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Abstract 

Mesenchymal stem cells (MSCs) are a heterogenous population of multipotent cells 

that are capable of differentiating into osteocytes, chondrocytes and adipocytes. 

MSCs reside in various areas such as the bone marrow, fat and dental pulp. Recently, 

MSCs have been found to home to the tumour site and engraft in the tumour stroma. 

However, it is not yet known whether they have a tumour promoting or suppressive 

function. We investigated the interaction between prostate cancer cell lines - 22Rv1, 

DU145 and PC3 - and bone marrow derived MSCs. MSCs were ‘educated’ for 

extended periods in prostate cancer cell conditioned media and analysed for 

molecular and functional phenotypic changes. MSCs conditioned with the bone 

metastatic cell line, PC3, were found to be the most responsive with a secretory 

profile rich in pro-inflammatory cytokines. PC3 educated MSCs secreted increased 

MCP-1, osteopontin, IL-8 and FGF-2 and decreased sFlt-1 in comparison to untreated 

MSCs, which was sustained following prolonged growth in complete medium post-

conditioning. PC3 educated MSCs are larger in size and have a reduced migration and 

invasion capacity that is dependent on exposure to PC3 conditioned medium. 

Vimentin and αSMA expression is decreased in PC3 educated MSCs in comparison to 

untreated MSCs, however they do retain the capacity to differentiate to osteocytes 

and adipocytes. Interestingly, the migration of PC3 cells was increased towards PC3 

educated MSCs in comparison to untreated MSCs and of the three cells lines 

examined (22Rv1, DU145 and PC3), the effect was specific only to PC3 cells. Taken 

together, MSCs develop an altered phenotype in response to PC3 conditioned 

medium which results in increased secretion of pro-inflammatory cytokines, 

modified functional activity and the chemoattraction of PC3 cells.  
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1.1 Prostate Cancer 

Prostate cancer is the fourth most common cancer worldwide and the second most 

common cancer diagnosed in men.  An estimated 307,000 deaths were recorded 

globally in 2012, with 519 occurring in Ireland (NCRI, 2014, IARC, 2012). Incidence 

rates are known to be higher in Western and Northern Europe, North America and 

Oceania (IARC, 2012). This increased detection rate is at least partly due to greater 

use of the biomarker prostate specific antigen (PSA) and patient biopsies, though 

data collected from migrant populations to western countries also suggest 

environmental and lifestyle factors play a role (IARC, 2012). Although use of PSA as a 

biomarker for prostate cancer has led to over-diagnosis and over-treatment, the 

screening is associated with reduced mortality in men who would not otherwise be 

screened (Attard et al., 2015, Schroder et al., 2012). Worldwide, 75% of cases are 

recorded in men over the age of 65 therefore PSA screening typically begins with men 

over the age of 50 (Cook et al., 1969). Depending on tumour grade and stage of 

invasiveness, patients may not choose immediate treatment and partake in active 

surveillance, or they may be recommended radiation therapy, androgen deprivation 

therapy or a radical prostatectomy (Attard et al., 2015).  

1.2 Prostate Cancer Bone Metastasis 

While prostate cancer can metastasise to tissues such as the lung, liver, pleura and 

adrenals, the most frequent site of metastasis is the bone (Bubendorf et al., 2000).   

Patients suffering from prostate cancer, when treated, have a 5-year survival rate of 

>99% in the USA (Siegel et al., 2015) and >90% in Ireland (NCRI, 2014). However, 

when the cancer advances and metastasises to the bone the 5-year survival rate 

drops to around 25% in the USA (Coleman, 1997).    

What makes the bone microenvironment favourable to the metastasis and 

proliferation of prostate cancer cells however, is still largely unknown. The likelihood 

of a cancer cell reaching and invading the bone depends on its ability to pass through 

the endothelium, migrate through the circulatory system and extravasate from the 

blood vessel to the metastatic site (Clarke et al., 2009). 
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1.3 Molecular Mechanisms of Bone Metastasis 

Most cancer cells in a primary tumour do not metastasise but can however be 

reprogrammed to gain metastatic function. During this process the cell must 

downregulate its epithelial characteristics by reducing the expression of cell-cell and 

cell-matrix adhesion molecules and gain mesenchymal properties such as motility 

and the capacity to breakdown the extracellular matrix (ECM) (Behrens et al., 1989, 

Liotta, 1986) (figure 1.1). This process is known as the epithelial-to-mesenchymal 

transition (EMT).    

1.3.1 Loss of Cell-to-cell Adhesion 

Cell-to-cell contact in prostate cancer cells occurs through the binding of adhesion 

molecules such as cadherins and selectins. The role of E-cadherin in cell-to-cell 

adhesion and its involvement in the transition of a resident tumour cell to an invasive 

cell type has been well studied (Behrens et al., 1992, Birchmeier and Behrens, 1994, 

Bussemakers et al., 1992, Perl et al., 1998). E-cadherin is a transmembrane 

glycoprotein that binds catenins intracellularly allowing it to bind cadherins on 

neighbouring cells. Changes in the binding of E-cadherin to -catenin or in the 

expression levels of either component can lead to a loss of cellular adhesion, a crucial 

step in the EMT (Takeichi, 1991, Bussemakers et al., 1992, Bryden et al., 1999, 

Birchmeier and Behrens, 1994). A study by Bryden and colleagues suggests that the 

level of E-cadherin is reflective of local tumour grade, where well differentiated 

tumours expressed the highest level of E-cadherin (Bryden et al., 1999).   

1.3.2 ECM Degradation  

The capacity of prostate cancer cells to migrate and enter the bone marrow is 

dependent on the cellular secretion of enzymes that degrade the ECM. Matrix 

metalloproteinases (MMPs) and serine proteinases, particularly urokinase-type 

plasminogen activator (uPA), play a role in the breakdown of the ECM (Hart et al., 

2002). MMPs are zinc-binding proenzymes, regulated by tissue inhibitor of 

metalloproteinases-1 (TIMP-1). MMP-9 is activated by MMP-2 and high expression of 

both molecules, coupled with low expression of TIMP-1, has been associated with 
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metastatic prostate cancer (Morgia et al., 2005, Brehmer et al., 2003). Prostate 

cancer cell secretion of MMPs is an important step in the metastatic process both at 

the endothelium and at entry to the bone marrow stroma (Montague et al., 2004, 

Hart et al., 2002).   

uPA is a serine protease that binds to its receptor resulting in the conversion of 

plasminogen to plasmin, which is involved in the activation of pro-collagenases, an 

important factor in the degradation of the ECM (Hart et al., 2002). The molecule is 

also involved in the activation of MMPs and it has been shown that by decreasing the 

expression of uPA, the level of bone degradation due to prostate cancer metastasis 

is reduced (Festuccia et al., 1998, Dong et al., 2008). 

1.3.3 Passage through the Endothelium 

Metastatic cells can migrate via the lymphatic and vascular systems. Metastatic 

prostate cancer cells must pass through the endothelium to enter the blood vessel 

by intravasation at the primary tumour site and exit by extravasation at the secondary 

metastatic site. Passage through the endothelium requires interaction with and 

adherence to the endothelium in what is referred to as a ‘dock and lock’ mechanism 

(Honn and Tang, 1992).  Key proteins involved in the binding of prostate cancer cells 

to endothelial cells include P-selectin, E-selectin and integrins v3, 51 and 31 

(Romanov and Goligorsky, 1999, Tang et al., 1993).  
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Figure 1.1. Metastasis to the Bone. Metastasis to the bone from the primary tumour 
site occurs by a series of steps including detachment of the tumour cell from adjacent 
cells and the cell matrix, intravasation into the vascular system, immune system 
evasion, migration, extravasation through the endothelium and trans-migration into 
the site of metastasis. Image taken from Clarke et al. 2009 (Clarke et al., 2009)   

 

1.3.4 Homing of Metastatic Cells to the Bone through Chemotaxis 

The ‘seed and soil’ hypothesis was originally described by Stephen Paget in 1889 

whereby cancer cells act as the ‘seed’ and the metastatic site, the ‘soil’ (Paget, 1989). 

Subsequent research has further developed this theory which suggests that the 

secondary site provides a microenvironment preferential and complementary to 

certain tumour cells. Another aspect to this theory is that chemoattractant factors 

are released from the secondary microenvironment that bind to corresponding 

receptors on the circulating tumour cells allowing the cells to home towards that 

specific organ.  

Metastatic prostate cancer cells are attracted to the bone by factors, namely 

chemokines, which are released from the bone marrow. The chemokine, stromal 
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derived factor-1 (SDF-1), is expressed by endothelial cells at the bone marrow, which 

binds to its receptor, CXCR4, which is expressed on prostate cancer cells. Both factors 

have been shown to be increased in prostate cancer bone metastasis, where the 

more aggressive the metastasis, the more CXCR4 is expressed (Taichman et al., 2002, 

Sun et al., 2003).  

More recently, other factors have been shown to attract prostate cancer cells to the 

bone including monocyte chemoattractant protein 1 (MCP-1), osteonectin and 

osteopontin (Loberg et al., 2006, Jacob et al., 1999, Thalmann et al., 1999, Angelucci 

et al., 2002). MCP-1 is a member of the C-C chemokine family, originally found to be 

a potent chemoattractant of monocytes to inflammatory sites (Deshmane et al., 

2009). Recent studies have found that MCP-1 is expressed within the bone marrow 

microenvironment and promotes the migration and invasion of prostate cancer cells 

(Loberg et al., 2006, Lu et al., 2006).  

1.3.5 Osteolytic and Osteoblastic Bone Metastasis 

Bone remodelling is a process that occurs continuously in order to maintain the 

structure and function of the skeleton. This is achieved by bone resorption and 

formation, with osteoclasts, osteocytes and osteoblasts being the principal cells 

involved in these two processes. Breast cancer bone metastasis is considered to be 

predominantly osteolytic and prostate cancer - osteoblastic, although, both bone 

resorption and formation are increased in patients with prostate cancer bone 

metastasis in comparison to healthy patients and patients with benign prostatic 

hyperplasia (Garnero et al., 2000).  

Osteoblasts are derived from mesenchymal stem cells (MSCs) and play a major role 

in bone formation through the synthesis of bone matrix and further differentiation 

to osteocytes (Pittenger et al., 1999). Osteoclasts are multinucleated cells 

differentiated from monocytes following the binding of their receptor RANK with NF-

κB ligand (RANKL) on the osteoblast cell surface (Suda et al., 1999). Osteoclasts break 

down the bone tissue by secreting acid and lysosomes containing acid phosphatase 

along with their binding to αvβ3, αvβ5 and αvβ1 integrins on the membrane surface 

(Suda et al., 1999). Therefore, the production and function of osteoblasts, osteocytes 
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and osteoclasts are linked and disruption of any of these processes, as occurs in bone 

metastatic cancer, leads to disruption in bone homeostasis.  

To investigate whether osteoclast activity creates a hospitable environment for 

invasive breast cancer cells, studies have used bisphosphonates to inhibit bone 

resorption (Mundy and Yoneda, 1998). Bisphosphonates inhibit the function of 

osteoclasts and have been found to reduce the incidence of metastases and rate of 

death in breast cancer patients (Diel et al., 1998).  

Osteolytic activity is also elevated in osteoblastic metastasis and so bisphosphonates 

have also been used to treat prostate cancer patients and the treatment was 

successful in reducing skeletal related events and bone pain (Saad et al., 2002). 

Endothelin-1 is a protein produced by breast and prostate cancer cells that binds to 

the endothelin-A receptor, expressed by osteoblasts. This interaction stimulates an 

increase in bone formation and osteoblastic metastases. Treatment with an 

endothelin-A receptor antagonist was found to decrease bone metastases and 

tumour burden in mice (Yin et al., 2003, Guise et al., 2003). Although these are not 

yet curative therapies, they do confirm the significance of cancer cell/bone marrow 

cell cross-talk to achieve an optimal environment for tumour growth.  

1.4 The Tumour Microenvironment 

It is now understood that tumour cells do not act alone. Cancer cells interact with 

their surrounding stroma and these interactions lead to an ‘activated state’ resulting 

in increased release of pro-inflammatory cytokines and growth factors (Pietras and 

Ostman, 2010). The tumour is in a chronic state of inflammation and has been 

described as a ‘wound that never heals’ (Dvorak, 2015). This inflammatory state 

drives the recruitment of responsive cell types such as macrophages, myeloid derived 

suppressor cells and MSCs (Pollard, 2004, Hall et al., 2007, Young and Wright, 1992). 

Cross-talk between cancer cells and cells of the surrounding stroma promotes tumour 

progression and creates a dynamic ECM, favourable for the invasive tumour cell (Sato 

et al., 2004, Sung et al., 2008).  
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Tumour infiltrating macrophages can become activated by the stromal 

microenvironment and are referred to as tumour associated macrophages (TAMs) 

(Mantovani et al., 2002, Sica et al., 2002). Depending on the stimuli, macrophages 

can be polarised toward an M1 or M2 phenotype. The M1 phenotype can be 

activated by interferon gamma (IFN-γ) and lipopolysaccharides and have been shown 

to have cytotoxic effects on tumour cells. In contrast M2 macrophages are activated 

by IL-4, IL-13 and IL-10, promote wound healing and angiogenesis and are 

phenotypically similar to TAMs (Allavena et al., 2008, Sica et al., 2006, Mantovani et 

al., 2002, Solinas et al., 2009). 

The tumour stroma varies between each cancer type and the heterogenous nature 

of the tumour makes it complicated to study. It is important to develop an 

understanding of what drives non-cancerous cells toward an activated state, what 

that activated state is and what it subsequently means for tumour cell progression.  

1.5 Mesenchymal Stem Cells 

MSCs are multipotent cells originally found to have the capacity to differentiate into 

osteoblasts, chondrocytes and adipocytes (Pittenger et al., 1999). They are generally 

characterised by their tri-lineage differentiation capacity and by surface markers 

CD73, CD105 and CD90 (Dominici et al., 2006). They can be sourced from the bone 

marrow, adipose tissue and dental pulp (Gronthos et al., 2000, Huang et al., 2002, 

Friedenstein et al., 1970, Pittenger et al., 1999).  They are also found in circulation 

and are known to home to inflammatory sites (Chamberlain et al., 2007). Due to their 

capacity to home to injured tissue, research has suggested a reparative function for 

MSCs in multiple tissues including the lung (Ortiz et al., 2003), liver (Sato et al., 2005), 

brain (Ji et al., 2004) and heart (Wu et al., 2003). MSCs can evade the immune system 

(Ryan et al., 2005) and are also known to have immunomodulatory effects (Fouillard 

et al., 2003, Horwitz et al., 2002, Pereira et al., 1995).  

MSCs reside in the bone marrow stroma alongside haematopoietic stem cells (HSCs), 

osteoblasts, osteoclasts, adipocytes, endothelial cells (ECs) and monocytes (Serbina 

and Pamer, 2006, Chitteti et al., 2010). MSCs may play a supportive role for HSCs and 
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have previously been used to enhance long-term HSC engraftment in human 

transplantation (Almeida-Porada et al., 2000, Maitra et al., 2004).  

Knowledge of these characteristics as well as their differentiation capacity has caused 

excitement in the field of regenerative medicine and use of MSCs has potential for 

therapeutics in a range of fields such as cardiology, immunology and neurology. 

However, in the field of cancer research recent studies suggest that MSC activity may 

contribute to poorer outcomes (Ame-Thomas et al., 2007, Kansy et al., 2014, Karnoub 

et al., 2007, Prantl et al., 2010). 

1.5.1 Mesenchymal Stem Cell Nomenclature and Potency 

A subpopulation of bone marrow cells was initially discovered by Friedenstein and 

colleagues that had an osteogenic differentiation capacity (Friedenstein et al., 1970). 

The cells were subsequently found to be clonal and plastic adherent (Friedenstein et 

al., 1970) and later studies by Pittenger et al. demonstrated their multilineage 

differentiation capacity (Pittenger et al., 1999). However, the non-skeletal 

differentiation capacity of these cells has not definitively been proven in vivo which 

has led to controversy regarding usage of the term ‘mesenchymal stem cells’. 

Moreover, MSCs are a heterogenous population of cells containing subpopulations 

with differing differentiation capacities (Horwitz et al., 2005). Alternative terms have 

been used such as ‘multipotent mesenchymal stromal cells’ that keep the acronym 

‘MSC’ to maintain a consistency within the literature (Horwitz et al., 2005).  

MSCs were found to express embryonic stem cell or pluripotency markers which 

differed depending on the source. Bone marrow derived MSCs were found to express 

Oct4, Nanog, alkaline phosphatase and SSEA-4; adipose and dermis derived MSCs 

were found to express Oct4, Nanog, SOX2, alkaline phosphatase and SSEA-4; while 

heart MSCs were found to express Oct4, Nanog, SOX2 and SSEA-4. The full 

differentiation potential of MSCs has not yet been elucidated; however more recent 

developments have shown a wider range in differentiation potential (aside from a 

capacity to differentiate into osteocytes, adipocytes and chondrocytes) such as 

myocyte and neuron induction (Wakitani et al., 1995, Kopen et al., 1999).  
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1.6 Mesenchymal Stem Cells and Cancer  

In recent studies, it has been shown that MSCs can also home to tumour sites and 

contribute to tumour growth and progression (Prantl et al., 2010, Suzuki et al., 2011, 

Karnoub et al., 2007, Kucerova et al., 2010). Analysis from human prostatectomies 

showed that MSCs represented 0.01-1.1% total cells present in the tumour (Brennen 

et al., 2013). MSCs have been found to increase the metastatic potential of tumour 

cells by promoting their motility and invasiveness as well as having a role in the 

creation of a metastatic niche at the secondary site (Karnoub et al., 2007, Nabha et 

al., 2008, Duda et al., 2010, Corcoran et al., 2008).  

As the tumour microenvironment exists as a heterogenous population of cells and 

each cancer type has its own unique characteristics, it is difficult to establish a 

universal role for MSCs in tumour development. Research shows conflicting results 

as to whether MSCs are tumour promoting or suppressing (Klopp et al., 2011). This 

has led to investigation into whether exposure to tumour cells can alter the MSCs 

into an activated state with the possibility of a dual role similar to macrophages 

(Waterman et al., 2010, Waterman et al., 2012).  

1.6.1 Mesenchymal Stem Cell Chemotaxis to the Tumour 

Ex vivo expanded MSCs were shown to home to gliomas and ovarian and breast 

tumours using magnetic resonance imaging and bioluminescent imaging (Wu et al., 

2008, Kidd et al., 2009). The mechanisms by which MSCs migrate toward the tumour 

are not yet fully understood, however the interaction between cytokines and 

chemokines secreted by the tumour and the corresponding MSC surface receptors is 

currently being explored.  

Several studies have attempted to characterise MSCs based on their chemokine 

receptor expression which could give insight into their chemoattraction towards pro-

inflammatory tissues (Sordi et al., 2005, Von Luttichau et al., 2005, Wynn et al., 2004, 

Honczarenko et al., 2006). Von Lüttichau and colleagues showed the functional 

expression of chemokine receptors CCR1, CCR4, CCR7, CCR10, and CXCR5 but not 

CXCR4 on human bone marrow derived MSCs (Von Luttichau et al., 2005), while 
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Wynn and colleagues found that a small subset of MSCs expressed CXCR4 (Wynn et 

al., 2004).  The interaction between CXCR4 and its receptor ligand, SDF-1α, is known 

to mediate the migration of HSCs, endothelial progenitor cells and primordial germ 

cells (Levesque et al., 2003, Petit et al., 2002, Yamaguchi et al., 2003, Doitsidou et al., 

2002). The interaction between CXCR4 and SDF-1α in MSC chemotaxis to the tumour 

was thus considered. Many studies have shown that MSCs migrate toward SDF-1α in 

a dose dependent manner (Ringe et al., 2007, Sordi et al., 2005, Shi et al., 2007, Stich 

et al., 2009). Additionally, an upregulation of SDF-1α was found in rat bone marrow 

derived MSCs in response to colorectal cancer CM, and the MSCs were found to 

migrate in vitro toward the tumour cells in an SDF-1α dependent manner (Menon et 

al., 2007).  

MCP-1 is expressed within the tumour, including the primary prostate cancer tumour 

(Lu et al., 2006, Dwyer et al., 2007). Although not all studies are in agreement (Ringe 

et al., 2007), there is a growing body of evidence to suggest that MCP-1 is a key player 

in the chemotaxis of MSCs to the tumour (Dwyer et al., 2007, Xu et al., 2010, Zhang 

et al., 2009). Loberg and colleagues found that MCP-1 is a potent chemoattractant 

for prostate cancer cells in a dose dependent manner which resulted in the activation 

of the PI3-kinase/Akt signalling pathway (Loberg et al., 2006). MCP-1 has also been 

implicated in the promotion of invasion and proliferation of prostate cancer cells 

(Loberg et al., 2007b, Lu et al., 2006).  

1.6.2 Mesenchymal Stem Cells at the Primary Tumour Site 

MSCs have been implicated in the promotion of tumour growth in numerous cancer 

types such as follicular lymphoma (Ame-Thomas et al., 2007), head and neck 

carcinoma (Kansy et al., 2014), glioma (Hossain et al., 2015), breast (Karnoub et al., 

2007), gastric (Li et al., 2015), colon (Zhu et al., 2006) and prostate cancer (Prantl et 

al., 2010). 

Karnoub and colleagues showed that co-injection of bone marrow MSCs with one of 

four breast cancer cell lines (MCF7) led to accelerated tumour growth, yet, co-

injection with all cell lines (MDA-MB-231, HMLR, MDA-MB-435 and MCF7) led to 

increased metastasis (Karnoub et al., 2007). Similarly, in a more recent study it was 
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found that co-injection of bone marrow MSCs with the triple negative inflammatory 

breast cancer cell line, SUM149, resulted in inhibited primary tumour growth but 

increased invasion and metastasis (Lacerda et al., 2015). These findings indicate a role 

for MSCs at the tumour site in the promotion of metastasis possibly through the 

induction of EMT in primary tumour cells.  

An increase in tumour growth was also found in mice following co-injection of 

adipose tissue derived MSCs with the prostate cancer cell line MDA-PCa-118b (Prantl 

et al., 2010). Bone marrow MSCs were also found to stimulate the proliferation, 

migration and invasion of the prostate cancer cell line PC3. This effect was inhibited 

by blocking transforming growth factor β (TGFβ) (Ye et al., 2012). In a similar study, 

TGFβ silencing in adipose tissue derived MSCs reduced the adhesion capacity of PC3 

cells (Lee et al., 2013).   

Some research groups have investigated the tumour promoting function of MSCs 

isolated from the tumour, arguably a more realistic approach to understanding the 

role of MSCs within the tumour microenvironment. Co-injection of MSCs isolated 

from head and neck carcinoma (Kim et al., 2013), gastric cancer (Kansy et al., 2014) 

and gliomas (Hossain et al., 2015) with tumour cells into mouse models resulted in 

an increase in tumour growth and progression. Interestingly, Li and colleagues found 

that MSCs isolated from gastric cancer stimulated increased proliferation and 

migration of gastric cancer cell lines (BGC-823 and MKN-28) in comparison to bone 

marrow derived MSCs or MSCs isolated from non-cancerous adjacent tissue. They 

also found that they secreted more vascular endothelial growth factor (VEGF), 

macrophage inflammatory protein-2, TGF-β1, IL-6, and IL-8 while blockade of IL-8 

attenuated the tumour promoting function of the gastric cancer MSCs (Li et al., 2015). 

1.6.3 Angiogenesis and Vasculogenesis  

MSCs can differentiate into pericytes, ECs and cancer associated fibroblasts (CAFs) 

(Rajantie et al., 2004, Al-Khaldi et al., 2003, Mishra et al., 2008, Spaeth et al., 2009). 

ECs line the inner vessel wall and pericytes surround the EC layer, and it is thus 

considered that MSC influx may contribute to the increase in angiogenesis noted at 

the tumour site (Rajantie et al., 2004, Al-Khaldi et al., 2003). Human bone marrow 
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MSCs were shown to have the capacity to differentiate into cells expressing 

endothelial-specific markers - kinase insert domain receptor and fms-like tyrosine 

kinase-1 (FLT-1) in an in vitro study using VEGF in the conditioning medium (Oswald 

et al., 2004). The differentiation of adipose tissue-derived MSCs to ECs was found at 

the site of the primary tumour in prostate cancer along with tumour growth (Prantl 

et al., 2010). In contrast, Rajantie and colleagues found that, at both VEGF and 

tumour-induced blood vessels, a sub-population of bone marrow stem cells 

differentiated into vascular mural periendothelial cells that were morphologically 

indistinguishable to pericytes and engrafted in close contact with ECs, however, bone 

marrow cell derived ECs were not detected (Rajantie et al., 2004).   

Conversely, undifferentiated MSCs may support the tumour vasculature by the 

release of angiogenic factors.  MSCs are known to release proangiogenic factors such 

as VEGF, platelet derived growth factor (PDGF), IL-6, fibroblast growth factor 2 (FGF-

2) and FGF-7 (Kinnaird et al., 2004, Menon et al., 2007, Suzuki et al., 2011).  These 

factors can also increase the proliferation and migration of ECs, leading to further 

promotion of vasculogenesis and angiogenesis (Kinnaird et al., 2004). 

1.6.4 Cytotoxic Resistance 

One of the major difficulties in the treatment of cancer is the development of drug 

resistance. Sensitivity to chemotherapy is decreased as a result of genetic mutations 

within the cancer cells as well as changes in the gene expression of drug targets. 

There is now evidence to support that the tumour microenvironment could provide 

protective mechanisms against cytoxicity (Baguley, 2010, Tomida and Tsuruo, 1999, 

Meads et al., 2008, Taylor et al., 2000). 

