
 
 
 
 
 
 
 
 

 

Laverty, Thomas (2023) An assessment of breast cancer cell invasion into the 

bone marrow. PhD thesis. 

 

 

https://theses.gla.ac.uk/83699/ 

 

Copyright and moral rights for this work are retained by the author  

A copy can be downloaded for personal non-commercial research or study, 

without prior permission or charge  

This work cannot be reproduced or quoted extensively from without first 

obtaining permission in writing from the author  

The content must not be changed in any way or sold commercially in any 

format or medium without the formal permission of the author  

When referring to this work, full bibliographic details including the author, 

title, awarding institution and date of the thesis must be given 

 
 
 
 

 
 
 
 
 
 
 

Enlighten: Theses  

https://theses.gla.ac.uk/ 

research-enlighten@glasgow.ac.uk 
 

https://theses.gla.ac.uk/83699/
https://theses.gla.ac.uk/
mailto:research-enlighten@glasgow.ac.uk


1 
 

AN ASSESSMENT OF BREAST CANCER CELL 
INVASION INTO THE BONE MARROW 

 

 

Thomas Laverty 

MRes, BSc 

 

 

 

 

 

 
Submitted in fulfilment of requirements for the degree of Doctor of Philosophy 

(PhD) 

 
Centre for the Cellular Microenvironment  

Institute of Molecular, Cell and Systems Biology  

College of Medical, Veterinary and Life Sciences  

University of Glasgow 
Glasgow 
G12 8QQ 

 

December 2022 



2 
 

Abstract  
Breast cancer is the most commonly diagnosed cancer in women. With the 

largest clinical problem coming in the form of metastasis. Breast cancer is 

known to metastasise to secondary tumour sites within the body, namely the 

liver, brain, lungs and bone marrow. Upon colonisation of the bone marrow, 

disseminated breast cancer cells (DBCC) interact with resident bone marrow 

niche cells such as mesenchymal stem cells (MSCs). These interactions are partly 

responsible for the phenomenon of dormancy observed in DBCCs. In time DBCCs 

can reawaken, resulting in recurrence and aggressive secondary metastasis, with 

a very poor clinical outcome for patients. In order for further investigation into 

this phenomenon, an in vitro dormant breast cancer cell model was developed 

using the breast cancer cell line MCF7. This model was then used to investigate 

the triggers of dormant breast cancer cell reawakening. 

 

A hallmark of cancer is an altered metabolic profile, as such the model 

described above was utilised in order to investigate the influence of secreted 

factors likely present within the bone marrow niche, on the behaviour of 

dormant breast cancer cells. Conditioned media from both adipogenic and 

osteogenic lineage MSCs was shown to be capable of triggering proliferation in 

the dormant breast cancer cell model. Investigation into the contents of the 

secretome revealed several pathways shown to be upregulated. These pathways 

may have an effect on the reawakening of the dormant breast cancer cells. The 

most interesting pathways revealed by this analysis were the arginine and 

proline metabolism pathway along with citrulline metabolism, with both 

providing interesting avenues of exploration. 

 

In this thesis a dormant breast cancer cell model is described and utilised in 

order to investigate potential triggers of reactivation. Using this model to screen 

various potential activators of the dormant cancer, the secretome of both 

adipogenic and osteogenic lineage MSCs was shown to cause an upregulation in 

the proliferation of dormant MCF7 cells. Specific metabolites of interest were 

identified such as ornithine, an intermediary molecule in the urea cycle, capable 

of generating arginine necessary for cellular proliferation. This model thus, can 
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be used for future experiments in order to further investigate the causes behind 

breast cancer cell dormancy and reawakening. 
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Chapter 1 Introduction 

 

1.1 Cancer 

The emergence of cancer is slow and ordered, and dependent on numerous 

factors. Cancer is a complex disease with an assortment of features that differ 

from case to case. The origin of cancer begins with healthy cells undergoing 

various genetic and phenotypic changes, influenced by external stimuli as well 

as changes to the microenvironment (Grange et al. 2011)(Jabalee, Towle, and 

Garnis 2018). Fibroblasts make up the majority of the tumour stroma and are 

particularly susceptible to phenotypic alteration in response to certain cues. 

Fibroblasts are known to undergo changes to their morphology dependant on a 

particular tumour environment, these changes lead to the adoption of a 

phenotype similar to that of myofibroblasts (Y. H. Song et al. 2017). As well as 

the phenotypic transformation of fibroblasts into myofibroblasts, tumour evs (T-

EVs) have been shown to cause fibroblasts to transform into activated cancer-

associated fibroblasts (CAFs) (Paggetti et al. 2015). The capacity for the 

transformation of fibroblasts into CAFs was found to directly correlate with the 

aggressiveness of the tumour cells. EVs (extracellular vesicles) derived from 

aggressive cancer cells correlated with high CAFs expression and conversely less 

aggressive cancer cells associated with a lower expression of CAFs (Giusti et al. 

2018). Further research into role EVs play in tumorigenesis revealed that, CAFs 

secrete EVs that influence tumour progression, causing increased proliferation, 

epithelial to mesenchymal transition (EMT), motility and migration (Richards et 

al. 2017) (Donnarumma et al. 2017).  

 

The induction of angiogenesis by cancers is well documented, this hallmark 

process however may be regulated at least in part by extracellular vesicles 

(Todorova et al. 2017). This is achieved through the horizontal transfer of pro-

angiogenic molecules to resident epithelial cells, triggering tumour 

vascularisation (O’Loghlen 2018). T- EVs have been shown to increase tumour 

cell migration, tube formation, cell-cell adhesion as well increasing proliferation 

(Zhou et al. 2019). T- EVs secretion has been shown to be increased in hypoxic 

environments. As well as increased production of EVs, T- EVs derived from 
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hypoxic environments have been associated with increased angiogenesis 

compared with those derived from non-hypoxic environments (Umezu et al. 

2014) (Grange et al. 2011).  

 

Along with angiogenesis and fibroblast-differentiation, extracellular vesicles are 

highly involved in immunomodulation (Fatima and Nawaz 2017). EVs act as cell 

communication molecules for cells within the immune system (Isola and Chen 

2017). Conversely to the effect of T-EVs, EVs have been shown to convey anti-

cancer signalling to the immune system (Gilligan and Dwyer 2020). An example 

of this is EVs derived from dendritic cells trigger an anti-cancer immune 

response (H. Lee et al. 2019). These findings have caused excitement within the 

scientific community as their potential for anti-cancer therapeutics has become 

evident (Gilligan and Dwyer 2020). 

 

1.1.1 Breast Cancer 

Breast cancer is the most common form of cancer, followed by prostate and lung 

cancer, with around 55,000 new cases each year in the UK (Smittenaar et al. 

2016). Breast cancer accounts for the second highest number of deaths relating 

to cancer in women, and the incidence rate is increasing both in developed and 

developing countries (Smittenaar et al. 2016). Many factors have been attributed 

to this rise in breast cancer incidences, such as: increased coverage of screening 

programmes, lifestyle changes and improvements in treatments, thus leading to 

an increasing number of women presenting with the disease.  

 

Several tissue types are present within the breast including, mammary tissue 

containing lobules, ducts and glands along with fat and connective tissue (Boyd 

et al. 2010). Epithelial cells in ducts, lobules or within the connective tissue of 

the breast can manifest into a tumour, acquiring cancerous traits such 

uncontrollable growth, forming a noticeable lump on the breast (Chan and Lim 

2010). These lumps formed are either benign or malignant, with benign meaning 

there is no metastatic spread from the regional tumour site, and malignant 

indicating that the cancer has metastasized to distant sites within the body. 

Despite extensive research efforts, the exact mechanism for the initiation of 

breast cancer is not completely understood.  
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Malignant breast tumours first invade the myoepithelial cell layer and basement 

membrane (Morrissey, Hagedorn, and Sherwood 2013). There has been a 

progression system from non-malignant to pre-malignant described in the 

literature, in this there are several stages in the development of a pre-malignant 

breast carcinoma (Scully et al. 2012). These steps include but are not limited to 

hyperplasia, atypical hyperplasia and cancer in situ. However, breast cancer is 

more complex than previously thought and this model of cancer progression 

doesn’t accurately describe the progression of breast cell into malignant breast 

carcinoma. It has been shown that not all pre-malignant lesions result in breast 

cancer and that it is not essential for all lesions to be present to result in breast 

cancer. Specific pre-malignant lesions however have been shown to increase the 

risk factor for developing breast cancer (Scully et al. 2012).  

 

Breast cancers are loosely split into two categories: invasive and non-invasive 

breast cell carcinoma. Non-invasive breast cancers are known as in situ 

carcinomas, with ductal carcinoma in situ (DCIS) being the most common (Chan 

and Lim 2010). As the name suggests DCIS form from epithelial cells in the ductal 

cell lining and since they have not invaded through the basement membrane 

they are described as pre-malignant (Sharma, Kelly, and Jones 2009). DCIS can 

be separated into 3 distinct categories; low, intermediate, and high grade with 

differing prognoses based on the classification (Hüsemann et al. 2008). It has 

been shown that the developmental mechanisms that lead to the formation of 

each DCIS category are markedly different. For example, high-grade DCIS is 

associated with a 17q gain, whereas low-grade DCIS has been linked to a 16q 

loss. A non-invasive DCIS isn’t life-threatening, however a higher grade of DCIS is 

associated with higher instances of invasive cancer diagnoses, with DCIS being 

classified as a pre-cursor lesion (Chan and Lim 2010). 

 

Invasive breast cancer, however, describes cells that are able to penetrate the 

basement membrane and spread to other tissues, most notably the lymph nodes 

and from there to distant sites within the body (Green et al. 2015). The most 

common type of invasive breast cancer is referred to as invasive carcinoma of no 

specific type (NST) while second is invasive lobular carcinoma (ILC). Together 

these subcategories make up about 95% of invasive breast cancers (Sinn and 

Kreipe 2013). The spread of invasive carcinoma to other tissues and distant sites 
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is known as metastasis, this is known to drastically worsen patient’s prognoses as 

treatment options are limited. 

 

1.1.2 Breast Cancer Metastasis  

Metastasis is the complex, sequential process by which cancer cell dissemination 

occurs. This process is ordered by numerous steps leading ultimately to the 

colonisation of distant sites by cancer cells. These steps consist of; primary 

tumour growth, angiogenesis, intravasation, circulation, extravasation and 

ultimately colonisation(Langley and Fidler 2007). Primary tumours prior to 

dissemination undergo a process known as EMT, this process sees the cancer 

cells lose epithelial like traits such as cell adhesion and expression of E-cadherin 

and gain mesenchymal like traits, increasing their motility allowing for 

intravasation (Scheel and Weinberg 2012).  

 

In order for cancerous cells to spread through the basement membrane, the 

extracellular matrix (ECM) is degraded, so that the cells originating from the 

primary tumour are able to invade the surrounding stroma through the basement 

membrane. Within the stroma, cells such as mesenchymal cells and fibroblasts 

have the potential to support the invading cancer cells, dependent on certain 

cell-cell signalling mechanisms (Khamis, Sahab, and Sang 2012). Following 

invasion into the stroma, cancer cells and the surrounding cells that make up the 

niche are modified, allowing intravasation into the blood and lymphatic 

circulatory systems (Kim et al. 2019). Following intravasation, the cancer cells 

are altered in order to survive, allowing them to evade immune 

surveillance(Scully et al. 2012). After these steps the cells extravasate (leave 

the circulatory system) and invade the parenchyma of distant sites (Sosnoski et 

al. 2015). Colonisation is the final step of metastasis, whereby cancerous cells 

originating from the primary tumour invade a secondary site and finally undergo 

mesenchymal to epithelial transition, whereby the cancer cells lose traits 

associated with mesenchymal cells such as motility and re-gain epithelial traits 

such as cell adhesion (Scully et al. 2012). 

 

Upon completion of the metastatic cascade, disseminated tumour cells reside at 

the secondary niche, but despite extensive research into the metastasis and 
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dissemination of breast cancer cells little is known about this post-metastatic 

stage of breast cancer. Recent findings suggest that after dissemination many 

breast cancers undergo a period of dormancy(Clements and Johnson 2019a). 

Cancer cells in this dormant state resist traditional anti-cancer drugs, it is 

theorized that this is because the majority of therapeutic anti-cancer drugs work 

by interfering with the cell cycle, but due to these cells undergoing period of 

cell-cycle arrest they are able to evade these traditional treatments and reside 

within the post-metastatic niche(Cosentino et al. 2021). Due to this acquired 

ability to resist treatment these disseminated breast cancer cells (DBCCs) are 

the pre-cursor and cause of secondary tumour growth and metastasis, causing 

disease recurrence. The clinical problem that needs to be addressed in this 

disease is to develop a treatment capable of addressing dormant BCCs, however 

as little is known about the mechanisms of BBC dormancy further investigation is 

essential. 

 

1.1.3 Breast cancer dormancy 

Tumour cells disseminate and metastasize to distant sites. However, the 

majority of disseminated breast cancer cells do not survive to colonise the 

secondary site (Scully et al. 2012). Most of the disseminated breast cancer cells 

die in circulation or are unable to interact with resident cells at the secondary 

site. Cell-cell communication is essential to prime the microenvironment prior to 

the invading cancer cell arrival, this is to ensure the colonisation site is able to 

support the invading cancer cells (Dominiak et al. 2020).  

 

Metastatic breast cancer cells have been shown to have an affinity for the bone 

marrow, where they interact with various niches via essential cell-cell 

communication pathways (see figure 1.2) (Walker et al. 2016). The colonising 

tumour cells adapt to their new microenvironment in order to survive and grow, 

these invading cancer cells evade immune detection and enter a state of 

prolonged dormancy (Bushnell et al. 2021a). In this state of dormancy, the 

cancer cells evade immune detection as well as traditional cancer therapeutics 

(see figure 1.2), this is due to most anti-cancer drugs influencing the cell cycle, 

thus in a state of dormancy the cancer cells resit these anti-cycling drugs (Bliss 

et al. 2016). In a state of dormancy, the invading cancer cells reside and survive 
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(See figure 1.1). However, upon escape from dormancy, these cancer cells form 

micro-metastases which have the potential to proliferate uncontrollably (Phan 

and Croucher 2020). This can lead to many complications including secondary 

tumours and also bone structure injury (Tsuzuki et al. 2016). 

 

Traditionally metastasis was believed to be a relatively late event in tumour 

development. Recent studies, however, focused on identifying disseminated 

tumour cells (DTCs), revealing that DTCs are present in patients that show no 

evidence of metastatic disease (Bragado et al. 2013) (Cieślikowski et al. 

