gene sets, was used to score 

samples against the dormancy signature developed by Kim et al. (2012) derived from cancer cell lines, 

providing both up and down regulated genes in dormant cancer cells. A dormancy signature from 

cancer cells was used, as, although it is derived from tumour cells and not the microenvironment, 

dormancy signatures are not well elucidated and this provided an experimentally-verified signature. 

Applying this to gene expression in the bone microenvironment would therefore potentially identify 

transcriptional signatures in the microenvironment that may induce dormancy within the 

microenvironment, and therefore, tumour cells that may be present within it.  

Scoring ovariectomised mice compared to sham operated mice did not reveal any distinction between 

the groups in the gene signature tested. Analysis of expression values of NR2F1 and BHLHE41, key 

genes whose inhibition led to exit from dormancy, did not reveal any significant differences between 

ovariectomised and sham operated mice. Interestingly, two genes, MMP2 and COL1A1, genes found 

upregulated in dormant cancer cells, were upregulated in ovariectomised mice. However, their 

function may be enigmatic and may coincide with a phenotypical switch into dormancy when 

accompanied by the other genes within the signature. These genes were not considered significant by 

Kim et al. (2012). Having a small sample number poses difficulty in resolving signatures scored on 

genes that were not necessarily differentially expressed and may have been why the signature did not 

clearly distinguish the groups.  Scoring the Farr et al. (2015) dataset, however, also showed poor 

resolution between the different groups of women, with a heterogenous score for all the groups, 

suggesting that increased numbers would not necessarily lead to a better resolution in the presence 

or absence of oestrogen and with age.  

It must be noted, however, that these two datasets involved the sequencing of entire bone marrow 

with heterogenous cell populations. The bone marrow is a site of continuous haematopoiesis, where 

quiescence is reserved for distinct cellular populations and would therefore contain a significant 
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portion of actively dividing cells, confounding the ability to resolve quiescent transcriptional 

programmes in a specific population of cells. Therefore, a dormancy signature may not exist in a 

heterogenous population but rather within a specific cell population. This is supported by the testing 

of the dataset from Cawthorn et al. (2009), where tumour cells were isolated from the bone marrow 

prior to sequencing, and despite sample numbers closer to the dataset I generated, it distinguished 

the dormancy signature between the two groups (DTCs vs MTCs) more significantly. Importantly, the 

signature was generated from tumour cells, which frequently have distinct transcriptional 

programmes to other cells. This may also be why the Cawthorn et al. dataset showed better resolution 

between the two groups tested for this tumour cell dormancy signature. Therefore, the application 

for this dormancy signature, and others derived from lineages of distinct populations, may not be 

suitable for application in heterogenous cell populations distinct from the cell types the signatures 

were derived from and in which a significant fraction of the population is actively dividing. There is a 

need to establish dormancy signatures relating to the bone microenvironment, and even cellular 

compartments within this microenvironment as these signatures vary from tissue and cell type. 

Further research into dormancy within the microenvironment must be underpinned by robust, 

validated dormancy signatures within clear cellular compartments. 

To further analyse whether any cell types could be correlated with samples that scored highly with 

the dormancy transcriptional signature, spearman correlation between the samples’ dormancy score 

and cellular population as inferred through deconvolution, was performed. The results revealed a 

subset of cells which had either a positive or negative correlation with the dormancy-associated 

upregulated genes score, and a corresponding opposite effect on the dormancy associated 

downregulated genes score. These cells were selected by using a cut off of a correlation either  <0.3 

(positive) or > -0.3 (negative) correlation in either the up or down score. Basophils, neutrophils and 

monocytes were subsequently negatively correlated with the dormancy signature, whereas 

chondrocytes, endothelial cells, fibroblasts, HSCs and osteoblasts had a positive correlation with the 

dormancy signature. A positive correlation between HSCs and the dormancy signature is reasonable 

as HSCs are the resident quiescent cells within the bone marrow (Passegue and Wagers, 2006). 

Furthermore, osteoblasts, fibroblasts and endothelial cells are also implicated in cancer dormancy (Dai 

et al., 2021, Indraccolo et al., 2009, Yu-Lee et al., 2018). However, their presence and function is 

enigmatic and have also been implicated in tumourigenesis. Although immune cells are implicated in 

various cancers, their role in regulation of tumour dormancy is still undefined (Wang et al., 2019). 

Therefore, although the correlation between cells estimated through deconvolution and dormancy 

scores provide some interesting results, they remain inconclusive without further analysis. 

5.8.9 COMPARABILITY BETWEEN THE OVARIECTOMISED MOUSE AND POST-MENOPAUSAL BONE 

MICROENVIRONMENTS  

Pre clinical models provide some recapitulation of clinical (human) features, though limited. The 

ovariectomy model has been used to attempt to model the bone microenvironment of post-

menopausal women due to the loss of oestrogen. The availability of an RNA-Seq dataset from Farr et 

al. (2015) including bone marrow samples from young women, old women and old women treated 
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with oestrogen provided a good opportunity to assess in some part, the veracity and degree of 

biological inference from an established ovariectomy model to the clinical situation it is attempting to 

recapitulate (Diaz Brinton, 2012, Koebele and Bimonte-Nelson, 2016). The lack of tumour cells and 

control for clinical parameters that would affect the bone microenvironment, such as levels of FSH 

and vitamin D, allowed for a robust, controlled experiment, and of a good sized data set (n=20 per 

group)(Farr et al., 2015).  

Comparing ovariectomised mice to the human dataset revealed a larger overlap in gene expression 

between ovariectomised mice and young women than ovariectomised mice and old women. The 

presence of collagenous genes and pathways relating to ECM remodelling were similar between young 

women and ovariectomised mice. However, angiogenic pathways seemed to be increased in young 

women, whereas ovariectomised mice did not reveal signatures linked with these pathways, but 

rather had THBSP2, an inhibitor of angiogenesis upregulated, suggesting a more similar angiogenic 

profile to older women. The overlap between ovariectomised mice and young women presented a 

complex landscape in which some features resemble the bone younger women, such as ECM 

remodelling, while other features are contrasted, such as the loss of oestrogen and angiogenic signals. 

It should be taken into account, however, that there was not a significant overlap between 

transcriptional profiles of ovariectomised mice from my dataset and those generated by ovariectomy 

by Ottewell et al. (2014) either. This may present anomalous results in my dataset, but it must be 

noted that Ottewell et al. (2008, 2014, 2015) showed the efficacy of the use of osteoclast-targeting 

agents in preventing overt outgrowth of disseminated tumour cells, which has not been observed in 

clinical trials of Zol or Denosumab, potent osteoclast inhibitors. However, with the use of Zol in the 

AZURE trial, women who were 5 years into menopause had an invasive disease free survival (IDFS) of 

78.2% and overall survival (OS) at 5 years of 85.6%  treated with Zol compared to 71% IDFS and 78.7% 

OS in the control arm. Importantly, women that were rendered post-menopausal due to 

chemotherapy did not benefit from bisphosphonates, suggesting menopausal status at the initiation 

of treatment was important. In that case, a preclinical mouse model of ovariectomy may better 

recapitulate the post-menopausal bone microenvironment after a significant period of time, and the 

time of genetic analysis may be the causative factor in the limited overlap between these datasets. 