In research by Straussman and colleagues an extensive range of cancer cells including 

head and neck carcinoma, melanoma, breast, pancreatic and colorectal cancer cells 

were co-cultured with 23 different stromal cell lines. Cytotoxic resistance was found 

to be frequent in co-culture with stromal cells and particularly to targeted agents 

(Straussman et al., 2012). Bone marrow MSCs were found to cause increased 

chemoresistance in leukemia cells. Co-culture of the two cell types resulted in 

decreased apoptosis and an increase in the expression of c-Myc, a finding only 
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reproducible when cells were in direct co-culture suggesting cell-to-cell contact as 

key to the protective mechanism (Ito et al., 2015, Xia et al., 2015). Interestingly, 

inhibition of SDF-1α/CXCR4 interactions decreased the MSC induced cytotoxic 

resistance of leukemia cells (Zeng et al., 2009). 

1.6.5 Role in Immunomodulation  

MSCs have immunosuppressive properties, activation of which would be 

advantageous to the growing tumour. MSCs inhibit T-cell and B-cell proliferation (Di 

Nicola et al., 2002, Krampera et al., 2003, Corcione et al., 2006, Bocelli-Tyndall et al., 

2007),  induce the apoptosis of activated T-cells (Plumas et al., 2005) and have been 

found to inhibit dendritic cell differentiation and function (Zhang et al., 2004, Nauta 

et al., 2006).  

Although not extensively studied, there is evidence to suggest that MSCs have an 

immunosuppressive function within the tumour. A study by Djouad and colleagues 

found that subcutaneous co-injection of B16 melanoma cells with murine bone 

marrow MSCs into an allogeneic murine melanoma tumour model lead to tumour 

growth, whereas when the B16 melanoma cells were rejected when injected alone 

(Djouad et al., 2003). 

MSCs have been shown to produce nitric oxide (NO) in the presence of T-cells, which 

in turn, inhibits T-cell proliferation through suppression of STAT5 phosphorylation 

(Sato et al., 2007, Ren et al., 2008). It was found that co-injection of the melanoma 

cell line, B16F0, with MSCs derived from p53 deficient mice formed larger tumours 

than when using MSCs from a wild-type mouse. Accordingly, the p53 deficient MSCs 

expressed more inducible nitric oxide synthase and were found to have a greater 

immunosuppressive capacity than their counterparts through the suppression of T-

cell proliferation (Huang et al., 2014).  

1.6.6 Role in Tumour Suppression 

In contrast to the research described above there is evidence to suggest that MSCs 

can also have an inhibitory effect on tumour growth. Suppression of tumour growth 

has been noted in breast cancer (Sun et al., 2009), Kaposi’s sarcoma (Khakoo et al., 
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2006), hepatoma (Qiao et al., 2008) and melanoma (Otsu et al., 2009) models. MSCs 

derived from the umbilical cord and adipose tissue were implanted into a breast 

cancer metastasis mouse model and found to inhibit metastasis to the lung and 

reduce tumour growth through PARP and caspase-3 cleavage, which could in turn 

induce apoptosis (Sun et al., 2009). However, MSCs derived from the bone marrow, 

adipose tissue and dental pulp are not functionally identical (Kern et al., 2006, Huang 

et al., 2009), therefore the studies using MSCs derived from other sources may not 

be replicated using bone marrow derived MSCs (Lee et al., 2004, Wagner et al., 2005).  

Otsu et al. showed that bone marrow MSCs had a cytotoxic effect on the tumour in a 

melanoma mouse model through the release of reactive oxygen species when in 

contact with ECs present at the capillaries. This induced apoptosis of the ECs and 

reduced tumour growth. However, the cytotoxic effect of the MSC was only observed 

when implanted at high concentrations. MSCs seeded onto EC derived capillaries in 

matrigel evoked a cytotoxic effect at a EC:MSC ratio of 1:1 or 1:3. Cytotoxicity 

decreased when the MSC number was reduced by an order of magnitude (Otsu et al., 

2009) and given that in prostate cancer MSCs were only found to represent 0.01-1.1% 

of the tumour experiments using a high ratio of MSCs may not be reflective of the 

tumour microenvironment in vivo (Brennen et al., 2013). These results may explain 

the difference in outcome observed in studies showing tumour growth promotion by 

MSCs. Further investigation on the effect of dose on efficacy is warranted for any 

conclusions to be made, nonetheless, when examining the impact of MSC on tumour 

biology, the source and specific ratios of MSC to tumour cells reflective of the natural 

tumour environment is an important consideration. 

Another explanation for the contrasting results is that like macrophages there is a 

polarisation of MSCs in response to secreted factors from the tumour that either 

drives the cells toward a tumour promoting or suppressive function. Waterman and 

colleagues proposed a polarisation of MSCs based on downstream toll-like receptor 

(TLR) signalling. They found functional differences between MSCs stimulated by 

either TLR4 or TLR3 and classified them as MSC1 and MSC2 respectively (Waterman 

et al., 2010). MSC1 cells were found to have an anti-tumour effect while MSC2 cells 

promoted tumour growth and metastasis (Waterman et al., 2012).  
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1.7 Mesenchymal Stem Cells and Metastasis 

MSCs interact with cancer cells at multiple stages of cancer progression. At the 

primary tumour MSCs have been shown to drive tumour cells toward an invasive, 

pro-metastatic state. Human MSCs injected alone into mice with mammary 

carcinoma xenografts resulted in a 42% occurrence of metastatic lesions, compared 

with 17% in the control treated mice (Albarenque et al., 2011). Similarly, MSCs 

injected systemically into mice were found to migrate to the stroma of primary colon 

tumours as well as metastatic liver tumours (Shinagawa et al., 2010). Furthermore, 

co-culture of human bone marrow MSCs with MDA-MB-231 or MDA-MB-435 breast 

cancer cell lines 48 hours preceding injection resulted in enhanced metastasis in a 

mouse orthotopic implantation model, whereas the MSCs had no effect on 

metastasis without prior co-culture (Chaturvedi et al., 2013).  

Tracking of MSCs using magnetic resonance imaging in a mouse xenograft model has 

shown that MSCs were more likely to home to the lung metastatic site than to the 

primary tumour (Loebinger et al., 2009b). A study suggests that tumour cells do not 

always leave the primary site as single cells but also as ‘heterotypic tumour 

fragments’ consisting of the metastatic cancer cells along with tumour stromal cells 

(Duda et al., 2010). These clusters of cells were found to migrate to the metastatic 

site and promote tumour growth. Moreover, CAFs were found to migrate from the 

primary tumour to the lung metastatic site in mice (Duda et al., 2010). 

In a study by Klopp et al., it was found that irradiation at 2 Gy could increase the 

recruitment of murine MSCs in a syngeneic 4T1 murine breast cancer model. The 

level of MSC engraftment was found to be 34% in tumours 48 hours post-irradiation 

than in the contralateral unirradiated limb (Klopp et al., 2007). Circulating MSCs have 

also been shown to migrate to prostate tumour sites but not to the normal prostate 

and co-culture of the MSCs with prostate cancer cells led to enhanced prostate 

cancer stem cell populations through the upregulation of CCL5 expression in the 

MSCs and prostate cancer cells and subsequent downregulation of androgen 

receptor signalling (Luo et al., 2014). Moreover, circulating CD45- fibroblast-like cells 

were found to be present in 58% of men with metastatic prostate cancer but not in 
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any men with localised prostate cancer or no identified cancer (Jones et al., 2013). 

An increased presence of circulating fibroblasts or MSCs could therefore provide 

more prognostic information on the development of prostate cancer. 

Additionally, a study by Kaplan and colleagues using mouse models found that 

VEGFR1 expressing bone marrow derived cells migrated to and formed clusters in 

pre-metastatic sites before the arrival of tumour cells. Interestingly, blocking VEGFR1 

function prevented cluster formation and metastasis (Kaplan et al., 2005). These 

studies indicate a potential role for bone marrow derived cells in the creation and 

possibly the maintenance of a metastatic niche.  

1.7.1 Role in the Promotion of EMT 

The presence of MSCs in the tumour stroma may stimulate EMT of the cancer cells. 

Research has shown that direct co-culture of breast or gastric cancer cells with bone 

marrow derived MSCs resulted in the upregulation of EMT markers N-cadherin, 

vimentin, Twist and Snail and the downregulation of E-cadherin (Martin et al., 2010, 

Xue et al., 2015). Correspondingly, it was found that MSCs pretreated with tumour 

necrosis factor-α (TNF-α) and IFN-γ, secreted increased levels of TGF-β. 

Hepatocellular carcinoma cells grown in CM from the TNF-α and IFN-γ treated cells 

showed marked changes in molecular markers and functional characteristics 

associated with EMT, such as increased migration and invasion (Jing et al., 2012).  

1.7.2 Role in the Establishment of Distant Metastasis  

A study by Karnoub and colleagues investigated the effect of MSCs on breast cancer 

cell motility and migration to the site of metastasis (Karnoub et al., 2007). Bone 

marrow derived MSCs were co-injected with breast cancer cell line, MDA-MB-231, 

into mice. The chemokine CCL5 was secreted by MSCs, which in turn interacted with 

its receptor CCR5 on the breast cancer cells, resulting in increased metastasis to the 

lung (Karnoub et al., 2007). Further strengthening these results, studies were 

published demonstrating the secretion of CCL5 by MSCs in response to osteosarcoma 

cells (Xu et al., 2009) and breast cancer cells (Mi et al., 2011). Additionally, it was 

found that the release of osteopontin (OPN) by tumour cells induced the production 
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of CCL5 by MSCs, which in turn promoted CCR5 mediated breast cancer cell 

metastasis. Furthermore, MSCs isolated from the site of metastasis (the lung and 

liver) expressed the CAF markers -SMA, SDF-1α, tenascin-C (TN-C), MMP-2 and 

MMP-9 (Mi et al., 2011).    

1.7.3 MSCs at the Bone Metastatic Site 

Entry of cancer cells into the bone marrow may be facilitated by MSCs through 

adherence of the metastatic cell to bone marrow ECs (Corcoran et al., 2008). Several 

studies have found that the chemoattraction of tumour cells to the bone marrow is 

stimulated by bone marrow stromal cell production of SDF-1α (Cooper et al., 2003, 

Zhang et al., 2013b, Corcoran et al., 2008). Prostate cancer cells were found to 

express the receptor CXCR4 and migrate and invade in response to SDF-1α (Taichman 

et al., 2002, Singh et al., 2004). Bone marrow derived MSCs were found to promote 

the transmigration of breast cancer cell lines (MCF7 and T47D) across bone marrow 

ECs (Corcoran et al., 2008). Tac1 expression in the breast cancer cell lines was found 

to play a key role in bone marrow EC transmigration and the adherence of the 

metastatic cells to MSCs through the regulation of CXCR4 and SDF-1α production in 

the breast cancer cells (Corcoran et al., 2008).   

Cells of the bone marrow including HSCs, megakaryocytes, macrophages and 

myeloid-derived suppressor cells have been implicated in developing a hospitable 

metastatic niche (Park et al., 2011). However, given the plasticity of MSCs and their 

role in bone remodelling it seems likely that the establishment of tumour cells within 

the bone marrow would result in cellular cross-talk that would disrupt bone 

homeostasis. Bone morphogenic protein-4 (BMP-4) within the bone marrow has 

been shown to stimulate the production of sonic hedgehog (SHH) in prostate cancer 

LNCaP cells which enhanced BMP-responsive reporter signalling in the mouse 

stromal cell line, MC3T3-E1, leading to increased osteoblastic differentiation 

(Nishimori et al., 2012).  

An interesting study by Joseph et al. investigated the interaction between HSCs 

derived from the bone marrow of mice implanted with prostate cancer cell lines that 

formed either osteoblastic or osteolytic metastatic lesions. They found that HSCs 
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derived from the mice with osteoblastic lesions stimulated osteoblastic 

differentiation of MSCs through BMP2 signalling while HSCs derived from mice with 

osteolytic lesions enhanced the differentiation of mixed marrow mononuclear to 

osteoclasts through IL-6 signalling (Joseph et al., 2012). IL-6 may have an important 

role in cross-talk within the tumour associated bone marrow microenvironment. 

Production of IL-6 in multiple myeloma by bone marrow stromal cells induces tumour 

cell adhesion and osteoclastogenesis (Thomas et al., 1998, Michigami et al., 2000). IL-

6 secretion in MSCs was found to be stimulated by neuroblastoma cells within the 

bone marrow which in turn activated osteoclasts (Ara et al., 2009). IL-6 was also 

found to act on neuroblastoma and multiple myeloma cells within the bone marrow 

by increasing cell proliferation and survival through activation of the STAT3 pathway 

(Ara et al., 2009, Brocke-Heidrich et al., 2004). 

1.8 Cancer Associated Fibroblasts 

1.8.1 Origins and Characteristics 

Cancer associated fibroblasts (CAFs) are a heterogeneous population of fibroblast-

like cells with a tumour promoting function. The heterogeneity may be due to varying 

cell origins and the molecular constitution of tumour stroma from which the cell fate 

is determined. CAFs have been found to originate from bone marrow MSCs, 

fibroblasts and by transdifferentiation of epithelial and endothelial cells (Spaeth et 

al., 2009, Evans et al., 2003, Zeisberg et al., 2007). The mechanisms by which the cells 

differentiate or become ‘activated’ are largely unknown, however, exposure to TGF-

β has been shown to induce the phenotypic changes regardless of cell origin (Kojima 

et al., 2010, Shangguan et al., 2012, Zeisberg et al., 2007, Calon et al., 2014). 

CAFs are morphologically similar to myofibroblasts with both expressing the marker 

α-smooth muscle actin (αSMA) which assemble to form contractile stress fibres 

(Kellermann et al., 2008, Tomasek et al., 2002). To identify CAFs and distinguish them 

from fibroblasts, MSCs and other cells types, the presence or increase in the markers 

- αSMA, fibroblast specific protein-1 (FSP1), fibroblast activation protein (FAP), 

vimentin, type I collagen and platelet-derived growth factor receptors (PDGFR) - are 

often used (Sugimoto et al., 2006, Spaeth et al., 2009, Mishra et al., 2008, Liu et al., 
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2006, Anderberg et al., 2009). In comparison to fibroblasts, CAFs have been shown to 

have an increased proliferation rate and a greater production of collagens, growth 

factors, pro-inflammatory cytokines and MMPs (Buganim et al., 2011, Madar et al., 

2009, Guo et al., 2008, Erez et al., 2010, Eck et al., 2009, Sternlicht et al., 1999).  

1.8.2 Role in Tumour Promotion 

One of the defining functions of CAFs is their ability to promote cancer progression. 

CAFs were found to have a greater influence in the formation of breast and prostate 

tumours in comparison to normal fibroblasts using in vivo models (Orimo et al., 2005, 

Olumi et al., 1999). Further studies have shown CAFs to increase cancer cell 

proliferation, invasiveness and adhesion (Jia et al., 2013, Subramaniam et al., 2013, 

Cai et al., 2012). One of the mechanisms by which CAFs promote the development of 

the tumour is through the release of growth factors such as hepatocyte growth factor 

(HGF), TGF-β, epidermal growth factor (EGF) and FGF2 (Tyan et al., 2011, Giri et al., 

1999, Kalluri and Zeisberg, 2006). Secretion of HGF by CAFs has been shown to induce 

the secretion of uPA and uPAR by breast cancer cells, promoting their invasive 

capacity and inhibition of HGF has led to the resistance of lung cancer cells to tyrosine 

kinase inhibitors (Wang et al., 2009, Jedeszko et al., 2009). 

Studies have shown that CAFs release SDF-1α (Orimo et al., 2005, Sugihara et al., 

2015). CAF secreted SDF-1α was found to promote angiogenesis by attracting 

endothelial progenitor cells to carcinomas, promote tumour growth in carcinomas 

and increase the invasive potential of pancreatic cells through interaction with 

chemokine receptor CXCR4 (Orimo et al., 2005, Sugihara et al., 2015). Interestingly, a 

recent study by Feig and colleagues in pancreatic cancer revealed a potential role for 

CAF derived SDF-1α in immune evasion, as administration of a CXCR4 inhibitor 

resulted in rapid T-cell accumulation and cancer regression in a mouse model (Feig 

et al., 2013).  

1.8.3 MSCs as an Origin for CAFs 

Evidence to suggest CAFs are derived from MSCs was found in in vivo studies whereby 

genetically tagged bone marrow derived cells, injected into mice, were found at the 



General Introduction 

21 
 

tumour with myofibroblast morphology and expressing αSMA and α1 chain of type I 

(pro)collagen (Direkze et al., 2004, Ishii et al., 2003, Direkze et al., 2006). A 

subsequent study in a murine ovarian carcinoma xenograft model, found that bone 

marrow derived MSCs engrafted at the tumour expressed CAF markers FAP, FSP, a-

SMA and TN-C (Spaeth et al., 2009). 

Further evidence to support the hypothesis that CAFs can originate from MSCs comes 

from in vitro studies where MSCs are cultured long-term in tumour cell CM. In a study 

by Mishra et al. MSCs were cultured for up to 30 days in the breast cancer cell line 

(MDA-MB-231) CM (Mishra et al., 2008). The conditioned cells expressed increased 

levels of αSMA, FSP-1, SDF-1α and vimentin and stimulated tumour cell growth in 

both in vitro and in vivo models (Mishra et al., 2008). Long-term culture of 12 - 16 

days in CM taken from ovarian cancer cell line, SKOV-3, induced the expression of 

CAF markers in MSCs and elevated secretion of IL-6, leading to increased tumour cell 

proliferation (Spaeth et al., 2009). Interestingly, TGF-β may be involved in the 

transition as bone marrow MSCs transduced with a lentiviral vector which inhibited 

TGF-β/smad signalling, expressed a decrease in CAF markers when conditioned for 

10 days in breast cancer cell CM in comparison to naïve MSCs (Shangguan et al., 

2012). Furthermore, treatment of MSCs with the endoplasmic reticulum chaperone, 

GRP78, activated TGF-β/smad signalling and induced the transition to a CAF like 

phenotype (Peng et al., 2013). Taken together, it is clear that TGF-β plays a major role 

in the transition from MSC to CAF, however it is unclear to what degree it affects the 

secretory profile of the cells and their functional characteristics.  

On the other hand, it must be noted that MSCs and CAFs share many similarities. A 

study has shown that CAFs share many of the same surface markers as MSCs such as 

CD29, CD44, CD73, CD90, CD106 and CD117, have the capacity to differentiate to 

osteocytes, chondrocytes and adipocytes, and express vimentin (Paunescu et al., 

2011). Nonetheless, CAFs were found to have an increased proliferative capacity and 

secrete increased VEGF, TGF-β, IL-4, IL-10 and TNFα (Paunescu et al., 2011). Due to 

the lack of specific CAF markers it will be necessary to define whether MSC derived 

CAFs are more likely to be MSCs in an activated state in response to tumour cells.  
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1.9 Mesenchymal Stem Cells and Cancer Therapeutics 

Although MSCs can promote tumour growth and progression as described above, 

their capacity to home to the tumour site raises the possibility of using them as 

vehicles for novel therapeutic approaches. MSCs that were genetically modified to 

produce tumour necrosis factor apoptosis-inducing ligand (TRAIL) have been shown 

to reduce tumour growth following intracranial implantation into an invasive 

glioblastoma mouse model (Sasportas et al., 2009), and in xenograft pulmonary 

metastatic mouse models following subcutaneous injection of the transfected MSCs 

(Loebinger et al., 2009a). When used in combination with targeted inhibition of X-

linked inhibitor of apoptosis protein (XIAP), MSCs genetically modified to produce 

TRAIL resulted in decreased numbers of metastatic lesions in an xenograft pancreatic 

carcinoma metastatic model following intravenous injection (Mohr et al., 2010). 

MSCs, engineered to produce IFN-β also prolonged cancer-free survival of glioma 

mouse models (Nakamizo et al., 2005). Reduced growth and extended survival was 

also shown in a mouse melanoma model following subcutaneous inoculation of MSCs 

retrovirally transduced to express the cytokine IL-12 (Elzaouk et al., 2006).   

MSCs could potentially be used to deliver active drugs to the site of the tumour, a 

system which significantly reduces the level of side-effects currently observed in 

current drug therapies used in the clinic. Adipose tissue-derived MSCs, modified to 

express cytosine deaminase, which converts the pro-drug 5-fluorocytosine to its 

active form, were found to inhibit xenograft colon cancer tumour growth following 

subcutaneous administration of modified MSCs in immunocompromised mice 

(Kucerova et al., 2007). Research by Pessina et al. used a drug transport method that 

did not involve genetic manipulation. MSCs were primed with paclitaxel, which was 

released slowly from the cells (Pessina et al., 2011). While preclinical studies support 

the potential of MSCs as therapeutic tools, a better understanding of their tumour 

promoting function could lead to more targets such as IL-6 or SDF-1α, particularly in 

the treatment of bone metastasis where major progress has not been made. 
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1.10 Experimental Model 

The aim of this study was to investigate the interactions between MSCs and prostate 

cancer cells. We developed an in vitro experimental system to examine the response 

of human bone marrow derived MSCs to long-term growth in prostate cancer cell 

conditioned media (CM).  We used the non-metastatic cell line – 22Rv1, the brain 

metastatic cell line – DU145 and the bone metastatic cell line – PC3 to generate the 

prostate cancer cell CM throughout the duration of the study. The MSCs were initially 

conditioned for 48 hours in prostate cancer cell CM followed by long-term 

conditioning experiments for 10, 20 and 30 day durations. We examined the 

conditioned MSCs for molecular and functional changes and investigated whether 

the MSCs retained the classical characteristics associated with MSCs such as 

expression of surface marker – CD73, CD105 and CD90 and the capacity to 

differentiate to adipocytes and osteocytes (Dominici et al., 2006). We also considered 

whether the conditioned MSCs could induce a functional response in the prostate 

cancer cells. 
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2.1 MSC Isolation and Characterisation 

Male human MSCs were provided by the Regenerative Medicine Institute at NUI 

Galway. Bone marrow was aspirated from the iliac crests of healthy volunteers. MSCs 

were isolated from the bone marrow aspirates through direct plating and non-

adherent haematopoietic cells were depleted following 10-12 days of culture. The 

MSCs were confirmed to have the capacity to differentiate into osteocytes, 

chondrocytes and adipocytes. Additionally, the expression of cell surface markers 

was established using positive markers CD105, CD73, CD90 and the negative 

haematopoietic markers CD34, CD45 and HLA-DR using flow cytometry. The 

differentiation and cell surface marker characterisation was performed by Ms. 

Georgina Shaw (REMEDI, NUI Galway) prior to use.  

Cells isolated from four male donors were used throughout the duration of the 

project at ages 38 (donor 1), 25 (donor 2), 20 (donor 3) and 26 (donor 4) (see appendix 

table 1). The age of the MSC donors does not represent the age cohort of prostate 

cancer patients; however MSCs derived from younger healthy donors are useful for 

preliminary proof-of-concept studies. The MSCS were isolated at passage 0 or 1 and 

used experimentally up to passage 7. 

2.2 Cell Lines 

Human prostate cancer cell lines PC3 and DU145 and 22Rv1 were obtained from 

American tissue culture collection (ATCC, VA, USA). PC3 and DU145 cells were 

originally derived from the bone and brain metastatic site, respectively. The non-

metastatic epithelial cell line, 22Rv1, was originally derived from a xenograft that was 

serially propagated in mice after castration-induced regression and relapse of the 

parental, human androgen-dependent CWR22 xenograft. 

2.3 Culture Conditions 

All cells were cultured in α-Minimum Essential Medium GlutaMAX™ (Gibco, 

Thermofisher, MA, USA) supplemented with serotyped 10% FBS and contained 100 

units/mL of penicillin, 100 μg/mL of streptomycin, and 0.25 μg/mL of Fungizone® 

Antimycotic (Gibco, Thermofisher, MA, USA). The MSC culture medium was 
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supplemented with 1ng/mL FGF2 (Peprotech, NJ, USA) and the cells were grown and 

used experimentally at passages 2–7. Culture medium was changed every 2-3 days, 

and cells were passaged at 70-80% confluency using 0.25% trypsin-

Ethylenediaminetetraacetic acid (EDTA) (Sigma, MO, USA). Cells were washed with 

Dulbecco's phosphate-buffered saline (D-PBS) (Sigma, MO, USA), and trypsinised at 

37°C for 5 minutes or until the monolayer detached. Complete medium was added 

to the detached cells following trypsinisation and the resulting suspension was 

centrifuged at 300 x g for 5 minutes at room temperature. Cells were counted using 

the Countess™ Automated System (ThermoFisher, MA, USA) using Countess® 

Chamber Counting Slides (ThermoFisher, MA, USA). The pellet was re-suspended and 

re-seeded in T75 or T175 flasks containing complete medium.  The culture flasks were 

incubated in a humidified 5% CO2 environment at 37°C throughout growth. MSCs 

were grown in Nunclon™ certified and Nunclon™ Delta treated (Fisher Scientific, 

ThermoFisher, MA, USA) cell culture flasks and the prostate cancer cell lines were 

grown in cell+ cell culture flasks (Sarstedt, Nümbrecht, Germany). 

2.4 MSC Growth in Tumour Cell Conditioned Media 

PC3, DU145 and 22Rv1 cells were seeded into T175 flasks containing 25ml complete 

medium. PC3 and DU145 cells were seeded at a concentration of 1.7 x 104 cells per 

cm2 and 22Rv1 cells were seeded at 2.3 x 104 cells per cm2 due to different growth 

rates. The cells were grown for 48 hours at 37°C with 5% CO2 until they were 60-70% 

confluent. The medium was subsequently removed from the flask and centrifuged at 

300 x g for 10 minutes. The supernatant was removed and filtered through a 0.45μm 

pore syringe filter (Whatman, Maidstone, UK). The filtered supernatant, or CM, was 

frozen at -20°C and used within 30 days. 