2020)(Lerouge, Decruppe, and Humbert 1998). These findings, therefore, 

indicate that metastasis is in fact an early event in the development of certain 

tumours. This is shown in several clinical studies whereby disseminated tumour 

cells were identified in the bone marrow of breast cancer patients in the early 

stages of the disease (Hüsemann et al. 2008). Thus, this has emerged as a 

potential screening method for metastatic disease. 

 

 

Figure 1.1 Mechanism of cancer dormancy after metastasis. Dormancy and reawakening will 
be investigated during this thesis. Cancer cells may grow slowly after dormancy eventually 
leading to a micrometastases after growing large enough to be detected. Cancer cells may 
also undergo a stage of death and synthesis which balances the live and dead cells, they 
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may also undergo cell cycle arrest in the G0/G1 phase. Image depicts potential routes for 
disseminated breast cancer cells Obtained from (X. H. F. Zhang et al. 2013). 

 

Despite the potential of this screening method, there are some apparent 

drawbacks, namely patients testing positive for disseminated tumour cells but 

not presenting with metastatic disease (Cieślikowski et al. 2020). This is due to 

the ability disseminated tumour cells possess to remain silent or dormant for 

prolonged periods of time. These tumour cells can remain dormant in two 

distinctive states, either as mass tumour dormancy or tumour cell dormancy 

(Endo and Inoue 2019). Mass tumour dormancy describes a state whereby 

proliferation and cell death of the tumour mass is in equilibrium (Gimbrone et 

al. 1972). This is usually because of certain external influences such as the 

inability to evade immune surveillance, resulting in a constantly changing but 

dormant tumour mass. Tumour cell dormancy, however, is characterised by a 

state of cell cycle arrest in the G0/G1 phase. This state of dormancy is reversible, 

and proliferation can be re-activated though numerous means, such as exposure 

to cytokines, growth factors and response to changes in the microenvironment 

(Graham and Qian 2018). The mechanisms for both dormancy and the emergence 

from it are poorly understood, however certain stresses are known to play a 

pivotal role, these include hypoxia, drug treatment and starvation (Umezu et al. 

2014). Along with these extrinsic factors various intrinsic factors are also 

important, such as epigenetic modifications(Sharma, Kelly, and Jones 2009).  

Despite the clinical significance of dormant cancer cells, there is little 

understanding of tumour cell dormancy, this is due to difficulties in detection, 

imaging and analysis of dormant cancer cells. 
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Figure 1.2 Tumour Development: cancer progression begins with DNA damage causing 
genetic mutation. This is followed by proliferation of cancerous cells. Some cells in the 
primary tumour then can detach undergoing EMT and gain motility. Disseminated cells then 
enter the circulatory system and spread to secondary sites within the body. Obtained from 
Liu et al (Yewei Liu et al. 2015). 
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1.2 The tumour microenvironment  

Although the mechanisms involved in tumour cell dormancy are poorly 

understood, it is well known that both intrinsic and extrinsic factors are 

influential (Blache et al. 2019). This interaction between tumour cell and 

microenvironment is described as the ‘seed and soil’ hypothesis. Whereby the 

tumour cells (seeds) are capable of survival and growth in specific 

microenvironments (soil) (Fluegen et al. 2017). Thus, the capacity of a 

disseminated tumour cell to survive and prosper in a new site is dependent on 

the ability of the cell to communicate effectively with resident cells at the 

secondary site. The interaction between seed and soil is essential for tumour 

dormancy as it is tightly regulated via intrinsic and extrinsic factors (Bragado et 

al. 2013).  

 

Disseminated tumour cells have the ability to colonise different sites in the 

body, thus demonstrating the plasticity of DTCs, as different colonisation sites 

would require different methods of adaptation for the DTCs due to differing 

selective pressures in specific niches. Disseminated breast cancer cells are most 

commonly found in bone, however, they have also been observed in the brain, 

liver and lung (Braun et al. 2000). Detection of DTCs in the bone marrow 

reservoir is now being used as a prognostic marker for metastatic disease in 

other organs (Rameshwar 2010). This is due to the fact that the blood circulating 

DTCs have a preference for the bone marrow, as here the DTCs can lie dormant 

evading the immune response and can re-disseminate to other organs once re-

activated (H. Wang and Gires 2019). 

 

 

1.2.1 The bone microenvironment  

Bone is a dynamic organ, undergoing degradation and generation throughout life. 

This bone metabolism is essential for its role, maintaining the structure of the 

bone while also serving as a store of calcium as well as stem cells. Bone 

metabolism is regulated largely through two types of bone cell; osteoclasts and 

osteoblasts, which degrade and re-build bone respectively (Hadjidakis and 

Androulakis 2006). Osteoblasts are cells responsible for the creation of new bone 

tissue, they are derived from MSCs following the differentiation of said MSCs into 
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osteoblast precursors, maturation and mineralisation (L. Hu et al. 2018). 

Osteoclasts on the other hand are members of the monocyte/macrophage 

lineage, they differentiate depending on two essential cytokines: osteoblast 

derived receptor activator of nuclear factor kappa-beta ligand (RANKL) and 

macrophage colony-stimulating factor (M-CSF) (Boyle, Simonet, and Lacey 2003). 

Osteoclasts are known to release proteolytic enzymes that degrade the bone 

matrix, this in turn facilitates the release growth factors stored within the bone 

matrix. These growth factors have been shown to influence osteoblasts as well 

as cancer cells (see figure 1.3) (Shupp et al. 2018).  

 

 

Figure 1.3 Depiction of cancer cells, along with other cells associated with the bone 
microenvironment before initiation of the 'vicious cycle'. This thesis will investigate the 
relationship between bone cells and dormant breast cancer. Right: Cell types involved with 
the viscous cycle, along with important signalling molecules. This image demonstrates the 
complex nature of bone remodelling and its relevance to disseminated breast cancer cells 
Obtained from (X. H. F. Zhang et al. 2013). 
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1.2.2 Bone remodelling  

The constant state of change within the bone microenvironment is essential for 

proper bone function and for maintaining the quality of the bone. The basic 

multicellular unit (BMU) is the name given to the temporary structure 

responsible for the remodelling of bone. BMUs are found at various sites and are 

tightly regulated by the function of the main types of bone cells, osteoblasts, 

osteoclasts, osteocytes, and the bone lining cells. (Parfitt 2002) (Rucci 2008). 

With particular emphasis focused on osteocytes as key players in the complex 

process of bone remodelling. The constant degradation and synthesis of bone 

plays a key role in bone metastasis, this is emphasised by the ‘vicious cycle’ of 

bone metastasis (see figure 2) (Cook et al. 2014). This is characterised by the 

manipulation of osteoblasts and osteoclasts in order to obtain growth factors 

necessary for growth and invasion.  

 

 

1.2.3 The Bone microenvironment supports tumour cell 
dormancy 

Although the BMU is essential for bone remodelling, it does not represent the 

majority of the bone surface, with approximately only 20% of the bone surface 

undergoing active remodelling (Martin 2014). The vast majority of the bone 

surfaces however consist of bone lining cells, that are largely quiescent (Martin 

2014). Osteoblasts, the bone cell responsible for the synthesis of bone tissue are 

known to produce a plethora of growth factors that are subsequently stored 

within the bone matrix (Rosenberg, Rosenberg, and Soudry 2012). These growth 

factors are then released into the bone microenvironment as osteoclasts degrade 

bone, the growth factors released are in active form (Neve, Corrado, and 

Cantatore 2011). They include bone morphogenetic protein 2 (BMP2), fibroblast 

growth factors (FGFs), insulin-like growth factors (IGFs) and transforming growth 

factors (TGFs), all of which can influence invading metastatic cancer cells, 

aiding the metastases (Xu and Teitelbaum 2013). Thus, the destination for a 

migrating tumour cell is essential for deciding its fate. If the circulating tumour 

cell were to arrive at a BMU, this microenvironment would be rich with growth 

factors that could trigger proliferation and growth. Conversely, if the tumour 

cell were to arrive at a site where no active BMUs are present and cells are 
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quiescent, this microenvironment may support tumour cell dormancy (Bragado 

et al. 2013). These highly specified microenvironments are essential for 

determining the fate of DTCs. 

 

Stem cells within the bone microenvironment have been shown to highly 

influential in tumour cell dormancy, with the behaviour of invading DTCs having 

been shown to be comparable to the behaviour of the resident haematopoietic 

stem cells (HSCs) (Graham and Qian 2018). Regular function of HSCs is mediated 

by signals present within the HSC niche, particularly osteoblasts and endothelial 

cells within the niche. Homing of HSCs to osteoblast rich regions of the bone has 

been observed (Huang et al. 2017) (Yin and Li 2006). As well as HSCs, there is 

increasing evidence that DTCs localise to osteoblast rich regions of the bone, 

interacting directly with osteoblasts, supporting survival and tumour cell 

dormancy (Lawson et al. 2015). There is now increasing evidence that dormancy 

is a reversible process, with osteoblast and quiescent bone-lining cells 

interaction with DTCs switching it ‘on’ and interaction with osteoclasts switching 

it ‘off’ again, likely due to the release of bone-stored growth factors by 

osteoclasts (Lawson et al. 2015).  

 

Although osteoblasts have been implicated in the survival and dormancy of DTCs, 

other cell types such as perivascular cells have been identified as important 

factors in tumour cell dormancy (Jahanban-Esfahlan et al. 2019). With increasing 

evidence showing DTCs homing and grafting to vascular areas within the bone. 

Breast cancer specifically has been shown to home to the bone vasculature, 

where signalling factors such as thrombospondin-1 promote tumour cell 

dormancy (Ghajar et al. 2013). However, along with factors promoting 

dormancy, within the bone vasculature, novel blood vessels secrete TGF-B1 

(transforming growth factor-beta 1) and periostin, known to trigger the reverse 

of tumour cell dormancy and cause secondary tumour growth (Ghajar 2015). 

 

Cells are recruited to the niche via the use of chemo-attractive signals and 

retained due to surface attachment proteins as well as extracellular matrix 

(ECM) proteins (Bushnell et al. 2021a). Growth factors and chemokines are also 

influential in the recruitment and retention of cells to this niche. However, the 

mechanisms that support the survival of DTCs and the reversal of tumour cell 
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dormancy are not well understood. Currently it is unknown whether tumour cell 

dormancy occurs as a consequence of signalling in the metastatic niche or 

signalling from the DTCs causes changes in the target microenvironment priming 

it for the introduction of DTCs. 

 

 

1.3 Stem Cells 

Stem cells are undifferentiated cells with the capacity for self-renewal. These 

cells can differentiate into a plethora of different cell lineages. Stem cells are 

further sub-categorised into different levels of developmental potency, with 

cells such as embryonic stem cells (pluripotent) having the potential to 

differentiate into any embryonic cell linage. Other cells such as adult stem cells 

(ASC) have a narrower scope for differentiation being unable to differentiate 

into any lineage, these cells are lineage specific (multipotent)(Sobhani et al. 

2017). Stem cells are found throughout the body in distinct niches, the niches 

that stem cells reside in dictate the future of the stem cells, as the niche can 

either retain stem like characteristics via cycling quiescence or trigger 

differentiation via cell-cell signalling (C. Lee et al. 2021). Stem cell behaviour is 

regulated by the highly specialised stem cell niche, within the niche are a range 

of factors that control stem cell differentiation and quiescence (see figure 1.4) 

(Godoy et al. 2018).  

 

These niches are specialised and distinct, with different categories of ASCs 

residing in specific niches. MSCs for example are perivascular and reside in the 

centre of the bone marrow (Ehninger and Trumpp 2011). Another example being 

epithelial stem cells residing in the budge of hair follicles. Stem cells in these 

niches are either maintained by the niche supporting quiescence or driven to 

differentiate into specific cell lineages(Sobhani et al. 2017). Although stem cell 

niches are specialised to certain stem cells, there are conserved properties in 

most stem cell microenvironments. These include specific cell-cell interactions, 

response to tissue damage and shared mechanistic properties dictated by the 

ECM Through the use of this tightly regulated niche-dependent regulation, the 

body can make use of localised stem cell population to repair damaged tissue, 

while when unused they reside in quiescence(Sobhani et al. 2017). 
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Figure 1.4 Factors that comprise the stem cell niche. Stem cell niches are comprised of 
heterotypic, dynamic structures. Stem cell maintenance and differentiation are strictly 
controlled by the inhabited niches. Stem cells and their niches communicate with each 
other in order to determine cell fate. Image describes factors known to influence the 
behaviour of stem cells Obtained from: (Lane, Williams, and Watt 2014). 

 

 

1.3.1 Mesenchymal stem cells 

MSCs are ASCs found in several different stem cell niches, such as the bone 

marrow and adipose tissue. They are characterised by their capability of 

differentiating into skeletal tissues along with their ability to self-renew 

(Donnelly, Salmeron-Sanchez, and Dalby 2018). MSCs must strike a balance 

between specialised differentiation in response to stimuli and maintenance of 

the stem cell pool, this balance is maintained by the stem cell niche. 
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MSCs are multipotent and capable of differentiating into a variety of different 

cell types, these include osteoblasts, chondrocytes, fibroblasts and adipocytes, 

the lineage of differentiation is dictated by the stem cell niche (Donnelly, 

Salmeron-Sanchez, and Dalby 2018). These cells are essential for tissue repair 

and synthesis of novel tissue; however, MSCs have been shown to be key 

contributors to the tumour microenvironment (Blache et al. 2019). MSCs have 

been shown to communicate with invading DTCs, promoting cancer progression, 

either through signals instructing DTCs to proliferate or conversely signals that 

drive the DTCs into dormancy via cycling quiescence in the G0/G1 phase of the 

cell cycle (Blache et al. 2019). It has been suggested that the interaction 

between resident MSCs and invading DTCs results in the conversion of MSCs into 

tumour associated mesenchymal stem cells (TA-MSCs) (Cappariello and Rucci 

2019). 

 

The isolation of MSCs is somewhat complex as they are present in various tissues 

and several subset groups exist, each with slightly different biological function. 