Indeed, oestrogen therapy for 3 weeks in old women altered the bone microenvironment significantly 

less extensively than the effect age had, and it is uncertain whether cellular and transcriptional 

changes were more impacted by an aged hematopoietic lineage than by oestrogen (de Haan and 

Lazare, 2018, Kim et al., 2008, Mejia-Ramirez and Florian, 2020). Indeed, the age of the mature mice 

used in these studies is more comparable to young women with stable bone homeostasis, rather than 

aged mice whose bone microenvironment may better recapitulate that of old women. Therefore, this 

highlights the current limitation of extrapolating results from pre clinical ovariectomy mouse model 

to the clinic and any such inferences must be done so with caution and careful consideration of what 

aspects are truly similar to the clinical setting being inferred. 
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5.8.10 LIMITATIONS OF THE STUDY 

A number of limitations in this study may have impacted conclusions that could be drawn from this 

research. Importantly, low numbers of samples were used in each tested group. This would present 

significant influences of outliers on the results, and such small numbers may not present a 

representative sample of the population but should be considered a pilot study. This could be 

observed when removing two samples from the differential expression testing resulting in better 

resolution on PCA analysis separation. However, this represented 25% of the samples, a significant 

portion to omit. Furthermore, the sequencing depth of 37.5 million single end reads per sample is on 

the lower end of published research, which often uses 50 million paired end reads per sample and 

above. Limited funding placed restrictions on the study design and number of samples to be 

sequenced and the strategy designed was optimal for the budget after consultation with Dr Timothy 

Wright and Dr Lewis Quayle.  

The analysis pipeline chosen would also heavily influence gene expression estimation and downstream 

prediction (Tong et al., 2020). The tools used individually and jointly impact the accuracy of gene 

expression estimation. Although the pipeline was carefully chosen as the industry standard tools or 

for the particular considerations for my experiment, such as DegNorm for degraded transcripts, using 

a different pipeline would have resulted in potentially significantly different gene expression 

estimation as benchmarking of tools is often done in limited combination, validation and with samples 

distinct to those I was using. In addition, the presence of non-coding RNA species may have impacted 

the alignment and subsequent abundance estimation of transcript reads.  However, analysis of 

differentially expressed genes revealed genes expected and as such confidence can be placed on the 

tools and pipeline used. 

How transcriptional signatures in the bone microenvironment change in response to oestrogen, and 

whether this is evolves over time is also an important consideration. Differences in differentially 

expressed genes between my dataset, in which mice were ovariectomised for 14 days prior to analysis 

and the dataset from Ottewell et al. (2014), in which mice were ovariectomised 7 days prior to 

analysis, may indicate a potential evolution of genes over time in the absence of oestrogen, and so 

the timing of the experiment may have produced different results. However, this change in gene 

expression over time is not well elucidated. 

Changes to the post-menopausal bone microenvironment include effects greater than those 

attributable to oestrogen deprivation. An aged hematopoietic lineage confers many age-related 

characteristics independent of the effects attributed purely oestrogen deprivation, including shifts 

from osteolineage to adipolineage differentiation bias of MSCs (Kim et al., 2008). This results in 

decreased bone formation and increased adipocytes, altered vasculature such as reduced frequency 

of arterioles and transitional vessels, higher reactive oxygen species presence (ROS), decreased 

arteriolar innervation, increased CCL5 expression leading to myeloid bias (Poller et al., 2020). 

Therefore, extrapolating results from the mature, oestrogen-deprived mouse bone to human post-
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menopausal bone must be done with caution and improved models are needed to capture the 

biological complexity of the aged, post-menopausal bone.  

5.8.11 CONCLUSION AND FURTHER WORK/EXPERIMENTS 

Further investigation is necessary in order to elucidate the early transcriptional and cellular changes 

in the bone microenvironment of ovariectomised mice to uncover clinically relevant mechanisms that 

may be exploited in patients at high risk of developing secondary breast cancer in the bone at a more 

favourable, early stage. 

Analysis of upstream regulators for genes altered by ovariectomy, as well as those altered in dormancy 

may yield further insight into the correlation between maintenance of dormancy and metastatic 

outgrowth of DTCs within bone following ovariectomy in mice, with upstream regulators in dormant 

cancer cells. Preliminary investigation into upstream regulators using the eXpression2Kinase upstream 

protein-protein kinase and transcription factor prediction (Clarke et al., 2018), show potential 

correlation between regulatory kinases that interacting with transcription factors regulating genes 

that were upregulated in dormant cancer cell lines (Kim et al., 2012) and those downregulated in 

ovariectomised bone, as well as correlation between those downregulated in dormant cancer cell lines 

(Kim et al., 2012) and those upregulated in ovariectomised mice. This correlation would suggest 

similarities between mature naïve mouse bone and pro-dormancy cancer transcriptional regulatory 

landscapes, as well as similarities between ovariectomised mouse bone and cancer cell outgrowth, 

and appear worthy of further investigation (see appendix 1).  

It is not clear whether genes altered by oestrogen deprivation or therapy would vary over time, which 

is likely as bone is a dynamic system. In the Farr et al. (2015) dataset, the effect of age was much more 

pronounced than the transcriptional changes elicited by short term oestrogen supplementation in 

older women. Furthermore, a majority of genes found to be transcriptionally altered in mice following 

7 days of ovariectomy by Ottewell et al. (2014) were not differentially expressed in my dataset based 

on mice being under ovariectomy procedure for 14 days before analysis. A time course in 

ovariectomised mice, including analysis at shorter time spans from ovariectomy (up to 7 days) and 

extended time following ovariectomy (up to 12 months) would allow for better resolution as to the 

evolution of the transcriptional landscape and any equilibrium and homeostatic reverse of gene 

expression. Furthermore, the current ovariectomy models use 12-14 week old mice are more 

comparable in relative age and physiology to young women than the older women included in the 

clinical studies. A more robust approach would be to use aged mice with aged stem cells that more 

appropriately respond to oestrogen deprivation as old women. 

The studies performed focused on the tumour free bone microenvironment. Therefore, necessary 

next steps would involve the presence of disseminated tumour cells, to study how the cellular and 

transcriptional landscape evolves with tumour cells in the early stages of growth. It is important to 

focus on the early stages, as even in pre-clinical mouse models, once overt tumours are detectable, 

their growth is not stopped by osteoclast inhibition alone. Use of chemotherapy combined with bone 
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targeted agents has shown more promise in pre-clinical models and it would be important to further 

investigate the early mechanisms and the impact of chemotherapy on the bone microenvironment 

that may significantly contribute to the success or failure of a therapeutic regimen. 

A limitation posed by my experiment is that of RNA transcripts that were partially degraded, with RIN 

scores less than 7, as well as probable insufficient lysis of bone lining cells. Downstream analysis, such 

as read alignment and differential expression may have been impacted by the presence of degraded 

transcripts and shorter non-coding nucleic acid sequences as rRNA depletion was used, instead of the 

industry standard poly A selection for RNA sequencing on which most standard tools are 

benchmarked. Therefore, further optimisation of a protocol that would include sufficient material 

from bone lining cells and allow for sufficient RNA integrity for the use of poly A selection in the RNA 

sequencing workflow would contribute to the robustness of results. 

Computational imputation of genes and cellular constituents is statistically based and can on occasion 

produce erroneous results. Often, the exact method used for computational inference can have an 

impact on the resulting outputs which may be incorrect without further validation, as observed in 

benchmarking studies (Avila Cobos et al., 2020). Without validating genes and proteins they encode  

by PCR and cells by histology or flow cytometry, false positive and equally false negatives may be 

inferred.  
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6 DISCUSSION 
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Cancer remains a significant contributor to mortality accounting for approximately one third of deaths 

in the UK (UK, 2018). Breast cancer incidence is amongst the highest, with 15% of new cancer cases in 

2015 from breast cancer, where 60-80% of cancers spread to the bone (Ahn et al., 2013, Coleman, 

1997b, Yousefi et al., 2018). A major challenge facing therapeutic intervention and monitoring in 

breast cancer is tumour cell dormancy, which is characterised by long periods (5+ years) of 

undetectable tumour cells following remission from the primary tumour, whereby metastatic relapse 

subsequently occurs that is often incurable  (Pan et al., 2017). It is currently not possible to detect and 

monitor tumour dormancy in patients, as the cells are often in small clusters or are not cycling and 

cannot be detected by conventional methods, such as using radioactively-labelled glucose (5-FDG) 

that allow for detection of concentrated cells with increased glucose metabolism (Xi et al., 2014). 