MSCs were seeded at 1.1 x 103 cells per cm2 initially and up to 2.8 cells per cm2 

following extended growth in PC3 CM. The MSCs were grown throughout the 

conditioning period in a 1:1 ratio of complete and conditioned media which was 

supplemented with 1 ng/ml FGF2. The use of 1 ng/ml of FGF2 in the culture medium 

allows growth at a low seeding density of 1.1 x 103 cells per cm2. The 1:1 ratio was 

determined based on early optimisation experiments so that the MSCs were exposed 
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to a sufficient amount of complete media that would not affect survival. The medium 

was changed every 2 to 3 days depending on cell confluency. The cells were passaged 

upon reaching a confluency of 70-80% and were immediately re-seeded in CM. Cells 

were harvested for experimentation at day 10, 20 and 30. A 30 day conditioning 

period was used to allow time for cell differentiation to occur. MSCs that were 

treated for 30 days in PC3 CM were removed from the CM and grown for 12 - 16 days 

in complete medium prior to experimental use.  

2.5 Cell Freezing and Thawing 

Prostate cancer cell lines were stored at -80°C and MSCs were frozen in a liquid 

nitrogen dewar. All cell lines were cryopreserved in medium containing 90% FBS and 

10% dimethyl sulfoxide (DMSO) (Sigma, MO, USA). Cells were harvested and re-

suspended in 1 mL of freezing medium at a concentration of up to 3 x 106 cells/ml 

and pipetted into cryovials (Nunc, ThermoFisher, MA, USA). The cells were placed in 

a Mr. Frosty (Nalgene, ThermoFisher, MA, USA) in a -80°C freezer and after 24 hours 

the MSCs were frozen in a liquid nitrogen dewar. When it was necessary to thaw the 

cells, the vials were taken from the liquid nitrogen dewar and slowly thawed in a 37°C 

waterbath. Once thawed, the contents of the cryotube were removed using a p1000 

Gilson pipette and placed gently into a sterile 15ml tube (Sarstedt, Nümbrecht, 

Germany) containing 10ml complete medium at room temperature. In order to 

remove the DMSO used for cryopreservation, the cells were pelleted by 

centrifugation at 300 x g for 5 minutes. The supernatant was discarded and the cells 

were re-suspended in complete medium. The re-suspended cells were placed in a 

flask containing complete medium and the flask was gently rocked to evenly 

distribute the cells. The flask was placed in the appropriate incubator at 37°C and 5% 

CO2. 

2.6 Growth Factor and Cytokine Quantification using the MesoScale Discovery 

Platform 

Secreted cytokine and growth factor levels were quantified using MesoScale 

Discovery (MSD, MD, USA) technology. MSD (MD, US) is an electro-chemiluminescent 

based immunoassay that uses 96-well carbon electrode plates pre-coated with 
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capture antibodies that can detect up 10 targets per well. MSD assays use 

electrochemiluminescent labels that are conjugated to detection antibodies. The 

analytes bound to the capture antibodies are detected using antibodies conjugated 

with an electro-chemilluminescent label. Electricity is applied to the plate electrodes 

by the MSD platform leading to light emission by SULFO-TAG labels. Light intensity is 

then measured to detect and quantify individual analytes in the sample. The 

electricity is decoupled from the light signal allowing only labels near the electrode 

surface to be detected. 

MSCs were cultured for short and long term periods in prostate cancer cell CM prior 

to use. Short-term experiments involved 48 hours of growth in complete medium 

followed by a 48 hour conditioning period in 22Rv1, DU145 and PC3 CM followed by 

48 hours in fresh complete medium. For long-term conditioning experiments MSCs 

were treated for 10, 20 and 30 days in PC3 CM. MSCs treated for 30 days in PC3 CM 

were then grown for 12 - 16 days in complete medium. To collect sample for the long-

term studies, the conditions were consistent prior to sample collection. Cells were 

seeded onto a petri dish containing 10ml complete medium at a concentration of 8.6 

x 104 cells per cm2. Supernatant was collected after 24 hours and centrifuged for 10 

minutes at 300 x g to remove any remaining cells. The supernatant was then frozen 

at -80°C until use. Each assay was carried out as per manufacturer’s guidelines (MSD, 

MD, USA). See table 2.1 for the lower limit of detection of the cytokine and growth 

factor analytes used during this study. 

 

Analyte IL-6 IL-8 OPN MCP-1 VEGF PLGF sFlt-1 FGF2 

Lower Limit 
of Detection 
(pg/ml) 

0.7 0.7 50 10 6.4 0.96 8.9 2.2 

Table 2.1. MesoScale Discovery System Lower Limits of Detection 
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2.6.1 Cytokine Detection 

The assay plates used for cytokine detection include a custom made kit to detect IL-

6 and IL-8, the Human Osteopontin Kit (OPN) and the Human MCP-1 Tissue Culture 

Kit (MCP-1). 

Standards were reconstituted in the assay diluent provided with the highest 

concentration at 10 ng/mL followed by 1:4 serial dilutions. Standards and samples 

were added at 25 μl per well. The plate was sealed and placed on an orbital shaker 

set at 700 rpm (orbit: 3 mm) and left for 2 hrs at room temperature. Detection 

antibody was added at 25 μl per well. The plate was sealed and incubated on the 

orbital shaker for 2 hrs at room temperature. After the incubation period the plate 

was washed 3 times using 200 μL D-PBS + 0.05% Tween 20. MSD Read Buffer was 

added at 150 μl per well and plates were read on the MSD Sector Imager 2400 plate 

reader (MSD, Maryland). The signal was measured by electro-chemiluminescence 

and analysed using the Discovery Workbench 3.0 software (MSD, MD, USA).  

2.6.2 Growth Factor Detection 

The Human Growth Factor Kit I (VEGF, placental growth factor, soluble Flt1 and FGF2) 

was used for growth factor detection using MSD technology. Standards were 

reconstituted in the assay diluent provided with the highest concentration at 9ng/ml 

followed by a 1:4 dilution series. The blocker provided was added to each well at 25μl 

per well and the plate was incubated at room temperature on the orbital shaker set 

at 700 rpm (orbit: 3 mm) for 2 hours. After the incubation period, the plate was 

washed 3 times using 200 μL D-PBS + 0.05% Tween 20. Standard and sample were 

added at 25μl per well. The plate was sealed and placed on an orbital shaker set at 

700 rpm (orbit: 3 mm) and left for 2 hours at room temperature. The plate was 

washed again 3 times using 200 μL D-PBS + 0.05% Tween 20.  Detection antibody was 

added at 25 μL per well. The plate was sealed and incubated on the orbital shaker for 

2 hours at room temperature. After the incubation period the plate was washed 3 

times using 200 μL D-PBS + 0.05% Tween 20. MSD Read Buffer was added at 150 μl 

per well and plates were read on the MSD Sector Imager 2400 plate reader (MSD, 
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MD, USA). The signal was measured by electro-chemilluminescence and analysed 

using the Discovery Workbench 3.0 software (MSD, MD, USA).  

2.7 Cytokine Screen using Proteome Profilers 

The Proteome Profiler Human XL Cytokine Array Kit was used to test for cytokine and 

chemokine secretion in supernatants from the prostate cancer cell lines PC3, DU145 

and 22Rv1 and from MSCs conditioned until day 20 or 30. A proteome profiler (R&D 

Systems, Minneapolis, USA) is a multiplex membrane-based sandwich immunoassay. 

Test cells were seeded onto a petri dish containing 10 mL complete medium at a 

concentration of 8.6 x 104 cells per cm2. Supernatant was collected after 24 hours and 

centrifuged for 10 minutes at 300 x g to remove any remaining cells. The supernatant 

was then frozen at -80°C until use. Each assay was carried out as per manufacturer’s 

guidelines (MSD, MD, USA).  

Proteome profiler membranes were placed in blocking buffer for 1 hour, after which 

1 ml of sample, diluted with 0.5 ml of blocking buffer, was added and membranes 

were incubated overnight at 2-8°C. The membranes were washed 3 times for 10 

minutes using 20 ml of wash buffer followed by a 1 hour incubation period in 30 μl of 

detection antibody cocktail on a rocking platform shaker at room temperature. The 

membranes were then washed 3 times for 10 minutes using 20 ml wash buffer and 

placed in 2 ml of Streptavadin-HRP for 1 hour on a rocking platform shaker at room 

temperature. The membranes were then washed 3 times for 10 minutes using 20 ml 

wash buffer. The membranes were scanned to visualise the bound protein by 

chemilluminescence detection using WesternSureTM ECL substrate (LI-COR 

Biotechnology, NE, USA) and the membranes were scanned on the LI-COR C-DiGit 

Blot Scanner (LI-COR Biotechnology, NE, USA). Histogram profiles were generated by 

quantifying the mean spot pixel densities from the array membrane using Image 

Studio software (Image Studio Lite Version 4.0, LI-COR Biotechnology, Cambridge, 

UK) and fold increase was calculated by comparing the conditioned MSCs to the 

untreated MSCs. 
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2.8 Protein Detection by Western Blotting 

MSCs that had been treated for 30 days with PC3 CM were tested for αSMA, vimentin 

and FSP1 expression. Mouse skin fibroblasts were treated with TGFβ (Peprotech, NJ, 

USA) for 5 days to induce a myofibroblast-like phenotype and were used as a positive 

control for αSMA and FSP1.  

2.8.1 Protein Collection and Measurement 

Petri dishes or flasks containing cells between 60-70% confluency were washed twice 

with D-PBS, cells were then lysed on ice for 15 minutes with an appropriate volume 

of RIPA buffer (Sigma, MO, USA) containing protease inhibitors (Fisher Scientific, 

ThermoFisher, MA, USA; cat no. 12831640). Samples were then centrifuged at 12,000 

x g for 15 minutes at 4°C. Supernatants were transferred to fresh tubes and stored at 

-80°C. Protein concentration was determined using the BCA assay (ThermoFisher, 

MA, USA). 

2.8.2 Western Blotting 

NuPAGE® Sample Reducing Agent with NuPAGE® LDS Sample Buffer (Life 

Technologies) was added to 10 μg protein sample at a ratio of 1:3 and made up to 

the necessary volume using distilled water. The samples were then boiled at 95°C for 

5 minutes. Equal concentrations of protein from each sample were placed in the 

appropriate well of 4-12% pre-cast NuPAGE® Bis-Tris gels (Life Technologies, 

ThermoFisher, MA, USA). NuPAGE® MES SDS Running Buffer (Life Technologies, 

ThermoFisher, MA, USA) was prepared at a 1:20 dilution with distilled water and used 

to run the gel at 120 V for approximately 60 minutes. Proteins were transferred to 

nitrocellulose membranes using the iBlot® dry blotting system (Life Technologies). 

Membranes were stained with Ponceau S (Sigma, MO, USA) stain to assess equal 

protein loading which was subsequently washed off using  tris buffered saline 

containing 0.01% tween, (TBS-T) (25 mM Tris; 3 mM potassium chloride (KCl); 68.5 

mM sodium chloride (NaCl) (pH8) (Sigma, MO, USA). Membranes were blocked in 5% 

milk (Sigma, MO, USA) in TBS-T for 1 hour at room temperature. Membranes were 

then incubated in primary antibody in 5% milk diluted in TBS-T, overnight at 4°C. See 
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Table 2.2 below for antibody dilutions and details. Membranes were then washed 3 

times for 5 minutes in TBS-T, followed by incubation with either IRDye 800CW goat 

anti-rabbit or IRDye 680LT goat anti-mouse secondary antibodies (LI-COR 

Biotechnology, Cambridge, UK) in 5% milk in TBS-T for 60 minutes at room 

temperature in the dark. See Table 2.3 below for secondary antibody details. The 

blots were then washed with TBS-T followed by one 5 minute wash with D-PBS. The 

blots were imaged using the ODYSSEY® CLx Imager (LI-COR Biotechnology, NE, USA). 

 

Antibody Application Dilution Company Product # 

Anti-αSMA, 
mouse,  
monoclonal 

WB/IF WB - 1:1000  
IF – 1:500 

Sigma, MO, 
USA 

A 2547 

Anti-Vimentin, 
rabbit, 
monoclonal 

WB/IF WB - 1:1000  
IF – 1:500 

Cell Signalling 
Technology, 
MA, USA 

5741 

Anti-FSP1, 
rabbit, 
polyclonal 

WB/IF WB - 1:1000  
IF – 1:200 

Merck 
Millipore, MA, 
USA 

ABF32 

Anti-FAP, 
mouse,  
monoclonal  

WB/IF WB - 1:1000  
IF – 1:300 

Merck, 
Millipore, MA, 
USA 

OP188 

Table 2.2 Primary Antibody Details 

 

Antibody Application Dilution Company Product # 

IRDye 680LT  
Anti-Mouse IgG  

WB 1:20000  
 

LI-COR 
Biotechnology, 
Cambridge, UK  

926-68020  
 

IRDye 800CW  
Anti-Rabbit IgG  

WB 1:15000  
 

LI-COR 
Biotechnology, 
Cambridge, UK 

926-32211  
 

AlexaFluor 488 
goat anti-mouse 
IgG  

IF 1:500  
 

Invitrogen, 
MA, USA  

A-11001  
 

Alexa Fluor® 594 
goat anti-rabbit 
IgG  
 

IF 1:500  
 

Invitrogen, 
MA, USA  
 

A11012  
 

Table 2.3 Secondary Antibody Details 
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2.9 Immunofluorescence Staining 

Immunofluorescence staining was used to test and visualise protein expression levels 

and localisation within MSCs that had been treated for 30 days with PC3 CM. The cells 

were tested for the presence of αSMA, vimentin, FSP1 and FAP. Mouse skin 

fibroblasts were treated with TGFβ (Peprotech, NJ, USA) for 5 days to induce a 

myofibroblast-like phenotype and were used as a positive control for αSMA, FAP and 

FSP1. 

Cells were seeded in 96-well cell+ plates (Sarstedt, Nümbrecht, Germany) at a 

concentration of 5 x 103 cells per well and cultured 37°C in 5% CO2 until 60-70% 

confluency was reached. The wells were washed in D-PBS, and fixed for 20 minutes 

in 10% formalin (ThermoFisher, MA, USA) at room temperature. The wells were 

washed 3 times for 5 minutes in D-PBS followed by permeabilisation in D-PBS-Triton 

X-100 (0.1%) on a shaker twice for 3 minutes. The cells were subsequently blocked 

for 30 minutes in 1% BSA in D-PBS at room temperature and incubated with the 

relevant primary antibody, diluted appropriately in 1% BSA in D-PBS, for 1 hour on an 

orbital shaker. Primary antibody was not added to wells that were designated 

‘secondary only controls’. See table 2.2 for antibody details. The wells were then 

washed 3 times for 5 minutes in D-PBS. The corresponding secondary antibody was 

prepared in D-PBS and the cells were incubated for 30 minutes in the dark on an 

orbital shaker at room temperature. See table 2.3 for antibody details. The wells were 

washed three times in D-PBS and the cells were then stained with DAPI (1 μg/mL) 

(Sigma, MO, USA) in D-PBS for 5 minutes at room temperature, which was 

subsequently washed off during three 5 minute washes. The plates were scanned and 

images taken using the Operetta HTS imaging system (PerkinElmer, OH, USA) at 20 

times magnification.  

2.10 Gene Expression Analysis using Real-time PCR 

2.10.1 RNA Extraction 

RNA was extracted using an RNeasy Mini Kit (Qiagen, Hilden, Germany) as per 

manufacturer’s guidelines. MSCs were harvested following 30 days of treatment with 
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PC3 CM and centrifuged for 5 minutes at 300 x g to form a pellet. The pellet was then 

resuspended in 350 μl of lysis buffer. An equal volume of 70% ethanol was added and 

the resulting 700 μl was added to an RNeasy spin column placed onto a 2 ml collection 

tube. The lid was closed and samples were centrifuged for 15 seconds at 8000 x g. 

The flow-through was discarded and 700 μl of the wash buffer RW1 was added. The 

samples were centrifuged for 15 seconds at 8000 x g. The flow-through was discarded 

and 500 μl of the wash buffer RPE was added and the samples were centrifuged for 

15 seconds at 8000 x g. The flow-through was discarded and the samples were 

washed again in 500 μl RPE solution for 2 minutes at 8000 x g. The spin columns were 

then placed in a new 2 ml collection tube and centrifuged for 1 minute at full speed 

to dry the membrane. The spin columns were subsequently placed in new 1.5 ml 

collection tubes and 20-30 μl RNase-free water was added. The samples were then 

centrifuged at 8000 x g for 1 minute. The samples were quantified using the 

NanoDrop 2000c spectrophotometer (Thermo Scientific, Delware). Good quality RNA 

was considered to have a 260/280 nm ratio of ~2.0. Samples were stored at -80°C. 

2.10.2 cDNA Synthesis 

cDNA was synthesised using the Tetro cDNA Synthesis Kit (Bioline, London, UK). To 

generate the cDNA synthesis mix, 1 μL oligo (dT)18 primers, 1 μL 10 mM dNTP mix, 4 

μL 5X RT buffer and 1 μL Tetro reverse transcriptase (200 u/μL) was made up and 

added to 1 μg of total RNA. The volume adjusted to 20 μL with DEPC-treated water 

in sterile 0.2 mL tubes (Eppendorf, Hamburg, Germany). Samples were then 

incubated at 45°C for 30 minutes and the reaction was then terminated by incubation 

at 85°C for 5 minutes using the Veriti Gradient Thermal Cycler (Applied Biosystems, 

ThermoFisher MA, USA). Samples were frozen until use at -80°C. 

2.10.3 Real-time PCR 

Predesigned KicqStart® SYBR Green Primers (Sigma, MO, USA) were reconstituted in 

molecular grade dH2O (Sigma, MO, USA) to a stock concentration of 100 μM and 

stored at -20 ˚C. Working stocks were made at a concentration of 10 μM and stored 

at -20 ̊ C. Primer sequences are detailed in table 2.4. A master mix was prepared using 

5 μL 2X SensiFAST SYBR Hi-ROX Mix, 0.4 μL of 10 μM forward primer, 0.4 μl of 10 μM 
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reverse primer and 2 μL template cDNA and the final volume was adjusted to 10 μl 

with nuclease-free water. Samples were added to a 96-well PCR micro-plate (Thermo 

Scientific ABgene) and each reaction was carried out in triplicate. The cycle conditions 

for real-time PCR were as follows:  95°C for 2 minutes followed by 40 cycles of 95°C 

for 5 seconds and 60°C for 20 seconds. The StepOne Plus Real Time PCR System 

(Applied Biosystems) was used for each run. The house-keeping gene 36b4 was used 

to analyse the relative expression of the genes of interest. Relative gene expression 

data was analysed using the ∆∆CT method. 

 

Gene Name Forward Sequence  Reverse Sequence 

IL6 GCAGAAAAAGGCAAAGAATC CTACATTTGCCGAAGAGC  

IL8 GTTTTTGAAGAGGGCTGAG 
(batch # HA06611482) 

TTTGCTTGAAGTTTCACTGG 
(batch # HA06611483) 

SPP1 GACCAAGGAAAACTCACTAC 

(batch # HA06611494) 

CTGTTTAACTGGTATGGCAC 
(batch # HA06611495) 

Vimentin GGAAACTAATCTGGATTCACTC 
(batch #  HA06611476) 

CATCTCTAGTTTCAACCGTC 
(batch #  HA06611477) 

FAP GAAGAGGAAATGCTTGCTAC 
(batch # HA07359817) 

CTAGGATATTGTTCATCGCC 
(batch # HA07359818) 

TNC GAATCTTTGCAGAGAAAGGG 
(batch # HA06611468) 

AAGTCTCTTGGAGAATCGAG 
(batch # HA06611469) 

MMP9 AAGGATGGGAAGTACTGG  GCCCAGAGAAGAAGAAAAG   

COL1A1 GCTATGATGAGAAATCAACCG 
(batch # HA06563647) 

TCATCTCCATTCTTTCCAGG 
(batch # HA06563648) 

COL5A1 TTGACGAGAACTACTACGAC 
(batch # HA06611462) 

ATCCCTTCATAGATGGTATCC 
(batch # HA06611462) 

RUNX2 AAGCTTGATGACTCTAAACC 
(batch # HA07359815) 

TCTGTAATCTGACTCTGTCC 
(batch # HA07359816) 

PPARγ AAAGAAGCCAACACTAAACC 
(batch # HA07359821) 

TGGTCATTTCGTTAAAGGC 
(batch # HA07359822 

Table 2.4. Primer Sequences 
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2.11 Flow Cytometry  

Flow cytometry was used to analyse MSCs treated with PC3 CM for 30 days based on 

the expression of MSC cell surface markers CD90, CD105 and CD73 using the BD 

Stemflow Human MSC Analysis Kit. Cells were harvested and resuspended in D-PBS 

with 1% FBS. The cell solution was filtered through a 30 μm nylon mesh (Fisher 

Scientific, ThermoFisher, MA, USA) to ensure a single cell suspension. The cells were 

counted and diluted to a concentration of 5 x 106 cells/ml. The following antibodies 

were added to separate tubes: FITC Mouse Anti-Human CD90 (5µl), PerCP-Cy™5.5 

Mouse Anti-Human CD105 (5µl), APC Mouse Anti-Human CD73 (5µl), human MSC 

Positive Cocktail (20µl) and human MSC Positive Isotype Control Cocktail (20µl). 

Sample was then added at 100ul per tube and left to incubate in the dark for 30 

minutes. The tubes were washed twice using D-PBS with 1% FBS to remove the 

antibody. FITC Mouse Anti-Human CD90, PerCP-Cy™5.5 Mouse Anti-Human CD105 

and APC Mouse Anti-Human CD73 were used as compensation controls and a no stain 

control was used without antibody. Samples were analysed using the BD FACS Canto 

II, with at least 10,000 events collected per sample. Gates were defined as positive or 

negative according to the fluorescence intensity of the isotype control. Collected data 

was analysed with FlowJo v10.0.6 (FlowJo, OR, USA) software. 

2.12 Cell Migration 

2.12.1 xCELLigence Method 

Migration was assessed using the xCELLigence method to test the functional 

differences between untreated MSCs and MSCs treated with PC3, DU145 and PC3 CM 

for 10, 20 and 30 days. The xCELLigence system (xCELLigence RTCA DP Instrument) 

measures cell migration in real-time. The instrument analyses a CIM-plate16 which is 

comprised of 16 wells each containing a modified Boyden chamber using the 

xCELLigence analyser platform (ACEA Biosciences, San Diego). The plate consists of 

two separable sections whereby cells seeded in the upper chamber migrate through 

the microporous membrane toward the lower chamber that contains a 

chemoattractant, in this case 10% FBS. The plates can be used to measure cell 

migration or invasion through 8 μm pores of a polyethylene terephthalate membrane 
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onto gold electrodes on the underside of the membrane. Cells adherent to the 

microelectrode sensors are measured by increase in impedance. 

Complete medium containing 10% FBS (stimulus) or serum free medium (SFM) 

(negative control) was added to each well in the lower chamber of a CIM-plate 16 at 

a volume of 160 μl. The upper chamber was connected and 30 μL of SFM was added 

to each well. The plate was allowed to equilibrate at 37°C for 1 hour. A background 

measurement was taken using the RTCA DP Instrument. Cells were harvested and 

washed in SFM. The cells were then resuspended to a concentration of 2 x 105 

cells/ml in SFM and 100 μL was added per well in triplicate. The plate was incubated 

for 30 minutes at room temperature to allow the cell attachment, after which the 

plate was placed in the RTCA analyser at 37°C in 5% CO2. Cell impedance was 

measured every 15 minutes over 24 hours.    

2.12.2 Co-culture using the Transwell Migration Method 

Untreated MSCs and MSCs that had been treated for 30 days with PC3 CM were 

seeded in triplicate in a 24-well cell+ plate (Sarstedt, Nümbrecht, Germany) at a 

concentration of 5 x 104 cells per well and allowed form a monolayer. The medium 

was then removed and replaced with 500 μl SFM, empty wells were filled with 500 μl 

of either SFM or medium containing 10% FBS (negative and positive controls, 

respectively). Inserts (8.0 μm pore size, 24-well format; BD Biosciences, Belgium) 

were placed in each well and PC3, DU145 and 22Rv1 cells were harvested and 

brought to a concentration of 1 x 106 cells/ml, 100 μl of which was added to each 

insert. Based on previous optimisation studies PC3 cells were allowed to migrate for 

30 hours, DU145 for 24 hours and 22Rv1 for 48 hours at 37°C in 5% CO2. The inserts 

were then removed and washed in D-PBS. The inside of the insert was swabbed with 

a cotton bud dipped in D-PBS, and the outer membrane was stained with 0.25% 

crystal violet for 10 minutes. The inserts were then washed with D-PBS and allowed 

to air dry. Images were recorded using an Olympus CKX41 inverted microscope 

(Olympus, Germany) with attached camera and cells were counted using Image J 

software (ImageJ 1.48v). 
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2.13 Invasion Assays 

All invasion assays were carried out using the xCELLigence System as described in 

section 2.12.1 with the exception that the upper chambers were coated with 

matrigelTM (BD Biosciences, Belgium) at 1 mg/mL diluted in SFM. Matrigel was added 

to each upper chamber at 50 μl, 30 μl of which was immediately removed to ensure 

an even coating of matrigel in the wells. The upper chamber was then placed at 37°C 

for 4 hours to allow for polymerisation of the matrigel. Invasion assays were 

incubated for 48 hours.  

2.14 Proliferation Assays 

2.14.1 Monoculture Proliferation Assay 

Changes in cell proliferation between untreated MSCs and MSCs treated for 10, 20 

and 30 days in PC3 cell CM were tested using the alamar blue assay. Cells were 

harvested as described in section 2.3. The cells were seeded at a concentration of 1 

x 103 cells per well of a 96-well cell+ plate (Sarstedt, Nümbrecht, Germany) with one 

plate allocated per time-point. After 24 hours media was aspirated from each well of 

a 96-well plate. Fresh complete medium was added to each well at volume of 200 μl 

followed by the addition of 560 μM resazurin/alamar Blue (Sigma, MO, USA). The 

plate was left to incubate for 6 hours at 37°C after which they the fluorescence was 

read at 560 nm using the Wallac Victor 3 1420 Multilabel counter (PerkinElmer, OH, 

USA). The first reading is referred to as ‘day 0’ and the assay is then repeated every 

48 hours until day 8.  