A group known as the International Society for Cellular Therapy has issued 

guidelines to define the minimum criteria for MSC classification. These include 

the ability to adhere to tissue culture plastic under regular tissue culture 

conditions. The cells must be positive for CD105, CD73 and CD90 while also being 

negative for various other markers including CD45, CD14, CD34 and HLA-DR 

surface molecules, and they also must be able to differentiate into osteoblasts, 

adipocytes and chondrocytes in vitro (Dominici et al. 2006). There are several 

methods of analysing the properties of MSCs in order to properly define them, 

these include analysis of the protein secretome, quantitative RNA analysis and 

flow cytometry analysis of surface markers (see table 1.1) (Galipeau et al. 

2015). Despite these methodologies for identification of MSCs, there is no single 

marker that is associated with MSC stemness, however there exists a group of 

markers that can be used to identify specific subsets of MSCs with various 

biological functions. The resident cells in the BM are known to facilitate the 

function of other cells within the niche. Specifically, MSC like cells in the niche 

have been implicated in haematopoietic function (C. Lee et al. 2021). 
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Table 1.1 Table showing subpopulations of MSCs and marker used for identification. Details 
of the biological function of each subpopulation. BM: Bone marrow. (Lv et al. 2014; Galipeau 
et al. 2015; Dominici et al. 2006) 
 

MSC 
Subpopulation  

Location  Biological Properties  

STRO-1+ BM Enhanced Trafficking and tissue repair 
abilities. Promotes angiogenesis   

CD271+ BM  
Adipose Tissue 

Express higher level of differentiation 
related genes, Higher capability for tri-
lineage differentiation  

CD105+ BM  
Umbilical cord 
blood 

Superior Myogenic potential  

CD146+ BM  
Skeletal Muscle 

Myogenic, capable of regenerating muscle 
cells 
Enhanced osteogenic differentiation  

CD44+ BM Increased proliferation, increased cell 
survival, modulation of cytoskeletal 
changes and enhances cellular motility  

Nestin+ BM Involved in HSC support and the formation 
of fibrotic lesions 

CXCR4+ BM Increased migration and engraftment  
Involved in the repair of ischemic injuries  
Enhances tissue repair capabilities 

PDGFRα+ Foetal BM Pro fibrotic  
Involved in tissue revascularisation  

CD51+ Foetal BM Capable of tri-lineage differentiation  
Higher proliferative capacity  

CD49F+ BM Involved in the maintenance of 
pluripotency  
Knockdown associated with differentiation 

 

 

1.3.2 Haematopoietic Stem Cells 

HSCs are responsible for the generation of all mature blood cells; they are 

multipotent and also capable of self-renewal. The process by which these cells 

generate blood cells is known as haematopoiesis. The function of HSCs is very 

tightly controlled to achieve haematopoietic homeostasis, this is done through a 

variety of means relying on specialized cells and signalling factors that 

ultimately regulate the HSC niche/microenvironment(L. D. Wang and Wagers 

2011). As HSCs are multipotent, they are capable of differentiating into multiple 

cell types (these are limited however), one such cell type; oligopotent 

progenitor cells (greater limitation on differentiation potential) are ultimately 
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responsible for the production of mature human blood cells. This collection of 

multipotent and oligopotent progenitors is referred to as HSPCs (haematopoietic 

stem and progenitor cells), most cells present in this group with the exception of 

one subset of HSCs can be identified using the surface marker CD34 on the cell 

surface (Crane, Jeffery, and Morrison 2017). 

 

1.3.3 Osteoblasts 

Osteoblasts are extremely important in the maintenance and creation of bone 

tissue; they are responsible for the deposition of the bone matrix and also the 

regulation of osteoclast formation (Rosenberg, Rosenberg, and Soudry 2012). 

These cells are mononuclear specialized cells, while active they have a large 

cuboidal shape, enlarged endoplasmic reticulum and Golgi, and have the 

capability to secrete calcium containing vesicles. These cells are known to form 

tight cell junctions and develop specialised plasma membrane in order for higher 

efficiency vesicular trafficking and secretion (Rosenberg, Rosenberg, and Soudry 

2012). Ultimately, after bone formation, osteoblasts are known to either 

apoptose or become osteocytes. Osteocytes are the most abundant cell type in 

the bone and are known to act as mechanosensors, instructing osteoblasts where 

and when to form bone and osteoclasts where and when to reabsorb bone tissue, 

this medium is essential for bone homeostasis (Neve, Corrado, and Cantatore 

2011).  

 

1.3.4 Endothelial Cells 

Endothelial cells make up the lining of all blood vessels (arteries, veins and 

capillaries), they are known to form a sheet known as the endothelium and are 

responsible for the exchange between blood and the surrounding tissue (Krüger-

Genge et al. 2019). The endothelium acts as an endocrine organ, the activity of 

which is responsible for controlling the level of vascular relaxation and 

constriction. The endothelium is also responsible for the extravasation of various 

molecules and proteins including macromolecules and hormones (Krüger-Genge 
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et al. 2019). As endothelial cells are present in capillary and sinusoids, and these 

structures are abundant in the bone marrow, endothelial cells play an integral 

role in the bone marrow microenvironment (Ito et al. 2017). The endothelial 

cells present in the bone marrow are physiologically distinct from those found in 

other areas of the body. Endothelial cells within the bone marrow are shown to 

express adhesion molecules and cytokines at a higher rate for those found in 

other tissues. Endothelial cells have also been shown to have a particular affinity 

for binding both CD44+ progenitors and megakaryocytes, thus bone marrow 

derived endothelial cells exhibit a regulatory role in haematopoiesis(Suzuki et al. 

2010; Ito et al. 2017; Krüger-Genge et al. 2019).   

 

1.3.5 Megakaryocytes 

Megakaryocytes are present in the bone marrow niche and are responsible for 

platelet production. After maturation megakaryocytes are known to become 

polyploid (more than one pair of homologous chromosomes). In a process driven 

by cytoskeletal structures megakaryocytes extend long branch like structures 

into the sinusoidal blood vessels to release the platelets(Machlus and Italiano 

2013). 

 

1.3.6 Nerve Cells 

Nerve cells, specifically those associated with the SNS (sympathetic nervous 

system) are implicated in the maintenance, structure, and function of the bone 

marrow(Morrison and Scadden 2014). The SNS is shown to regulate both the 

proliferation and differentiation of HSPCs, along with controlling the migration 

of cells between the bone marrow and extramedullary sites(Méndez-Ferrer and 

Fielding 2020). Large bundles of nerves are shown to enter the bone marrow 

with arteries, however the contact between the nerve terminals and the bone 

marrow is somewhat limited. The SNS is active and located in every area of the 

bone marrow(Méndez-Ferrer and Fielding 2020; Hanoun et al. 2015). 
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1.4 Secretome and Metabolism 

1.4.1 Secretome 

The term secretome is used to describe the total released molecules that are 

secreted from cells, tissues, organs, and microorganisms into the extracellular 

space. The term was first introduced by Tjalsma et al in 2000 and later revised 

by Agrawal et al to encompass all proteins secreted from a cell (Agrawal et al. 

2010; Tjalsma et al. 2000). This definition however has been tweaked 

throughout the years as further research into the field allowed for a greater 

understanding surrounding the topic.  

In the conventional protein secretion pathway, the secreted proteins usually 

contain N-terminus peptides which act as a guide allowing them to be 

transported to the Golgi apparatus from the endoplasmic reticulum. Following 

this, the Golgi then fuse with the plasma membrane allowing for the release of 

proteins (Malhotra 2013). There is however an unconventional pathway utilised 

within cells that includes Golgi-independent transport of integral 

proteins(Malhotra 2013). Along with proteins secreted from cells, the secretome 

is also known to encompass microRNAs, mRNA, DNA, lipids and metabolites. 

These secreted molecules are usually contained within specialist small 

membrane-bound vesicles known as extracellular vesicles. The secretome itself 

is highly dynamic and extremely sensitive to changes in the cellular 

environment, being able to alter the secreted molecules from the surrounding 

cells. This means that cells respond to changes in the environment by changing 

their own secretory pathways ultimately leading to further changes in the 

microenvironment (Blache et al. 2019). Many cancers are shown to take 

advantage of this in order to develop the microenvironment to allow for tumour 

growth. A functional secretome is essential for the homeostasis of the body, thus 

changes to this may lead to various systemic issues, including cancer (M. Wang 

and Kaufman 2016). 
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1.4.2 The Secretome in Cancer 

The secretome of cancer stem cells (CSCs) has been implicated in the regulation 

of various different hallmarks of cancer such as: tumour growth and survival, 

angiogenesis, metastasis, drug resistance and immune dysregulation(López de 

Andrés et al. 2020). CSCs are able to communicate with and influence the 

tumour microenvironment through the release of micro-vesicles and exosomes 

along with a variety of soluble factors including metabolites, cytokines, growth 

factors, hormones and chemokines(Ye et al. 2014). 

 

1.4.3 Extracellular Vesicles 

Extracellular vesicles (see figure 1.5), originally believed to be largely 

unimportant machinery involved in cellular waste disposal, have been gaining 

great interest from the scientific community. This increased interest into these 

membrane bound vesicles came about after investigation into EVs revealed they 

are secreted by almost every cell in the body. Along with this, they were also 

found to be enriched for intracellular components (Johnstone et al. 1987). The 

first instances of cellular secretion of vesicles were observed in maturing 

reticulocytes, where the vesicles were being utilised to remove obsolete cargo 

and catabolites (Harding, Heuser, and Stahl 1983). However, it was not until 

later where research showed that these vesicles, named exosomes, have the 

capability to horizontality transfer cargo between donor and recipient 

cell(Dioufa et al. 2017). This was observed in the immune system, where 

exosomes, released from B-lymphocytes, acted as antigen presenters (Raposo et 

al. 1996). Since then, it is now widely accepted that exosomes are an integral 

part of cell-cell communication, and therefore potentially very important in the 

progression of diseases. 
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Figure 1.5 Diagram of the formation of EVs, indicating origin and mechanism of secretion. 
Image obtained from abcam, Extracellular vesicles: an introduction 
(https://www.abcam.com/primary-antibodies/extracellular-vesicles-an-introduction) 
 

 

1.4.4 Extracellular Vesicle Characterisation 

One potential pitfall in the study of EVs is the limited capacity to properly 

characterise different sub-populations. So far, EVs have been classified based on 

both their size as well as sub-cellular origin site, these different sub-populations 

of EVs are known as exosomes, micro-vesicles (MVs) and apoptotic bodies. 

Exosomes are the smallest of the populations averaging 50-150nm (Konoshenko 

et al. 2018). These EVs are formed in the multi-vesicular bodies (MVBs) in the 

endosome. Micro-vesicles on the other hand are larger than exosomes (150-

500nm) and unlike exosomes, bud straight from the plasma membrane, as 

opposed to within endosomal compartments. The final sub-population of EVs are 

known as apoptotic bodies, these EVs are larger than both micro-vesicles and 

exosomes (1000-5000nm). They are known to be released from apoptotic cells 

and represent the final step in the apoptotic cells dying process, these steps 

include cell shrinkage, chromatin condensation, nuclear fragmentation, 

membranous blebbing and finally the breakdown of cells into apoptotic bodies 
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(Reed 2000). Although these are the generally accepted classification of EVs, 

recently these populations have been broken down into sub-categories 

depending on the cellular origin of the EV (Théry, Ostrowski, and Segura 2009). 

Table 2 Classification of extracellular vesicles. Summary of the features used to 
characterise vesicles. Adapted from (Théry, Ostrowski, and Segura 2009) 

 
Feature Exosomes  Micro-vesicles Apoptotic Bodies 
Size 50-150 nm 100-1000 nm 1000+ nm 
Appearance Cup Shape ND Heterogeneous 
Sedimentation 100,000g 10,000g 2000g 
Intracellular 
origin 

Endosomes Plasma Membrane ND 

 

1.4.5 Synthesis and secretion of Extracellular Vesicles  

As apoptotic bodies belong to a separate secretion process, exosomes and micro-

vesicles are the two main sub-populations of EVs. Although aspects of sorting 

mechanisms are overlapped in the synthesis/secretion pathway of exosomes and 

MV, they are synthesised in different areas within the cell. Mvs are generated by 

outward budding direct from the plasma membrane, while on the other hand 

exosomes are synthesised within MVBs (multi-vesicular bodies), the MVBs then 

fuse with the plasma membrane in order to release the exosomes contained 

within.  

 

 

1.4.6 Synthesis and secretion of Exosomes 

Synthesis of exosomes occurs within multi-vesicular bodies. Multi-vesicular 

bodies (MVB) are a vitally important part of the endocytic pathway. This 

pathway is integrally involved in cellular homeostasis and is important in many 

functional aspects of the cell. It is known as an intermediary to degradation, and 

is essential for, proper recycling of cellular materials, cell polarity, cilia 

synthesis, cell signalling, cytokinesis and migration. It is known that early 

endosomes mature into MVB, and while doing so they generate intraluminal 

vesicles (ILVs) (Babst 2011). The formation of ilvs involves the inward budding of 

the plasma membrane of endosomes. Once MVBs are formed they fuse with 

either the plasma membrane, triggering the release of exosomes into the 

extracellular space, or they fuse with lysosomes, resulting in their degradation 
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(Van Niel, D’Angelo, and Raposo 2018). Due to this finding, it is evident that 

there exists multiple distinct sup-populations of MVBs (pre-exosomes) within the 

cell. These sub-populations are then directed to breakdown or secretion 

dependant on the survival of MVBs within the cell. By default, MVBs are 

programmed to fuse with lysosomes and be degraded. However, mechanisms are 

present within this pathway that allow MVBs to evade lysosomal degradation and 

fuse with the plasma membrane (triggering the release of exosomes) (Van Niel, 

D’Angelo, and Raposo 2018). 

 

Exosomes are synthesised first as ilvs, this occurs during the maturation of 

endosomes to MVBs. This synthesis of exosomes is reliant on specific sorting 

mechanisms, these processes first designate cargo destination on the limiting 

membrane of MVBs, then cause the membrane to bud inward, forming ILVs 

(Piper and Katzmann 2007). The ESCRT (Endosomal Sorting Complex Required for 

Transport) machinery was identified as a key regulator of membrane shaping and 

scission, therefore this machinery is important in the synthesis of MVBs and ILVs. 

However, studies have shown that molecular mechanisms are in place for ilvs to 

be generated in an ESCRT independent manner (van Niel et al. 2011). The ESCRT 

complex executes its role in the formation of ILVs in a sequential manner and is 

comprised of four complexes (ESCRT-0, -I, -II, -III) (see figure 1.6). This 

machinery is also associated with several proteins ALIX (ALG-2-interacting 

protein X), VTA1 (Vesicle Trafficking 1) and VPS4 (Vacuolar protein sorting-

associated protein)) that are required for the correct operation of this 

machinery (Hanson and Cashikar 2012).  