Understanding the regulation of dormancy and subsequent escape is important for developing new 

therapeutic strategies to improve the outcome for patients with breast cancer. 

Dormancy is characterised into three broad types; immune, angiogenic and cellular, which have 

differing physiological characteristics, such as cell cycle arrest in cellular dormancy, or the rate of 

immune destruction of a dividing population at equilibrium with the rate of multiplication in immune-

mediated dormancy  (Yeh and Ramaswamy, 2015). It is currently difficult to establish the type of 

dormancy in a clinical setting, and it is likely a combination of all three types. Therefore, murine models 

have been developed that reflect known types of dormancy. 

The microenvironment plays an important role in the establishment and maintenance of dormancy 

(Sosnoski et al., 2015). In immunologic dormancy, the immune cells are the key in maintaining an 

equilibrium between tumour cell proliferation and immune-induced apoptosis (Teng et al., 2008). 

However, the microenvironment is also important in angiogenic and cellular dormancy. Angiogenic 

dormancy is induced by nutrient deprivation owing to distance from blood vessels. Various cells, such 

as macrophages and fibroblasts, and molecules, such as VEGF, MMPs and THBSP-1, in the 

microenvironment are implicated in angiogenesis (Benzekry et al., 2014, Naumov et al., 2009). An 

imbalance in these cells and molecules within the microenvironment can either maintain angiogenic 

dormancy, or lead to a pro-angiogenic switch, leading to outgrowth of dormant DTCs.  

Bone is a highly mineralised tissue and is also a rich store of proteins that promote cellular growth. In 

addition, various cells and molecules residing within the bone microenvironment, including immune 

cells from a hematopoietic lineage, as well as cells from a mesenchymal lineage, also directly induce 

dormancy (Bruns et al., 2014, Gustafsson and Welsh, 2016, Wilson et al., 2008). The dynamic interplay 

between these niches, cells and molecules create a complex picture in which breast cancer cells 

metastasise to, are held dormant and subsequent escape into overt outgrowth (Sosnoski et al., 2015). 

Elucidating the contribution of the bone microenvironment to cancer progression is therefore 

important in order to provide therapeutic, actionable targets. 

The quiescent and proliferative state of HSCs are informed by cells and molecules locally resident 

within the bone microenvironment. It is postulated that disseminated tumour cells may be located in 

locations within the HSC niche and be similarly regulated (Allocca et al., 2019a, Bruns et al., 2014). 
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In particular, osteoclasts are the only cell with the ability to degrade both mineralized contents of the 

bone and the organic matrix, leading to release of ionic calcium and growth factors that promote 

cellular growth. Osteolytic cancers, such as disseminated breast cancer, rely on recruited osteoclasts 

and the vicious cycle to propagate tumour growth in response to increased bone turnover (Käkönen 

and Mundy, 2003). In model systems of breast cancer, targeting the osteoclast has shown promise, 

and is a candidate approach for the prevention of overt outgrowth of disseminated tumour cells 

mediated by increased bone resorption (Ottewell et al., 2015).  

Various methods and protocols are used to study dormancy and tumour progression in bone. 

Lipophilic membrane dyes which are subsequently lost during replication can be used in conjunction 

with multiphoton microscopy to image dormant, disseminated tumour cells within the bone. In one 

such study, Allocca et al. (2019) showed that a proportion of mature BALB/C nude mice injected with 

MDA-MB-231 cells had detectable dormant tumour cells in the bone, as detected by the retention of 

lipophilic membrane dyes. Unreliability of the multiphoton microscope available meant it could not 

be used in my studies to confirm the presence of dormant, disseminated tumour cells. Therefore, my 

studies defined dormancy in an in vivo setting as undetectable tumours by in vivo IVIS imaging after a 

period of 3 weeks (21 days) following injection with between 5-10x104 cells via intra-cardiac injection. 

Hematopoietic populations have been shown to be affected by the use of the anti-resoptive agent Zol. 

Ubellacker et al. (2017), demonstrated that a single, clinically relevant dose of Zol induced transient 

changes in the numbers of hematopoietic stem cells, myeloid-biased and lymphoid-biased progenitor 

cells, generating tumour-suppresive bone marrow populations which inhibited breast tumour growth 

in bone when injected into recipient 6 to 7 week-old mice. Interestingly, the tumour suppressive effect 

was maintained past the timepoint at which the number of progenitor cells returned to baseline levels 

(Ubellacker et al., 2017). The alteration of this niche may therefore affect tumour dormancy and 

growth within the bone and requires further investigation. Studies investigating the effects of Zol 

alone on tumour growth have often used a single, clinically relevant dose of 100μg/kg, yet have not 

found significant benefit to preventing tumour outgrowth in bone. Daubiné et al. (2007), however, 

found a reduction in tumour-induced bone lesions and tumour burden when using a daily and weekly 

cumulative doses, providing justification for exploring more frequent doses than a single 

administration for my studies.  

Ottewell et al. (2015) demonstrated that triggering dramatic changes to the bone microenvironment 

by ovariectomy was sufficient to stimulate dormant, disseminated breast cancer cells into overt 

outgrowth, but that this process could be inhibited by administering mice with OPG-Fc or Zol prior to 

ovariectomy. Though Zol monotherapy has shown inhibition in rate of tumour growth, there have 

been limited results in preventing tumour growth. Understanding the exact changes in the 

microenvironment at an early stage is necessary to provide clinically-actionable targets. Preliminary 

data from our lab has also suggested that a low calcium diet may be able to induce the overt outgrowth 

of dormant, disseminated tumour cells, highlighting the need to understand the role of a 

microenvironment in a state of high turnover on the progression of cancer. 
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My studies aimed to explore the effect of alterations in the bone microenvironment on the regulation 

of disseminated breast cancer cells within bone by i.) characterising the effect of a low calcium (0.1%) 

diet on the bone microenvironment and whether this could trigger subsequent escape from dormancy 

of disseminated tumour cells, ii.) characterising the effects of repeated administration of the anti-

resorptive agent Zoledronic Acid on the bone microenvironment and development of bone 

metastases in mice with high bone turnover, and iii.) profiling early transcriptional and cellular changes 

by RNA-seq in the bone microenvironment of ovariectomised mice, which procedure has been 

previously shown to trigger the outgrowth of dormant, disseminated tumour cells. 

6.1 THE EFFECT OF A LOW CALCIUM DIET ON THE BONE MICROENVIRONMENT AND THE 

OUTGROWTH OF DISSEMINATED TUMOUR CELLS 

In chapter 3, I explored the effect of a low calcium diet on the bone microenvironment and how this 

alteration would subsequently affect the outgrowth of dormant, disseminated tumour cells in vivo. 

The proposed mechanism would be that a low calcium diet, leading to hypocalcaemia would induce 

the secretion of parathyroid hormone, whose effect is to increase  osteoclast-mediated bone 

resorption in a bid to release calcium stored within bone, by upregulating RANKL and decreasing OPG 

secretion by osteoblasts (Silva and Bilezikian, 2015). This increase in bone resorption would also 

trigger changes in the bone microenvironment, such as release of growth factors embedded in the 

bone matrix, that would subsequently lead to dormancy escape of dormant DTCs. Published studies 

exploring the effect of a low calcium diet in mice have focused on the alteration of the rate of tumour 

growth (Libouban and Chappard, 2017, Wang et al., 2017a, Zheng et al., 2007). Collectively, these 

studies provide evidence that changes to the BMEV that occur due to a low calcium diet are sufficient 

to affect the rate of tumour outgrowth. However, my experiments were novel in using a low calcium 

diet to accelerate bone resorption to induce the overt outgrowth of dormant, disseminated breast 

cancer cells. 