2.14.2 Proliferation of PC3 Cells in Untreated and PC3 Educated MSC derived 

Conditioned Media 

Conditioned media was collected from untreated MSCs and PC3 educated MSCs that 

had been treated for 30 days in PC3 cell CM. The conditions were consistent prior to 

sample collection. Cells were seeded onto a petri dish containing 10 ml complete 

medium at a concentration of 8.6 x 104 cells per cm2. Supernatant was collected after 

24 hours and centrifuged for 10 minutes at 300 x g to remove any remaining cells. 

The supernatant was then frozen at -80°C until use.  
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PC3 cells were harvested as described in section 2.3 and seeded at a concentration 

of 7 x 103 cells per well of a 24-well cell+ plate (Sarstedt, Nümbrecht, Germany) with 

one plate allocated per time-point. The wells were then filled with 200 μl of untreated 

MSC CM or PC3 educated MSC CM at a 1:1 ratio with complete medium. After 24 

hours the alamar Blue assay was performed as described in the previous section. The 

first reading is referred to as ‘day 0’ and the assay is then repeated every 48 hours 

until day 6.  

2.14.3 Co-culture Proliferation Assays 

Untreated MSCs and MSCs that had been treated for 30 days in PC3 CM were 

harvested as described in section 2.3 and seeded into inserts with a 0.4 μm pore size 

(24-well format; BD Biosciences, Belgium) in complete medium at a concentration of 

2 x 103 cells/cm2. The inserts were placed in 24-well plates with each well containing 

400 μl complete medium and the cells were left to grow for 2 - 3 days. 

PC3 cells were harvested as described in section 2.3 and seeded at a concentration 

of 7 x 103 cells per well of a 24-well cell+ plate in complete medum (Sarstedt, 

Nümbrecht, Germany), with one plate allocated per time-point. After 24 hours the 

alamar Blue assay was performed as described in the section 2.14.1. After the first 

reading (day 0), the MSC containing inserts were placed in each well with the 

exception of the control wells with PC3 cells alone. The alamar blue assay was 

repeated every 24 hours until day 3. 

2.15 Cell Morphology and Size 

Images were taken of untreated MSCs and MSCs treated for 30 days in PC3 CM using 

an Olympus CKX41 inverted microscope (Olympus, Germany). The cells were 

harvested as described in section 2.3 and an aliquot of cells was mixed at a 1:1 ratio 

with trypan blue (Sigma, MO, USA). Images were taken using an Olympus CKX41 

inverted microscope (Olympus, Germany) and the diameter of the cells was 

measured using cellSens Entry version 1.5 (Olympus, Germany). 
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2.16 Adipogenesis 

2.16.1 Adipogenic Differentiation 

Untreated MSCs and MSCs treated with PC3 CM for 30 days were tested for their 

adipogenic differentiation capacity. Cells were harvested as described in section 2.3 

and seeded at a density of 2.0 x 104 cells/cm2 in each well of a 24-well cell+ plate 

(Sarstedt, Nümbrecht, Germany). The cells were incubated at 37°C with 5% CO2 until 

they formed a monolayer, approximately 2 – 3 days. Once confluent, 1 ml of 

adipogenic induction medium was added to each test well and complete medium was 

added to control wells. See table 2.5 for adipogenic induction medium components 

and concentrations. The plate was incubated at 37°C with 5% CO2
 for 3 days after 

which medium was removed from all wells and 1 ml adipogenic maintenance medium 

was added to each test well for 1 day. See table 2.5 for adipogenic maintenance 

medium components and concentrations. These two steps were repeated until 3 

cycles in adipogenic induction medium and maintenance medium were completed 

and maintenance medium was finally left on the cells for a further 5-7 days.  

2.16.2 Analysis and Measurement of Adipogenesis 

Following completion of the differentiation induction period the cells were analysed 

for adipogenesis. This was achieved using the Oil Red O stain (Sigma, MO, USA) to 

visualise cellular lipid droplets and real-time PCR to analyse the expression of PPARγ 

(see section 2.10). Primer sequences are described in table 2.4. 

A working solution of Oil Red O was made up by diluting 6 parts of Oil Red O stock 

solution with 4 parts distilled water which was left to stand for 10 minutes. The 

solution was filtered using Whatman no.1 filter paper (Whatman, Maidstone, UK). 

Medium was removed from the wells followed by 2 washes with D-PBS. The cells 

were then fixed with 10% Neutral Buffered Formalin (ThermoFisher, MA, USA) for 10 

minutes to an hour at room temperature, after which the plate was washed with 

distilled water. The wells were then covered with the working solution of Oil Red O 

and left for 5 minutes at room temperature. The stain was removed and excess stain 

was cleared using 2 ml per well 60% isopropanol. The plate was then washed using 
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distilled water until the water was clear. A working solution of Haematoxylin (Sigma, 

MO, USA) was made using a 1 in 10 dilution with distilled water and added to each 

well for 1 min. Excess stain was removed with warm tap water and images were 

obtained using an Olympus CKX41 inverted microscope (Olympus, Germany).  

Once the images were taken the water was removed and the Oil Red O was extracted 

using 350 μl 99% isopropanol which was then placed in separate 1.5 ml tubes 

(Eppendorf, Hamburg, Germany). The tubes were centrifuged at 500 x g for 2 minutes 

to remove any debris. The extracted stain was added to a 96-well plate (Sarstedt, 

Nümbrecht, Germany) in triplicate at 100 μl per well and the absorbance was read 

using the dual-beam Cytofluor 4000 fluorimeter at 520 nm. 

 

Reagent Final Concentration 

DMEM (Dulbecco’s 

Modified Eagle Medium), 

high-glucose (HG) 

 

Dexamethasone 1mM 1µM 

Insulin 1mg/ml 10µg/ml 

Indomethacin 100mM 200µM 

500mM MIX 500µM 

Penecillin/Streptomycin 100U/mL penicillin 

100g/mL streptomycin 

FBS 10% 

Table 2.5. Adipogenic induction medium components and concentrations. 
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Reagent Final Concentration 

DMEM (HG)  

Insulin 1mg/ml 10µg/ml 

Penecillin/Streptomycin 100U/mL penicillin 

100g/mL streptomycin 

FBS 10% 

Table 2.6. Adipogenic maintenance medium components and concentrations. 

 

2.17 Osteogenesis 

2.17.1 Osteogenic Differentiation 

Untreated MSCs and MSCs treated with PC3 CM for 30 days were tested for their 

osteogenic differentiation capacity. Cells were harvested as described in section 2.3 

and seeded at a density of 2.0 x 104 cells/cm2 in each well of a 24-well cell+ plate 

(Sarstedt, Nümbrecht, Germany). The cells were incubated at 37°C with 5% CO2 until 

they formed a monolayer, approximately 2 – 3 days. Once confluent, 1 ml of 

osteogenic induction medium was added to each test well and complete medium was 

added to control wells. See table 2.7 for osteogenic induction medium components 

and concentrations. The plate was incubated at 37°C with 5% CO2
 and the medium 

was changed twice a week for 15 – 17 days.  

Following completion of the differentiation induction period the cells were analysed 

for osteogenesis. The level of osteogenic differentiation is assessed by measuring 

calcium using the StanBio Calcium Liquicolor Test (Stanbio, TX, USA) and staining 

deposited calcium with Alizarin Red (Sigma, MO, USA). Real-time PCR was performed 

to analyse the expression of RUNX2 (see section 2.10). Primer sequences are 

described in table 2.4. 

2.17.2 Alizarin Red 

Cells were washed twice in D-PBS and fixed in 90% Methanol (Sigma, MO, USA) for 

10 minutes. The cells were washed and 2% Alizarin Red Solution (diluted using 

distilled water and brought to a pH of 4.1-4.3) for 5 minutes. The wells were then 
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washed in distilled H2O and left to dry until microscopy upon which water was added. 

Images were obtained using an Olympus CKX41 inverted microscope (Olympus, 

Germany).  

2.17.3 Calcium Assay 

The medium was removed and wells were washed twice with D-PBS, followed by the 

addition of 200 μl of 0.5 M HCl. The cells were scraped out of each well and placed 

into individual 1.5 ml tubes (Eppendor, Hamburg, Germany). The tubes were left to 

shake overnight at 4°C. The samples were then centrifuged at 500 x g for 2 minutes 

to remove any cell debris and the Stanbio Kit (Stanbio, TX, USA) was used to measure 

the calcium in each sample following the manufacturer’s guidelines.  

The standard was made up in triplicate to a 96-well cell+ plate (Sarstedt, Nümbrecht, 

Germany) in volumes presented in table 2.8, with 10 μl of 0.5 M HCl. The sample was 

then added in triplicate in 10 μl volumes. A 1:1 solution of binding reagent and 

working dye (StanBio Calcium Liquicolor Test) was prepared and 200 μl was added to 

each of the wells. The absorbance was read using the dual-beam Cytofluor 4000 

fluorimeter at 595 nm. 

 

Reagent Final Concentration 

DMEM (LG)  

Dexamethasone 1mM 100nM 

Ascorbic acid 2-P 10mM 100µM 

β glycerophosphate 1M 10mM 

FBS** 10% 

Penecillin/Streptomycin 100U/mL penicillin 

100g/mL streptomycin 

Table 2.7. Osteogenic induction medium components and concentrations. 
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Table 2.8. Stanbio Kit Calcium Standard Dilutions. 

 

2.18 Cytoxicity Assays 

2.18.1 Cytoxicity Assays in Monoculture 

Cells were harvested as described in section 2.3. The cells were resuspended in fresh 

complete medium at 3 x 104 cells/ml (MSCs) or 5 x 104 cells/ml (PC3 cells) and 100 μl 

of cell suspension was seeded into each well of a cell+ 96-well plate and cultured 

overnight in 5% CO2 at 37°C. A range of concentrations of docetaxel (Sigma, MO, USA) 

originally diluted in DMSO and further diluted in complete medium, was prepared. 

The MSCs were treated with a range of 0 – 800 μM of docetaxel and PC3 cells were 

treated with a range of 0 – 10 μM of docetaxel and 0 – 100 μM of Paclitaxel. The 

medium in the wells was replaced with the drug dilutions and controls of DMSO only, 

and incubated at 37 °C in 5% CO2 for a further 72 hours. Following this, the media 

was replaced with 200 μL fresh complete medium with an added 40 μL of 560 μM 

resazurin. The cells were incubated for 6 hours at 37°C. Plates were read using the 

dual-beam Cytofluor 4000 fluorimeter (Applied Biosystems, ThermoFisher, MA, USA) 

at excitation 530/25 and emission 620/40. A percentage (%) survival curve was 

calculated based on the generated values and the IC50 was determined using the 

Concentraion (μg/well) Volume per well 

0 0 

0.05 0.5μl 

0.1 1 μl 

0.2 2 μl 

0.4 4 μl 

0.6 6 μl 

0.8 8 μl 

1 10μl 
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untreated cultures as reference comparison for uninhibited (100%) growth. The IC50 

value was used for further experiments on MSC and PC3 cell cytoxicity. 

2.18.2 Cytoxicity Assays in Co-culture 

Untreated MSCs and MSCs treated for 30 days in PC3 CM were harvested as 

described in section 2.3. The MSCs were resuspended in fresh complete medium and 

seeded into the 0.4 μm microporous upper chamber wells of a HTS Transwell 96-well 

Permeable Plate (Corning) at a concentration of 2 x 104 cells/cm2. The cells were 

allowed to form a monolayer. In the meantime, in a separate plate, PC3 cells were 

harvested and resuspended at 5 x 104 cells/ml and 100 μl was added to wells of the 

bottom chamber. The PC3 cells were left for 24 hours to allow the cells to attach. 

Following this, the concentration determined to be the IC50 in previous experiments 

using docetaxel and paclitaxel was made up in complete medium and 100 μl was 

added to the appropriate wells of the bottom chamber. The upper chamber 

containing the MSC monolayers placed over the wells containing the PC3 cells and 

the plate was incubated for 72 hours at 37°C with 5% CO2. The alamar blue assay was 

carried out as described in the previous section.  

2.19 Statistical Analysis 

Statistical analyses were performed with GraphPad Prism software 6.0 (GraphPad 

Software, La Jolla, CA, USA). Error bars represent the standard deviation (SD) on most 

graphs and were calculated using GraphPad Prism. In graphs representing real-time 

PCR, the error bars represent upper and lower limits.  Specific statistical tests used 

were paired and unpaired student’s t tests or two-way ANOVAs, and all p values < 

0.05 were considered statistically significant.  
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3.1 Introduction 

The tumour microenvironment is a chronic site of inflammation (Dvorak, 1986). 

Tumour cells release pro-inflammatory cytokines and chemokines that attract innate 

immune cells to the tumour which in turn release factors that activate the immune 

system. This cytokine rich milieu stimulates growth of the tumour and its invasive 

capacity (Hanahan and Coussens, 2012). MSCs have been found to migrate towards 

inflammatory sites and in normal tissue have a reparative function (Ortiz et al., 2003, 

Sato et al., 2005, Wu et al., 2003). Recent studies have shown a role for MSCs in 

tumour promotion and although the mechanisms are not yet clear, they have been 

found to release and respond to cytokines at the tumour site (Li et al., 2015, Dwyer 

et al., 2007, Menon et al., 2007).  Additionally, tumour growth relies on new blood 

capillary formation and MSCs have been suggested to contribute to 

neovascularisation through the secretion of growth factors including VEGF (Suzuki et 

al., 2011, Kinnaird et al., 2004). 

The first part of this study aims to investigate the secretory profile of MSCs that have 

been exposed to prostate cancer cell CM for up to 30 days and to assess whether 

changes in the secretion profile occur and if they are sustained after the exposure 

period. Particular focus was given to the secretion of cytokines, chemokines and 

growth factors. MSCs were initially grown for a 48 hour period in prostate cancer cell 

CM, however it was thought that given the plasticity of MSCs, a longer conditioning 

period may evoke cell differentiation or a permanently altered state of activation. 

The cells were thus grown for 20 and 30 day periods in 22Rv1, DU145 and PC3 CM to 

allow time for cell differentiation to occur. MSCs grown in each different prostate 

cancer cell CM varied in their cytokine and chemokine secretory profile in comparison 

to the untreated MSCs, particularly DU145 and PC3 conditioned MSCs which showed 

the greatest similarities. MSCs exposed to PC3 cell CM had the most diverse secretory 

profile and these cells were chosen for further validation studies.   

It cannot be concluded from the data that the cells are differentiating however, they 

did show a sustained response in cytokine and growth factor production after the 

conditioning period and were therefore termed ‘educated’ for the purpose of the 
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study. With this in mind, we considered it important to molecularly and functionally 

characterise the educated MSCs before addressing their effect on tumour cell 

function.  

The second part of the study focuses on whether the educated MSCs display 

alterations in the molecular characteristics classically associated with MSCs, and thus 

were analysed for the presence of MSC cell surface markers CD105, CD90 and CD73. 

Also, MSCs are considered as a possible origin of cancer associated fibroblasts (CAFs) 

and in previous research it has been found that long-term conditioning of MSCs in 

breast and ovarian cancer cell CM resulted in the formation of CAFs (Mishra et al., 

2008, Spaeth et al., 2009). It was therefore relevant to this study to determine 

whether PC3 educated MSCs could be characterised as CAFs and so they were 

analysed for the presence of the CAF markers - αSMA, FSP1, FAP and vimentin.  

The MSCs used for this study were derived from the bone marrow of healthy male 

donors at at ages 38 (donor 1), 25 (donor 2), 20 (donor 3) and 26 (donor 4) as 

described in section 2.1. The age of the MSC donors does not represent the age 

cohort of prostate cancer patients; however MSCs derived from younger healthy 

donors are useful for preliminary proof-of-concept studies. The MSCS were isolated 

at passage 0 or 1 and used experimentally up to passage 7. PC3 and DU145 cells are 

human male cells originally derived from the bone and brain metastatic site, 

respectively. The human prostate cancer cell line, 22Rv1, was originally derived from 

a castrate resistant mouse xenograft model of parental CWR22 (section 2.2). The 

subsequent cell line 22Rv1 is androgen independent through a mutation in the 

androgen receptor and is non-metastatic. MSCs and cancer cells were grown in the 

same MSC complete growth medium throughout the duration of the study. 

3.2 Results 

3.2.1 Short-term Conditioning of MSCs with Prostate Cancer Conditioned Medium 

Increases Growth Factor Secretion 

MSCs have been shown to secrete pro-angiogenic growth factors that could enhance 

neovascularisation at the tumour site (Suzuki et al., 2011, Kinnaird et al., 2004). We 
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therefore considered an increase in the secretion of growth factors in MSCs in 

response to factors released by prostate cancer cells. The impact of conditioning 

MSCs for 48 hours was initially investigated. Following the 48 hour treatment, the 

MSCs were grown for a further 48 hours in fresh complete medium in order to detect 

factors secreted by the treated MSCs alone (described in section 2.4). The samples 

were analysed for the secretion of VEGF, placental growth factor (PlGF), soluble fms-

like tyrosine kinase-1 (sFlt-1) and FGF2 using the MesoScale Discovery system as 

described in section 2.6.2. The experiment was repeated using two human male MSC 

donors. The lower limit of detection of each analyte is described in table 2.1. 

MSCs derived from donor 1 and 4 showed an increase in the secretion of VEGF 

following 48 hours of treatment in PC3 and DU145 CM, while MSCs derived from 

donor 4 but not donor 1 showed an increase in VEGF secretion following 48 hours of 

treatment in 22Rv1 CM (figure 3.1 A+B). Overall, pooling data from both donors, the 

difference was statistically significant in MSCs treated with PC3 CM (paired student’s 

t-test; two-tailed; p<0.01; n=2 biological replicates) and DU145 CM (paired student’s 

t-test; two-tailed; p<0.05; n=2 biological replicates) but not 22Rv1 CM (paired 

student’s t-test; two-tailed; n=2 biological replicates). 

MSCs derived from donor 1 and 4 showed an increase in the secretion of PlGF 

following 48 hours of treatment in PC3, DU145 and 22Rv1 CM (figure 3.1 C+D). 

Overall, pooling data from both donors, the difference was statistically significant in 

MSCs treated with PC3 CM (paired student’s t-test; two-tailed; p<0.01; n=2 biological 

replicates) and DU145 CM (paired student’s t-test; two-tailed; p<0.001; n=2 biological 

replicates) but not 22Rv1 CM (paired student’s t-test; two-tailed; n=2 biological 

replicates). 

In a similar trend to the VEGF secretion (figure 3.1 A+B), MSCs derived from donor 1 

and 4 showed an increase in the secretion of sFlt-1 following 48 hours of treatment 

in PC3 and DU145 CM, while MSCs derived from donor 4 but not donor 1 showed an 

increase in sFlt-1 secretion following 48 hours of treatment in 22Rv1 CM (figure 3.1 

E+F). However, the overall difference was not statistically significant in MSCs treated 
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with PC3, DU145 or 22Rv1 CM (paired student’s t-test; two-tailed; n=2 biological 

replicates). 

The cells were tested for the secretion of FGF2 however, the levels were below the 

limits of detection and the data is therefore not shown.  
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Figure 3.1. Secretion of Growth Factors from MSCs exposed for 48 hours to Prostate Cancer 
Cell CM. The MesoScale Discovery system was used to quantitatively detect growth factor 
secretion in MSCs treated for 48 hours with PC3, DU145 and 22Rv1 CM. MSCs derived from 
donor 1 and 4 showed an increase in VEGF (A+B) and sFlt-1 (E+F) secretion following 
treatment in PC3 and DU145 CM, while MSCs from donor 4 but not donor 1 showed an 
increase in VEGF (A+B) and sFlt-1 (E+F) secretion following treatment in 22Rv1 CM. MSCs 
derived from donor 1 and 4 showed an increase in PlGF secretion (C+D) following treatment 
with PC3, DU145 and 22Rv1 CM. Overall, pooling data from both donors, the difference in 
VEGF secretion was statistically significant in MSCs treated with PC3 CM (paired student’s t-
test; two-tailed; p<0.01; n=2 biological replicates) and DU145 CM (paired student’s t-test; 
two-tailed; p<0.05; n=2 biological replicates) but not 22Rv1 CM (paired student’s t-test; two-
tailed; n=2 biological replicates). The difference in PlGF secretion was statistically significant 
in MSCs treated with PC3 CM (paired student’s t-test; two-tailed; p<0.01; n=2 biological 
replicates) and DU145 CM (paired student’s t-test; two-tailed; p<0.001; n=2 biological 
replicates) but not 22Rv1 CM (paired student’s t-test; two-tailed; n=2 biological replicates). 
The difference in sFlt-1 secretion was not statistically significant in MSCs treated with PC3, 
DU145 or 22Rv1 CM (paired student’s t-test; two-tailed; n=2 biological replicates). Data 
represents the mean of technical replicates ± SD. 
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3.2.2 Secretory Profile of Long-term Conditioned MSCs 

This study aims to investigate the impact on MSCs following long-term exposure to 

the secretome derived from prostate cancer cells. To this end we examined the 

molecular changes that occur in MSCs that were educated in PC3, DU145 and 22Rv1 

CM for 20 days. The cells were then harvested, re-seeded and grown for a further 24 

hours in fresh complete medium to ensure assessment of the MSC secretion profile 

alone. The cytokine and chemokine screen was performed using proteome profilers 

as described in section 2.7.  

Untreated MSCs and 22Rv1 educated MSCs share a similar secretory profile however, 

densitometry analysis shows 22Rv1 educated MSCs have decreased production of 

plasminogen activator inhibitor-1 (PAI-1) in comparison to DU145 educated, PC3 

educated and untreated MSCs (figure 3.2 A+B). DU145 and PC3 educated MSCs were 

found to be more active in pro-inflammatory cytokine production (figure 3.2 A). 

DU145 and PC3 educated MSCs showed similar levels of OPN, YKL-40 (also known as 

chitinase-3-like protein 1), FGF-19 and IL-17A secretion (figure 3.2 A+B). Nonetheless, 

PC3 educated MSCs had the greatest response to the 20 day treatment in relation to 

cytokine production and secreted elevated IL-6, IL-8, endoglin (CD105), MCP-1, IL-11 

and macrophage migration inhibitory factor (MIF) in comparison to 22Rv1 educated, 

DU145 educated and untreated MSCs (figure 3.2 A+B).  
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Figure 3.2. Cytokine and Chemokine Secretory Profile of 22Rv1, DU145 and PC3 Educated 
MSCs. Proteome profilers were used to screen untreated MSCs and educated MSCs for 
cytokine and chemokine secretion. Untreated MSCs and 22Rv1 educated MSCs showed a 
similar secretory profile following 20 days of treatment, while DU145 and PC3 educated MSCs 
showed the most activity in cytokine and chemokine production (A). Densitometry analysis 
revealed that 22Rv1 educated MSCs secreted decreased PAI-1 in comparison to DU145 
educated, PC3 educated and untreated MSCs (B). Both DU145 and PC3 educated MSCs 
showed an increase in the production of OPN, YKL-40 (also known as chitinase-3-like protein 
1), FGF-19 and IL-17A in comparison to untreated MSCs (A+B). PC3 educated MSCs secreted 
elevated IL-6, IL-8, endoglin (CD105), MCP-1, IL-11 and MIF following 20 days of treatment in 
comparison to untreated MSCs (A+B).  
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3.2.2.1 Secretory Profile of PC3 educated MSCs following 30 days of Conditioning 

MSCs were found to be the most responsive, in terms of cytokine and chemokine 

production, to PC3 CM in comparison to 22Rv1 CM and DU145 CM following 20 days 

of conditioning (section 3.2.2). We then treated the PC3 educated MSCs for a further 

10 days with PC3 CM to evaluate whether a longer treatment period could induce a 

more enhanced response. MSCs were treated for 30 days with PC3 CM, the cells were 

then harvested, re-seeded and grown for a further 24 hours in fresh complete 

medium to ensure assessment of the MSC secretion profile alone. The cytokine and 

chemokine screen was performed using proteome profilers as described in section 

2.7. Similar to the 20 day treatment, MSCs treated for 30 days in PC3 CM showed an 

increase in the secretion of OPN, IL-6, IL-8, endoglin (CD105), MCP-1 and MIF with 

additional detection of insulin-like growth factor binding protein-2 (IGFBP-2), 

Dickkopf WNT signalling pathway inhibitor 1 (DKK-1), VEGF and extracellular matrix 

metalloproteinase inducer (EMMPRIN) in comparison to untreated MSCs (figure 3.3 

A+B). 
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Figure 3.3. Cytokine and Chemokine Secretory Profile of PC3 Educated MSCs Following 30 
days of conditioning. As with the MSCs that were treated for 20 days in PC3 CM, MSCs 
treated for 30 days in PC3 CM showed an increase in the secretion of OPN,  IL-6, IL-8, endoglin 
(CD105), MCP-1 and MIF with additional detection of IGFBP-2, DKK-1, VEGF and EMMPRIN 
following 30 days of treatment (A+B).  

 

3.2.3 Cytokine and Chemokine Screen of Prostate Cancer Cell Conditioned Medium 

The CM isolated from 22Rv1, DU145 and PC3 cells (as described in section 2.4) was 

screened for the presence of cytokines and chemokines using proteome profilers (as 

described in section 2.7). Insight into the secretion profile of the cell lines used in this 

study will aid in deciphering what active factors released by the cancer cells 

contribute to molecular and functional changes in the educated MSCs. PC3 CM 

contains the highest level of secretion factors including PAI-1, Gro-α, ENA-78 (also 

known as CXCL5), Lipocalin-2, IL-8, Angiogenin, MIF, FGF-9, Thrombospondin-1 (TSP-
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1), DKK-1, growth differentiation factor-15 (GDF-15), IL-17A, granulocyte 

macrophage colony stimulating factor (GM-CSF) and EMMPRIN (figure 3.4). DU145 

cells share a similar secretion profile with PC3 cells in the production of Gro-α, ENA-

78, IL-8, Angiogenin, DKK-1, IL-17A, GM-CSF and EMMPRIN. However, DU145 CM was 

the only supernatant to contain detectable levels of urokinase receptor (uPAR) and 

VEGF (figure 3.4). Although 22Rv1 cells were found to secrete the highest level of 

angiogenin they showed the lowest level of cytokine and chemokine production with 

the only other detectable protein being MIF (figure 3.4).  