 

Members of the ESCRT pathway are distinct from one another and operate 

collectively to cause the synthesis of ilvs. ESCRT-0 is a heterodimer consisting of 

HRS-STAM (Van Niel, D’Angelo, and Raposo 2018), this heterodimer binds 

specifically to enriched PI3P proteins on the MVB membrane where it organises 

ubiquitinated cargo. ESCRT-0 then recruits ESCRT-1, a hetero-tetramer 

comprising of VPS37A-D, TSG101, VPS28 and UBAP1 or MVB12A/B (Van Niel, 

D’Angelo, and Raposo 2018). ESCRT-1 binds ESCRT-0 and the clustered cargo 

forming a rod like shape, as well as recruiting the complex involved in the next 

step; ESCRT-II. ESCRT-II is another hetero-tetramer comprised of VPS36, VPS22 

and two VPS25s. Through VPS36, ESCRT-II is able to interact with the complex as 
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is, binding ESCRT-1 and PI3P (Hanson and Cashikar 2012). ESCRT-II then recruits 

ESCRT-III, a hetero-tetramer comprised of CHMP2A-B, CMP3, CHMP6 and 

CHMP4A-C (Hanson and Cashikar 2012), this final component of the ESCRT 

machinery causes the membrane to bud inward and ultimately forms vesicles 

within the MVB. After the formation of the MVB contained vesicle, VPS4 causes 

triggers the degradation of the ESCRT complex finalising the vesicle generation 

(Caillat et al. 2019).  

 

These findings suggest that vesicle formation is reliant of ESCRT-0 as that 

heterodimer triggers the cascade of the ESCRT pathway. Alterations in the 

ESCRT machinery effects the biogenesis and secretion of vesicles, but also can 

alter the cargo contained within said vesicles (Van Niel, D’Angelo, and Raposo 

2018). As previously mentioned, exosomes can be generated by an ESCRT 

independent manner, this was discovered when parts of the ESCRT machinery 

were depleted and exosomes where still observed (Van Niel, D’Angelo, and 

Raposo 2018). One mechanism by which ILVs are formed in an ESCRT 

independent manner, requires the synthesis of ceramide via the hydrolysis of 

sphingomyelin by natural type-II sphingomyelinase (Trajkovic 2008). Ceramide, 

in this ESCRT independent pathway is metabolised into sphingosine-1-phosphate 

which in turn activates G1-protein-coupled sphingosine-1-phosphate receptor. 

This short pathway allows for the sorting of cargo onto the limiting membrane of 

MVBs (the first step of vesicle formation) (Kajimoto et al. 2013). Along with 

ceramide being essential in the ESCRT independent formation of vesicles, 

several tetraspanins have been shown to regulate the sorting of endosomal 

cargo. Most notably CD63, which has been shown to be enriched on the surface 

of exosomes, as well as being identified as essential for cargo sorting in 

exosomes associated with several diseases including Down syndrome (Gauthier et 

al. 2017) and melanoma (van Niel et al. 2015). Other tetraspanins including CD9, 

CD81 and CD82 have been implicated in the sorting of vesicular cargo. These 

tetraspanins form clusters and membrane platforms that recruit other 

tetraspanins, this is likely the formation of the micro-domains that will 

eventually bud inward forming the vesicles (Charrin et al. 2014). It is therefore 

evident that both ESCRT dependant and ESCRT independent mechanisms are 

responsible for the formation of ilvs and thus exosomes, however it is likely that 

the contributions of each member of either pathway may vary dependent on the 
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cell of origin, recruitment method and cargo contents (Van Niel, D’Angelo, and 

Raposo 2018). 

 

 

 

Figure 1.6 Schematic of the ESCRT Machinery. Four components of the machinery are 
recruited to endosomes though interactions with each other, membranes and ubiquitinated 
cargo. All but ESCRT III bind ubiquitinated cargo, however ESCRT III modulates the final 
steps of the machinery removing the ubiquitin and dissembling the complex. Budding from 
the membrane is facilitated by a curvature-inducing factor. Obtained from (Pakdel 2014). 

 

Upon the synthesis of ilvs, the containing MVBs are directed to one of two 

outcomes, either degradation by lysosomal fusing or secretion by fusing with the 

plasma membrane. There exists a balance between the secretion and 

degradation of MVBs with sorting machinery and modifications to cargo playing 

an influential role in the outcome of MVBs. Both outcomes rely on a two-step 

process involving the transport and fusion of MVBs, however the protein involved 

in this trafficking are clearly distinct (Van Niel, D’Angelo, and Raposo 2018). 

Several processes are involved in intercellular transport, namely: the action of 

actin and microtubules, the action of important molecular motors and their 

interaction with molecular switches such as small GTPases (Bonifacino and Glick 

2004). Lysosomal targeting is achieved by retrograde (reverse) transport on 
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microtubules via the use of dynein (retrograde molecular motor) recruited by 

RAB-GTPase RAB-7. Shockingly RAB-7 is also influential in the release (secretion) 

of exosomes, with the ubiquitylation status of RAB-7 dictating the outcome (P. 

Song et al. 2016).  

 

The RAB family of proteins have been shown to be involved in endosomal sorting, 

with specific family members undertaking different roles (Wandinger-Ness and 

Zerial 2014). Along with RAB-7 being essential for maintaining the balance 

between secretion and degradation of exosomes, RAB27A and RAB27B are also 

essential for the secretion of exosomes (Bobrie et al. 2012). With RAB27B 

regulating the transport of MVBs to the plasma membrane, both RAB27 isoforms 

are involved in the docking of MVBs to the plasma membrane, promoting fusion. 

Thus, an increase in these RAB27 isoforms leads to increased exosome secretion 

(Van Niel, D’Angelo, and Raposo 2018). Other RAB proteins have been implicated 

as modulators of exosome secretion through either direct regulation or the 

priming of MVB secretion, these include RAB 35 and RAB11 (Hsu et al. 2010) 

(Savina et al. 2003). The ultimate steps that lead to the fusion of MVB with the 

plasma membrane are still largely unknown; however, it has been postulated 

that this process involves mediation by SNARE and synaptotagmin proteins (Jahn 

and Scheller 2006). 

 

 
1.4.7 Synthesis and secretion of Micro-vesicles 

As MVs are formed from the budding of the plasma membrane, the mechanisms 

by which the synthesis and secretion of MVs is completed, overlap. Also 

interesting is the observation that formation of MVs from the plasma membrane 

seems to have relationship to the formation of other structures generated from 

the plasma membrane (Tricarico, Clancy, and D’Souza-Schorey 2017). The 

secretion/formation of micro-vesicles relies on the fission of the plasma 

membrane, this is known to be regulated by the interaction of actin and myosin 

followed by an ATP-dependant contraction (D’Souza-Schorey Crislyn and Clancy 

2012). Due to this activation of GTP binding proteins, namely, ARF6 and ARF1 

results in actomyosin contraction (Muralidharan-Chari et al. 2009). This 

contraction is achieved through the phosphorylation of the myosin light chain, 
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the result of said contraction is the budding of MV from the plasma membrane 

(Muralidharan-Chari et al. 2009). 

 

GTPases are important in the regulation of general membrane dynamics, with 

the Rho family of GTPases being specifically implicated (Guan et al. 2020). It has 

been shown that RhoA and Rac1 play key roles in the regulation of micro-vesicle 

formation. With RhoA being linked to the formation and shedding of micro-

vesicles and conversely Rac1 shown to negatively regulate this process (Sedgwick 

et al. 2015). 

 

Along with these mechanisms for the formation of micro-vesicles, lipids have 

been shown to contribute to their synthesis (Muralidharan-Chari et al. 2010). 

This is evident as cholesterol rich regions within the plasma membrane have 

been shown to play a pivotal role in the shedding of micro-vesicles (Al-Nedawi et 

al. 2008). Thus, the regulation of cell membrane phospholipid asymmetry is 

highly influential regarding the budding of micro-vesicles, several proteins have 

been implicated in this regulation, including flippases/floppases and scramblases 

(Hankins et al. 2015). These proteins are involved in the movement of specific 

phospholipid species across the plasma membrane(Hankins et al. 2015), and thus 

may be influential in the synthesis and secretion of micro-vesicles. 

 

 

1.4.8 Extracellular Vesicle Cargo 

The cargo contained within extracellular vesicles is highly heterogeneous, 

comprising of DNA, mRNA, miRNA, lipids as well as proteins(Isola and Chen 2017; 

Xie et al. 2019; O’Loghlen 2018). Identifying which cargo associates with which 

extracellular vesicle is very difficult, this is largely due to the fact that EV 

isolation techniques are non-standardised, and non-specific. Upon isolation of 

EVs from serum or growth media, several different sub-populations of EVs will be 

precipitated, thus, it is challenging to draw association between cargo contents 

and vesicle of origin. Due to this, there is gap in knowledge regarding markers to 

specifically select for particular exosomes, as such further research must be 

conducted. 

 



42 
 
There is a great variety and abundance of vesicle cargo, the heterogeneity of 

these vesicles comes about due to vesicles being cell-type specific and can be 

influenced by several factors. These factors include the pathological or 

physiological state of the cell of origin, along with response to stimuli that 

regulate their production. Interestingly, the first regulator of extracellular 

vesicle formation is the cargo itself (Van Niel, D’Angelo, and Raposo 2018). It has 

been shown that ectopic expression of certain cargoes, such as the major 

histocompatibility complex class II (MHC) can trigger MVB formation and 

ultimately lead to the release of exosomes containing said protein (Ostrowski et 

al. 2010). This has been a common finding, as a large proportion of vesicle cargo 

has been shown to be synthesis and secretion factors. Along with these factors 

important for EV synthesis and secretion, proteins involved in the remodelling of 

the plasma membrane as well several tetraspanins (CD81 and CD9) have been 

purified from EVs (Doyle and Wang 2019), these proteins are currently being 

used as identifying markers for EVs (Anand et al. 2019). 

 

Along with proteins and lipids, it has been shown that extracellular vesicles also 

contain genetic material. The first evidence of this was the detection of RNA and 

observation of the horizontal transfer of said RNA in mast cells (Valadi et al. 

2007). After this initial finding further research into the cargo contents of 

extracellular vesicles was undertaken, DNA along with non-coding RNA was 

identified in EVs (Lázaro-Ibáñez et al. 2019) (see figure 1.7). However, very 

little is known about the mechanisms responsible for sorting genetic material 

into EVs (Anand et al. 2019), despite this, the discovery of genetic information in 

EVs could potentially lead to them being used a circulating biomarker. Currently 

there is limited understanding regarding the lipid contents and function within 

extracellular vesicles, however it has been shown that certain lipids (such as 

cholesterol) are enriched within extracellular vesicles (Pfrieger and Vitale 2018).
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Figure 1.7 Composition of EVs. Image showing the potential contents of Extracellular 
Vesicles, along with membrane bound surface proteins. (created in biorender). 

 

1.4.9 Uptake of Extracellular vesicles 

After EVs have been secreted into the extracellular space, they are known to 

interact with other cells. As previously mentioned EVs contain a variety of cargo 

that can significantly alter the phenotype of the recipient cell. For this effect to 

take place, EVs need to transfer their cargo to the recipient cell. EVs are known 

to fuse with target cell membranes, either endosomal membrane after endocytic 

uptake or via the cell plasma membrane (Mulcahy, Pink, and Carter 2014).  

 

It has been shown that the major method of EV uptake is endocytosis, with EVs 

being transported to endosomal compartments within the cell. Experimental 

evidence suggests that EV uptake by endocytosis is an energy dependant process 

that makes use of cytoskeletal proteins. Several methods of EV endocytosis have 

been described, such as clathrin-mediated endocytosis, caveolin-dependant 

endocytosis as well as others (Mulcahy, Pink, and Carter 2014).  
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Although endocytosis is the most common method of EV uptake, EVs can also 

bind directly with the cell plasma membrane, it has been postulated that the 

EVs bind to the external leaflet of the plasma membrane via surface interactions 

with resident proteins (Mulcahy, Pink, and Carter 2014). Several protein families 

have been identified as influential in this process, including, RAB, SNARES and 

SEC1/MUNC type proteins (Beer and Wehman 2017). This method of EV uptake 

occurs via the fusion of lipid bilayers (encasing the EV and cell), these lipid 

bilayers, when in close proximity, fuse and form a hemi-fusion stalk (McNeil and 

Steinhardt 1997). The stalk then expands to form a hemi-fusion diaphragm 

bilayer (Tsai, Chang, and Lee 2014), this structure then causes an opening in the 

membrane through a pore, the contents are then released within the cell. The 

two previously distinct lipid bilayers form a consistent structure due to their 

hydrophobicity (Chernomordik, Melikyan, and Chizmadzhev 1987). 

 

1.4.10 Extracellular vesicles and cancer 

After the revelation that extracellular vesicles are capable of horizontally 

transferring information to recipient cells, EVs have gained great relevance in 

both physiological and pathological processes. It is well known that most cell 

types release EVs, tumour cells are not exempt from this and are known to 

release tumour specific vesicles (Cappariello and Rucci 2019). This release of T-

EVs is known to influence the tumour microenvironment. T- EVs have been 

shown to influence intercellular communication, allowing for tumour signalling 

to both surrounding tumour cells along with distant sites (Jabalee, Towle, and 

Garnis 2018)(Jabalee, Towle, and Garnis 2018).  

 

Upon this discovery, a major focus of EV research in regard to tumours is focused 

on the tumour stroma, particular fibroblasts, immune cells and endothelial cells 

(Cappariello and Rucci 2019). These genetic and phenotypic changes lead 

eventually to the acquisition of traits such as uncontrolled growth and the ability 

to invade surrounding tissues and disseminate to distant sites (Scheel and 

Weinberg 2012). The interaction between cancer cells and different cell types in 

the tumour microenvironment further adds to the complexity of this 

disease(Blache et al. 2019).  
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Each distinct tumour will vary greatly depending on the genetic background of 

the original cell, site of neoplastic legion and external stimuli. However, despite 

this, there is known to be common, essential modifications leading to 

uncontrolled growth and spread (Sinn and Kreipe 2013). These essential 

modifications are observed in the majority if not all cancers. The common 

modifications leading to malignant growth involve; evasion of apoptosis, 

insensitivity to anti-proliferative signals, acquisition of replicative immortality, 

angiogenesis and intravasation (Hanahan and Weinberg, 2000).  