That changes in bone turnover can trigger outgrowth of DTCs is supported by studies that have used 

other methods to accelerate bone resorption. Ottewell and colleagues demonstrated that increasing 

osteoclast activity in the presence of DTCs through ovariectomy triggered the outgrowth of the DTCs, 

whereas inhibition of osteoclast activity by Zol or OPG-Fc was sufficient to significantly inhibit this 

outgrowth (Ottewell et al., 2015, Ottewell et al., 2014a).  

I initially placed immunocompromised BALB/C nude mice as well as immunocompetent C57/BL6 mice 

on a low calcium diet for 7 days and assessed the effects a low calcium diet had on the bone 

microenvironment in the absence of tumours. Suprisingly, there was no detectable change in bone 

structure in either mouse strain as assessed by μCT, neither did PCR analysis of genes involved in HSC 

expansion (Kit Ligand), quiescence (CXCL4), osteoclast differentiation and activity (RANK Ligand, 

Osteopontin), osteoclast inhibition (Osteoprotegerin), and anti-angiogenic markers (Thrombospondin 

1) reveal significant differences between mice fed a low calcium diet and those fed a normal diet, 

despite earlier pilot studies in our lab showing the low calcium diet induced bone loss. 



 

 

256 

 

A time-course experiment placing mice on a low calcium diet with cohorts culled and analyses carried 

at days 2, 3, 7, 14 and 28 was then conducted, to establish whether changes in the bone 

microenvironment could be detected at different points in time after the change in diet. I found that 

the bone structure of isolated tibiae was statistically significantly reduced at day 28 as assessed by 

μCT, with no significant change at any other time point, yet this change was minor compared to 

control. Analysis of Kit L, CXCL4, Osteopontin, RANKL, THBSP1 and OPG by PCR from whole femurs 

also showed no significant difference at all time points. Analysis of serum TRAP (a marker for 

osteoclast-induced bone destruction) and P1NP (a marker for bone formation by osteoblasts), 

displayed an increase in bone destruction, with a decrease in bone formation on days 7 and 14 of the 

low calcium diet, shifting the balance towards bone resorption. This effect had returned to baseline 

by day 28. These experiments suggested that the low calcium diet did not have a strong effect on the 

bone microenvironment, even after 4 weeks. However, it is still possible that the subtle changes 

detected could be sufficient to alter the bone metastatic niches and affect DTCs. It is also important 

to consider that genes analysed were not a comprehensive selection, and that changes to the bone 

microenvironment may have occurred at the transcriptional level that were not captured due to a 

limited number of genes analysed. 

To analyse the effect of the low calcium diet on the outgrowth of dormant, disseminated tumour cells, 

15-week old BALB/C nude mice were injected with 1x105 GFP+ and Luc2+ transfected MDA-MB-231-

IV cells via intra-cardiac injection. Mice were subsequently monitored for 21 days post injection, with 

a lack of tumour outgrowth indicating that tumour cells remain dormant in bone. At day 21, mice with 

detectable tumour growth were removed from the experiment, while tumour free mice, predicted to 

have dormant, disseminated tumour cells in bone, were randomised 50/50 to receive either a low-

calcium diet or a normal diet for 14 days. Unexpectedly, a significant proportion of mice developed 

hind-limb or skeletal tumours within 14 days of tumour cell injection, with 15 out of 17 surviving mice 

developing skeletal metastases by day 21. At this point, the experimental design was adapted and the 

tumour-bearing mice were randomised to receive either a low calcium diet to assess whether I could 

detect accelerated tumour growth as reported by other studies. Mice received the low calcium diet 

for 2, 3, or and 14 days, however no significant effect on tumour growth was observed, which did not 

agree with previously published data showing an increase in tumour growth rate (Libouban and 

Chappard, 2017, Wang et al., 2017a, Zheng et al., 2007). Possible explanations for the lack of 

agreement with previous studies could be that the calcium content (0.1%) was not low enough to 

induce significant bone loss in mature (12-week old) mice, as a variety of mouse strains, ages and 

tumour types were used to demonstrate the effects of a low calcium diet on the bone 

microenvironment (Libouban and Chappard, 2017, Minematsu et al., 2001, Wang et al., 2017a, Zheng 

et al., 2008, Zheng et al., 2007). Other studies that demonstrated significant bone loss using a 0.1% 

calcium diet used young (4-week old) mice with a different rate of natural bone growth and therefore 

an increased requirement for calcium (Zheng et al., 2008, Zheng et al., 2007). Several studies used 

diets with a calcium content lower than 0.05, with those using mature mice (12+ week old) using diets 

of 0.008% (Wang et al., 2017a). 
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As the MDA-MB-231 IV cells caused a rapid progression of tumours in bone, precluding studies of 

longer-term exposure to low calcium, I proceeded to repeat the experiment using a slower-growing 

MDA-MB-231-TD-Tomato clone in fewer animals of differing ages (6- and 12-week old female BALB/C 

nude mice). Use of these cells did appear to recapitulate the dormancy model, with no evidence of 

tumour outgrowth for up to 7-weeks post-injection (50,000-75,000 cells per mouse in 6-week and 12-

week old mice). However, when subsequently given a low calcium diet for 28 days, before being placed 

back on a normal diet, no tumours were detected in skeletal sites even up to a period of 3 months 

post- tumour cell injection.  Thus, there was no effect of exposure to low calcium diet in mice expected 

to have disseminated tumour cells in their long bones. Lack of access to previously available 

multiphoton microscopy meant verification of the presence of disseminated tumour cells in the 

apparently tumour-free mice could not be demonstrated in the same manner as in previous studies 

carried out in our team (Allocca et al., 2019b). 

Studies using a low calcium diet in models using tumour cells, and those without, have not shown 

dramatic differences in initial outgrowth of tumour cells or bone architecture, but rather show 

difference in proliferation over a longer period of time on the diet (Zheng et al., 2007) (Minematsu et 

al., 2001) (Wang et al., 2017b) (Libouban and Chappard, 2017) (Zheng et al., 2008). Along with my 

findings, this demonstrated that a low calcium diet may not invoke as rapid a change in bone turnover 

as seen in hormone deprivation, and so may not be sufficient, in isolation, to trigger the outgrowth of 

disseminated tumour cells. 

6.2 THE EFFECT OF ZOLEDRONIC ACID ON THE BONE MICROENVIRONMENT IN YOUNG 

MICE 

In chapter 4, I explored how repeated, weekly administration of  Zol affects skeletal metastasis growth 

in young animals, through the modulation of the microenvironment. Included in this analysis was 

whether the cancer cell clone type had a significant effect on growth characteristics when Zol was 

administered, whether the hematopoietic milieu was altered, both in the bone marrow and in the 

circulation, as well as whether an increased frequency of administration would lead to differences in 

results reported by literature based on single administrations. 