 

 

Figure 3.4. Cytokine and Chemokine Profile of Prostate Cancer Cell CM. The secretion profile 
of the prostate cancer cell CM used in this study was assessed using proteome profilers. PC3 
cells showed the highest level of cytokine and chemokine production with the release of PAI-
1, Gro-α, ENA-78, Lipocalin-2, IL-8, Angiogenin, MIF, FGF-9, Thrombospondin-1 (TSP-1), DKK-
1, GDF-15, Il17-A, GM-CSF and EMMPRIN. DU145 CM shares a similar profile in the 
production of Gro-α, ENA-78, IL-8, Angiogenin, DKK-1, IL-17A, GM-CSF and EMMPRIN with 
the addition of uPAR and VEGF. 22Rv1 cells were found to secrete the lowest level cytokine 
and chemokines yet produced MIF and the highest level of Angiogenin.  
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3.2.4 Quantitative Validation of Cytokine Secretion from PC3 Educated MSCs 

Selected cytokines shown to be secreted by PC3 educated MSCs in section 3.2.2 were 

quantitatively analysed using the MesoScale Discovery system for protein 

quantification (described in section 2.6.1) and real-time PCR for mRNA quantification 

(as described in section 2.10). Due to the reduced quality in mRNA from one of three 

donor MSCs at the time of analysis, mRNA from only two MSC donors was used during 

this study. The cells were harvested at 10, 20 and 30 day time-points as described in 

section 2.3 and placed in fresh complete medium for 24 hours in order to assess the 

secretion of the indicated proteins by the PC3 educated MSCs without the presence 

of PC3 CM. Additionally, MSCs treated for 30 days in PC3 CM were then grown for an 

extended period (12 - 16 days) in normal complete medium to assess whether any 

change in cytokine secretion was sustained. Gene expression was analysed at the 30 

day time-point only. OPN, MCP-1, IL-6 and IL-8 were chosen to be quantitatively 

validated. The lower limit of detection of each analyte is described in table 2.1. The 

secretion of SDF-1α was evaluated using the enzyme-linked immunosorbant assay 

method however, the protein was below the limits of detection in the supernatants 

collected from untreated MSCs and PC3 educated MSCs at each time-point (data not 

shown).  

3.2.4.1 PC3 Educated MSCs Secrete Increased Osteopontin 

MSCs derived from all donors showed an increase in OPN secretion following 10 days 

of treatment in PC3 CM. While the untreated MSCs secreted a mean of 38.7 pg/ml of 

OPN, the PC3 educated MSCs secreted a 4.5 fold increase at 175.5 pg/ml with donor 

3 cells showing the highest increase (figure 3.5 A) and overall, the difference was 

statistically significant (paired student’s t-test; two-tailed; p<0.01; n=3 biological 

replicates). PC3 educated MSCs from donors 1 and 3 show the same trend following 

20 days of treatment secreting 423 and 459 pg/ml respectively. MSCs derived from 

donor 2 did not respond to the 20 day conditioning period with OPN secretion at a 

similar level to the untreated MSCs (figure 3.5 B). However, overall, combining data 

from all donor MSCs, the difference was statistically significant (paired student’s t-

test; two-tailed; p<0.05; n=3 biological replicates). All donor MSCs responded to the 

30 day exposure to PC3 CM with an increase in OPN (figure 3.5 C). Untreated MSCs 
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secreted a mean of 72.7 pg/ml while the PC3 educated MSCs secreted a 5.6 fold 

increase at 411.6 pg/ml and the difference between untreated MSCs and PC3 

educated MSCs was statistically significant (paired student’s t-test; two-tailed; 

p<0.0001; n=3 biological replicates) (figure 3.5 C). The PC3 educated MSCs continued 

to secrete higher levels of OPN following extended growth in complete medium post-

conditioning, particularly in MSCs from donors 1 and 2, however to a lesser degree. 

A mean of 47.5 pg/ml was detected in the untreated MSCs while a 4.3 fold increase 

at 206.5 pg/ml was detected in the PC3 educated MSCs post-conditioning, and the 

difference was statistically significant (paired student’s t-test; two-tailed; p<0.01; n=3 

biological replicates) (figure 3.5 D).  

Furthermore, gene expression analysis showed a 39.5 and 33.0 fold increase in the 

expression of SPP1 (OPN) mRNA in 30 day treated PC3 educated MSCs from donor 1 

and 3, respectively, compared to the untreated MSCs. Overall, combining data from 

both donor MSCs, the result was statistically significant (unpaired student’s t-test, 

two-tailed, p<0.01; n=2 biological replicates). Taken together, MSCs exposed to PC3 

CM for 30 days results in an increase in OPN production. 
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Figure 3.5. Quantitative Analysis of OPN Secretion from PC3 Educated MSCs. OPN secretion 
was quantitatively measured using the MesoScale Discovery system. A statistically significant 
increase in OPN was detected in all donor MSCs following 10 days of treatment with PC3 CM 
(paired student’s t-test; two-tailed; p<0.01; n=3 biological replicates) (A). Following 20 days 
exposure to PC3 CM, MSCs derived from donors 1 and 3 responded with an increase in OPN, 
while MSCs derived from donor 2 had a similar secretion level to the untreated MSCs (B). 
MSCs from all donors responded to the 30 day treatment with an increase in the secretion 
of OPN, which overall was statistically significant (paired student’s t-test; two-tailed; 
p<0.0001; n=3 biological replicates) (C). The 30 day conditioned MSCs grown for an extended 
period in complete medium sustained an increase in OPN secretion, particularly in MSCs 
derived from donors 1 and 2. Although the secretion was at a lower level to the 30 day time-
point, it was found to be statistically significant (paired student’s t-test; two-tailed; p<0.01; 
n=3 biological replicates) (D). Data represents the mean of technical replicates ± SD. Gene 
expression analysis using showed an overall statistically significant upregulation in SPP1 
(OPN) expression (unpaired student’s t-test, two-tailed, p<0.01; n=2 biological replicates). 
Values for gene expression analysis were normalised to the untreated controls (E). Data 
represents the mean of technical replicates with upper and lower limits. 
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3.2.4.2 PC3 Educated MSCs Secrete Increased MCP-1  

MSCs derived from all donors showed an increase in the secretion of MCP-1 following 

10 days exposure to PC3 CM and the difference was statistically significant (paired 

student’s t-test; two-tailed; p<0.01; n=3 biological replicates). The untreated MSCs 

secreted a mean of 1257.83 pg/ml of MCP-1 while the PC3 educated MSCs secreted 

a 1.5 fold increase at 1881.5 pg/ml (figure 3.6 A). MSCs derived from donors 1 and 3 

maintained an increase following 20 days exposure to PC3 CM while MSCs from 

donor 2  showed a decrease. The overall difference after 20 days of conditioning 

however, was not statistically significant (paired student’s t-test; two-tailed; n=3 

biological replicates) (figure 3.6 B). PC3 educated MSCs from each donor showed a 

consistent increase in the secretion of MCP-1 following 30 days of conditioning, which 

was considerably increased in donors 1 and 2 in comparison to previous time-points. 

A mean of 831.5 pg/ml was detected in untreated MSC supernatants while the PC3 

educated MSCs secreted a 3.6 fold increase in MCP-1 at 3017.1 pg/ml and overall, 

combining data from all donors, the difference was statistically significant (paired 

student’s t-test; two-tailed; p<0.0001; n=3 biological replicates) (figure 3.6 C).  
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Figure 3.6. Quantitative Analysis of MCP-1 Secretion from PC3 Educated MSCs. MCP-1 
secretion was measured quantitatively using the MesoScale Discovery system. There was an 
increase in MCP-1 production in all donor MSCs that had been treated for 10 days in PC3 CM, 
which taken together was statistically significant (paired student’s t-test; two-tailed; p<0.01; 
n=3 biological replicates). An increase was found in MSCs derived from donors 1 and 3 
following 20 days of treatment but not donor 2, however, overall the difference was not 
statistically significant (paired student’s t-test; two-tailed; n=3 biological replicates). All 
donor MSCs showed an increase in MCP-1 secretion following 30 days of treatment in PC3 
CM. A noticeable increase was found in PC3 educated MSCs from donors 1 and 2 in 
comparison to previous time-points and taken together the difference was statistically 
significant (paired student’s t-test; two-tailed; p<0.0001; n=3 biological replicates). Data 
represents the mean of technical replicates ± SD. 
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3.2.4.3 PC3 Educated MSCs and IL-6 Secretion 

An increase in IL-6 secretion was found in all donor MSCs that had been treated for 

10 days in PC3 CM and overall the difference was statistically significant (paired 

student’s t-test; two-tailed; p<0.001; n=3 biological replicates). The untreated MSCs 

secreted a mean of 13375.9 pg/ml, whereas the PC3 educated MSCs secreted 

22479.5 pg/ml (figure 3.7 A). Similar to MCP-1 secretion at the 20 day time-point 

(figure 3.7 B), an increase in the secretion of IL-6 was found in MSCs derived from 

donors 1 and 3 exposed to PC3 CM for 20 days but not in MSCs derived from donor 2 

and the difference was statistically significant (paired student’s t-test; two-tailed; 

p<0.05; n=3 biological replicates) (figure 3.7 B). The increase in IL-6 secretion found 

in MSCs derived from donor 1 was maintained at the 30 day time-point but not in 

MSCs derived from donor 3 (figure 3.7 C). The increase in IL-6 secretion from donor 

1 MSCs that were treated for 30 days in PC3 CM was not maintained following growth 

post-conditioning (figure 3.7 D). Furthermore, using gene expression analysis, MSCs 

derived from two separate donors (note - limited mRNA was available from donors 

and so not all donors were included in RT-PCR experiments) and treated for 30 days 

in PC3 CM did not show upregulation in IL-6 expression in comparison to the 

untreated MSCs and overall, combining data from both donor MSCs, the difference 

was not statistically significant (unpaired student’s t-test, two-tailed; n=2 biological 

replicates) (figure 3.7 E). Taken together, PC3 CM exposure does not induce an 

increase in IL-6 production following 20 and 30 days of conditioning. 
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Figure 3.7. Quantitative Analysis of IL-6 Secretion from PC3 Educated MSCs. IL-6 secretion 
was measured using the MesoScale Discovery system. An increase was found in all donor 
MSCs exposed to PC3 CM for 10 days and overall, the difference was statistically significant 
(paired student’s t-test; two-tailed; p<0.001; n=3 biological replicates) (A). MSCs derived 
from donors 1 and 3 secreted an increase in IL-6 following 20 days exposure to PC3 CM and 
overall, combining data from all donors, the difference was significant (paired student’s t-
test; two-tailed; p<0.05; n=3 biological replicates) (B). Following 30 days of conditioning, the 
increase in IL-6 secretion was maintained in PC3 educated MSCs from donor 1 only (C), this 
however was not maintained following long-term culture in complete medium post-
conditioning (D). Data represents the mean of technical replicates ± SD. Gene expression 
analysis showed no upregulation of IL-6 in MSCs that had been treated for 30 days in PC3 
CM. Values for gene expression analysis were normalised to the untreated controls (E). Data 
represents the mean of technical replicates with upper and lower limits. 
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3.2.4.4 PC3 Educated MSCs Secrete Increased IL-8 

A consistent increase in IL-8 secretion was found in all donor MSCs exposed to PC3 

CM for 10 days. Untreated MSCs were found to secrete IL-8 at a mean of 23495.5 

pg/ml, whereas the PC3 educated MSCs secreted a 6.8 fold increase at 158654.1 

pg/ml and the overall difference was statistically significant (paired student’s t-test; 

two-tailed; p<0.0001; n=3 biological replicates) (figure 3.8 A). Following 20 days of 

exposure, MSCs derived from donor 1 were the most responsive to PC3 CM (up to 

646442 pg/ml IL-8). Overall, combining data from all donors, the difference between 

the untreated MSCs and PC3 educated MSCs at day 20 was statistically significant 

(paired student’s t-test; two-tailed; p<0.05; n=3 biological replicates) (figure 3.8 B). 

Furthermore, an increase was found in IL-8 secretion in all donor MSCs exposed to 

PC3 CM for 30 days. The mean IL-8 secretion in the untreated MSCs was 32703.9 

pg/ml while the PC3 educated MSCs secreted a 6.5 fold increase at 212227.2 pg/ml 

(figure 3.8 C). The increase, like at the previous time-point, was most pronounced in 

donor 1 MSCs and overall, combining data from all donors, the difference between 

untreated MSCs and PC3 educated MSCs was statistically significant (paired student’s 

t-test; two-tailed; p<0.05; n=3 biological replicates).  

A considerable drop was noted in IL-8 secretion from donor 1 and 3 PC3 educated 

MSCs, following long-term culture in complete medium (figure 3.8 D). Nonetheless, 

a statistically significant increase in the secretion of IL-8 was found between all 

untreated MSCs and PC3 educated MSCs post-conditioning (paired student’s t-test; 

two-tailed; p<0.01; n=3 biological replicates). Taken together, MSCs secreted 

increased IL-8 following 10, 20 and 30 days exposure to PC3 CM, and an increase was 

sustained following long-term culture in complete medium. The results were further 

validated using gene expression analysis. Furthermore, MSCs derived from two 

separate donors and treated for 30 days with PC3 CM showed an upregulation in the 

gene expression of IL-8 in comparison to the untreated MSCs however overall, given 

the variation in expression between donors, the difference was not statistically 

significant (unpaired student’s t-test, two-tailed; n=2 biological replicates) (figure 3.8 

E).  
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Figure 3.8. Quantitative Analysis of IL-8 Secretion from PC3 Educated MSCs. Quantitative 
measurement of IL-8 secretion was assessed using the MesoScale Discovery Platform. All PC3 
educated donor MSCs showed an increase in IL-8 secretion in comparison to the untreated 
MSCs at all time-points and this was maintained in 30 day treated MSCs that were cultured 
for long-term in complete medium (A-D). The level of increase was consistent at the 10 day 
time-point (A), with an overall statistically significant difference (paired student’s t-test; two-
tailed; p<0.0001; n=3 biological replicates). Donor 1 PC3 educated MSCs had the highest 
production at the 20 and 30 day time-points (B+C), which decreased considerably following 
long-term culture in complete medium (D). While, PC3 educated MSCs derived from donors 
2 and 3 were more fluctuant in their secretion patterns (A, B+C), PC3 educated MSCs from 
both donors sustained an increase post-conditioning. The overall difference between 
untreated MSC and PC3 educated MSC secretion was statistically significant at the 20 (paired 
student’s t-test; two-tailed; p<0.05; n=3 biological replicates) and 30 day (paired student’s t-
test; two-tailed; p<0.05; n=3 biological replicates) time-points and post-conditioning (paired 
student’s t-test; two-tailed; p<0.01; n=3 biological replicates). Data represents the mean of 
technical replicates ± SD. Gene expression analysis shows a similar trend where PC3 educated 
MSCs conditioned for 30 days showed upregulated IL-8 expression. Values for gene 
expression analysis were normalised to the untreated controls (E). Data represents the mean 
of technical replicates with upper and lower limits.  
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3.2.5 Quantitative Validation of Growth Factor Secretion from PC3 Educated MSCs 

Selected growth factors were quantitatively analysed using the MesoScale Discovery 

system (described in section 2.6.2). The cells were harvested at 10, 20 and 30 day 

time-points as described in section 2.3 and placed in fresh complete medium for 24 

hours in order to assess PC3 educated MSC secretion without the presence of PC3 

CM. MSCs treated for 30 days in PC3 CM were then grown an extended period (12 - 

16 days) in complete medium to assess whether any change in cytokine secretion was 

sustained. VEGF, PlGF, sFlt-1 and FGF-2 were chosen to be quantitatively measured. 

The lower limit of detection of each analyte is described in table 2.1. 

3.2.5.1 PC3 Educated MSCs do not Display Altered VEGF Secretion 

In contrast to the results obtained in the short-term experiments (section 3.2.1), 

there was no clear trend in the increase or decrease of VEGF secretion at any time-

point (figure 3.9 A-D). The mean secretion levels in the untreated MSCs was 1906 

pg/ml and 1850 pg/ml in PC3 educated MSCs and overall the difference was not 

found to be statistically significant at any time-point (paired student’s t-test; two-

tailed; n=3 biological replicates). 
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Figure 3.9. Quantitative Measurement of VEGF Secretion in PC3 Educated MSCs. VEGF was 
quantitatively measured in untreated MSCs and PC3 educated MSCs at 10, 20 and 30 day 
time-points (A-C) and in 30 day educated MSCs grown for an extended period in complete 
medium (D). No trend was observed in the increase or decrease of VEGF at any time-point 
(A-D) and no statistically significant difference between untreated MSCs and PC3 educated 
MSCs was found (paired student’s t-test; two-tailed; n=3 biological replicates). Data 
represents the mean of technical replicates ± SD. 

 

3.2.5.2 PC3 Educated MSCs do not Display Altered PlGF Secretion 

Similar to the results obtained for VEGF, we observed a contrast to the results 

obtained in the short-term experiments (section 3.2.1) as there was no clear trend in 

the increase or decrease of PlGF secretion at any time-point (figure 3.1- A-D). The 

secretion levels in the untreated MSCs ranged between 1.6 and 68 pg/ml and 

between 2.2 and 77.6 pg/ml in PC3 educated MSCs and overall the difference was 

not statistically significant at any time-point (paired student’s t-test; two-tailed; n=3 

biological replicates). 
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Figure 3.10. Quantitative Measurement of PlGF Secretion in PC3 Educated MSCs. PlGF was 
quantitatively measured using the MesoScale Discovery system in untreated MSCs and PC3 
educated MSCs at 10, 20 and 30 day time-points (A-C) and in 30 day educated MSCs grown 
for an extended period in complete medium (D). No trend was observed in the increase or 
decrease of PlGF at any time-point (A-D) and no statistically significant difference between 
untreated MSCs and PC3 educated MSCs was found (paired student’s t-test; two-tailed; n=3 
biological replicates). Data represents the mean of technical replicates ± SD. 

 

3.2.5.3 PC3 Educated MSCs Secrete Decreased sFlt-1 

A decrease in sFlt-1 secretion was observed from PC3 educated MSCs from all donors 

at the 10, 20 and 30 day time-points (figure 3.11 A-C). Donor 1 MSCs were the most 

responsive to PC3 CM exposure and the decrease was sustained in PC3 educated 

MSCs following long-term culture in complete medium, while donor 3 PC3 educated 

MSCs were the only cells not to sustain the effect (figure 3.11 A-D). Following 30 days 

of conditioning, untreated MSCs secreted a mean of 20.1 pg/ml of sFlt-1 while PC3 

educated MSCs secreted 8.4 pg/ml. Overall, combining data from all donors, the 
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difference between untreated MSCs and PC3 educated MSC secretion was 

statistically significant (paired student’s t-test; two-tailed; n=3 biological replicates) 

at the 10 day (p<0.05), 20 day (p<0.05), 30 day (p<0.05) time-points but not in the 30 

day educated MSCs post-conditioning. 

 

 

Figure 3.11. Quantitative Analysis of sFlt1 Secretion from PC3 Educated MSCs. sFlt-1 was 
quantitatively measured in untreated MSCs and PC3 educated MSCs at 10, 20 and 30 day 
time-points (A-C) and in PC3 educated MSCs grown for an extended period in complete 
medium (D) using the MesoScale Discovery system. All donor MSCs showed a decrease in the 
secretion of sFlt-1 at the 10 day (A), 20 day (B) and 30 day (C) time-points. The effect was 
sustained in donor 1 and donor 2 MSCs post-conditioning (D). Overall, the difference 
between untreated MSC and PC3 educated MSC secretion was statistically significant (paired 
student’s t-test, two-tailed n=3 biological replicates) at the 10 day (p<0.05), 20 day (p<0.05), 
30 day (p<0.05) time-points but not in the 30 day educated MSCs post-conditioning. Data 
represents the mean of technical replicates ± SD. 

 



Molecular Characterisation of Prostate Cancer Educated MSCs 

70 
 

3.2.5.4 PC3 Educated MSCs Secrete Increased FGF2 

While the MSCs growth medium was supplemented with 1ng/ml FGF2, it was not 

added to the media used during any assay. All donor MSCs conditioned with PC3 CM 

for 10 and 20 days showed an increase in FGF2 secretion in comparison to the 

untreated MSCs (figure 3.12 A+B). Untreated MSCs secreted a mean of 40.9 and 21.0 

pg/ml at the 10 and 20 day time-points while PC3 educated MSCs secreted 147.8 and 

189.5 pg/ml, respectively. The increase continued in donor 1 and 2 MSCs following 

30 days of conditioning, and the mean of all untreated MSCs and PC3 educated MSCs 

was 47.2 and 111.9 pg/ml respectively (figure 3.12 C). PC3 educated MSCs from all 

donors secreted increased FGF2 post-conditioning; however, it was lower on average 

in comparison to previous time-points. Untreated MSCs secreted a mean of 22.06 

pg/ml, whereas PC3 educated MSCs secreted a 2.8 fold increase at 61.4 pg/ml. 

Overall, combining data from all donors, the difference between untreated MSC and 

PC3 educated MSC secretion was statistically significant (paired student’s t-test; two-

tailed; n=3 biological replicates) at the 10 day (p<0.01), 20 day (p<0.01), 30 day 

(p<0.01) time-and in the 30 day educated MSCs post-conditioning (p<0.0001). 
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Figure 3.12. Quantitative Analysis of FGF2 Secretion from PC3 Educated MSCs. FGF2 was 
quantitatively measured in untreated MSCs and PC3 educated MSCs at 10, 20 and 30 day 
time-points (A-C) and in 30 day educated MSCs grown for an extended period in complete 
medium post-conditioning (D) using the MesoScale Discovery system. PC3 educated MSCs 
from all donors showed an increase in FGF2 secretion at the 10 and 20 day time-points (A+B). 
The effect was sustained in donor 1 and 2 cells at the 30 day time-point (C) and 30 day treated 
PC3 educated donor MSCs from all donors showed an increase in FGF2 secretion post-
conditioning (D). Overall, the difference between untreated MSC and PC3 educated MSC 
secretion was statistically significant (paired student’s t-test; two-tailed; n=3 biological 
replicates) at the 10 day (p<0.01), 20 day (p<0.01), 30 day (p<0.01) time-points and in 30 day 
educated MSCs post-conditioning (p<0.0001). Data represents the mean of technical 
replicates ± SD. 

 

3.2.6 PC3 Educated MSCs do Show an Increase in the Expression of CAF Markers 

MSCs are postulated to be CAF precursors and it has previously shown that long-term 

conditioning in breast cancer and ovarian cancer tumour cell line CM induces 

expression of CAF markers (Mishra et al., 2008, Spaeth et al., 2009). In this study a 

key question was whether PC3 CM could induce a CAF-like phenotype through 
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upregulation of CAF-associated markers. Immunofluorescence, western blotting and 

real-time PCR (see sections 2.8, 2.9 and 2.10) were employed to establish whether 

PC3 educated MSCs produce an increase in CAF-associated markers αSMA, vimentin, 

FAP and FSP1 as well as CAF-associated factors TNC, COL1A1 and COL5A1. The MSCs 

used in the experiments were cultured for 30 days in PC3 CM.  

3.2.6.1 Protein Analysis: PC3 Educated MSCs do not express an Increase in CAF 

Markers 

PC3 educated MSCs were tested for the protein expression of CAF markers αSMA, 

FSP1, FAP and vimentin using immunofluorescence staining (figure 3.13 A) and 

western blotting (figure 3.13 B). Fibroblasts were treated for 5 days with TGFβ to 

induce a myofibroblast-like phenotype and were used as a positive control for αSMA, 

FSP1 and FAP expression, which are indicative of fibroblast activation. Furthermore, 

TGFβ activated fibroblasts express αSMA that form stress fibres typical of CAF and 

myofibroblast morphology (figure 3.13 A). Images from the immunofluorescence 

staining are representative images taken from three independent experiments using 

MSCs from three donors. 

Using immunofluoresence staining, MSCs were found to express αSMA in the treated 

and untreated MSCs however, the vast majority of cells did not form stress fibres 

(figure 3.13 A). Moreover, densitometry analysis of the western blot image showed 

that PC3 educated MSCs produced decreased αSMA in all donor cells in comparison 

to the untreated MSCs (figure 3.13 B+C). FSP1 expression was barely detectable using 

immunofluorescence staining and could not be detected using western blot imaging 

in PC3 educated MSCs and untreated MSCs (figure 3.13 A+B). FAP was found to be 

expressed in both untreated MSCs and PC3 educated MSCs and PC3 educated MSCs 

showed an increase in bright spots around the nuclei as seen in the TGFβ treated 

fibroblasts (figure 3.13 A). Finally, vimentin expression was shown to be decreased in 

the PC3 educated MSCs using immunofluorescence staining and in all donors 

analysed using western blotting (figure 3.13 A-C). Overall, PC3 educated MSCs do not 

express increased αSMA, FSP1 and vimentin.  
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Figure 3.13. (Overleaf) 
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Figure 3.13. Protein Analysis to Detect the Expression of CAF Marker in PC3 Educated MSCs. 
The protein expression of CAF markers αSMA, FSP1, FAP and vimentin was assessed using 
immunofluorescence staining (A) and western blotting (B). Expression of αSMA was found to 
be decreased in PC3 educated MSCs from all donors as shown following densitometry 
analysis of the western blot image (B+C). The expressed αSMA did not form stress fibres in 
the PC3 educated MSCs or untreated MSCs in comparison to the TGFβ treated fibroblasts (A). 
FSP1 expression was barely detected in the PC3 educated MSCs and untreated MSCs using 
immunofluorescence staining and was not at all detected using western blot imaging (A+B). 
FAP was expressed in the untreated MSCs and PC3 educated MSCs using 
immunofluorescence staining and a higher level of bright spots around the nuclei could be 
detected in the PC3 educated MSCs in comparison to the untreated MSCs, using TGFβ treated 
fibroblasts as a reference (A). Vimentin was found to be decreased in the PC3 educated MSCs 
as shown from immunofluorescence staining and in all donors analysed using densitometry 
of the western blot image (A, B+D). Images from the immunofluorescence staining are 
representative images taken from three independent experiments using three separate 
donors.  