 

Along with these common traits known for some time, recent research has 

identified other common traits associated with cancer growth and spread.  

These include the ability of cancer cells to reprogram metabolism and evade the 

immune response (Gonzalez, Hagerling, and Werb 2018). The accumulation of 

these traits leads ultimately to the malignant growth and spread of the tumour. 

However, the acquisition of these traits relies heavily on the correct genetic 

remodelling of the cells surrounding the initial tumorous cell (Gonzalez, 

Hagerling, and Werb 2018). Therefore, genetic instability has been described as 

a hallmark of tumour progression (Yixin Yao 2014). Along with genomic 

alterations, epigenetic modifications have also been implicated in the 

progression of tumours, via methylation and de-methylation of promoters of 

genetic elements influential in the development of a metastatic tumour 

(Sharma, Kelly, and Jones 2009). 

 

 

1.5 Metabolism of quiescent and proliferating cells 

The state of differentiation of normal cells controls their metabolic 

requirements. All live cells are somewhat metabolically active requiring 

different metabolites depending on state of the cell. Non- dividing or quiescent 

cells are metabolically active in order to achieve their physiological function and 

also to maintain their structure. Quiescent cells are also known to undergo redox 

reactions and balance energy. Proliferating cells, however, require different 

metabolites in order to generate the molecules required for cell growth, these 

are in the form of simple metabolites used to generate macromolecules 

necessary for cells growth (M. G. vander Heiden 2011). These metabolites 

include amino acids, fatty acids and nucleotides. Stringent control systems are in 
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place for all cellular processes including metabolic reactions. This control 

system is achieved through cell signalling molecules part of a greater cell 

signalling system (Zheng 2012). The networks that are involved in the regulation 

of metabolic reactions within the cell are comprised of several genes, including 

proto-oncogenes and tumour suppressors that are heavily linked to the formation 

of tumours. Thus, alterations in the normal signalling may result in cell cycle 

arrest and/or apoptosis. 

 

Normal cells usually reside in close proximity to blood vessels. Therefore, they 

usually have access to the required nutrients and oxygen needed for regular 

cellular function. Metabolites associated with normal cells include fatty acids, 

sugars and amino acids; these are usually readily available and as such normal 

cells make use of these in their environment. The differences between normal 

and proliferating cells can be observed in the metabolites they require for their 

activity (Zhu and Thompson 2019). Although the necessary metabolites are 

present in the cellular environment, they must be transported across the cell 

membrane. This is usually achieved using specialised transporter molecules, 

these metabolites can also be directly catabolised in order to generate ATP 

(adenine triphosphate). Normal (non-proliferating) cells are known to generate 

their ATP using mitochondrial metabolism, which uses NADH to drive the 

electron transport chain (oxidative phosphorylation). Proliferating cancer cells 

however are known to switch from oxidative phosphorylation to glycolysis for 

their ATP (M. G. V. Heiden, Cantley, and Thompson 2009). NADH is recycled to 

NAD+ (able to accept electrons from the ETC), in normal cells this is achieved 

through mitochondrial respiration, however in proliferating cells this can be 

achieved through both mitochondrial respiration and lactate production. 

 

1.5.1 Cellular metabolism in cancer  

Cancer metabolism has been studied for quite some time, with early discoveries 

by Otto Warburg and his colleagues shaping the research landscape (Otto 

Warburg, Wind, and Negelein, 1927). He observed in the 1920s that malignant 

liver cells obtained from rodents used glycolysis to generate cellular ATP, this is 

despite the presence of oxygen (Otto Warburg, Wind, and Negelein; Erson and 

Brooklyn, 1927). This accompanied by increased lactate secretion observed in 
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cancerous cells was termed aerobic glycolysis, otherwise known as the ‘Warburg 

effect’. These findings therefore prompted Warburg to hypothesise that 

emergence of cancerous cells was due to the inhibition of mitochondrial 

respiration. However, this was disproven in the 60s when genetics and genetic 

remodelling was found to be heavily influential in cancer development.  

Despite this however, the phenomenon that cancer cells favour aerobic 

glycolysis over oxidative phosphorylation persists. One potential explanation for 

this is that many important metabolic processes required for the synthesis of 

more complex macromolecules rely on intermediates from the glycolytic 

pathway. However, genetic changes, not impaired mitochondrial function have 

been shown to drive the flux in glycolysis in cancer cells, these genetic changes 

include changes to proto-oncogenes and downregulation of tumour suppressors. 

It has also been shown that cancer cells may favour glycolysis to reduce the 

generation of ROS (reactive oxygen species) (Zheng 2012). Therefore, the 

metabolic reprogramming observed in cancer cells is essential for the synthesis 

of many of the metabolic ‘building blocks’ necessary for cell growth(Lunt and 

Vander Heiden 2011a; V. R. Fantin and Leder 2006). (See figure 1.8) 

 

Cancer cells are known to alter their environment through various mechanisms. 

One method is to influence the metabolite composition of their immediate 

environment. As cancer cells need an increased nutrient influx and have an 

increased metabolic rate, the rate at which by-products are produced is also 

increased. Thus, tumour cells secure mechanisms of toxic by-product removal to 

stabilise the tumour microenvironment (Justus, Sanderlin, and Yang 2015). 
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Figure 1.8 Metabolic differences between normal (left) and cancer cells (right). Normal cells 
are known to metabolise glucose into pyruvate which is then oxidised to CO2 through the 
TCA cycle and OXPHOS. Cancer cells are known to convert glucose to lactate through 
anaerobic respiration, this is due to the need for metabolic intermediates for growth by 
cancer cells. Adapted from (Jóźwiak et al. 2014) 
 

 

1.5.2 Glycolysis 

Glycolysis (see figure 1.9) is part of the metabolic processes that help govern 

homeostasis within the cell. The process involves converting 1 mole of glucose 

into 2 moles of pyruvate, resulting in the generation of two moles of ATP and 

two moles of NADH(Yetkin-Arik et al. 2019). The cell type and environment they 

reside in are the determining factors in the fate of the glucose-derived pyruvate. 

Where oxygen is abundant, pyruvate is transported into the mitochondria and 

undergoes oxidation through the ETC, this produces CO2 ultimately and results in 

the generation of 36 moles of ATP for each mole of glucose (Zheng 2012). In a 

hypoxic (oxygen deprived) environment however, the glucose-derived pyruvate 

is converted into lactic acid. A catalyst known as lactate dehydrogenase (LDH) is 

responsible for this reaction, while also replenishing NAD+ from NADH. However, 

in proliferating tissue, lactate is mainly produced through pyruvate as opposed 

to oxidative phosphorylation. The lactate produced by anaerobic respiration is 

converted back into pyruvate and glucose via the liver. Pyruvate therefore is 

central in energy metabolism, with its fate determined by the both the energy 

demands of the cell as well as the anabolic processes necessary for cell growth 

(Zhu and Thompson 2019). 
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Breast cancer, among several others including lung cancer, show a high 

expression of the catalyst LDHA which is responsible for the regeneration of 

NAD+. Inhibition of this enzyme has been shown to arrest/slow the proliferation 

of tumour cells while under hypoxic conditions(Valeria R. Fantin, St-Pierre, and 

Leder 2006). Along with this, inhibition of LDHA causes a metabolic switch from 

aerobic glycolysis to oxidative phosphorylation, resulting in greater ATP 

production. In tumours, the inhibition of this enzyme has also been shown to 

cause a reduction in tumour formation(Valeria R. Fantin, St-Pierre, and Leder 

2006). Therefore, LDHA function is an essential part of tumour development.  

 

 

Figure 1.9 Schematic overview of the metabolic reactions responsible for the conversion of 
glucose into pyruvate via glycolysis. Metabolic intermediates act as precursors to various 
metabolic processes such as amino acid and fatty acid synthesis. Under regular conditions 
glucose is metabolised into CO2 by the mitochondria resulting in the production of ATP. 
Cancer cells however are known to utilise aerobic glycolysis by which most (>90%) of 
glucose molecules are converted into lactate, which is later secreted. 
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1.5.3 Glutaminolysis  

Glutaminolysis is the process by which glutamine is converted, via glutamate, to 

a-ketoglutarate (see figure 1.10). Glutamine is present in the body as the 

highest abundance and most versatile amino acid. Glutamine is extremely 

important in intermediary metabolism, pH homeostasis and also nitrogen 

exchange pathways(Cruzat et al. 2018). In most cells in the body glutamine is 

used as a substrate for several metabolic pathways. These essential mechanisms 

include nucleotide synthesis, antioxidant synthesis, NADPH (nicotinamide 

adenine dinucleotide phosphate) synthesis amongst other pathways essential for 

maintenance of cellular function (Curi et al. 2005). Glutamine is also used to 

generate pyruvate through the oxidative carboxylation of malate and thus can 

contribute to the regeneration of NADPH(Alberghina and Gaglio 2014). An 

important gene known as c-MYC is shown to be a master regulator of 

glutaminolysis. This proto-oncogene (a gene capable of inducing cancer when 

mutated) is shown to be overexpressed in several cancers (D. M. Miller et al. 

2012). Cells that are overexpressing c-MYC are shown to be highly dependent on 

glutamine for reasons mentioned above. This phenomenon is known as glutamine 

addiction. The effect of this ‘addiction’ can be seen in the cell’s activity, with 

altered transcriptional programming in order to upregulate the expression of 

enzymes involved in glutaminolysis as well as transporters of glutamine (Wise et 

al. 2008). 
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Figure 1.10 Schematic overview of glutaminolysis. Many cancer cells exhibit glutamine 
addiction. These cancer cells use glutamine as a substrate for anaplerosis of the TCA cycle. 

 

 

1.5.4 Synthesis of Amino Acids 

Amino acids are necessary for the construction of proteins, they are usually 

obtained from the from the cellular environment, known as essential amino 

acids. Some, however, are unobtainable from the environment and need to be 

synthesised by several intracellular reactions, known as non-essential amino 

acids. There are several pathways responsible for the synthesis of amino acids, 

these include glycolysis, the TCA cycle and glutaminolysis(Cao et al. 2019). 

A specific pathway that has been implicated in the survival of cancer is the 

serine pathway. This pathway is known to divert from 3-phosphoglycerate during 

glycolysis, this has been observed as all enzymes associated with this pathway 

are shown to be overexpressed in cancer (L. Sun et al. 2015). 
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1.6 Growth factors and signalling molecules  

Growth factors and signalling molecules deliver fate-determining signals to cells, 

the capacity for cells to respond to changes in growth factor signalling governs 

homeostasis. As such growth factors and other signalling molecules are 

important regulators of various aspects of cellular biology such as development 

of the microenvironment, wound healing and homeostasis. Due to their far-

reaching influence, growth factors have been implicated numerous cancers 

(Cohen and Levi-Montalcini 1956). Alterations in regular growth factor signalling 

are observed in many cancers, with oncogenes being identified as potential 

substitutes for growth factors in order to initiate autocrine signalling in the 

tumour (Witsch, Sela, and Yarden 2010). The transformation of regular cells into 

cancerous cells involves the accumulation of a number of genetic mutations 

(Witsch, Sela, and Yarden 2010), however the expression of altered growth 

factors facilitates proliferation and progression, clonal expansion and invasive 

growth (Witsch, Sela, and Yarden 2010). 

 

 

1.6.1 BMP2 in breast cancer 

Bone morphogenetic proteins (BMPs) are a diverse set of growth factor proteins 

with over 20 members belonging to the TGF-B superfamily (Huang et al. 2017). It 

has been shown that BMP-2 induces EMT (epithelial to mesenchymal transition) 

leading to a loss of epithelial traits and gain of traits such as motility (M. Singh 

et al. 2018). Recent studies have also shown that exposure to pollutants can 

trigger activation of the BMP-2 pathway and thus may contribute to cancer cell 

stemness (Huang et al. 2017). The mechanisms by which BMP-2 promotes breast 

cancer metastasis are widely unknown (Huang et al. 2017).  

 

Interestingly studies have shown that BMPs have a paradoxical effect on cancers, 

by both promoting and inhibiting cancer progression (Peng et al. 2016),(F. Hu et 

al. 2013). BMP-2 specifically has been shown to inhibit cancer growth by causing 

arrest in G1 phase (A. Chen et al. 2012). However, BMP-2 has also been shown to 

trigger EMT, migration and invasion of breast cancer cells. It has been postulated 

that the two roles of BMP-2 may be explained by the timing of BMP-2 expression. 

Early expression of BMP-2 in a cancer triggers BMP-2 induced apoptosis, as in the 
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early stages the number of tumour cells is relatively low, the impact of 

apoptosis is more severe. However, once the tumour cell numbers have 

increased EMT and stemness caused by BMP-2, are now more significant owing to 

the greater number of tumour cells (Huang et al. 2017).   

 

Interestingly rhBMP-2 was shown to trigger the formation of tumour cell 

spheroids along with increasing the number of CD44+/CD24- cells within the 

tumour population (Huang et al. 2017). Suggesting that rhBMP-2 induces breast 

cancer cell stemness. Along with this effect rhBMP-2 was found to significantly 

downregulate Rb and E-cadherin, Rb is a tumour suppressor, acting by inhibiting 

genes involved in progression through the G1-S phase of the cell cycle (Vélez-

Cruz and Johnson 2017). 

 

BMP-2 promotes breast cancer stemness and EMT via CD44 and Rb signalling 

pathways as both CD44 and Rb are key mediators of the rhBMP-2 pathway (C. 

Chen et al. 2018). Also implicated in these pathways, namely the regulators of 

Rb and CD44, are the Smad and PI3K/AKT pathways (Delston et al. 2011) 

ultimately leading to breast cancer metastasis and stemness. 

 

 

1.6.2 CXCR4/CXCL12 axis 

The CXCR4/CXCL12 axis has been shown to be instrumental in the metastasis of 

breast cancer to specific areas of the body. The chemokine receptor CXCR4 and 

its ligand CXCL12 have been shown to induce proliferation, survival and invasion 

of cancer cells (Y. Sun et al. 2014). High levels of CXCR4 expression have been 

observed in breast cancer cells, this along with high levels of expression of the 

CXCR4 ligand CXCL12 in target tissues leads to the direct migration of tumour 

cells to metastatic target tissues (Zhao et al. 2014) (Y. Sun et al. 2014). This 

may mean that the preference for metastatic breast cancer for the bone marrow 

may be dictated via mechanisms like this. This was shown by inhibition of 

CXCL12 in mouse stromal fibroblasts delaying the time of tumour onset along 

with reduction in the amount of distant metastasis (Ahirwar et al. 2018). Thus, 

CXCL12 expression in MSCs may lead to the migration of metastatic breast 

cancer to the bone marrow. 
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1.7 Biomaterials 

Biomaterials represent a very exciting field in medicine, specifically 

regenerative medicine. Biomaterials have been shown to be functionally useful 

in the field of regenerative medicine such as the delivery of drugs to localised 

areas and the creation of artificial organs(Vienken J 2008; Khandare and Minko 

2006). Traditionally three types of biomaterials are used, these being natural, 

synthetic, and ceramic. With each holding advantages and disadvantages over 

the others. The use of polymers is an emerging field that is gaining a lot of 

traction in recent years, as the applications of polymers, in regard to 

biomaterials, are numerous (Pradhan and Slater 2019; Leslie-Barbick et al. 