Murine model systems have been widely used to study breast cancer bone metastases, and upon 

engraftment, interventions inducing alterations to the bone microenvironment are introduced to 

trigger the outgrowth of dormant, disseminated tumour cells or aggravate existing metastatic 

outgrowths, such as through ovariectomy or low calcium diets. Animals of different ages, young 

(approximately 6 weeks) or mature (12+ weeks old) have been used to study different aspects of 

tumour-bone interaction, as younger mice experience higher levels of bone turnover with increased 

osteoblast and osteoclast activity compared to mature mice, whose lower levels of bone turnover 

have shown a DTC dormancy-supportive microenvironment (Jilka, 2013). There has been considerable 

debate as to whether Zol-mediated inhibition of bone resorption is sufficient to inhibit tumour growth 

in bone, with in vivo studies showing limited effect in reducing tumour growth using Zol alone. Despite 

research from Daubiné et al. (2007) suggesting that Zol administration reduces the tumour burden in 
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mice with breast cancer metastases to the bone, other research performed by Ottewell et al. (2008), 

Ubellacker et al. (2017), Brown et al. (2012) has shown limited effects of Zol alone on tumour burden, 

but have highlighted significant efficacy in reducing tumour burden, and hence tumour progression, 

when Zol is co-administered with chemotherapy than chemotherapy or Zol alone (Ottewell et al., 

2008). 

In my studies, I investigated the effect of Zol on tumour growth in young (~6 week old) mice. Published 

studies have mostly used a single 100μg/kg dose of Zol (Brown et al., 2012, Haider et al., 2014, 

Ottewell et al., 2008, Ubellacker et al., 2017);  in contrast I used a once-weekly 100μg/kg dose for four 

consecutive weeks to determine whether more frequent dosing would have a larger effect on the 

bone microenvironment, and subsequent tumour growth. The frequent dosing was selected as 

patients with cancer induced bone disease receive Zol every 3-4 weeks, and as mice have a higher rate 

of bone turnover, an even more frequent schedule was chosen. In addition, research from Daubiné et 

al. (2007) showed that repeated dosing, of daily, weekly or single dosage had differential effects on 

reducing tumour burden, 87%, 53% and 16% reduction respectively (Daubiné et al., 2007). As this 

study suggested increased frequency of Zol administration reduces tumour burden, frequency of dose 

was considered as a variable that may alter tumour response to Zol administration and may explain 

the lack of research supporting reduced tumour burden as such studies frequently use a single dose.  

Furthermore, proteomic analysis of tumour samples derived from the AZURE trial indicated a potential 

role for two proteins in the differential effect of Zol, macrophage-capping protein (CAPG) and PDZ 

domain-containing protein GIPC1 (GIPC1). Patients with higher expression of CAPG and GIPC1 in 

primary tumours were more likely to develop first distant recurrence when not treated with Zol.  

However, if patients had a high expression of both of these proteins, Zol administration was correlated 

with a 10-fold reduction in hazard ratio for first time to distant recurrence (Westbrook et al., 

2016)(Lovero et al., 2021). This work suggested that a higher expression of GIPC1/CAPG in tumour 

cells (control cells) would correlate with slower growth in response to Zol, than cells with low 

expression (GIPC1/CAPG double knockout (DKO)). The study suggested that the expression of 

GIPC/CAPG in the primary tumour could be a biomarker for response to Zol. 

Access to two different MDA-MB-231 clones (control and DKO) generated by Dr Vicky Cookson 

provided me with the opportunity to explore whether these did display a different growth pattern in 

bone and response to Zol, reflecting the clinical findings. I therefore designed an experiment where 

mice were divided into two groups to receive either the control or DKO cells by i.c. injection to 

generate tumours in bone. Each group was further divided into 2 groups receiving either PBS control 

or 100μg/kg Zol once weekly for 4 consecutive weeks, starting 7 days after injection with tumour cells,  

prior to cull and downstream analysis. 

My experiments showed that four weeks of weekly Zol treatment had a significant effect on trabecular 

bone, increasing the bone volume, trabecular thickness and trabecular number in Zol-treated animals 

compared to control. However, there was no effect of Zol on the circulating hematopoietic cells 

measured at endpoint, nor did it alter the rate of tumour growth, whether analysed stratifying clones 
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or irrespective of clone type. This showed that in young mice, Zol does not slow down the rate of 

tumour growth, providing further evidence that effective targeting of OC activity is not sufficient to 

eliminate growth of bone metastases. It’s important to note that, as a significant portion of animals 

did not show any tumour growth, the sample size comparing tumour growth was smaller than 

originally planned. In addition, there was significant variability between the groups and therefore 

consistent outcomes could not be established. Larger groups would reduce the impact of variability 

and allow for consistent measures of treatment groups. 

My findings do not reflect those reported by Ubellacker et al. (2017), who showed significant 

alteration in hematopoietic cells following a single, clinically relevant dose of 100μg/kg of Zol in 

tumour-free, mature BALB/C nude mice. In that study, hematopoietic stem cells, 

megakaryocyte/erythroid progenitors and common myeloid progenitors were increased whereas 

common lymphoid progenitors were reduced, with the most dramatic changes detected between 3 

and 5 days following Zol treatment before returning to homeostasis. As my analyses were carried out 

within four days of the last Zol treatment, I expected to detect similar changes. However, my analyses 

were carried out after the fourth successive dose, by which time any changes in the hematopoietic 

lineage cells may have returned to homeostasis or experienced diminished returns after such frequent 

dosing. Furthermore, the presence of tumours may have impacted the circulating cell fraction and 

confounded any potential changes that may have developed as a result of Zol administration. 

However, comparing circulating cells in tumour free animals also did not show any, significant 

difference, and when taking into account both treatment (Zol vs PBS) as well as presence of tumours 

in hind limbs (tumour free vs tumour bearing), there was no significant difference in any combination 

of conditions. Therefore, it is likely that the effects exerted by Zol had diminished by the fourth 

administration, 4 weeks after the initial dose, and thus may be the greatest factor in obtaining results 

dissimilar to Ubellacker et al. (2017). 

My investigations showed that repeated administrations of a clinically relevant dose of Zol did not 

affect the rate of tumour growth despite significantly altering the bone microenvironment in the 

absence of tumours in young mice. Data from several clinical trials and preclinical studies also support 

the findings that Zol does not inhibit tumour growth but still plays a role in preventing skeletal related 

events in secondary breast cancer in the bone (Hitron and Adams, 2009). Zol has been shown to induce 

the reduction of osterix-positive osteoprogenitors due to the expansion of mesenchymal lineage cells 

and differentiation into osteoblasts (Hughes et al., 2019). Osteoblasts may be diverted from 

synthesising new matrix into secreting cytokines that promote breast cancer cell maintenance and 

change in osteoblast numbers and reduction in osteoprogenitors may have an impact on tumour 

growth that offsets a reduction in osteoclast-induced bone destruction (Kolb et al., 2019).  

In contrast to the findings of Westbrook et al (Westbrook et al., 2016), there was no differential effect 

on tumour growth in tumour cell clones lacking expression of GIPC1 and CAPG (DKO), either with Zol 

or control treatment. It is important to note that the data correlating improved outcome with Zol in 

high GIPC1 and CAPG expressing tumours was generated through analysis of primary breast tumour 

samples only, as bone metastases are difficult to obtain in human studies. In addition, my experiments 
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focused on clones which had low/no CAPG/GIPC1 expression compared to control cells with average 

expression, exploring the effect a difference of expression had on tumour growth in the presence or 

absence of Zol. This overexpression may induce phenotypic differences that alter tumour growth 

kinetics in the presence or absence of Zol that my experimental design did capture. Clinical 

observations of the differential response to Zol with samples with overexpression of GIPC1 and CAPG 

showed differences in distant recurrences. Subsequently, GIPC1 and CAPG, involved in tubulin 

formation and cellular motility may be important in the process of metastasis, but not in a difference 

in growth kinetics of established metastases which may explain why no difference was observed 

between DKO and control cells with the use of PBS or Zol. Interestingly, DKO cells assumed a more 

spindle-like, thinner and smaller morphology than control cells, suggesting a change to phenotype 

with a double knockout, yet no measurable alteration in growth kinetics. 