 

3.2.6.2 Gene Expression Analysis: PC3 Educated MSCs do not Upregulate CAF 

Associated Factors 

Real-time PCR was used to analyse gene expression of vimentin, FAP, TNC, COL1A1 

and COL5A1 in untreated MSCs and PC3 educated MSCs. As expected based on the 

protein analysis shown in the previous section, vimentin was downregulated in the 

PC3 educated MSCs from donors 2 and 4 in comparison to the untreated MSCs (figure 

3.14 A). Similar results were found with FAP expression (figure 3.14 B). Overall, 

combining data from all donors, the difference between untreated MSCs and PC3 

educated MSCs was statistically significant in the gene expression of vimentin 

(unpaired student’s t-test; two-tailed; p<0.05; n=2 biological replicates) and FAP 

(unpaired student’s t-test, two-tailed, p<0.001; n=2 biological replicates). However, 

TNC, COL1A1 and COL5A1 showed varying gene expression between donors (figure 

3.14 C-E) and overall, combining data from all donors, the difference between 

untreated MSCs and PC3 educated MSCs was not statistically significant for either 

factor (unpaired student’s t-test, two-tailed; n=2 biological replicates).   
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Figure 3.14. Genetic Analysis of CAF Associated Factors. The gene expression of CAF-
associated factors in PC3 educated MSCs was assessed using real-time PCR. Vimentin and 
FAP were found to be downregulated in the PC3 educated MSCs from donor 2 and 4 (A+B). 
Varying expression of TNC, COL1A1 and COL5A1 was found between untreated MSCs and 
PC3 educated MSCs (D-E). Overall, combining data from all donors, the difference between 
untreated MSCs and PC3 educated MSCs was statistically significant in the gene expression 

of vimentin (unpaired student’s t-test, two-tailed, p<0.05; n=2 biological replicates) and FAP 
(unpaired student’s t-test, two-tailed, p<0.001; n=2 biological replicates). However, TNC, 
COL1A1 and COL5A1 showed varying gene expression between donors (C-E) and overall, 
combining data from all donors, the difference between untreated MSCs and PC3 educated 
MSCs was not statistically significant for either factor (unpaired student’s t-test, two-tailed; 
n=2 biological replicates). Values were normalised to untreated controls and data represents 
the mean of technical replicates with upper and lower limits. 
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3.2.7 MSC Cell Surface Marker Expression 

MSCs are characterised based on their differentiation potential and on the presence 

of cell surface markers CD90, CD105 and CD73 (Dominici et al., 2006). In this study, 

flow cytometry was used to test whether PC3 educated MSCs maintained cell surface 

expression of these markers as described in section 2.11. Varying results were found 

between donor MSCs, with MSCs from donor 1 and 2 showing the most similarities 

(figure 3.15 A-F). CD73 expression was similar between untreated MSCs and PC3 

educated MSCs from all donor cells analysed (figure 3.15 C+F+I). Fewer PC3 educated 

MSCs from donors 1 and 2 were found to be positive for CD105 while no change was 

observed in PC3 educated MSCs from donor 4 (figure 3.15 B+E+H). The expression of 

CD105 was found to be at 98.1% and 99.0% in untreated MSCs from donor 1 and 2, 

respectively, whereas the expression was at 59.6% in PC3 educated MSCs from donor 

1 and 88.9% in PC3 educated MSCs from donor 2 (figure 3.15 J). Interestingly, two 

populations were found in PC3 educated MSCs from donor 4 when fluorescently 

stained for CD90, which was not observed in the other donor MSCs (figure 3.15 

A+D+G). The expression of CD90 was found to be at 97.1% in untreated MSCs from 

donor 4, whereas the expression was at 72.2% in PC3 educated MSCs from donor 4 

(figure 3.15 J). 
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Figure 3.15. MSC Cell Surface Marker Expression. Untreated MSCs and PC3 educated MSCs 
were tested for the cell surface expression of CD90, CD105 and CD73. Two populations of 
cells were found in the PC3 educated MSCs from donor 4 when fluorescently stained for CD90 
(G), whereas this was not observed in cells from donor 1 and 2 (A+G). Fewer PC3 educated 
MSCs from donor 1 and 2 (B+E) expressed CD105 while no obvious change was observed in 
cells from donor 4 (H). No clear difference was observed in the expression of CD73 between 
untreated MSCs and PC3 educated MSCs from any of the three donors (C+F+I). The 
percentage of expression of each surface marker within each population of cells is 
represented in a table (J). 
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3.3 Discussion 

It is now established that MSCs can form part of the tumour microenvironment (Ame-

Thomas et al., 2007, Kansy et al., 2014, Hossain et al., 2015, Karnoub et al., 2007, 

Prantl et al., 2010). The key question is how they interact there. It is still unclear as to 

whether MSCs have a tumour promoting or tumour suppressive role or whether the 

function is dependent on the conditions (Klopp et al., 2011). MSCs may interact with 

tumour cells and cells of the tumour stoma through paracrine signalling. On the other 

hand, MSCs have the capacity to differentiate to several different cell types such as 

osteocytes, chondrocytes, myocytes and neurons, and it is possible that MSCs 

differentiate at the tumour site (Pittenger et al., 1999, Wakitani et al., 1995, Kopen 

et al., 1999). It has been suggested that MSCs may contribute to angiogenesis at the 

tumour through differentiation to endothelial cells or pericytes (Rajantie et al., 2004, 

Al-Khaldi et al., 2003). Particular attention has been paid to the proposal that MSCs 

are a source of CAFs and studies have found that long-term exposure of MSCs to 

breast and ovarian cell CM induces a CAF-like phenotype (Mishra et al., 2008, Spaeth 

et al., 2009). Another possibility, we can consider, is that the MSCs become ‘tumour 

associated’ or ‘activated’ in response to tumour related stimuli which would lead to 

a cell with similar characteristics to the original MSC but with a tumour promoting or 

tumour suppressive function.  

The aim of this study was to develop an in vitro experimental approach to examining 

MSC and prostate cancer cell interactions. The MSCs were cultured for up to 20 days 

in 22Rv1, DU145 and PC3 CM to examine any potential paracrine effects of prostate 

cancer secretomes on MSCs. The cytokine and chemokine secretory profile of the 

cells was assessed using a proteome profiler array. The PC3 educated MSCs showed 

the strongest response to the conditioning and so were chosen for further detailed 

characterisation. It should be noted that MSCs are a heterogenous population of cells 

and MSCs derived from different donors can also have a heterogenous response. 

MSCs derived from donor 2, for example, showed a different trend in response to the 

PC3 conditioned media, particularly in OPN, MCP1, IL-6 and IL-8 secretion following 

20 days of conditioning. For this reason it is important to assess the overall trend in 

cytokine and growth factor secretion.  
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Early experiments focused on short-term treatment of MSCs with prostate cancer cell 

CM. MSCs were treated for 48 hours with 22Rv1, DU145 and PC3 CM followed by 48 

hours in fresh complete medium. The resulting supernatant was tested for VEGF, 

PlGF, FGF2 and sFlt-1 secretion. VEGF and PlGF are key factors in angiogenesis and 

vasculogenesis and both are secreted at a baseline level in MSCs (Kinnaird et al., 

2004). Moreover, MSCs have been shown to be active in promoting angiogenesis in 

wound healing and ischaemic heart diseases (Wu et al., 2007, Tang et al., 2004, Sadat 

et al., 2007). The 48 hour treatment resulted in an increase in VEGF secretion in all 

treatments and a near two-fold statistically significant increase in PlGF secretion (see 

section 3.2.1). However, no consistent increase was observed in the long-term 

treatments at the 10, 20 or 30 day time-points (see section 3.2.5.1 and 3.2.5.2). This 

could be due to a less robust experimental procedure in the early experiment where 

only two donor cells were tested and the cells were counted and plated 6 days 

previously, whereas in the long-term experiments MSCs derived from three different 

donors were used and the cells were plated 24 hours in advance. On the other hand 

the MSCs may have an early response to prostate cancer cell CM that differs following 

continuous exposure.  

Interestingly, sFlt-1 was consistently decreased in the PC3 educated MSCs in 

comparison to the untreated MSCs, at the 10, 20 and 30 day time-points and from all 

donor cells (3.2.5.3). sFlt-1 is a negative regulator of angiogenesis and functions by 

trapping VEGF and PlGF (Shibuya, 2011). Several studies have found that sFlt-1 can 

inhibit tumour growth and angiogenesis and bone marrow MSCs genetically 

engineered to produce sFlt-1 as a delivery vehicle to the tumour were shown to have 

therapeutic potential (Mori et al., 2000, Lin et al., 1998, Goldman et al., 1998, Hu et 

al., 2008). Therefore, while PC3 educated MSCs maintain a comparable level of VEGF 

and PlGF secretion to untreated MSCs, their effect would be more potent given the 

decrease in sFlt-1 secretion.   

FGF2 was increased in PC3 educated MSCs from almost all donors analysed at each 

time-point (section 3.2.5.4). Although, the increase in FGF2 secretion was sustained 

in PC3 educated MSCs post-conditioning, the level of secretion was lower to what 

was observed during the exposure period, which could be due to a loss of paracrine 
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signalling following removal of the PC3 CM (section 3.2.5.4). FGF2 is a known 

promoter of angiogenesis and it has been found to be expressed in PC3 and DU145 

cells (Connolly and Rose, 1998, Cronauer et al., 1997). Higher levels of FGF2 have 

been found in the primary prostate tumour in comparison to the non-cancerous 

surrounding tissue and studies have shown the increase to be localised at the tumour 

stroma (Giri et al., 1999, Berger et al., 2003). Moreover, TGFβ1 stimulation was 

shown to induce FGF2 expression in prostate cancer stromal cells which led to 

increased tumour growth and metastasis (Yang et al., 2008). We found a statistically 

significant increase in FGF2 secretion from all PC3 educated donor MSCs at the 10, 

20 and 30 day conditioning time-points (see section 3.2.5.4). Similarly, in a study by 

Nishimori et al., it was found that co-culture of pre-osteoblastic MC3T3-E1 cells with 

the prostate cancer cell line LnCaP and BMP-4 stimulated FGF2 production in the 

MC3T3-E1 cells which in turn stimulated LnCaP proliferation (Nishimori et al., 2012). 

FGF2 is expressed by osteoblasts and is known to play a role in bone development 

and homeostasis (Fallon et al., 1994, Coffin et al., 1995, Montero et al., 2000). It was 

found that FGF2 regulated the transcription of bone sialoprotein (BSP) in MCF7 breast 

cancer cells (Li et al., 2010) and furthermore, FGF2 was found to maintain MSC 

osteogenic differentiation potential during proliferation (Tsutsumi et al., 2001, 

Quarto and Longaker, 2006).  

Following the chemokine and cytokine screen of the prostate cancer cell educated 

MSCs it was revealed that DU145 and PC3 educated MSCs shared a similar secretory 

profile while MSCs conditioned with the non-metastatic cell line 22Rv1 had a 

comparable profile to untreated MSCs. MSCs were highly responsive to the PC3 CM 

and after 20 days of conditioning were shown to secrete OPN, IL-6, CD105, MIF, MCP-

1, IL-8, IL-11 and FGF-19 with the addition of DKK-1, EMMPRIN and IGFBP-2 after 30 

days of conditioning. These factors are each known to play a role in tumour 

progression.  

It has been shown that FGF19 is expressed in PC3 and DU145 cell lines and in the 

prostate tumour stoma and interaction with its receptor, FGFR-4, stimulates prostate 

cancer growth progression (Feng et al., 2013, Dakhova et al., 2009).  MIF is likewise 

expressed by prostate cancer cells, which we also detected in the secretory profile of 
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PC3 and 22Rv1 cells (see section 3.2.3), and has been found to promote tumour 

growth and metastasis (Meyer-Siegler et al., 2005, Meyer-Siegler et al., 2006, Hussain 

et al., 2013, Meyer-Siegler and Hudson, 1996). IGFBP-2 was found at a higher level in 

prostate cancer patients than control patients and EMMPRIN was shown to be highly 

expressed in malignant prostate tumour tissue in comparison to non-cancerous 

tissue (Han et al., 2009, Cohen et al., 1993, Kanety et al., 1993). EMMPRIN is an 

activator of MMP-1, MMP-2 and MMP-3 and thus may be active inducer of metastatic 

progression (Gabison et al., 2005). It has additionally been found to co-localise with 

MMPs in prostate cancer and can indicate poor prognosis in patients (Han et al., 

2009, Madigan et al., 2008). Furthermore, knockdown of EMMPRIN in PC3 cells 

resulted in a decreased capacity for the cells to form filipodia and an increase in the 

expression of adhesion and gap-junction proteins, indicating a role for EMMPRIN in 

the metastatic function of PC3 cells (Zhu et al., 2012). 

The detection of IL-11 in PC3 educated MSC supernatants is interesting as IL-11 is a 

known inducer of bone resorption through the promotion of osteoclastogenesis and 

inhibition of osteoblast activity (Girasole et al., 1994). A study by Zhang and 

colleagues found that growth of bone marrow derived endothelial cells in human 

melanoma cell (A375M) CM induced production of IL-11 and the CM from the 

stimulated endothelial cells was shown to promote bone resorption of neonatal 

mouse calvaria (Zhang et al., 1998). Both A375M cells and PC3 cells form osteolytic 

bone metastatic cancer and perhaps this is due to the stimulation of bone resorption 

promoting factors from cells at the metastatic site (Zhang et al., 1998, Nemeth et al., 

2002). Additionally, DKK-1 is a Wnt antagonist and has been found to inhibit bone 

formation in osteoblastic prostate cancer bone metastasis (Thudi et al., 2011). PC3 

cells transfected with DKK1 shRNA induced increased osteogenic differentiation of 

the bone marrow stromal cell line ST-2 in comparison to normal PC3 cells thereby 

suggesting a role for Wnt signalling in the stimulation of osteogenesis (Hall et al., 

2005). PC3 cells were isolated from a bone metastatic patient and their interaction 

within the bone marrow microenvironment, in this case with respect to the resident 

MSCs, could drive the creation of a favourable niche for tumour cell growth while 

consequently disrupting normal MSC function and bone homeostasis.  



Molecular Characterisation of Prostate Cancer Educated MSCs 

82 
 

MSCs educated for 30 days in PC3 CM were chosen for further molecular 

characterisation and the secretion of OPN, MCP-1, IL-6 and IL-8 were selected for 

quantitative validation. Prostate cancer cells have been shown to secrete IL-6, 

including PC3 cells, although it was not detected in our proteome profiling 

experiments (see section 3.2.3) (Chung et al., 1999). IL-6 has been found to interact 

prostate cancer cells in an autocrine and paracrine manner however, the results are 

conflicted as to whether this stimulates tumour cell growth or suppression (Chung et 

al., 1999, Okamoto et al., 1997, Giri et al., 2001, Lou et al., 2000, Mori et al., 1999, 

Hobisch et al., 1998). An increase in secretion of IL-6 was detected in the cytokine 

screen in section 3.2.2 in MSCs conditioned in PC3 CM for 20 and 30 days. However, 

no consistent increase could be quantitatively detected in the three MSC donors 

analysed at the 20 and 30 day time-points (section 3.2.4.3). The increase in all donors 

that was observed following 10 days of conditioning and in PC3 educated MSCs 

derived from donor 1 at each timepoint would suggest a role for tumour stromal 

MSCs in the paracrine signalling of IL-6 between factors released in the PC3 CM and 

the MSCs as no obvious increase in IL-6 secretion was detected post-conditioning 

(section 3.2.4.3).  

IL-8 was consistently increased in PC3 educated MSCs from all donors analysed at 

each time-point (section 3.2.4.4). While, the increase in IL-8 secretion was sustained 

in PC3 educated MSCs post-conditioning suggesting MSC reprogramming, the level 

of secretion was lower to what was observed during the exposure period (section 

3.2.4.4). This drop in secretion level could be explained by a loss of paracrine 

signalling following removal of the PC3 CM.  

Interestingly, MSCs isolated from gastric cancer tumours were found to produce 

increased IL-8 in comparison to MSCs derived from adjacent non-cancerous tissue or 

the bone marrow. The tumour derived MSCs were found to stimulate tumour cell 

proliferation and angiogenic activity in an IL-8 dependent manner (Li et al., 2015). We 

also detected IL-8 secretion from DU145 and PC3 cells but not 22Rv1 cells using a 

protein array (see section 3.2.3). IL-8 interacts with chemokine receptors CXCR1 and 

CXCR2 which are present on prostate cancer cells, endothelial cells, neutrophils, 

monocytes and MSCs (Murphy et al., 2005, Kim et al., 2001, Schraufstatter et al., 
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2001, Gordon et al., 2005, Bi et al., 2014). An increased presence of IL-8 at the tumour 

could thus have a multi-layered effect. In a study of isolated clonal populations of PC3 

cells secreting low to high levels of IL-8, upon injection into the prostate of nude mice, 

the PC3 cells secreting high levels of IL-8 were found to produce faster growing, more 

highly vascularised tumours with an increased incidence of metastasis in comparison 

to the clones producing low levels of IL-8 (Kim et al., 2001). Similarly, neutralisation 

of IL-8 using antisera was found to inhibit PC3 mediated tumour growth and 

angiogenic activity in a mouse model (Moore et al., 1999).  

An elevation in serum IL-8 levels was correlated with prostate cancer and particularly 

bone metastasis  in male patients (Lehrer et al., 2004). Moreover, IL-8 was found to 

directly stimulate osteoclastogenesis in peripheral blood mononuclear cells (PBMCs) 

and indirectly through the induction of RANKL expression in osteoblasts (Bendre et 

al., 2003). Further research showed that breast cancer cell lines with higher osteolytic 

potential in vivo were found to express higher levels of IL-8 and neutralisation of IL-8 

in CM collected from these cells reduced PBMC differentiation to osteoclasts (Bendre 

et al., 2005).  

MCP-1 secretion was slightly increased in the PC3 educated MSCs derived from all 

donors following 10 days of conditioning in comparison to the control and in two of 

three donors following 20 days of conditioning (section 3.2.4.2). However, this 

difference was increased by over two-fold in PC3 educated MSCs from all donors 

following 30 days of conditioning (section 3.2.4.2). This suggests that the change in 

secretion is dependent on a long-term conditioning period and indicates that cell 

reprogramming could be occurring. MCP-1 was found by numerous studies to 

promote prostate cancer growth and progression (Lu et al., 2006, Loberg et al., 2006, 

Loberg et al., 2007a, Salcedo et al., 2000, Zhang et al., 2010, Goede et al., 1999). Like 

IL-8, MCP-1 has also been shown to exert a tumour promoting effect through 

stimulation of angiogenesis whereby MCP-1 interacts with its receptor, CCR2 on 

endothelial cells (Salcedo et al., 2000, Hong et al., 2005). In this study MSCs from 

three different donors treated for 30 days with PC3 CM showed increased MCP-1 

secretion in comparison to the untreated MSCs. Interestingly, PC3 cells transfected 

with IL-8 targeted shRNA showed decreased proliferation in response to MCP-1 in 
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comparison to naïve PC3 cells suggesting an IL-8 mediated sensitivity or 

responsiveness to MCP-1 (Maxwell et al., 2014). Furthermore, IL-8 and MCP-1 in PC3 

CM were found to stimulate osteoclast differentiation of human bone marrow 

mononuclear cells (Lu et al., 2007a, Mizutani et al., 2009). Several studies have 

attributed a role in bone resorption to MCP-1 with endothelial cells and osteoblasts 

being a potential source (Cai et al., 2009, Li et al., 2009, Lu et al., 2009, Lu et al., 

2007b, Loberg et al., 2006, Kim et al., 2005). MSCs educated by bone metastatic 

tumour cells to secrete increased MCP-1 might be another source for MCP-1 and IL-

8, both of which contribute to osteoclast formation.  

Finally, OPN secretion levels were quantitatively validated and the strongest 

response to PC3 conditioning was found in all donor MSCs after 30 days of treatment 

(section 3.2.4.1). Increased OPN levels were found to be correlated with prostate 

cancer progression and an indicator of the presence of distant metastases 

(Khodavirdi et al., 2006, Castellano et al., 2008, Forootan et al., 2006, Ramankulov et 

al., 2007). OPN deficient mice when injected with B16 melanoma cells developed 

decreased bone metastasis in comparison to wild-type mice (Nemoto et al., 2001). 

OPN has several functions which serve to promote metastasis at different stages of 

progression. Tumour cell invasiveness can be modulated by OPN as it was shown that 

OPN can induce MMP-2 and MMP-9 expression in PC3 cells (Liu et al., 2010, Desai et 

al., 2007, Gupta et al., 2013) and uPA expression has been found to be mediated by 

OPN in breast and hepatocarcinoma cells (Das et al., 2004, Mi et al., 2006, Chen et 

al., 2011). Secretion of uPA and MMPs increase the tumour cells capacity to remodel 

the ECM and invade out of the tumour. OPN is a chemoattractant with adhesive 

properties and can facilitate invasion through the binding of integrins, mainly αvβ1, 

αvβ3, αvβ5, αvβ6, α8β1 and α5β1, on many cell types (Hu et al., 1995, Liaw et al., 1995, 

Denda et al., 1998, Yokosaki et al., 1999). The integrin αvβ3 is expressed on PC3 cells 

and the binding of OPN to αvβ3 has been found to activate the PI3-kinase signalling 

pathway and mediate PC3 cell migration (Zheng et al., 2000).  

OPN is expressed by several bone marrow resident cells such as osteoblasts, 

osteoclast progenitors and plays a role in bone remodelling (Yamate et al., 1997, 

Ishijima et al., 2001, Klein-Nulend et al., 1997). We found a consistent increase in OPN 
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secretion in PC3 educated MSCs from each donor following 30 days of conditioning. 

Interestingly, a study found multiple myeloma derived MSCs secreted an increased 

level of OPN in comparison to healthy bone marrow cells. (Zdzisinska et al., 2008). 

OPN facilitates osteoclastogenesis by mediating osteoclast motility and anchorage to 

the bone mineral matrix (Ishijima et al., 2001, Chellaiah et al., 2003, Reinholt et al., 

1990, Ross et al., 1993, Yamate et al., 1997). Changes in OPN production within the 

bone marrow could therefore disrupt bone homeostasis as expression of OPN in 

breast cancer has been found to be associated with osteolytic bone metastasis 

(Ibrahim et al., 2000, Adwan et al., 2004). Another more recent function attributed 

to OPN is the stimulation of CAF formation from MSCs in breast cancer (Weber et al., 

2015, Sharon et al., 2015, Mi et al., 2011). MSCs isolated from lung and liver 

metastases in a mouse xenograft breast cancer model expressed CAF markers αSMA, 

FSP-1, TN-C, SDF-1α and MMP-2 and 9 in a OPN dependent manner (Mi et al., 2011). 

CAF transition was found to be due to release of TGFβ upon the binding of OPN to 

MSC integrin receptors (Weber et al., 2015).  

The aim of the second part of this study was to evaluate whether the PC3 educated 

MSCs retain the classical characteristics associated with MSCs or whether they 

transitioned into a CAF-like phenotype. It has previously been found that long-term 

conditioning of MSCs in breast cancer and ovarian cancer resulted in the transition of 

MSCs to CAFs (Mishra et al., 2008, Spaeth et al., 2009). It was therefore a relevant 

question to ask whether PC3 educated MSCs could be characterised as CAFs. To test 

this we looked at protein expression of CAF markers αSMA, FSP1, FAP and vimentin 

and gene expression of CAF-associated factors TNC, COL1A1 and COL5A1 (section 

3.2.6.1 and 3.2.6.2). We found that rather than an increase in the expression of CAF 

markers the PC3 educated MSCs expressed decreased vimentin and αSMA protein 

and FAP mRNA. Low expression of FSP1 was detected in the untreated MSCs and PC3 

educated MSCs using immunofluorescence staining, while no expression was 

detected using western blot analysis. Moreover, the visualisation of αSMA expression 

using immunofluorescence staining revealed that the protein did not form stress 

fibres and the cells did not have the myofibroblast-like morphological features 

associated with CAFs (section 3.2.6.1). From this we can conclude that MSCs treated 
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for 30 days with PC3 CM do not transition into CAFs. What is interesting however, is 

the decrease in expression of αSMA and particularly vimentin. Both αSMA and 

vimentin are structural proteins and vimentin is a mesenchymal cell marker (Hinz et 

al., 2001, Ivaska et al., 2007). Change in the expression of these factors would suggest 

a possible change in cell type or cellular function which will be discussed in further 

detail in subsequent chapters. 

Analysis of MSC cell surface markers CD105, CD90 and CD73 also suggest that the PC3 

educated MSCs are altering their molecular phenotype though the results are not as 

consistent (section 3.2.7). While CD73 cell surface expression did not change in 

response to PC3 CM, there was a shift in CD105 expression in donor 1 and 2 derived 

MSCs with fewer PC3 educated MSCs expressing the surface marker than the 

untreated MSCs which may correlate with the increased secretion level detected in 

the proteome profiler in section 3.2.2. However, this result was not found using cells 

from donor 4. On the other hand, assessment of CD90 cell surface expression 

revealed two populations of cells in PC3 educated MSCs from donor 4 but not from 

donor 1 or 2. This suggests a donor dependent response to PC3 CM and perhaps even 

a divide in responsiveness within the donor population due to the heterogeneity of 

MSCs.  