2011). Both natural and synthetic polymers are currently being used in research, 

with each holding advantages over the other, with natural polymers such as 

collagen being biodegradable, biologically active and exhibiting solid cell-cell 

interactions(Vienken J 2008). However natural polymers such as collagen also 

have drawbacks, such as poor processability and reproducibility. Whereas 

synthetic polymers are largely the opposite. Biomaterials then provide a highly 

tuneable and expandable mechanism for both research and regenerative 

medicine(Pradhan and Slater 2019). 

 

Biomaterials are a versatile tool to improve several aspects of cellular function, 

including cellular adhesion, proliferation, biocompatibility and differentiation 

(Elkhenany et al. 2015). Biomaterials can be synthesised in different ways; 

surface modification is particularly useful and can be inexpensive. Altering the 

surface of potential biomaterials can improve cell-cell interactions along with 

cell-protein interactions (Alba-Perez et al. 2020a).  

 

Two distinct methods of coating a biomaterial onto a surface are regularly used, 

these being spin-coating and plasma polymerisation. The traditional method of 

spin-coating relies on a liquid-vapor interface on the surface being coated, then 

uses centrifugal force to distribute the sample in an even film over the surface 

(Moreira, Vale, and Alves 2021). Plasma polymerisation however relies on 

ionisation of an organic monomer gas through a high frequency electrical 

discharge (Sprott et al. 2019; Sprott 2019). Plasma polymerisation may be used 

to deposit layers of polymer onto various surfaces, including other polymers, 
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metals, and ceramics (Sprott 2019; Sprott et al. 2019). It’s a relatively 

inexpensive and effective method to coat biomaterials in order to increase cell 

adhesion and presentation of various proteins (Sprott 2019). Plasma 

polymerisation involves cross-linking of monomeric units after fragmentation 

resulting in a randomly organised polymer. A benefit of using plasma 

polymerisation over traditional wet-solvent methods is, time efficiency, as it is 

significantly quicker than wet-solvent methods. The coating is also highly cross-

linked structure meaning that there is a higher level of substrate to coating 

adhesion. Plasma is also capable of efficient deposition of polymer on 3D printed 

structures (porous and non-porous) (Sprott et al. 2019). There is no need for 

solvent-based treatments when using plasma polymerisation, thus reducing 

potential cytotoxicity. This is also important as plasma does not require pre-

treatment of the biomaterial in question, again shortening the time needed to 

perform polymer coatings. A fine control of polymer thickness also gives plasma 

polymerisation an edge over traditional solvent-based coating techniques (Alba-

Perez et al. 2020a) (Thissen 2016).  

 

It has previously been shown that poly(ethyl acrylate) (PEA) is capable of acting 

as a surface biomaterial, triggering fibronectin (FN) into its open conformation 

(Llopis-Hernández et al. 2016), thus increasing the efficiency of growth factor 

presentation (Z. A. Cheng et al. 2018). Nanofibrillar FN organisation is triggered 

upon binding with PEA, this in turn leads to the exposure of both the growth 

factor (GF) and integrin binding domains (Alba-Perez et al. 2020a). It has been 

shown that plasma polymerised PEA is similarly able to initiate open FN 

conformation and GF presentation, in particular ultra-low doses of hBMP-2. This 

presentation of BMP-2 when interacting with MSCs triggers osteogenesis in vitro 

and bone formation in vivo, thus demonstrating the capability of plasma PEA 

(Alba-Perez et al. 2020b). Plasma PEA will therefore be used to coat tissue 

culture plastic for the efficient presentation of GFs and signalling molecules, in 

order to alter the secretome and investigate downstream effects. Before seeding 

with cells, various surface characterisation is necessary, such as AFM (atomic 

force microscopy), XPS and ELISA to determine the depth, resolution and binding 

site affinity of the surface coating. 
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1.8 3-D Culture Methods 

Spheroids are described as cellular aggregates and can be generated through a 

variety of different techniques; these cell aggregates have been utilised more 

recently to generate 3D cultures of various cell types. Spheroids can facilitate 

cell-cell interactions replicate nutrient/oxygen gradients and are also able to 

generate their own ECM(Cui, Hartanto, and Zhang 2017; Gunti et al. 2021). 

There have been several methods of spheroid generation described including 

hanging drop of culture medium, restricted adhesion conditions (liquid overlay) 

and magnetic levitation using magnetic nanoparticles(Cui, Hartanto, and Zhang 

2017). 

As solid tumours grow in 3D space, they are subject to heterogeneous exposure 

to both oxygen and nutrients. Previously, investigations into cancers in vitro 

have relied on cancer cells seeded in a monolayer, though this is far from 

optimal due to the 3D nature of cancer cells in vivo(Cui, Hartanto, and Zhang 

2017). Thus, 3D methods of culturing cancer cells in vitro have been utilised over 

the past few decades in order to study various cancers. The reason for this is 

spheroids provide a robust 3D model of cancer in order to study various aspects 

of cell biology including proliferation, differentiation, apoptosis and metabolism 

of the cells in a solid tumour model, and their response to different stimuli. 

Spheroids of a large size (>500um) have been shown to be comprised of several 

different layers of cells, with the centre of the structure under hypoxic 

conditions while the outer layer of cells are active and proliferating(Nath and 

Devi 2016). Thus, these cell aggregates behave largely in the same manner as 

micro-metastases and avascular tumours in vivo. The necrotic core is surrounded 

by a layer of quiescent cells capable of acquiring nutrients from the environment 

and then compressed by a layer of proliferating cells able to migrate into the 

surrounding environment (Wallace and Guo 2013). Therefore, spheroid culture is 

optimal for studying breast cancer dormancy/recurrence in vitro. 
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1.9 Hypothesis and aims 

In order to better understand the mechanisms behind breast cancer dormancy 

and recurrence, it is clear that the interplay between MSCs and invading cancer 

cells needs to be further investigated. This PhD aims to investigate the potential 

triggers for reawakening of dormant breast cancer. This will be achieved via the 

creation of a functional in vitro dormant breast cancer cell model, then using 

this model to assess various different potential triggers obtained from 

conditioning media using differentiating MSCs. 

State of the art studies have looked at several methods of both modelling the 

disease and investigation into therapeutics. Namely the emergence of EVs as 

potential initiators of both dormancy and reawakening has been telling, with 

several research groups choosing to focus on this aspect of breast cancer 

dormancy (Sandiford et al. 2021; Hernández-Barranco, Nogués, and Peinado 

2021; Al-Awsi et al. 2023). Alongside the study of EVs as a potential cause of 

reactivation, several research groups have decided to develop in vitro models of 

dormant breast cancer in order to test growth factors, metabolites and drugs ex 

vivo. These research groups employ different strategies to develop a dormant 

model, including serum deprivation (growth of breast cancer cells under serum 

deprived conditions mimicking nutrient-deprived environment), with another 

being 3D culture (utilised in this thesis) (Pranzini, Raugei, and Taddei 2022; 

Bushnell et al. 2021b). Ultimately both fields are developing year on year, and 

both are vitally important to the overall knowledge surrounding breast cancer 

metastasis and dormancy. This thesis will aim to further develop knowledge 

surrounding this area, namely in the design of an in vitro model of dormant 

breast cancer and investigation into the effects of the secretome of bone 

marrow niche cells along with post differentiation cells (adipo and osteo 

lineages) 

The hypothesis of this study is that differentiating MSCs release factors and 

metabolites that influence the phenotype and behaviour of invading micro-

metastases, the aims of the PhD are as follows: 

• Optimisation of cell culture techniques in order to generate a stable, 

dormant breast cancer cell model for in vitro testing. These include a 
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liquid overlay method to generate MCF7 spheroids as well as a high-

density seeding methodology. 

• Characterisation of the MCF7 spheroid model in terms of triggering a 

dormant phenotype. These include as assessment of cell viability, 

structural characterisation through microscopy, expression of various 

genes associated with dormant breast cancer cells and also expression at 

the protein level of proliferation associated factors. 

• Trigger differentiation of MSCs in vitro into osteoblast and adipocyte 

lineages, this will be achieved through various techniques, namely 

through the use of supplemented media shown to induce differentiation. 

This will also be achieved through the use of a biomaterials system, 

comprised of plasma polymerised PEA (poly(ethyl acrylate)), fibronectin 

and various growth factors, designed to trigger the differentiation of 

MSCs. Cell culture medium will then be conditioned using these 

differentiating cells, said media will then be used to treat the dormant 

breast cancer cell model. 

• Investigate the factors present in conditioned media (namely 

metabolites), which is shown to trigger the proliferation of the dormant 

breast cancer cell model. Then to treat the dormant breast cancer cell 

model with metabolites of interest to investigate potential metabolic 

triggers of dormant breast cancer cell reawakening. 
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Chapter 2 Materials and Methods 

 

This chapter describes the general materials and methods used to complete 

experiments during this project, also specific methodologies used in specific 

chapters (labelled). Also presented here are the lists of cell culture solutions, 

solution preparations, immunological reagents and website URLs used within this 

thesis. 

2.1 Cell Culture Solutions  

Table 2.1 list of cell culture reagents. 
Reagents  Supplier Further Info 
4- (2-hydroxyethyl)-1- 
piperazine-ethanesulphonic 
acid 

Thermo Fischer 
Scientific, UK 

HEPES 

Bone Morphogenic Protein Sigma Aldrich, UK BMP2 
Bovine Insulin Transferrin  Stem Cell Technologies, 

UK 
BIT 

Bovine Serum Albumin Sigma Aldrich, UK BSA 
C-X-C Motif Chemokine 
Ligand 12 

Sigma Aldrich, UK Human CXCL12  

Dimethyl Sulfoxide  Sigma Aldrich, UK DMSO 
Dulbecco’s Modified Eagle’s 
Medium  

Sigma Aldrich, UK DMEM 

Ethylenediaminetetraacetic 
acid  

Sigma Aldrich, UK EDTA 

Fibronectin Sigma Aldrich, UK Human, from plasma 
Foetal Bovine Serum Sigma Aldrich, UK FBS 
Fungizone® Amphotericin B  Gibco by Life 

Technologies, UK  
250 µg/mL  

L-Glutamine  Invitrogen, UK  200 mM  
Minimum Essential Medium 
Non-Essential Amino Acids  

Sigma-Aldrich, UK  MEM-NEAA  

Penicillin-Streptomycin (10 
mg/mL stock)  

Sigma-Aldrich, UK  P/S, 10 mg/mL  

Phosphate-Buffered Saline  Sigma-Aldrich, UK  PBS 
Sodium Pyruvate  Sigma-Aldrich, UK  100 mM  
Stem Cell Factor  Peprotech, UK  Human SCF  
Trypsin Sigma-Aldrich, UK  10X solution  
Hanks' Balanced Salt 
Solution  

Thermo Fischer 
Scientific, UK  

HBSS  

Medium 199 Thermo Fischer 
Scientific, UK  
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2.2 Solution Preparations 

Table 2.2 list of solution preparations. 

 
 

Reagents  Component Concentration 
Trypisn/Versene solution Trypisn  

Versene 
0.5 ml 
20 ml 

HEPES Saline Solution NaCL 
KCL 
Glucose 
HEPES 
Phenol Red Solution 

150 nM 
5 mM 
5 mM 
10 mM 
0.5%  

10% FBS DMEM DMEM 
FBS 
P/S 
L-glutamine 
MEM-NEAA 
Sodium Pyruvate 

500 ml 
50 ml 
10 ml 
5 ml 
5 ml 
5 ml 

Fixative Buffer  PBS 
Formaldehyde 
Sucrose 

90 ml 
10 ml 
2 g 

Permeabilization Buffer PBS 
NaCL 
MgCl2.6H2O 
HEPES 
Sucrose 
Triton X 

100 ml 
0.292 g 
0.06 g 
0.476 g 
10.3 g 
0.5 ml 

IF Blocking Buffer PBS 
BSA 

100 ml 
1 g 

ICW Blocking Buffer PBS 
Milk 

100 ml 
1 g 

Wash Buffer  Tween 20 
PBS 

0.1 ml 
100 ml 

MSC Freezing Media FBS 
DMEM 
DMSO 

35 ml 
10 ml 
5 ml 

Osteogenic Differentiation 
media 

Dexamethasone 
A-2-P 
Glycerol Phosphate 

10 µl 
1.75 µl 
0.0238 g 

Adipogenic Differentiation 
media 

Dexamethasone 
IBMX 
Insulin 
Indomethacin 

10 µl 
10 µl 
100 µl 
20 µl 
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2.3 Immunological Reagents 

Table 2.3 List of immunological reagents. 