Taken together, my studies confirmed that Zol has major effects on the bone microenvironment in 

young mice, that appear to be mainly driven by reduced osteoclast activity. However, even repeated 

dosing for 4 weeks did not inhibit tumour growth in bone, irrespective of the tumour cell clone used, 

supporting that therapeutic targeting of bone alone is insufficient to inhibit progression of bone 

metastases.  

6.2.1 TRANSCRIPTOMIC PROFILING OF THE BONE MICROENVIRONMENT COMPARING OVARIECTOMISED 

AND SHAM OPERATED MICE 

Ottewell et al. (2014, 2015) demonstrated that the ovariectomy procedure in mature mice triggers 

the outgrowth of dormant, disseminated tumour cells within the bone microenvironment. In my 

studies in chapter 5, I investigated whether the changes in the bone microenvironment in response to 

ovariectomy showed a change in genes attributed to dormancy and to what extent the bone 

microenvironment in a murine ovariectomy model reflects the bone microenvironment in women 

past menopause. RNA-seq was used to analyse changes in the transcriptomic landscape at an early 

time point (14 days) following ovariectomy, to identify genes and pathways that could contribute to 

the triggering of overt outgrowth of dormant, disseminated tumour cells that may also be potential 

therapeutic targets.   

To investigate this, 12-week old female BALB/C mice were randomised into 2 groups to either undergo 

an ovariectomy procedure or sham procedure, before being  culled on day 14 and hind limb bones 

(tibia and femur) extracted for ex vivo analysis. μCT analysis of tibia showed a significant decrease in 

bone volume and trabecular spacing, indicating that the loss of oestrogen affected the molecular, 

cellular and physical landscape of the bone microenvironment as expected. This is in agreement with 

the previous studies by Ottewell that showed a decrease in bone volume following ovariectomy 

(Ottewell et al., 2014a). 

Out of the 12 mice, 4 from each group had RNA extracted from femurs through a protocol I had 

optimised for extraction of sufficient quality RNA from bone, before being sequenced at the Sheffield 

Diagnostic Genetics Service of the Sheffield Children’s NHS Foundation. The sequencing data was then 
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analysed for differentially expressed genes, scored against a dormancy signature and deconvoluted to 

identify cellular populations within the bone microenvironment. Quality control analyses were 

performed on the output data, which was visualised using principal component analysis and 

hierarchical clustering. Initially, poor clustering was observed between the two groups (Sham vs OVX), 

but following informed removal of two samples, the distinction between groups improved. The use of 

publicly available reference datasets was limited to human datasets, as comparable datasets based 

on murine bone are extremely scarce. 

Dormancy Signature 

While dormancy can be attributed to the function of specific genes, such as NR2F1, it is often 

characterised by a signature in which multiple genes are upregulated and downregulated in order to 

maintain cell cycle arrest (Kim et al., 2012). However, these signatures are not well defined and 

consistency between different cell and tissue types is unclear. A dormancy signature derived by Kim 

et al. (2012) from various cancer cell lines and applied specifically to ER+ breast cancer cell lines was 

used to compare the bone microenvironment in sham operated and ovariectomy operated mice. 

Although this signature is derived from tumour cells, it is one of a limited number of validated 

dormancy signatures, and it was used to shed light on whether these signatures are universal and can 

be observed in different conditions within the bone microenvironment. This signature was also 

compared to the dataset derived by Farr et al. (2015) which primarily assessed the changes in the 

bone microenvironment of women in response to age and oestrogen. I found that although the 

dormancy signature separated dormant cells in breast cancer cell lines, it did not separate between 

ovariectomised and sham operated mice, neither did it separate young (~30 years old) women from 

old (~73 years old)  women or old women treated with oestrogen therapy (~70 years old). Applied to 

a third dataset based on microarray gene expression data from Cawthorn et al. (2009) who analysed 

metastatic deposits and isolated disseminated tumour cells from the bone marrow of breast cancer 

patients, a separation between the two groups based on dormancy score was found. My investigations 

showed that translation of dormancy gene expression signatures from isolated cell lines, must be 

approached with caution when applying findings to a population of heterogenous non-cancer cells. 

The development of a dormancy signature that can be applied to a heterogeneous cell population has 

yet to be defined, and does not seem plausible. It is currently more profitable to assess dormancy 

signatures in singular cell populations isolated from a heterogenous population. Further analysis of 

pathways, though, may reveal distinct pathways resulting in dormancy that could be compared 

despite differences in gene expression. 

Bulk Deconvolution of bulk RNA-seq 

The bulk RNA-seq data from mouse samples as well as the bulk sequencing from the Farr et al. (2015) 

dataset were deconvoluted through the use of xCell, a deconvolution algorithm developed by Aran, 

Hu and Butte (2017) from the University of California, San Francisco. Briefly, cell type enrichment 

analysis was performed from gene expression data for 64 immune and stromal cell types to estimate 

the abundance of these cell types present in the bulk deconvolution data. Abundance estimates of cell 
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types did not show significantly altered cell types in sequenced mice data. The Farr et al (2015) dataset 

showed a statistically significant increase of osteoblasts in old women treated with oestrogen 

compared to young women, but did not show any significant difference in other cell types analysed. 

The use of bulk deconvolution did not provide meaningful insight into cellular alterations within the 

bone microenvironment and other methods, such as flow cytometry, would have provided better 

insight into alterations to the hematopoietic milieu within the bone microenvironment.  

Genes altered by ovariectomy 

Amongst the genes upregulated in ovariectomised mice that may provide therapeutic interest was 

TAL1, a transcription factor involved in maintaining the multipotency and quiescence of HSCs, which 

was found to be downregulated in ovariectomised mice compared to sham, suggesting an increased 

proliferation of HSCs and potentially cells that would reside the HSC niche, such as DTCs. Growth arrest 

specific 5, a long non-coding RNA which has been demonstrated to play a role in quiescence-inductive 

cues in CD133+ pancreatic tumour initiation cancer stem cells was also found to be downregulated in 

ovariectomised mice, suggesting the potential for less quiescence-inductive cues in the 

ovariectomised bone microenvironment. 

Amongst genes selected for additional analysis were MMP2, POSTN, THBS2 and SPP1. These were 

selected due to their secretion into the microenvironment inclusion in the two most-enriched 

pathways in ovariectomised mice (ECM receptor interaction and focal adhesion – THBS2 and SPP1), 

being significantly altered in all three datasets of interest; the Farr et al. (2015) and Ottewell et al. 

(2015) datasets, as well as upregulated in ovariectomised mice (MMP2). POSTN was also included as 

a significantly overexpressed gene in ovariectomised with well studied effects within the bone (Bonnet 

et al., 2016). These were analysed on data from the human cancer metastasis database (HMCDB) from 

breast cancer tumours that had metastasised to the bone compared to brain, liver and lung. All four 

genes were found to be significantly upregulated in cells that had metastasised to the bone compared 

to the other sites, suggesting a site-specific expression of these genes. Furthermore, many long non-

coding RNAs were found co-expressed with these genes, such as MIR100HG, LINC01279, MIR22HG 

and MAGI2-AS3, suggesting common regulatory elements involved in the expression of these genes. 

Analysis of the effect of MMP2, POSTN, THBS2 and SPP1 expressed by primary breast cancer tissue on 

disease metastasis free survival was also carried out on large scale samples through KM Plotter, 

without discriminating metastatic site however. Patient cohorts with a high expression of SPP1 

showed  a significant reduction in time to metastasis. Patients overexpressing THBS2 also had a 

reduction in time to metastasis, albeit a slight one. High expression of MMP2 or POSTN did not 

correlate with a change in time to metastasis. Taken together, this data suggests that SPP1 has a 

significant effect on both metastasis and on tumour progression within the bone, whereas MMP2, 

THBS2 and POSTN are implicated in a more site-specific role within the bone. 