In conclusion, PC3 educated MSCs secrete increased tumour promoting factors in 

comparison to naïve MSCs. Many of the factors detected in PC3 educated MSC 

supernatants are also known promoters of bone resorption such as IL-11, IL-8, MCP-

1 and OPN. Given that PC3 cells form osteolytic bone metastases in vivo (Nemeth et 

al., 2002), their interaction with cells within the bone marrow microenvironment 

could create a supportive niche for growth which results in a disruption of bone 

homeostasis which in this case leads to increased osteolysis. We also discovered a 

donor dependent shift in the expression of MSC cell surface markers in PC3 educated 

MSCs which suggests a change in cell phenotype within the population. Transition to 

a CAF-like phenotype was ruled out as the cells did not increase in the expression of 

αSMA, FSP1, FAP or vimentin. Instead, there was a decrease in their αSMA and 

vimentin expression which could mean a change in cell structure or function. 
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4.1 Introduction 

MSCs have multiple functions within the body. Several studies have reported the 

migration of MSCs to the heart following myocardial infarction (Orlic et al., 2001, 

Barbash et al., 2003, Wu et al., 2003), as well as the lungs (Ortiz et al., 2003), liver 

(Sato et al., 2005) and brain (Mahmood et al., 2003) during injury. This migratory 

function allows MSCs to home to injured tissue and contribute to repair. Although 

the mechanisms are not fully understood, there is evidence to suggest that MSCs are 

stimulated to migrate to these tissues through the release of cytokines and 

chemokines present in the inflammatory sites that bind to their corresponding 

receptors on the MSCs (Chamberlain et al., 2007, Rustad and Gurtner, 2012, Wang et 

al., 2002, Ji et al., 2004). The tumour microenvironment is a known site of 

inflammation and the factors released by the tumour stimulate the homing of MSCs 

to the primary site whereby they form part of the stroma (Karnoub et al., 2007, Prantl 

et al., 2010, Wu et al., 2008, Kidd et al., 2009). The mechanisms by which the MSCs 

interact with the surrounding cells however, are still largely unknown.   

The aim of this study was to determine the functional characteristics of the PC3 

educated MSCs and assess whether they differed to naïve MSCs. The question then 

was whether any observed functional change was sustained following growth 

without the presence of CM. Firstly we examined the migration capacity of 22Rv1, 

DU145 and PC3 educated MSCs following 5, 10 and 20 days of conditioning. The PC3 

educated MSCs were found to have the greatest response to the conditioning and so 

were more robustly examined for their migration capacity at 10, 20 and 30 day 

conditioning time-points. As movement from the bone marrow to the blood vessel 

requires the MSC to breakdown the ECM and invade, the PC3 educated MSCs were 

also examined for their capacity to invade. MSCs under normal conditions can self-

renew and growth with the addition of FGF2 (see section 2.3) allows prolonged 

culture in vitro while maintaining a multipotent state (Tsutsumi et al., 2001). The PC3 

educated MSCs were thus tested for their proliferation rate to assess whether the 

conditioning period at 10, 20 and 30 day time-points would impact this function.   
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MSCs are functionally characterised by their capacity to differentiate to osteocytes, 

adipocytes and chondrocytes (Pittenger et al., 1999, Dominici et al., 2006). Bone 

marrow resident MSCs have an integral function in bone remodelling and play a 

supportive role for HSCs (Bruder et al., 1998, Majumdar et al., 1998). Therefore, 

disruption of their function within the bone marrow could have major consequences 

on bone homeostasis. We therefore sought to determine whether PC3 educated 

MSCs retained a similar differentiation potential to the untreated MSCs. The cells 

were tested for their capacity to differentiate to adipocytes and osteocytes following 

30 days of conditioning in PC3 cell CM.  

The MSCs used for this study were derived from the bone marrow of healthy male 

donors at ages 38 (donor 1), 25 (donor 2), 20 (donor 3) and 26 (donor 4) as described 

in section 2.1. The age of the MSC donors does not represent the age cohort of 

prostate cancer patients; however MSCs derived from younger healthy donors are 

useful for preliminary proof-of-concept studies. The MSCS were isolated at passage 

0 or 1 and used experimentally up to passage 7. PC3 and DU145 cells are human male 

cells originally derived from the bone and brain metastatic site, respectively. The 

human prostate cancer cell line, 22Rv1, was originally derived from a castrate 

resistant mouse xenograft model of parental CWR22 (section 2.2). The subsequent 

cell line 22Rv1 is androgen independent through a mutation in the androgen receptor 

and is non-metastatic. MSCs and cancer cells were grown in the same MSC complete 

growth medium throughout the duration of the study. 

4.2 Results 

4.2.1 Long-term Conditioning of MSCs in 22Rv1, DU145 and PC3 CM Reduces their 

Migration Capacity 

Initial studies were carried out to evaluate the migration capacity of 22Rv1, DU145 

and PC3 educated MSCs following 5, 10 and 20 day conditioning periods using MSCs 

derived from donor 3. Cell migration potential was tested in real-time using the 

xCelligence system as described in section 2.12.1 with the cells in serum free medium 

migrating towards medium containing 10% serum. Migration is measured by 

electrical impedance as the cells migrate through pores in the upper chamber of the 
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CIM-plate and the value is given as ‘cell index’. All selected MSCs had a similar 

migration capacity following 5 days of conditioning with the untreated MSCs showing 

the greatest rate of migration (figure 4.1 A) and the difference was statistically 

significant between untreated MSCs and MSCs after 5 days of treatment with 22Rv1 

CM (two-way ANOVA, p<0.0001), DU145 CM (two-way ANOVA, p<0.0001) and PC3 

CM (two-way ANOVA, p<0.0001). After 10 and 20 days of conditioning, the 22Rv1, 

DU145 and PC3 educated MSCs show an obvious decreased rate of migration in 

comparison to the untreated MSCs with the DU145 and PC3 educated MSCs 

consistently showing the lowest rate of migration (figure 4.1 A+B). The difference was 

statistically significant between untreated MSCs and MSCs after both 10 and 20 days 

of treatment with 22Rv1 CM (two-way ANOVA, p<0.0001), DU145 CM (two-way 

ANOVA, p<0.0001) and PC3 CM (two-way ANOVA, p<0.0001). 

 

 

 

 

 

 

 



Functional Characterisation of Prostate Cancer Educated MSCs 

91 
 

 

Figure 4.1 Migration Capacity of 22Rv1, DU145 and PC3 Educated MSCs. The migration 
capacity of 22Rv1, DU145 and PC3 educated MSCs was tested using the xCelligence system. 
The cells were conditioned for 5 (A), 10 (B) and 20 (C) days using MSCs from donor 3. While 
all cell types showed a similar rate of migration at the 5 day time-point (A), the untreated 
MSCs consistently showed the greatest rate of migration at each time-point (A-C) and the 
difference was statistically significant between untreated MSCs and MSCs after 5 days of 
treatment with 22Rv1 CM (two-way ANOVA, p<0.0001), DU145 CM (two-way ANOVA, 
p<0.0001) and PC3 CM (two-way ANOVA, p<0.0001). Nonetheless, an obvious decrease in 
the migration capacity of the 22Rv1, DU145 and PC3 educated MSCs was visible at the 10 
and 20 day time-points with the DU145 and PC3 educated MSCs showing the lowest rate of 
migration (B+C). The difference was statistically significant between untreated MSCs and 
MSCs after both 10 and 20 days of treatment with 22Rv1 CM (two-way ANOVA, p<0.0001), 
DU145 CM (two-way ANOVA, p<0.0001) and PC3 CM (two-way ANOVA, p<0.0001). Data 
represents the mean of technical replicates ± SD. 

 

4.2.2 Migration Capacity of PC3 Educated MSCs 

The cell migration capacity of PC3 educated MSCs was validated using MSCs derived 

from three separate donors in real-time using the xCelligence system as described in 

section 2.12.1 with the MSCs in serum free medium migrating towards medium 

containing 10% serum. MSCs were treated for 10, 20 and 30 days in PC3 CM prior to 

experimental use. Migration was measured by electrical impedance as the cells 

migrate through pores in the upper chamber of the CIM-plate and the value was given 
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as ‘cell index’. The 30 day treated cells were subsequently grown for an extended 

period (12 - 16 days) in complete medium to test whether any change in migration 

potential was sustained.  

4.2.2.1 PC3 Educated MSCs Showed an Increased Migration Capacity Following 10 

Days of Conditioning 

MSCs from three donors were conditioned for 10 days in PC3 CM. The cells were 

tested for their capacity to migrate towards medium containing 10% serum. The PC3 

educated MSCs from each donor were found to migrate at a greater rate compared 

to the untreated MSCs (figure 4.2 A-C). The difference in the migration rate between 

untreated MSCs and PC3 educated MSCs was statistically significant in MSCs derived 

from donor 1 (two-way ANOVA, p<0.0001), donor 2 (two-way ANOVA, p<0.0001) and 

donor 3 (two-way ANOVA, p<0.0001). Overall, combining data from all donor MSCs, 

the difference was also found to be statistically significant (two-way ANOVA, 

p<0.0001) (figure 4.2 D). 
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Figure 4.2. Migration Capacity of PC3 Educated MSCs Following 10 days of Conditioning. 
MSCs treated for 10 days with PC3 CM were tested for their capacity to migrate using the 
xCelligence system. The PC3 educated MSCs from each donor were found to migrate at a 
greater rate to the untreated MSCs (A-C). The difference in the migration rate between 
untreated MSCs and PC3 educated MSCs was statistically significant in MSCs derived from 
donor 1 (two-way ANOVA, p<0.0001), donor 2 (two-way ANOVA, p<0.0001) and donor 3 
(two-way ANOVA, p<0.0001). Overall (D), the difference was statistically significant (two-way 
ANOVA, p<0.0001). Data represents the mean of technical replicates ± SD. 
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4.2.2.2 PC3 Educated MSCs Showed a Decreased Migration Capacity Following 20 

Days of Conditioning 

MSCs from three donors were conditioned for 20 days in PC3 CM. The cells were 

tested for their capacity to migrate towards medium containing 10% serum. The PC3 

educated MSCs from each donor, particularly 2 and 3, were found to migrate at a 

decreased rate in comparison to the untreated MSCs (figure 4.3 A-C). The difference 

in the migration rate between untreated MSCs and PC3 educated MSCs was 

statistically significant in MSCs derived from donor 1 (two-way ANOVA, p<0.0001), 

donor 2 (two-way ANOVA, p<0.0001) and donor 3 (two-way ANOVA, p<0.0001).  

However, overall, combining data from all donor MSCs, the difference was not 

statistically significant (two-way ANOVA) (figure 4.3 D). This could be due to the 

limitations of combining data from all donor MSCs as naïve MSCs from different 

donors will have varying baseline migration rates. 
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Figure 4.3. Migration Capacity of PC3 Educated MSCs Following 20 days of Conditioning. 
MSCs treated for 20 days with PC3 CM were tested for their capacity to migrate using the 
xCelligence system. The PC3 educated MSCs from each donor were found to migrate at a 
decreased rate in comparison to the untreated MSCs (A-C), though the most obvious 
difference was found in the treated MSCs from donors 2 and 3 (B+C). The difference in the 
migration rate between untreated MSCs and PC3 educated MSCs was statistically significant 
in MSCs derived from donor 1 (two-way ANOVA, p<0.0001), donor 2 (two-way ANOVA, 
p<0.0001) and donor 3 (two-way ANOVA, p<0.0001). However, overall (D) the difference was 
not statistically significant (two-way ANOVA). Data represents the mean of technical 
replicates ± SD. 
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4.2.2.3 PC3 Educated MSCs Showed an Decreased Migration Capacity Following 30 

Days of Conditioning 

MSCs from three donors were conditioned for 30 days in PC3 CM. The cells were 

tested for their capacity to migrate towards medium containing 10% serum. The PC3 

educated MSCs from each donor were found to migrate at a decreased rate 

compared to the untreated MSCs (figure 4.4 A-C). The difference in the migration rate 

between untreated MSCs and PC3 educated MSCs was statistically significant in MSCs 

derived from donor 1 (two-way ANOVA, p<0.0001), donor 2 (two-way ANOVA, 

p<0.0001) and donor 3 (two-way ANOVA, p<0.0001). Overall, combining data from 

all donor derived MSCs the difference was statistically significant (two-way ANOVA, 

p<0.05) (figure 4.4 D).  
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Figure 4.4. Migration Capacity of PC3 Educated MSCs Following 30 days of Conditioning. 
MSCs treated for 30 days with PC3 CM were tested for their capacity to migrate using the 
xCelligence system. The PC3 educated MSCs from each donor were found to migrate at a 
decreased rate in comparison to the untreated MSCs (A-C). The difference in the migration 
rate between untreated MSCs and PC3 educated MSCs was statistically significant in MSCs 
derived from donor 1 (two-way ANOVA, p<0.0001), donor 2 (two-way ANOVA, p<0.0001) and 
donor 3 (two-way ANOVA, p<0.0001). Overall (D) the difference was statistically (two-way 
ANOVA, p<0.05). Data represents the mean of technical replicates ± SD. 
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4.2.2.4 PC3 Educated MSCs Show an Increased Migration Capacity Post-Conditioning 

MSCs conditioned for 30 days in PC3 CM were subsequently grown in complete 

medium for an extended period to decipher whether the decrease in migration 

capacity seen in the previous figure was sustained. Migration towards medium 

containing 10% serum was tested using the xCelligence system. In contrast to the 

previous finding whereby 30 day conditioned MSCs were found to migrate at a 

decreased rate in comparison to the untreated MSCs, the PC3 educated MSCs 

showed an increase in their capacity to migrate following growth without PC3 CM in 

comparison to the untreated MSCs. The increase was found to be statistically 

significant in the PC3 educated MSCs from donors 2 (two-way ANOVA, p<0.0001) and 

3 (two-way ANOVA, p<0.0001) but not from donor 1 (two-way ANOVA) in comparison 

to the untreated MSCs (figure 4.5 A-C). Overall, combining data from all donor MSCs, 

the difference was not statistically significant (two-way ANOVA). 
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Figure 4.5. Migration Capacity of PC3 Educated MSCs Post-Conditioning. MSCs treated for 
30 days with PC3 CM were grown for an extended period in complete medium and the cells 
were subsequently tested for their capacity to migrate using the xCelligence system. The PC3 
educated MSCs from donors 2 and 3 (B+C) were found to migrate at an increased rate to the 
untreated MSCs (A-C). The difference was found to be statistically significant in MSCs from 
donors 2 (two-way ANOVA, p<0.0001) and 3 (two-way ANOVA, p<0.0001), but not from 
donor 1 (two-way ANOVA). However, the overall (D) difference however was not statistically 
significant (two-way ANOVA). Data represents the mean of technical replicates ± SD. 
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4.2.3 Long-term Conditioning in DU145 and PC3 CM Reduces the Invasion Capacity of 

MSCs 

Initial studies were carried out to evaluate the invasion capacity of 22Rv1, DU145 and 

PC3 educated MSCs following 5, 10 and 20 day conditioning periods using MSCs 

derived from donor 3. The invasion potential of the cells was tested in real-time using 

the xCelligence system as described in section 2.12.1 and the MSCs invaded through 

a layer of 1 mg/ml Matrigel towards medium containing 10% serum. Invasion was 

measured by electrical impedance after the cells invade through the Matrigel and 

pores in the upper chamber of the CIM-plate and the value was given as ‘cell index’. 

Following 5, 10 and 20 days of conditioning in DU145 and PC3 CM, the MSCs decrease 

in their invasion potential in comparison to the untreated MSCs (figure 4.1). The 

difference was statistically significant between untreated MSCs and MSCs after 5, 10 

and 20 days of treatment with DU145 CM (two-way ANOVA, p<0.0001) and PC3 CM 

(two-way ANOVA, p<0.0001). The 22Rv1 educated MSCs show a similar invasive 

capacity to the untreated MSCs and do not show a statistically significant change in 

their rate of invasion following 10 days of treatment (two-way ANOVA). However, the 

MSCs showed a statistically significant decrease in their rate of invasion following 5 

(two-way ANOVA, p<0.0001) and 20 days (two-way ANOVA, p<0.0001) of treatment 

with 22Rv1 CM (figure 4.6).   
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Figure 4.6 Invasion Capacity of 22Rv1, DU145 and PC3 Educated MSCs. The invasion capacity 
of 22Rv1, DU145 and PC3 educated MSCs were tested using the xCelligence system. The cells 
were conditioned for 5 (A), 10 (B) and 20 (C) days using MSCs from donor 3. While the 22Rv1 
educated MSCs showed a similar rate of invasion at the 5 (A) and 10 day (B) time-points to 
the control, the DU145 and PC3 educated MSCs showed a consistent decrease in their 
capacity to invade at each time-point (A-C). The difference was statistically significant 
between untreated MSCs and MSCs after 5, 10 and 20 days of treatment with DU145 CM 
(two-way ANOVA, p<0.0001) and PC3 CM (two-way ANOVA, p<0.0001). The 22Rv1 educated 
MSCs did not show a statistically significant change following 10 days of treatment (two-way 
ANOVA). However, the MSCs showed a statistically significant decrease in their rate of 
invasion following 5 (two-way ANOVA, p<0.0001) and 20 (two-way ANOVA, p<0.0001) days 
of treatment with 22Rv1 CM. Data represents the mean of technical replicates ± SD. 

 

4.2.4 PC3 Educated MSCs Showed a Decreased Invasion Capacity Following 30 Days 

of Conditioning 

MSCs from three donors were conditioned for 30 days in PC3 CM. The cells were 

tested for their capacity to invade through a layer of 1 mg/ml Matrigel towards 

medium containing 10% serum (see section 2.13). The PC3 educated MSCs from 

donors 1 and 3 were found to invade at a decreased rate compared to the untreated 

MSCs (figure 4.7 A+C). The difference in the invasion rate between untreated MSCs 
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and PC3 educated MSCs was statistically significant in MSCs derived from donor 1 

(two-way ANOVA, p<0.0001), donor 2 (two-way ANOVA, p<0.001) and donor 3 (two-

way ANOVA, p<0.0001). The overall difference, combining data from all donor MSCs, 

was not found to be statistically significant (two-way ANOVA) (figure 4.7 D). We also 

analysed the gene expression levels of MMP9, a factor involved in ECM degradation, 

in untreated MSCs and PC3 educated MSCs that were conditioned for 30 days. We 

found that PC3 educated MSCs from donors 2 and 4 expressed decreased MMP9 in 

comparison to untreated MSCs (figure 4.7 E) which overall, combining data from both 

donor MSCs, was found to be statistically significant (unpaired student’s t-test, two-

tailed, p<0.05; n=2 biological replicates). 
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Figure 4.7. Invasion Capacity of PC3 Educated MSCs Following 30 days of Conditioning. 
MSCs treated for 30 days with PC3 CM were tested for their capacity to invade through 
Matrigel using the xCelligence system. The PC3 educated MSCs from each donor were found 
to decrease in their capacity to invade in comparison to the untreated MSCs (A-C), with PC3 
educated MSCs from donors 1 and 3 showing the greatest change (A+C). Overall (D) the 

difference was not statistically significant (two-way ANOVA). Data represents the mean of 
technical replicates ± SD. The gene expression levels of MMP9 were analysed in untreated 
MSCs and PC3 educated MSCs that were conditioned for 30 days from donors 2 and 4 and 
found to show a decrease in expression of MMP9 (E) Overall, combining data from both 
donor MSCs, the difference was statistically significant (unpaired student’s t-test, two-tailed, 
p<0.05; n=2 biological replicates). Data represents the mean of technical replicates with 
upper and lower limits. 
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4.2.5 Proliferation Capacity of PC3 Educated MSCs 

PC3 educated MSCs were tested for their proliferation capacity using the alamar blue 

assay as described in section 2.14.1. The MSCs were treated for 10, 20 and 30 days in 

PC3 CM prior to experimental use. PC3 educated MSCs after 30 days of conditioning 

were grown for an extended period (12 – 16 days) in complete medium to decipher 

whether the cells would retain any change in their proliferation capacity.   

4.2.5.1 Proliferation Capacity of PC3 Educated MSCs Following 10 Days of 

Conditioning 

The proliferation capacity of MSCs treated for 10 days in PC3 CM was tested using 

the alamar blue assay (see section 2.14.1). The proliferation rate of the PC3 educated 

MSCs was found to be decreased in comparison to untreated MSCs from all donors 

(figure 4.8). The proliferation rates begin to separate by day 8 and the difference 

between untreated MSCs and PC3 educated MSCs was statistically significant in MSCs 

derived from donor 1 (paired student’s t-test; two-tailed; p<0.001; n=3 technical 

replicates), donor 2 (paired student’s t-test; two-tailed; p<0.001; n=3 technical 

replicates) and donor 3 (paired student’s t-test; two-tailed; p<0.05; n=3 technical 

replicates ). Overall, combining data from all donor MSCs, the difference in 

proliferation rate, taken from values at day 8, was statistically significant (paired 

student’s t-test; two-tailed; p<0.001; n=3 biological replicates). 
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Figure 4.8. Proliferation Capacity of PC3 Educated MSCs Following 10 days of Conditioning. 
MSCs treated for 10 days in PC3 CM were tested for their proliferation capacity using the 
alamar blue assay. Readings were taken every 2 days. The PC3 educated MSCs were found to 
have a decreased rate of proliferation in comparison to the untreated MSCs from all donors 
(A-C). The difference between untreated MSCs and PC3 educated MSCs at day 8 was 
statistically significant in MSCs derived from donor 1 (paired student’s t-test; two-tailed; 
p<0.001; n=3 technical replicates), donor 2 (paired student’s t-test; two-tailed; p<0.001; n=3 
technical replicates) and donor 3 (paired student’s t-test; two-tailed; p<0.05; n=3 technical 
replicates). Overall, combining data from all donor MSCs the difference was statistically 
significant (paired student’s t-test; two-tailed; p<0.001; n=3 biological replicates). Data 
represents mean of technical replicates ± SD. 

 

4.2.5.2 PC3 Educated MSCs Decrease in their Proliferation Capacity Following 20 days 

of Conditioning 

The proliferation capacity of MSCs treated for 20 days in PC3 CM was tested using 

the alamar blue assay (see section 2.14.1). The proliferation rate of the PC3 educated 

MSCs was found to be consistently decreased in comparison to untreated MSCs from 

donor (figure 4.9). The proliferation rates were distinctly separated by day 8 and the 

difference between untreated MSCs and PC3 educated MSCs was statistically 

significant in MSCs derived from donor 1 (paired student’s t-test; two-tailed; p<0.01; 
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n=3 technical replicates), donor 2 (paired student’s t-test; two-tailed; p<0.01; n=3 

technical replicates) and donor 3 (paired student’s t-test; two-tailed; p<0.05; n=3 

technical replicates). Overall, combining data from all donor MSCs the difference in 

proliferation rate, taken from values at day 8, was statistically significant (paired 

student’s t-test; two-tailed; p<0.0001; n=3 biological replicates). 

 

 

Figure 4.9. Proliferation Capacity of PC3 Educated MSCs Following 20 days of Conditioning. 
MSCs treated for 20 days in PC3 CM were tested for their proliferation capacity using the 
alamar blue assay. Readings were taken every 2 days. The PC3 educated MSCs showed a 
consistent decrease in their rate of proliferation from each donor in comparison to the 
untreated MSCs (A-C). The difference between untreated MSCs and PC3 educated MSCs at 
day 8 was statistically significant in MSCs derived from donor 1 (paired student’s t-test; two-
tailed; p<0.01; n=3 technical replicates), donor 2 (paired student’s t-test; two-tailed; p<0.01; 
n=3 technical replicates) and donor 3 (paired student’s t-test; two-tailed; p<0.05; n=3 
technical replicates). Overall, combining data from all donor MSCs the difference was 
statistically significant (paired student’s t-test; two-tailed; p<0.0001; n=3 biological 
replicates). Data represents mean of technical replicates ± SD. 
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4.2.5.3 PC3 Educated MSCs Decrease in their Proliferation Capacity Following 30 days 

of Conditioning 

The proliferation capacity of MSCs treated for 30 days in PC3 CM was tested using 

the alamar blue assay (see section 2.14.1). The most evident decrease in proliferation 

rate was shown in the MSCs conditioned for 30 days, with cells from each donor 

showing a consistent decrease in comparison to untreated MSCs (figure 4.10). The 

proliferation rates were distinctly separated by day 8 and the difference between 

untreated MSCs and PC3 educated MSCs was statistically significant in MSCs derived 

from donor 1 (paired student’s t-test; two-tailed; p<0.01; n=3 technical replicates), 

donor 2 (paired student’s t-test; two-tailed; p<0.0001; n=3 technical replicates) and 

donor 3 (paired student’s t-test; two-tailed; p<0.001; n=3 technical replicates). 

Overall, combining data from all donors, the difference in proliferation rate, taken 

from values at day 8, was statistically significant (paired student’s t-test; two-tailed; 

p<0.0001; n=3 biological replicates). 
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Figure 4.10. Proliferation Capacity of PC3 Educated MSCs Following 30 days of 
Conditioning. MSCs treated for 30 days in PC3 CM were tested for their proliferation capacity 
using the alamar blue assay. Readings were taken every 2 days. The PC3 educated MSCs from 
each donor showed a consistent decrease in their proliferation capacity in comparison to the 
untreated MSCs (A-C). The difference between untreated MSCs and PC3 educated MSCs was 
statistically significant in MSCs derived from donor 1 (paired student’s t-test; two-tailed; 
p<0.01; n=3 technical replicates), donor 2 (paired student’s t-test; two-tailed; p<0.0001; n=3 
technical replicates) and donor 3 (paired student’s t-test; two-tailed; p<0.001; n=3 technical 
replicates). Overall, combining data from all donor MSCs the difference was statistically 
significant (paired student’s t-test; two-tailed; p<0.0001; n=3 biological replicates). Data 
represents mean of technical replicates ± SD. 