 
2.4 Website URLs 

Table 2.4 Table of website URLs for online analysis software used in this project. 
Website  URL 
PATHOS https://motif.gla.ac.uk/Pathos/ 
Metaboanalyst https://www.metaboanalyst.ca/ 
Biorender https://biorender.com/ 

Reagents  Supplier Further Info 
647 anti-rabbit IgG Thermo Fischer Scientific, 

UK 
1:200 for IF 

Biotinylated anti-mouse 
IgG 

Vector Laboratories, UK Produced in horse 

Biotinylated anti-rabbit IgG Vector Laboratories, UK Produced in horse 
CellTag 700 LI-COR Biosciences, UK 1:500 for ICW 

Fluorescein Streptavidin Vector Laboratories, UK  
Formaldehyde Thermo Fischer Scientific, 

UK 
 

IRDye conjugated goat anti-
mouse 

LI-COR Biosciences, UK 1:800 for ICW 

IRDye conjugated goat anti-
rabbit 

LI-COR Biosciences, UK 1:800 for ICW 

Magnesium Chloride 
Hexahydrate 

Sigma-Aldrich, UK MgCl2.6H2O 

Phalloidin 488 Molecular Probes, Life 
Technologies 

1:100 for IF 

Sodium Chloride VWR Chemicals  
Triton X-100 Thermo Fischer Scientific, 

UK 
 

Tween 20 Sigma-Aldrich, UK  
Vectashield mounting 
medium with DAPI 

Vector Laboratories, UK  

Nestin antibody Abcam, UK #ab22035, 1:200 for ICW and 
IF 

VCAM antibody Abcam, UK #ab134047, 1:200 for ICW 
and IF 

OPN antibody Santa Cruz Biotechnology # sc-21742, 1:50 for ICW and 
IF 

FN antibody Sigma-Aldrich, UK #F7387, 1:200 for ICW 
P5F3 antibody Santa Cruz Biotechnology #sc-18827, 1:200 for ELISA 
HFN7.1 antibody Developmental Studies 

Hybridoma Bank 
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2.5 General Methods 

2.5.1 Cell Culture 

MCF7 and MSC cells were cultured at 37°C with 5% CO2 using modified DMEM 

(Dulbecco's modified eagle's medium) (basal medium used for culture of 

mammalian cells) and DMEM respectively, MCF7 cells were cultured in 400mL of 

DMEM, 100mL medium 199, 50mL foetal bovine solution, 10mL 

Penicillin/streptomycin,5mL sodium pyruvate and 5ml of non-essential amino 

acids. MSCs were cultured using 500mL DMEM, 50mL foetal bovine solution (FBS), 

10mL Penicillin/streptomycin, 5mL sodium pyruvate and 5mL of non-essential 

amino acids. MSCs (cell line) were used up brought up and used at passage 1-2 

and discarded after passage 4 due to limited differentiation capacity. Primary 

MSCs were also utilised and discarded after passage 4 for reasons stated above. 

Cells were maintained in either T75 or T150 tissue culture flasks and split at 90% 

confluence. The procedure was as follows: a HEPES wash (Thermofisher) 

followed by incubation at 37oC in 5% trypsin/versene solution for 5 minutes. Cell 

suspension was then centrifuged at 1400rpm for 7 minutes, supernatant 

discarded, and cell pellet re-suspended in 5 mL culture media and counted, then 

re-seeded into fresh flasks, with media changed at 3-day intervals. 

 

 

2.5.2 Cell Freezing/Thawing 

Cells were pelleted and resuspended in 1 mL cell freezing solution before being 

frozen at -80°C overnight then transferred to liquid nitrogen for storage. Cells 

were thawed by removing from liquid nitrogen and adding the cell suspension 

dropwise to fresh media warmed to 37°C and centrifuging at 1400 rpm for 4 

minutes. Cell pellet was resuspended in 5 mL fresh media and cells seeded in 

several T75 or T150 flasks containing 10 mL fresh media. 
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2.5.3 Monolayer Culture 

Cells were lifted from the surface of T75 or T150 flasks using trypsin/versene, 

before seeding in a 24,48 or 96 well plate. Cells were allowed to adhere for 24 

hours, incubated at 37°C with 5% CO2. 

 

2.5.4 Cell Treatments 

Cells were treated with media conditioned on differentiated cells for 48 hours. 

Cells were driven to differentiation using supplemented media (see 2.6), this 

differentiation media was removed, and cells washed with HEPES solution. 

Regular DMEM (see above) was then added to the cells for 48 hours before 

harvesting. Conditioned media was stored at -80 °C until use. 

 

2.5.5 Differentiation media  

Media was made up as follows for osteogenic and adipogenic differentiation 

respectively: dexamethasone (0.01µM), ascorbate-2-phosphate (50µg/mL) and 10 

mM glycerol phosphate and dexamethasone (0.1µM), IBMX (50 µM), insulin 

(10µM) and indomethacin (200µM) (see also table 2.1) (Vater, Kasten, and 

Stiehler 2011). 

 

2.5.6 Stem Cell Differentiation  

MSCs were grown to 90% confluency then split into T75 flasks. Cells were 

characterised before differentiation for cell viability and activity, this was done 

using a live/dead stain (see section 2.5.11) and Alamar blue assay (see section 

2.5.13). MSCs were then treated with supplemented media (see table 2.1). Cells 

were encouraged to differentiate for 28 days changing the supplemented media 

twice a week. Cells were stained after 28 days using Oil Red O and Alizarin Red 

to stain for lipids and calcium deposition respectively. These stains were used to 

confirm lineage specific differentiation of MSCs. 
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2.5.7 Spheroid Generation 

The Liquid overlay technique was used to generate spheroids. There are several 

different methodologies for generating spheroids including hanging drop, liquid 

overlay and high-density seeding each possessing advantages over the other. 

Liquid overlay however is cheap, effective, allows for long term culture and 

allows for the large-scale production of spheroids with studies showing viability 

and longevity of spheroids in culture (Costa et al. 2018). The liquid overlay 

technique is also the method of spheroid generation that produces the most 

reproducible spheroids and also allows for the size of spheroid to be stringently 

controlled (varying only with the number of cells used for generation) (Metzger 

et al. 2011). 

 

MCF7 cells were grown to around 90% confluency, detached and counted. The 

cell pellet was re-suspended to make up the concertation to 10 million cells/mL. 

The cells were then seeded in 5 µL in the centre of the well of a 6 well tissue 

culture plate (Corning). Cells were left to adhere for up to 4 hours, each well 

was then flooded with media (high density seeding). Along with high density 

seeding, ultra-low adhesion plates (Corning CLS3471- 24EA) were used to 

generate MCF7 spheroids. Varying cell densities were used (10,000 cells, 7,500 

cells, 5,000 cells and 2,500 cells) to generate spheroids of different sizes in 

order to assess the optimal starting seeding density. Liquid overlay technique 

was used following optimisation. 

 

 

2.5.8 Spheroid Size Measurements  

Spheroids were generated using varying cell seeding densities (2.5 x 104 

cells/mL, 5 x 104 cells/mL, 7.5 x 104 cells/mL, 1 x 105cells/mL). Spheroids were 

then allowed to form and grow for various time points. Several images (3+ after 

each agitation) were then taken of each spheroid (plates were agitated prior to 

each image being taken to ensure morphology of spheroid was consistent). A 

scale image was taken, and this data imputed to ImageJ to define pixel 

density/length ratio. Images were then analysed in ImageJ using both diameter 

and circumference to ascertain the area of each spheroid.  
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to cluster together also. Metabolites of interest displayed here include ornithine, alanine, 
carnitine, N-methyl-2-pyridine-5-carboxamide and 5,6 dihydrothymine. These metabolites 
will be examined in further detail as to their influence on the dormant breast cancer cell 
mass model.  

 

 

Figure 6.4 Canonical Pathways shown to be significantly altered upon metabolomic 
analysis. The conditioned media (adipo) was analysed using LC-MS after metabolite 
extraction, z-scores were calculated using IPA (see methods), image was generated using 
IPA. 
 

 

6.2.3 Metabolites of interest 

Upon analysis of the metabolomic data obtained from conditioned media of 

previously mentioned samples, IPA (Ingenuity pathway analysis) and PATHOS 

(University of Glasgow) (see methods) were used to fit the up and down 

regulated metabolites into their respective pathways. This analysis revealed 

several pathways of interest, these pathways were selected as upon analysis 

several important metabolites of the pathways were shown to be altered in the 

samples compared with the control.  
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Of all pathways analysed using these data, arginine and proline metabolism was 

found to be significantly different versus the control. This was true for both the 

adipo derived metabolites and osteo derived metabolites. Several metabolites in 

this pathway were shown to be significantly different from the control samples. 

Specific metabolites of interest in this pathway include arginine, proline and 

ornithine. As such these metabolites were analysed further, this was done by 

treating dormant breast cancer cell mass with media supplemented with 

individual metabolites of interest.  

Two other metabolites of interest are 5,6 dihydrothymine and N-methyl-2-

pyridine-5-carboxamide, involved in the DNA damage repair pathway and 

nicotine amide (NAD) pathway respectively. Both metabolites were shown to be 

upregulated in the samples versus the controls, as both of these molecules have 

been heavily implicated in various cancers (Lenglet et al. 2016; Shaul et al. 

2014), they were further examined by using media supplemented with each of 

these molecules to treat the dormant breast cancer cell mass model. 

 

 

Figure 6.5 Graph showing relative proliferation of MCF7 spheroids after treatment with 
media supplemented with specific metabolites of interest. Determined by resazurin.All 
samples were compared against a control group consisting of MCF7 spheroids treated with 
un-supplemented media. Metabolites along the x axis are as follows: Alanine (Ali), Carnitine 
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Car), Ornithine (Orn), N-methyl-2-pyridine-5-carboxamide (N-meth) and 5,6 dihydrothymine 
(5,6) respectively. All spheroids were seeded at the same cell density (10,000 cells) and 
allowed to form for 48 hours. Statistical analysis using a Kruskal-Wallis test. “*” = p < 0.05, 
“**” = p < 0.01, “***” = p < 0.001, “****” = p < 0.0001, “ns” = non- significant. n=3. 

 

All samples were then compared against the controls to give a factor change 

after treatment. No significant difference was observed across all samples; 

however, a trend of upregulation of proliferation was observed in several 

metabolite treatments. Due to this observed trend of upregulated proliferation, 

a more detailed analysis was carried out to investigate the effect of certain 

metabolites on the MCF7 spheroid model. Alanine, carnitine and ornithine were 

used to treat spheroids at varying concentrations. A significant difference in 

proliferation was observed in both alanine and ornithine treatments, indicating 

that DMEM supplemented with these two metabolites is sufficient to trigger 

proliferation in the MCF7 spheroid model (see figure 6.6). 

 

 

Figure 6.6 Graph showing relative proliferation of MCF7 spheroids after treatment with 
media supplemented with specific metabolites of interest. The proliferation of spheroid was 
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determined using resazurin reduction after 48 hours of treatment. Spheroids treated with 
alanine and ornithine show a significant difference in proliferation when compared with the 
control group after treatment with 0.775mM of the respective metabolite. These data shown 
that metabolite supplemented media is sufficient to trigger proliferation of the MCF7 
spheroid model. Statistical analysis using a Kruskal-Wallis test. “*” = p < 0.05, “**” = p < 
0.01, “***” = p < 0.001, “****” = p < 0.0001, “ns” = non- significant. n=3. All concentrations in 
mM. 

 

6.3 Discussion  

The key aim of this chapter was to investigate the metabolome of both media 

differentiated stem cells and ‘biomaterials’ treated MSCs, and to compare those 

with an MSC control group. This was due to the observation made in this thesis 

that media conditioned by differentiating MSCs was capable of triggering 

proliferation in the dormant breast cancer cell mass model described in this 

thesis (see chapter 3). As both adipo and osteo conditioned media was shown to 

be capable of triggering this observed proliferation, a key aim was to investigate 

and identify common metabolites shared by both adipo and osteo conditioned 

media. Along with this, an aim was to use identified metabolites to treat MCF7 

spheroids to investigate the potential of metabolites, present in ‘conditioned’ 

media, to trigger proliferation in the MCF7 spheroid model. As well as identifying 

specific metabolites, altered pathways were analysed using these data and 

pathways of interest were identified. 

The key findings of this chapter include: 

• The secretome derived from osteo and adipo lineage MSC conditioned 

media share common metabolites. 

• Conditioned media derived metabolites cluster together, in distinct 

populations versus both the control samples as well as the biomaterials 

conditioned samples. 

• Altered metabolite concentrations in the samples versus control suggest 

alterations in several pathways associated with cancer growth and 

metabolism. 
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• Two metabolites common between adipo and osteo conditioned media are 

capable of triggering proliferation of MCF7 spheroids at <1mM. 

 

6.3.1 Metabolic Clustering  

Metabolites derived from adipo and osteo differentiated cells were shown in this 

chapter to largely cluster together. This is indictive that both samples share 

common upregulated and downregulated metabolites with one another. When 

analysing the clustering of all samples it was evident that the MSC control and 

all samples that were ‘biomaterials’ conditioned clustered together. This is 

concurrent with previous data generated in this thesis indicating that 

biomaterials treated MSCs showed little to no evidence of differentiation. Media 

conditioned with osteo and adipo cells was shown to trigger reactivation of the 

dormant breast cancer cell model, while all other samples were shown to be 

insufficient. These data taken together suggest that the common metabolites 

and pathways between adipo and osteo conditioned media may be responsible 

for the observed increase in proliferation.  

 

6.3.2 Pathways of interest  

Pathway analysis was carried out using the metabolic data obtained from 

conditioned media samples. This analysis identified several pathways of interest 

that have the potential to alter proliferation, cancer growth and the cancer 

microenvironment. One specific pathway that is heavily involved in cancer 

progression and growth is the arginine and proline metabolism pathway. Upon 

analysis this pathway was identified as having several changes within it, with 

critical metabolites such as ornithine shown to be upregulated. 

Arginine is known to be a vitally important molecule that has influence over 

pathways essential for cell proliferation, cell signalling, immunity and 

biosynthesis of amino acids and growth factors(Patil et al. 2016) . Arginine is a 

direct resource for various essential molecules such as ornithine, NO (nitric 

oxide) and agmatine. Both ornithine and agmatine are precursors for putrescine, 
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an essential precursor for polyamines. Thus, ornithine and agmatine are vitally 

important molecules for cell growth. Specifically in cancers, ornithine is seen to 

fuel tumour cells to generate polyamine essential for growth, thus an increased 

concentration of ornithine used to treat dormant cells gives the cancer cell mass 

access to necessary precursors for the generation of putrescine for polyamine 

synthesis and (via the intermediary molecule of citrulline in the arginine related 

metabolic pathway) arginine is also produced. 

Arginine has been shown to be a vitally important molecule for cell growth due 

to the ultimate production of NO, ornithine and agmatine(Patil et al. 2016). 

Cells have the intrinsic ability to synthesis arginine through the associated 

pathways, however many cancers become ‘arginine addicted’, a phenomenon 

whereby cancer cells are dependent on an external source of arginine(C. T. 

Cheng et al. 2018a). Starving cancer cells, specifically breast and prostate 

cancer cells, of arginine was shown to have far reaching effects on the cells 

including global transcriptional suppression of metabolic genes. The genes 

affected by this starvation included those involved in oxidative phosphorylation 

(OXPHOS), mitochondrial functions, glycolysis, and purine and pyrimidine 

biosynthesis. Arginine starvation triggered fragmentation of the mitochondria in 

cancer cells, thus arresting cell proliferation(Qiu et al. 2014; C. T. Cheng et al. 