Zol benefits and time on menopause  
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My investigations in chapter 5 found a significant similarity between young women and 

ovariectomised mice, which have been used as a model to study the bone microenvironment in 

women past menopause. The AZURE trial, analysing the use of Zol in women with breast cancer 

showed no improved survival in the overall population (Coleman et al., 2014). However, upon further 

stratification of study subjects, it was found that women past menopause gained a significant benefit 

in invasive disease free survival (IDFS) and overall survival (OS) when treated with Zol, whereas 

premenopausal and peri-menopausal women did not benefit. Further analysis of data from the AZURE 

trial suggested that time under menopause was an important factor in determining whether IDFS and 

OS would be altered, as only women 5+ years past menopause, and not women who experienced 

treatment-induced menopause had a benefit in these clinical endpoints.  As such, pre-clinical 

modelling of the post-menopausal bone microenvironment may require lengthier durations under 

ovariectomy than are currently used. Ovariectomy does induce the outgrowth of disseminated 

tumour cells, but is limited in reflecting the menopausal bone microenvironment and therefore any 

extrapolation would be limited. 

Conclusion 

My pilot study demonstrated that it is possible to carry out RNA-Seq from mouse bone to compare  

early transcriptional changes resulting from ovariectomy that could lead to increased tumour growth. 

However, a larger experiment is required to establish a signature of the dormancy supporting (sham) 

and tumour growth promoting (OVX) BMEV, to allow detection of key molecular drivers/pathways 

that in turn represent potential therapeutic pathways.  

Overall, analysis of genes between young women and ovariectomised mice found an overlap between 

genes upregulated in young women compared to old women and those in ovariectomised mice. In 

particular, genes coding for collagen fragments were upregulated in young women as well as 

ovariectomised mice. However, genes relating to angiogenesis were upregulated in young women but 

not in ovariectomised mice. These experiments demonstrate that extrapolation of pre-clinical findings 

to clinical settings needs to be approached with caution, as there was overlap between the 

microenvironment of mature, ovariectomised mice, and that of young women. Further research is 

needed to accurately capture the clinical features and optimise the model in order to provide clearer 

guidance into extrapolation of results into the clinic.  
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6.3 CONCLUSIONS AND FUTURE WORK 

My studies explored how modification of the bone microenvironment using a dietary approach (low 

calcium, a surgical intervention (ovariectomy) and pharmacological inhibition of bone resorption (Zol) 

impacted on breast tumour development and progression in vivo.  

Low Calcium Diet 

In my investigations, a low calcium diet had a minor impact on the bone microenvironment in the 

absence of tumours, slightly reducing percentage bone volume after 28 days, as well as increasing the 

levels of TRAP and decreasing P1NP, suggesting an increase in osteoclast and decrease in osteoblast 

activity though not altering their numbers. These changes to the bone microenvironment in the 

absence of tumours did not translate to changes in the outgrowth of dormant disseminated tumour 

cells. Although the low calcium diet has shown influence over rate of tumour growth, it does not 

appear to have significant effects on the outgrowth of dormant, disseminated tumour cells, as the 

changes may not be dramatic enough to cause a switch into cycling.  

 Studies using a low calcium diet in models using tumour cells, and those without, have not shown 

dramatic differences in initial outgrowth of tumour cells or bone architecture, but rather show 

difference in proliferation over a longer period of time on the diet (Zheng et al., 2007). Along with my 

findings, this suggests that a low calcium diet may not invoke as rapid a change in bone turnover as 

seen in hormone deprivation, and so may not be sufficient, in isolation, to trigger the outgrowth of 

disseminated tumour cells. 

Zol 

The use of Zol in young mice significantly altered trabecular bone, significantly increasing trabecular 

percent bone volume, trabecular number and reduced trabecular separation. Interestingly, this was 

not followed by an alteration in the number of osteoclasts either in the presence or absence of tumour 

cells. It also did not significantly alter circulating hematopoietic populations as it did in other research 

done by Ubellacker et al. (2017) which showed an alteration in monocytes, neutrophils, platelets and 

progenitor cells 3-5 days following treatment (Ubellacker et al., 2017). This discrepancy with my 

findings may be explained by cellular homeostasis, which was observed by Ubellacker approximately 

10 days after initial treatment. As populations were assessed 28 days after the initial dose, repeated 

doses of Zol may not have affected the hematopoietic milieu after initial return to homeostasis. 

My results are in agreement with existing literature that shows Zol administration alone, though 

significantly increasing trabecular bone, is not sufficient to prevent or significantly delay the 

outgrowth of tumours in the bone microenvironment with rapid turnover. Repeated dosing in short 

timescales does not significantly change the cellular landscape neither does it improve Zol’s efficacy 

against outgrowing tumours, independent of tumour clone. Further research is required, and indeed, 
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is ongoing to elucidate the effect of Zol on the bone microenvironment under conditions that have 

suggested differential effects in clinical trials, namely in menopausal states. 

Ovariectomy 

Ottewell et al. (2014, 2015) demonstrated that ovariectomy is sufficient to induce the outgrowth of 

dormant DTCs, yet use of anti-osteoclastic agents, such as Zol and OPG-Fc, is sufficient to prevent the 

outgrowth of these DTCs. As targeting osteoclasts has been demonstrated to have limited anti-tumour 

activity in established tumours, the early events following ovariectomy as key in driving the outgrowth 

of dormant DTCs must therefore be important as the prevention of outgrowth by these agents 

(Barton, 2011, Biver, 2019, Steger and Bartsch, 2011, van der Pluijm, 2011). I therefore sought to 

characterise the early transcriptional changes that occur leading to overt outgrowth by profiling the 

bone microenvironment at 14 days following ovariectomy. 

Validating findings with publicly available datasets proved challenging as few datasets exist that 

capture the bone microenvironment in relevant altered states of turnover without confounding 

factors, such as exogenous therapeutics, neither are there many datasets containing gene expression 

within the bone microenvironment. In addition, established dormancy gene signatures not derived 

from cancer cell lines are sparse and often unverified, or tissue specific. Therefore, analysis had to 

combine different datasets to provide as full a picture as possible with limited data available. Despite 

this, genes of interest POSTN, MMP2, THBS2 and OPN were found and explored, showing relevance 

in publicly available datasets, and are genes of active research within bone biology and tumour 

progression.  

To be able to comprehensively profile the bone microenvironment and further elucidate its role in 

cancer progression, more transcriptomic data in base and altered states is required from both in vivo  

and clinical samples. Current databases such as the HCMDB collect and curate metastatic data, and as 

the cost of sequencing decreases and more datasets become available, more robust inference will be 

possible from the available data. Current efforts to elucidate the bone microenvironment at a single 

cell resolution will also identify transcriptional signals that can provide more accurate deconvolution 

of bulk samples. 