2018a).  
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Chapter 7 Discussion 

 
7.1 Project Summary  

The aim of this project was to investigate the phenomenon of breast cancer cell 

dormancy post metastasis to the bone marrow. Specifically, to investigate 

potential triggers of dormant breast cancer cell reawakening. This was achieved 

via the creation of a functional in vitro dormant breast cancer cell model, then 

using this model to assess various potential triggers of dormant breast cancer 

cell awakening. The key findings are as follows: 

• MCF7 cells (breast cancer cell line) readily formed spheroids when seeded 

into round bottom ultra-low adherence tissue culture plates after just 48 

hours. Said spheroids showed a significant reduction in cell proliferation 

compared with 2D counterparts. 

• MCF7 spheroids were shown to be an effective model of dormant breast 

cancer cell mass, as significant reduction in proliferation was shown. 

Along with this, spheroids are shown to be effective models of solid 

tumours as they mimic both the nutrient gradient and hypoxic core of in 

vivo tumour masses (Pinto et al. 2020). 

• The upscaling of biomaterials surface-based model to trigger MSC 

differentiation in this project was shown to be insufficient in triggering 

MSC differentiation.  

• Media conditioned using osteogenic and adipogenic lineages of MSCs was 

shown to be capable of triggering proliferation in the MCF7 spheroid 

model. 

• Metabolic analysis of differentiated cell conditioned media revealed 

several metabolites present in the conditioned media that are absent 

from the MSC control media. Several of which were shown to be capable 

of triggering activation when used individually to supplement regular 
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growth media. Potentially indicating metabolic cause of dormant tumour 

cell reactivation. 

• Metabolic analysis also revealed potential pathways that may be 

responsible for reactivation of dormant breast cancer cell mass, 

specifically arginine and proline metabolism. 

 

7.2 General Discussion 

In conclusion the MCF7 breast cancer cell mass model described in this thesis 

was shown to exhibit significantly lower levels of proliferation than the controls, 

while also showing significant downregulation of the proliferation marker Ki67. 

These taken in conjunction are indicative of dormant breast cancer cell mass 

model, as reduced cellular proliferation and particularly the loss of ki67 

expression are hallmarks of dormant breast cancer (Jahangiri and Ishola 2022). 

This model was then used to investigate the effect of MSC, osteoblast and 

adipocyte secretome on the proliferation rate of MCF-7s in spheroid formaiton. 

This revealed that while the secretome of MSCs was insufficient to trigger 

reactivation, the secretome of differentiated stem cells (adipogenic and 

osteogenic) were each sufficient to significantly increase cellular proliferation of 

the dormant cancer cell model. This therefore suggests that differentiation of 

MSCs within the bone marrow niche is a potential mechanism by which residing 

dormant breast cancer cell masses awaken.  

Along with these findings metabolic analysis revealed several individual 

metabolites that were capable of triggering reactivation of the model when used 

to supplement growth media (specifically ornithine and  alanine). Metabolomic 

analysis also revealed a pathway with a potentially important role in the 

reactivation of dormant breast cancer, specifically the arginine and proline 

metabolism pathway.  

As shown in this thesis, the metabolic profiles of adipogenic and osteogenic cells 

share many commonalities, this is likely due to the fact that differentiation into 

any lineage requires similar activation of genes and proteins (Godoy et al. 2018). 
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Upon analysis of these data, both the adipogenic and osteogenic metabolome 

were shown to cluster together. Differentiation into both of these stem cell 

lineages has been shown (see chapters 5 and 6) to cause the release of factors 

capable of triggering activation of MCF7 spheroid model. Thus, further 

investigation into the potential mechanism of activation through metabolic 

changes was investigated. Recent data has identified metabolic remodelling of 

cancer cells as being very influential, not just in dormancy of cancer cells but 

also reawakening. Historic reasoning behind the altered metabolic state of 

cancer cells was termed ‘Warburg metabolism’ (Urbano 2021; Otto Warburg, 

Wind, and Negelein, 1927.), however recent studies have underlined how cancer 

cells have largely adaptive, heterogenous metabolic preferences (Pranzini, 

Raugei, and Taddei 2022). Shown to shift and adapt based on the needs of the 

cell. 

Upon pathway analysis, pathways such as the arginine and proline metabolism 

pathway emerged as a potential mechanism of activation. Arginine is known to 

be vitally important for several aspects of cellular behaviour, including cell 

proliferation, cell signalling, immunity and biosynthesis of amino acids and 

growth factors (Qiu et al. 2014). Arginine is essential as it is also necessary for 

the synthesis of important intermediary molecules such as ornithine, agmatine 

and NO (nitric oxide) (Coradduzza et al. 2022). These molecules are vitally 

important, as both ornithine and agmatine are necessary for the synthesis of 

putrescine, an essential intermediary for the production of polyamines, which in 

turn are essential for cell proliferation and growth (C. T. Cheng et al. 2018a; 

Patil et al. 2016).  

Metabolic data analysis identified the upregulated secretion of certain 

metabolites, with ornithine being present at nearly 3-fold increase when 

compared with the MSC control. As ornithine can be both generated from and 

regenerate arginine through the urea cycle (Fujimi et al. 2020), the large 

overexpression in the adipo and osteo media is indicative of an altered pathway. 

Ornithine is also essential for cell growth as described above. Specifically in 

cancer cells ornithine is seen to fuel tumour cells to generate polyamines 

essential for growth (J. Li et al. 2020). Thus, the observed increase in secretion 

of ornithine into the conditioned media by both the adipo and osteo cell lineages 
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is likely influential in the observed proliferation increase of conditioned media 

treated spheroids.  

While cells have the intrinsic ability to synthesis arginine through relevant 

metabolic pathways, cancer has been observed to under ‘arginine starvation’ or 

‘arginine addiction’ whereby cancer cells are dependent on an external source 

of arginine (C. T. Cheng et al. 2018b). Starving cancer cells, specifically breast 

and prostate cancer cells, of arginine was shown to have far reaching effects on 

the cells, including global transcriptional suppression of metabolic genes (Qiu et 

al. 2014; C. T. Cheng et al. 2018a; Patil et al. 2016). This thesis shows that 

treatment of MCF7 spheroids with regular DMEM/FCS media (see methods) 

supplemented with 0.775mM ornithine triggered an increase in proliferation 

when compared with regular DMEM control. Thus, the introduction of excess 

ornithine in the conditioned media may be important in the reawakening of the 

dormant breast cancer cells, as it provides fuel for both cell growth and the 

renewal of arginine.  

 

7.3 Limitations of the project   

7.3.1 Bone Marrow Cell Types 

This project utilizes the model described previously to investigate dormant 

breast cancer and its relationship with differentiated stem cells. This model has 

uses in the field as it is simplistic in its design and is capable of relatively high 

throughput testing of signalling factors. However, it is not without its 

drawbacks, most notably is the fact this model does not account for the other 

cell types present within the bone marrow. Although this project was focused on 

differentiated MSCs as a source of signalling factors to influence dormant MCF7 

model, HSCs are present within the bone marrow, in close localisation with 

resident MSCs in vivo. These cells are capable of self-renewal and differentiation 

into blood lineage cells, while also are partially responsible for the maintenance 

of the stem cell niche (Szade et al. 2018; Morrison and Scadden 2014).  
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Other cells such as fibroblasts or cancer-associated fibroblasts (CAFs) also have a 

profound effect on tumours in vivo, these cells are ultimately derived from MSCs 

(Denu et al. 2016). As immune cells they have been shown to play an integral 

part in the clearance of invading bccs into the bone marrow (Mukaida, Zhang, 

and Sasaki 2020).  

The addition of multiple cell types to the culture however results in several 

issues. Most notably of which is the need of different cell types to be cultured in 

distinct cell culture media. However, the addition of several cell types into the 

culture would give more information about the relationship between 

disseminated bccs and their colonised environment. However, concessions would 

have to be made as regards to the media used to culture the cells, with 

physiology of the cells likely being impacted by culture in sub-optimal growth 

media. 

 

7.3.2 Differing Disease Conditions  

The model described in this thesis recreated several conditions, namely MSC 

secretions, adipocyte secretions and osteoblast secretions. However, it is likely 

the patients suffering from this disease will have differing states of bone marrow 

health. One such factor that is very likely to cause alterations in the bone 

marrow microenvironment is age, with aged patients being far more likely to be 

osteoporotic (Byrne, Summers, and McDonald 2019). Osteoporosis is a disease 

characterised by systemic bone loss, ultimately causing increased fragility of 

bone. This increased fragility often leads to issues such as fractures, as bone 

fractures would occur more regularly in osteoporotic patients, so too would bone 

repair (Pisani et al. 2016). It has been shown in this thesis that MSCs 

differentiated into osteoblast lineage secrete factors capable of reactivating the 

dormant breast cancer cell model. Thus, an observed increase in bone repair 

would likely result in the release of factors capable of triggering reactivation of 

dormant breast cancer. 

 



156 
 
7.3.3 Biomaterials  

The use of biomaterials to trigger differentiation in MSCs could yield interesting 

results, comparing the biomaterials PEA/FN/GF differentiation media with that 

induced by supplemented media. However, upon upscaling this procedure, 

differentiation of MSCs could not be achieved. Previous studies have shown that 

at smaller working surface areas (specifically coverslips) the PEA/FN/GF model 

of growth factor inducted differentiation is effective (Llopis-Hernández et al. 

2016), however upscaling was unsuccessful. Previous studies have shown that the 

biomaterials coating is effective when coated into coverslips, this thesis 

investigated the upscaling of this procedure into tissue culture flasks. XPS and 

AFM readings were taken for each sample (taken from 24 well Corning plate and 

T75 Corning tissue culture flask), both showed the FN nanonetworks after FN 

coating. Both also showed sufficient binding of growth factors and presentation 

of cell binding sites, verified with ELISA. However, despite this the biomaterials 

model did not cause differentiation of MSCs. One possible explanation is that the 

MSCs were still proliferating when seeded into the flask (proliferating cells resist 

differentiation (Ruijtenberg and van den Heuvel 2016b)), this could potentially 

be remedied by seeding at a higher cell density so there is less room for cells to 

expand. 

 

7.4 Future Work 

Based on results obtained in this thesis, potential further work is discussed 

below.  

As addressed in the limitation subchapter (7.3), the model described in this 

thesis although useful in its simplicity is hindered by its ability to replicate 

conditions in vivo. A method that could be utilized in order to more closely 

mimic the in vivo conditions is the use of a hydrogel insert (potentially collagen 

based). A hydrogel insert can be tuned to mimic the bone marrow 

microenvironment, allowing for a more representative model (Pradhan and 

Slater 2019). The density of hydrogels can be altered to suit needs; thus, 

experiments could be designed so that hydrogels could be used to allow the co-
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culture of bone marrow related cells with MCF7 spheroids. This would allow for a 

more accurate model, whereby the secreted factors originating from the MSCs, 

osteoblasts and adipocytes could directly influence the MCF7 spheroids over 

time. This has been shown in other cell types to be extremely informative as to 

inform on the cross play between cell types (Scalzone et al. 2019).  

Along with the use of hydrogels to more accurately mimic in vivo conditions, the 

co-culture of MSCs with other cell types present in the bone marrow niche would 

be very informative as to the combinative effect of the total secretome of this 

culture. In this thesis, the secretome of MSCs, osteoblast and adipocytes were 

assessed for its ability to trigger the activation of the dormant breast cancer cell 

mass model. Undoubtably, however, the co-culture of these cells with other 

cells presents in the bone microenvironment such as HSCs and fibroblasts would 

further influence the total metabolites present in conditioned media. This would 

in turn provide a more accurate representation of the total metabolites present 

in the bone marrow niche in vivo. 

Although the metabolomics experiments described in this thesis were useful in 

identifying potential triggers of reactivation through secreted metabolites, the 

changes in metabolism undergone by the MCF7 spheroids themselves was not 

assessed. Future experiments could revolve around the analysis of MCF7 spheroid 

cellular metabolism after treatment with conditioned media and individual 

metabolites. As this would be more informative in regard to the mechanisms of 

reactivation as opposed to the triggers of dormant breast cancer cell 

reawakening and inform of any switches to or from OXPHOS/glycolysis. 

Recent data has suggested the role of EVs and EV cargo in the reawakening of 

breast cancer (Casson et al. 2018). Most studies have focused on the contents 

and effect of MSC derived EVs on dormant breast cancer cell models. Future 

experiments could be designed so that EVs could be isolated from MSCs as well 

as osteoblasts and adipocytes, these isolated EVs could then be characterised 

and used in the treatment of the dormant breast cancer cell model. Total EVs 

could also be potentially isolated from co-cultures described above, giving 

further insight into the triggers and mechanisms surrounding the dormancy of 

breast cancer cells in the bone marrow. 



158 
 
The biomaterials model could potentially provide very interesting information, 

as it could illuminate the indirect effect of growth factors present in the bone 

marrow on the dormant phenotype of invading BCCs. As this project focused on 

the plasma polymerisation of PEA onto the tissue culture surface, future 

experiments could be designed whereby the tissue culture surface would be 

coated with PEA using the more traditional and gold standard method of spin 

coating (Alba-Perez et al. 2020d). Along with changing the method of coating, 

alterations could be made in the seeding concentrations of both fibronectin and 

growth factors. An altered concentration of fibronectin used to coat the PEA 

could result in altered FN network densities which could in turn influence the 

effectiveness of the model to trigger differentiation through the presentation of 

growth factors (Vanterpool et al. 2014; Alba-Perez et al. 2020d). 

 

7.5 Conclusion 

Over recent years much research has been done into the phenomenon of breast 

cancer dormancy, however large gaps in knowledge still exist and further 

research much be done to fill those gaps. This thesis describes a cheap, simple 

model of dormant breast cancer cell masses. These spheroids are easily 

produced and can be used for a variety of assays, including viability assays, drug 

screening, and gene expression analysis. In addition, the model allows for the 

study of the mechanisms that regulate dormancy and reactivation of breast 

cancer cells, which could help the development of new therapeutics.  The use of 

this model in high throughput screening could greatly accelerate the discovery of 

novel drugs and biomarkers for breast cancer dormancy, ultimately leading to 

improved patient outcomes. However, more research needs to be conducted in 

order to make the model more clinically relevant, such as the development of a 

co-culture system with MSCs or perhaps other bone marrow resident cells, so 

that observations can be made in real time allowing for a more accurate 

representation of the disease. 
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