Short term 

As my experiments have focused on altering the bone microenvironment in order to model clinical 

settings, such as the post-menopausal bone microenvironment, future work would involve analysing 

and refining these models. Clinical trials, such as the AZURE and ABCSG-12, have shown that not only 

menopausal status, but time in menopause is important in determining the anti-cancer effects of 

agents targeting the bone microenvironment as women 5+ years into menopause had differential 

response to bone targeted treatments compared to women induced into menopause through 

treatment. Added to this, my experiments showed a significant overlap in genes and pathways 

between ovariectomised mice and young women, rather than old women whom the ovariectomy 
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model attempts to model. Therefore, understanding how time affects the gene expression of the 

ovariectomy model would provide important insights in modelling the post-menopausal bone 

microenvironment in old women. In the short term, investigations would involve performing 

ovariectomy on mature mice over a time course, sequencing at each time point and analysing the 

extent of overlap with older women based on the Farr et al. (2015) dataset in order to identify the 

time period that most strongly reflects the post-menopausal bone microenvironment. Time periods 

would ideally be 2, 3, 7, 14 and 28 days, 2, 3 and 6 months in order to capture the evolution of the 

bone microenvironment over time. In experiments involving the use of Zol by Ubellacker et al. (2018), 

and my experiments involving the low calcium diet, homeostasis of changes to the bone 

microenvironment occurred after approximately 7-14 days and 28 days respectively. In addition, 

Ottewell et al. (2015) also found 27 differentially expressed genes through PCR analysis 7 days 

following ovariectomy, of which I found only 3 differentially expressed when investigating at 14 days 

despite similar mouse strains. Therefore, it is plausible that homeostatic mechanisms may have 

altered the gene expression between day 7 and day 14, of which a time course would elucidate. 

Assessing the bone microenvironment of young (6 week-old), ovary-intact mice, as well as old (18+ 

months) ovariectomised mice, in comparison to mature, ovariectomised mice by RNA-seq and 

comparing changes with the Farr et al. (2015) dataset comparing young women and old women would 

provide further insight into the utility of these models in comparing them to young and old bone 

microenvironments.  

Assessing cellular populations altered by ovariectomy using hematological analysis and deconvolution 

of bulk RNA-seq data did not show any significant changes. However, the cells in the peripheral 

circulation are not the same population as in the bone marrow, and deconvolution methods often 

produce differing results, suggesting the likelihood of inaccuracies. To analyse which cells are present 

in the bone microenvironment, flow cytometry would be used as it is directly quantitative, more 

accurate due to antibody technology and can provide a deeper resolution of cells of interest. 

Long term 

Current models in our laboratory to study dormant, disseminated tumour cells in vivo involve the 

injection of slowly cycling MDA-MB-231-TD-Tomato cells that may have an inherent transcriptional 

switch to a more dormant state. While these can be used to study the escape from dormancy, they 

do not provide strong insights into the role of the microenvironment in inducing cells into dormancy. 

Currently injecting MDA-MB-231 cells that do not inherently cycle slowly into mature mice leads to 

rapid engraftment and outgrowth within 14 days as observed in chapters 3 and 4. Therefore, 

developing a model that induces rapidly dividing cells into dormancy may provide insight into the 

dormancy-inductive cells and microenvironmental signals. Inoculation of mice with tumour cell 

particulates prior to the introduction of live tumour cells has been shown to induce immune-mediated 

tumour cell dormancy (Farrar et al., 1999, Khazaie et al., 1994, Uhr and Marches, 2001). Dormancy 

established through vaccination and engagement of the immune system primarily involves 

tumoricidal activity of the immune system at the same rate as proliferation and may thereby confound 

the analysis of pro-dormancy signals from the microenvironment. However, combining this with 
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lipophilic membrane dyes that get diluted with replication would allow the assessment of individual 

cells that have been induced into dormancy despite a population of rapidly dividing cells that is in 

equilibrium with immune-mediated tumour cell killing. Indeed, this may be a more accurate reflection 

of the occurrence of dormancy in the clinical setting as immune evasion must occur for cells to remain 

dormant for a period of time. Slow cycling stem cells have been demonstrated to have a lower 

expression of MHC I molecules and associated immune avoidance (Agudo et al., 2018), and so any 

dormant tumour cells would likely evade the immune destruction other rapidly dividing tumour cell 

clones would have. As this population would come from a rapidly dividing population, it would allow 

the assessment of dormancy-inductive cues. 

To also further understand the role of the bone microenvironment in regulating tumour dormancy, 

the use of single-cell sequencing with spatial transcriptomics would be optimal in revealing the 

molecular, cellular and spatial bone marrow niche organisation surrounding tumour cells. Indeed 

Baccin et al. (2020) performed a series of experiments harmonising fluorescence microscopy and 

single-cell sequencing with spatial transcriptomics of the bone microenvironment to elucidate genes 

expressed by 32 different cell types, as well as computationally resolving cell niche locations, cell-cell 

signalling and physical interactions (Baccin et al., 2020). Such a strategy would be comprehensive and 

elucidate signalling cues provided by the microenvironment that support a pro-dormancy state. 

Figure 6-1 is a diagrammatic summary of the findings, and conclusions from this thesis.
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Figure 6-1: Diagrammatic summary of findings and conclusions in this thesis
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7 APPENDIX 

  



 

 

270 

 

7.1 APPENDIX 1 

Upstream analysis using X2K (Chen et al., 2012; Clarke et al., 2018) of genes upregulated in cancer cell 

lines with a dormant phenotype as found by Kim et al. (2012).  

7.1.1 TRANSCRIPTION FACTOR ENRICHMENT ANALYSIS. 

Predicted transcription factors that regulate the input gene list, using gene set enrichment analysis 

using various transcription factor – gene set libraries as determined by ChIP-seq experiments (Clarke 

et al., 2018). A ranked list of transcription factors is produced, ranked by genes in the query set 

regulated and p-value (See Figure 7-1, Figure 7-2, Figure 7-3, Figure 7-4 for transcription factors 

enriched in dormant cancer cell lines, downregulated in ovariectomised mouse bone, downregulated 

in dormant cancer cell lines and enriched in ovariectomised mouse bone respectively). Transcription 

factors show marginal correlation between those predicted to be involved in dormant cancer cell lines 

(Figure 7-1) and those downregulated in ovariectomy (Figure 7-2) 

 

Figure 7-1: Transcription factor analysis of genes upregulated in dormant cancer cell lines (Kim et al., 2012) 
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Figure 7-2: Transcription factor analysis of genes downregulated in ovariectomised mouse bone 

 

 

Figure 7-3: Transcription factor analysis of genes downregulated in dormant cancer cell lines (Kim et al., 2012) 
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Figure 7-4: Transcription factor analysis of genes upregulated ovariectomised mouse bone 

7.1.2 KINASE ENRICHMENT ANALYSIS  

Predicted transcription factors from the transcription factor enrichment analysis are then used as 

inputs into protein-protein interactions based on the predicted transcription factors present in the 

list. Kinase Enrichment Analysis then predicts protein kinases that are the likely regulators of the 

expanded protein-protein interaction network, using gene set libraries from kinase-substrate 

interaction databases (Clarke et al., 2018). Some marginal overlap found in top ranking predicted 

enriched kinases such as MAPK1, CDK1 and GSK3-β can be seen upstream of genes upregulated in 

dormant cancer cell lines (Figure 7-5) as well as those downregulated in ovariectomised mouse bone 

(Figure 7-6). However, some overlap can also be observed between datasets and controlling for these 

overlaps would provide more granularity into important upstream kinases that are enriched in these 

conditions in order to further assess correlation between ovariectomy and escape from dormancy. 

(See for kinases enriched in dormant cancer cell lines, downregulated in ovariectomised mouse bone, 

downregulated in dormant cancer cell lines and enriched in ovariectomised mouse bone respectively). 
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Figure 7-5: Kinase enrichment analysis of genes upregulated in dormant cancer cell lines (Kim et al., 2012) 

 

 

Figure 7-6: Kinase enrichment analysis of genes downregulated in ovariectomised mouse bone 
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Figure 7-7: Kinase enrichment analysis of genes downregulated in dormant cancer cell lines (Kim et al., 2012) 

 

Figure 7-8: Kinase enrichment analysis of genes upregulated in ovariectomised mouse bone 
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