 

4.2.5.4 Proliferation Capacity of PC3 Educated MSCs Post-Conditioning 

MSCs were treated for 30 days in PC3 CM followed by extended growth in complete 

medium. The cells were then harvested and their proliferation capacity was tested 

using the alamar blue assay (see section 2.14.1). PC3 educated MSCs from donor 2 

appeared to retain their decreased rate of proliferation (figure 4.11 B) however, PC3 

educated MSCs from donors 1 and 3 regained their proliferative function and showed 

a similar rate to the untreated MSCs. The difference between untreated MSCs and 
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PC3 educated MSCs was statistically significant at day 8 of the proliferation assay in 

MSCs derived from donor 1 (paired student’s t-test; two-tailed; p<0.05; n=3 technical 

replicates), donor 2 (paired student’s t-test; two-tailed; p<0.0001; n=3 technical 

replicates) but not donor 3 (paired student’s t-test; two-tailed; n=3 technical 

replicates). Overall, combining data from all donor MSCs the difference in 

proliferation rate, taken from values at day 8, was not statistically significant (paired 

student’s t-test; two-tailed; n=3 biological replicates). 

 

 

Figure 4.11. Proliferation Capacity of PC3 Educated MSCs Post-Conditioning. MSCs were 
treated for 30 days in PC3 CM followed by extended growth in complete medium. 
Proliferation capacity of the cells was tested using the alamar blue assay. Readings were 
taken every 2 days. The PC3 educated MSCs from donor 2 retained a decreased proliferation 
rate however, PC3 educated MSCs from donors 1 and 3 regained their proliferation capacity 
and showed a similar proliferation rate to the untreated MSCs (A-C). The difference between 
untreated MSCs and PC3 educated MSCs was statistically significant at day 8 of the 
proliferation assay in MSCs derived from donor 1 (paired student’s t-test; two-tailed; p<0.05; 
n=3 technical replicates), donor 2 (paired student’s t-test; two-tailed; p<0.0001; n=3 
technical replicates) but not donor 3 (paired student’s t-test; two-tailed; n=3 technical 
replicates). Overall, combining data values at day 8, the difference was not statistically 
significant (paired student’s t-test; two-tailed; n=3 biological replicates). Data represents 
mean of technical replicates ± SD. 
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4.2.6 PC3 Educated MSCs are Larger in Size but do not Change in Morphology 

PC3 educated MSCs were evaluated for changes in cell morphology and size. The 

MSCs were treated for 30 days with PC3 CM and the diameter of the cells was 

measured using the cellSens Entry (version 1.5) imaging system when in suspension 

using trypan blue to recognise viable cells. The PC3 educated MSCs were 

morphologically similar to the untreated MSCs and retain a fibroblastic shape (figure 

4.12 A). However, there was a noticeable change in cell size, which was more visible 

when the cells were in suspension (figure 4.12 B). The diameter of 100 PC3 educated 

MSCs and untreated MSCs from each of 3 donors were measured and the PC3 

educated MSCs were found to be larger in size than the untreated MSCs (figure 4.12 

C-E). Overall, the untreated MSCs had a mean diameter of 26.32 μm, whereas the 

PC3 educated MSCs had a mean diameter of 32.76 μm and the difference was 

statistically significant (paired student’s t-test; two-tailed; p<0.0001; n=3 biological 

donors). 
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Figure 4.12. Cell Morphology and Size. MSCs were treated for 30 days in PC3 CM and 
evaluated for changes in cell size and morphology. The diameter of the cells was measured 
when in suspension and trypan blue was used to recognise viable cells (B). The PC3 educated 
MSCs retained the fibroblastic morphology and were similar in shape to the untreated MSCs 
(A). The PC3 educated MSCs were visibly larger in cell size (A), which was particularly 
apparent when in suspension (B). One hundred cells were measured from each of 3 donor 
MSCs (C-E). The PC3 educated MSCs were found to be larger in size than the untreated MSCs 
and the difference was statistically significant (paired student’s t-test; two-tailed; p<0.0001; 
n=3 biological donors). Data represents the mean of technical replicates ± SD.  

 

4.2.7 The Adipogenic Differentiation Potential of PC3 Educated MSCs 

MSCs are partly characterised by their capacity to differentiate to adipocytes, 

osteocytes and chondrocytes (Dominici et al., 2006). To decipher whether PC3 

educated MSCs, conditioned for 30 days, could retain some of the functional 

characteristics of naïve MSCs the cells were tested for adipogenic differentiation 

potential. The adipogenesis assay was performed and analysed as described in 

section 2.15. The Oil Red O assay allows you to visualise lipid droplets within the cell 

which indicates that adipogenesis has occurred. Both untreated MSCs and PC3 

educated MSCs from each donor analysed were found to have the capacity to 

differentiate to adipocytes (figure 4.13). Visually, it appears that PC3 educated MSCs 

from donor 1 and 2 have a decreased capacity to differentiate to adipocytes (figure 

4.13 A). In order to quantitatively analyse the differentiation of the MSCs, the Oil Red 
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O stain was removed from each well and the absorbance was quantified at 520nm. 

Consistent with the reduction in the level of PC3 educated MSC derived adipocytes 

seen in the images (figure 4.13 A), a lower amount of Oil Red O was present in wells 

containing the PC3 educated MSCs compared to the untreated MSCs derived from 

donor 1 and donor 2 but not from donor 4 (figure 4.14 B). Overall, combining data 

from all donor MSCs, the result was found to be statistically significant (paired 

student’s t-test; two-tailed; p<0.05; n=3 biological replicates).  

Given that we found the PC3 educated MSCs to be larger in size than the untreated 

MSCs (see section 4.2.6), the cell number within the well could differ between the 

treated and untreated MSCs. The gene expression of PPARγ, an adipocyte marker, 

was therefore analysed using real-time PCR (as described in section 2.10). PPARγ 

expression was found to be downregulated in PC3 educated MSCs from donors 1 and 

4 and upregulated in cells from donor 2 in comparison to untreated MSCs. When data 

from all donors was combined, no statistically significant difference was found in 

PPARγ expression between the PC3 educated MSCs and untreated MSCs (figure 4.14 

C) and taken together we could not conclude that the conditioning affects MSC 

adipogenic potential.  
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Figure 4.13. Adipogenesis. PC3 educated MSCs were tested for their adipogenic 
differentiation capacity. The cells were grown in adipogenic differentiation medium and 
analysed for lipid production using the Oil Red O assay. Visually, the PC3 educated MSCs from 
donors 1 and 2 were shown to have a reduced capacity for adipogenesis (A). The Oil Red O 
was removed from each well and the absorbance was quantified (B). A reduced amount of 
Oil Red O was present in wells containing the PC3 educated MSCs compared to the untreated 
MSCs derived from donor 1 and donor 2 but not from donor 4 (figure 4.14 B). Overall, 
combining data from all donor MSCs, the result was found to be statistically significant 
(paired student’s t-test; two-tailed; p<0.05; n=3 biological replicates) (B). Data represents 
mean of technical replicates ± SD. The gene expression of the adipocyte marker PPAR-γ was 
tested using real-time PCR. PPAR-γ was found to be downregulated in PC3 educated MSCs 
from donor 1 and 4 however, overall no statistically significant difference was detected 
(paired student’s t-test; two-tailed; p<0.05; n=3 technical replicates). Values were 
normalised to the untreated controls (C). Data represents the mean of technical replicates 
with upper and lower limits. 
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4.2.8 PC3 Educated MSCs do not Change in their Osteogenic Differentiation Potential 

PC3 educated MSCs, conditioned for 30 days, were analysed for their osteogenic 

differentiation potential to evaluate whether the cells retain the functional 

characteristic of naïve MSCs. The osteogenesis assay was performed and analysed as 

described in section 2.16. Following 15 days of growth in osteogenic differentiation 

medium the cells were stained with Alizarin Red to identify calcium deposition. No 

clear difference in calcium deposition could be visualised between the PC3 educated 

MSCs and untreated MSCs (figure 4.14 A). The calcium production was quantitatively 

validated per well containing a cellular monolayer using the Stanbio Calcium 

Liquicolor test as described in section 2.16.3. The PC3 educated MSCs (20.6 μg per 

well) from donor 2 were found to produce less calcium than the untreated MSCs (24.5 

μg per well) (figure 4.14 B). The untreated MSCs from donor 4 produced 15.8 μg per 

well while the PC3 educated MSCs from donor 4 produced 15.9 μg per well. Gene 

expression of RUNX2, a transcription factor associated with osteoblast 

differentiation, was assessed using real-time PCR (as described in section 2.10). No 

statistically significant change in the gene expression of RUNX2 was found in PC3 

educated MSCs in comparison to untreated MSCs using data taken from three donor 

MSCs (unpaired student’s t-test; two-tailed; n=3 biological replicates) (figure 4.14 C).  
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Figure 4.14. Osteogenesis. PC3 educated MSCs were tested for their osteogenic 
differentiation capacity. The cells were grown in osteogenic differentiation medium for 15 
days and subsequently analysed for calcium production visually using the Alizarin Red stain 
(A) and quantitatively using the Stanbio Calcium Liquicolor test (B). No obvious difference in 
calcium deposition could be visually identified between the PC3 educated MSCs and 
untreated MSCs (A). Following quantitative analysis of calcium production, PC3 educated 
MSCs (20.6 μg per well) from donor 2 were found to produce less calcium than the untreated 
MSCs (24.5 μg per well), whereas no change was found between untreated MSCs (15.8 μg 
per well) and PC3 educated MSCs (15.9 μg per well) from donor 4 (B). Data represents mean 
of technical replicates ± SD. Gene expression of RUNX2 was analysed using real-time PCR and 
no statistically significant difference was found between the untreated MSCs and PC3 
educated MSCs in data collected from all donors student’s t-test; two-tailed; n=3 biological 
replicates). Values were normalised to the untreated controls (C). Data represents the mean 
of technical replicates with upper and lower limits. 
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4.3 Discussion 

The aim of this study was to test the functional characteristics of the PC3 educated 

MSCs. MSCs are migratory cells and are known to home to inflammatory sites in vivo 

such as the heart (Orlic et al., 2001), lung (Ortiz et al., 2003), liver (Sato et al., 2005) 

and brain (Mahmood et al., 2003) during injury. Although the mechanisms by which 

the MSCs home to the various tissues is unclear, they do express different chemokine 

receptors and it is thought that migration is due in part to a response to cytokines 

and chemokines released by the tissue (Sordi et al., 2005, Von Luttichau et al., 2005, 

Wynn et al., 2004, Honczarenko et al., 2006).  

We initially tested the migration (figure 4.1) and invasion (figure 4.6) capacity of 

22Rv1, DU145 and PC3 educated MSCs that were treated with prostate cancer cell 

CM for 5, 10 and 20 days. All cell types showed a comparable rate of migration after 

5 days of conditioning. There was however a visible decrease in the migration rate of 

the prostate cancer cell conditioned MSCs in comparison to the untreated MSCs after 

10 and 20 days of conditioning. The MSCs treated with CM from the metastatic cell 

lines, DU145 and PC3, showed a similar rate of migration, which was lower than the 

22Rv1 educated MSCs and untreated MSCs (figure 4.1). Interestingly, while DU145 

and PC3 educated MSCs were found to have a decreased rate of migration and 

invasion, the 22Rv1 educated MSCs were found to have a decreased rate of migration 

(figure 4.1) but not invasion (figure 4.6) which suggests a tumour cell specific 

conditioning of MSCs.  

We then carried out more robust testing on the migration capacity of PC3 educated 

MSCs following 10, 20 and 30 days of conditioning. Interestingly and in contrast to 

the previous experiment, the PC3 educated MSCs showed an increase in migration in 

comparison to the untreated MSCs following 10 days of conditioning. This increase 

was detected in cells from all three donors tested (figure 4.2). After 20 and 30 days 

of conditioning the PC3 educated MSCs showed a consistent decrease in their rate of 

migration in cells from all donors used in comparison to untreated MSCs (figure 4.3 

and 4.4). Nonetheless, the PC3 educated MSCs recover their migration capacity and 

the cells from donors 2 and 3 show an increase in migration in comparison to the 
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untreated MSCs (figure 4.5). A decreased invasion capacity in the PC3 educated MSCs 

that were conditioned for 30 days was also observed in comparison to untreated 

MSCs, which may be related to the decrease in the gene expression of MMP-9 in PC3 

educated MSCs (figure 4.7). It can therefore be concluded that long-term 

conditioning in PC3 CM results in at least a temporary inhibition of migration and 

invasion.  

Similar results were observed after testing the proliferation rate of the PC3 educated 

MSCs but with a consistent decrease in PC3 educated MSC proliferation following 10, 

20 and 30 days of conditioning in comparison to the untreated MSCs. The PC3 

educated MSCs then regained a similar proliferation rate to the untreated MSCs in 

cells from 2 of 3 donors following extended growth in complete medium. 

Interestingly, MSCs derived from prostate cancer tumours were found to have an 

increased rate of proliferation when compared with bone marrow derived MSCs 

(Ding et al., 2012). However, in a study by Reagan and colleagues it was found that 

bone marrow derived MSCs grown in co-culture with multiple myeloma cells in 3D 

silk scaffolds showed a decreased migration and proliferation capacity in comparison 

to when grown without the cancer cells (Reagan et al., 2014). Although some reports 

are conflicting (Corre et al., 2007, Noll et al., 2014), several studies have found 

multiple myeloma derived MSCs to have a decreased proliferation rate in comparison 

to MSCs derived from healthy bone marrow (Garderet et al., 2007, Andre et al., 2013, 

Jurczyszyn et al., 2015). A downregulation of genes associated with proliferation were 

also observed in healthy and multiple myeloma derived MSCs when in co-culture with 

multiple myeloma cells (MM1S) (Garcia-Gomez et al., 2014).  

A decrease in the expression of growth factors – nerve growth factor receptor 

(NGFR), platelet-derived growth factor β receptor (PDGFβR), basic fibroblast growth 

factor receptor (bFGFR), insulin-like growth factor-1 receptor (IGF-1R), and epidermal 

growth factor receptor (EGFR) – was also found in multiple myeloma derived MSCs 

in comparison to healthy bone marrow MSCs, which may explain the reduced rate in 

proliferation (Garderet et al., 2007). We did not explore the growth factor expression 

of the PC3 educated MSCs though this might be of interest in future studies. A 

decrease in chemokine and growth factor receptor expression might also explain the 
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low migration rate. It has been shown that a 1 day pre-treatment of MSCs with TNF-

α increases CCR2, CCR3, and CCR4 expression resulting in increased migration and 

invasion (Ponte et al., 2007, Waterman et al., 2010). Yet, an interesting finding is that 

short-term stimulation by lipopolysaccharide (LPS), a TLR4 ligand, or poly(I:C), a TLR3 

ligand, increased bone marrow derived MSC migration following 1 hour of incubation 

but inhibited migration following 24 hours of migration (Waterman et al., 2010). The 

complexity of the effect of secretory factors on cell migration based on exposure time 

may explain the increase in migration we found in MSCs conditioned for 10 days in 

PC3 CM versus the decrease following 20 and 30 days of conditioning.  

In the next part of the study we examined the morphology of the PC3 educated MSCs 

and measured their cell size following 30 days of conditioning. The PC3 educated 

MSCs, upon visual examination, retained a similar fibroblastic and spindle shaped 

morphology to the untreated MSCs (figure 4.12 A). The diameter was then measured 

when the cells were in suspension and we found the PC3 educated MSCs to be larger 

in size than the untreated MSCs (figure 4.12 B). There could be many explanations, 

one of which could be that the cells are in the process of differentiation, resulting in 

a change in cell size. Another explanation could be that the PC3 educated MSCs are 

arrested in their cell cycle as an increase in cell size is associated with an arrest in G1 

(Goranov et al., 2009). Withdrawal from cell cycle is also associated with the 

differentiation of many cell types and so coupling of these two mechanisms must also 

be considered (Scott et al., 1982, Ntambi and Young-Cheul, 2000, Peunova and 

Enikolopov, 1995, Bories et al., 1989, Zarrilli et al., 1999). Due to difficulties in 

harvesting large quantities of MSCs at the end of each conditioning period, only a 

selection of experiments could be performed and thus investigation into cell cycle 

arrest as a cause for the observed increase in size should be considered for future 

studies. Interestingly, it was found that stimulation of cytokines, particularly GM-CSF, 

G-CSF, IL-6 and IL-2 in neutrophils resulted in an enlargement of cell size in 

neutrophils (Yuan et al., 1993) and production of IL-2 in PBMCs was found to correlate 

with increased cell size (Bjork et al., 1996). Therefore, the increase in cytokine 

production found in the PC3 educated MSCs could be correlated with the increase 

found in their cell size. The induction of senescence was also considered as an 
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explanation for the increase in cell size observed in the PC3 educated MSCs. MSCs, 

like somatic cells have a limited lifespan in vitro, however it has been found that 

senescent fibroblasts within the tumour microenvironment can be metabolically 

active with an increase in the secretion of pro-inflammatory cytokines that results in 

a senescence associated secretory phenotype (SASP). It is therefore theoretically 

possible that the PC3 educated MSCs have acquired the SASP. However, as the PC3 

educated MSCs maintained a fibroblastic, spindle-like morphology and did not 

develop a flattened, irregular morphology – typical of a senescent MSC – it was not 

further investigated (Wagner et al., 2008). Nonetheless, future studies that confirm 

whether or not PC3 educated MSCs are senescent should be considered. 

MSCs are molecularly characterised by cell surface markers – CD105, CD73 and CD90 

– and functionally characterised by the capacity to differentiate to osteocytes, 

chondrocytes and adipocytes (Dominici et al., 2006). MSCs isolated from gastric (Cao 

et al., 2009), lung (Berger et al., 2015) and breast (Zhang et al., 2013a) cancer show 

similar adipogenic and osteogenic differentiation potentials in comparison to bone 

marrow derived MSCs. However, several studies show a reduction in the osteogenic 

potential of multiple myeloma derived MSCs in comparison to MSCs derived from 

healthy bone marrow (Corre et al., 2007, Garderet et al., 2007, Li et al., 2007). 

In this study, we investigated the adipogenic and osteogenic differentiation capacity 

of PC3 educated MSCs following 30 days of conditioning. Following growth in 

adipogenic and osteogenic differentiation medium, untreated MSCs and PC3 

educated MSCs were visually and quantitatively assessed for lipid formation or 

calcium production (figure 4.13 A+B and figure 4.14 A+B). We also quantitatively 

analysed the gene expression of the adipogenic and osteogenic differentiation 

markers PPAR-γ and RUNX2, respectively (figure 13 C and figure 4.14 C). We did not 

however find sufficient evidence to suggest that the PC3 educated MSCs differed in 

their adipogenic or osteogenic differentiation potential.  

In contrast to our research, it was found in two separate studies that PC3 CM can 

induce increased osteogenic differentiation potential, however the experiments 

involved growing naïve MSCs in osteogenic differentiation medium and PC3 CM 
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simultaneously (Borghese et al., 2013, Fritz et al., 2011). These results, in light of what 

we have found could signify impairment of MSC osteogenic or adipogenic 

differentiation capacity that is dependent on paracrine signalling from PC3 cells. 

Moreover, gene analysis of PC3 holoclones showed suppression of genes associated 

with osteogenic differentiation (Gallagher et al., 2015). Borghese and colleagues also 

found that simultaneous growth of bone marrow derived MSCs in adipogenic 

differentiation medium and PC3 CM resulted in decreased adipogenic differentiation 

potential (Borghese et al., 2013). Similarly, bone marrow derived MSCs grown with 

adipogenic differentiation medium and DU145 cell derived exosomes also resulted in 

decreased adipogenesis (Chowdhury et al., 2015). Therefore, future studies involving 

continuous exposure to PC3 CM could alter the osteogenic and adipogenic 

differentiation potential of the MSCs.  

In conclusion, we found that long-term culture in PC3 CM inhibits the migration and 

proliferation of MSCs and that both functions can be recovered following growth in 

complete medium.  PC3 educated MSCs following 30 days of conditioning were found 

to have a similar fibroblastic, spindle-like morphology to untreated MSCs, although 

they were found to be larger in size. The PC3 educated MSCs, when removed from 

CM retain their capacity for osteogenesis and adipogenesis.  
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5.1 Introduction 

It is now understood that MSCs home to the tumour site and interact with the 

surrounding cells (Ame-Thomas et al., 2007, Kansy et al., 2014, Hossain et al., 2015, 

Karnoub et al., 2007, Prantl et al., 2010). Moreover, metastasis to the bone involves 

the migration of prostate cancer cells to where MSCs are resident. Research is 

conflicted however as to whether MSCs have a tumour promoting or suppressive 

function (Klopp et al., 2011). MSC and tumour cell interactions could be dependent 

on MSC ratio within the tumour, MSC origin as well as tumour cell type and grade 

(Klopp et al., 2011). Nonetheless, the majority of studies find that MSCs have a 

tumour promoting function in the stimulation of tumour growth, invasion and 

metastasis (Karnoub et al., 2007, Prantl et al., 2010, Ye et al., 2012, Mi et al., 2011). 

It has also been shown that co-culture with MSCs results in increased 

chemoresistance in leukemia cells, an outcome found to be dependent on SDF-

1α/CXCR4 interaction (Ito et al., 2015, Xia et al., 2015, Zeng et al., 2009). 

In this study, we investigated whether PC3 educated MSC interactions evoked 

functional, tumour promoting or suppressive reactions in various prostate cancer 

cells. The PC3 educated MSCs were conditioned for 30 days prior to each experiment. 

The cytotoxic response of PC3 educated MSCs was initially assessed using the 

chemotherapeutic drug, docetaxel to determine whether there was any change in 

their cytotoxic sensitivity. The taxane, docetaxel, is an inhibitor of mircrotubule 

depolymerisation and docetaxel-based treatment has shown survival benefit in 

patients with metastatic castration-resistant prostate cancer in two randomized 

phase III clinical trials (Verweij et al., 1994, Petrylak et al., 2004, Tannock et al., 2004). 

PC3 cells were then grown in an indirect co-culture system with untreated MSCs and 

PC3 educated MSCs, and treated with either docetaxel or paclitaxel to examine 

whether PC3 educated MSCs had a chemoprotective effect on PC3 cells. The 

proliferation rate of PC3 cells in response to untreated MSCs and PC3 educated MSCs 

was assessed using a similar approach. PC3 cells were examined for their proliferation 

rate using an indirect co-culture system with untreated MSCs and PC3 educated MSCs 

over a 72 hour period.  
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Finally, PC3 educated MSCs were found to release an increase in known 

chemoattractant factors - MCP-1, IL8 and OPN - in previous experiments shown in 

chapter 3. It was therefore considered that PC3 educated MSCs may stimulate 

increased chemotaxis of prostate cancer cells. The migration of 22Rv1, DU145 and 

PC3 cells towards a monolayer of untreated MSCs and PC3 educated MSCs was thus 

evaluated.  

The MSCs used for this study were derived from the bone marrow of healthy male 

donors at ages 38 (donor 1), 25 (donor 2), 20 (donor 3) and 26 (donor 4) as described 

in section 2.1. The age of the MSC donors does not represent the age cohort of 

prostate cancer patients; however MSCs derived from younger healthy donors are 

useful for preliminary proof-of-concept studies. The MSCS were isolated at passage 

0 or 1 and used experimentally up to passage 7. PC3 and DU145 cells are human male 

cells originally derived from the bone and brain metastatic site, respectively. The 

human prostate cancer cell line, 22Rv1, was originally derived from a castrate 

resistant mouse xenograft model of parental CWR22 (section 2.2). The subsequent 

cell line 22Rv1 is androgen independent through a mutation in the androgen receptor 

and is non-metastatic. MSCs and cancer cells were grown in the same MSC complete 

growth medium throughout the duration of the study. 

5.2 Results 

5.2.1 PC3 Educated MSCs do not Change in their Cytotoxic Response to Docetaxel  

PC3 educated MSCs that were conditioned for 30 days were tested for their cytotoxic 

resistance to docetaxel in comparison to untreated MSCs. Initially, untreated MSCs 

were treated with a range of docetaxel concentrations for 72 hours followed by an 

alamar blue viability assay as described in section 2.17. A dose-response curve was 

generated and the IC50 was determined at 800 μM, which was used to test PC3 

educated MSC cytotoxic resistance (figure 5.1 A). However, no change in cytotoxic 

resistance was detected in PC3 educated MSCs compared to the untreated MSCs 

(figure 5.1 B). Survival for untreated MSCs was found at 56.7% and at 59.5% for the 

PC3 educated MSCs. The difference was not found to be statistically significant 

(paired student’s t-test; two-tailed; n=3 biological replicates). Values were 
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normalised to the untreated controls and the data was collected from 3 separate 

donors and represents the mean ± SD. 

 

 

Figure 5.1. Cytotoxic Resistance of PC3 Educated MSCs. PC3 educated MSCs that were 
conditioned for 30 days were tested for cytotoxic resistance to docetaxel. Untreated MSCs 
were treated with a range of concentrations to generate a dose-response curve (A). The 
untreated MSCs and PC3 educated MSCs were then treated with the IC50 (800 μM docetaxel). 
The PC3 educated MSCs were not found to change in their resistance to docetaxel and the 
difference was not found to be statistically significant (paired student’s t-test; two-tailed; n=3 
biological replicates). Values were normalised to the untreated controls and the data was 
collected from 3 independent experiments using 3 separate donors (B) and represents the 
mean ± SD. 
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5.2.2 PC3 cells do not Change in their Cytotoxic Response when Grown in Co-culture 

with PC3 Educated MSCs 

Cytotoxic resistance was tested in PC3 cells following indirect co-culture with 

untreated MSCs or PC3 educated MSCs. The PC3 cells in monoculture were initially 

treated with a range of docetaxel and paclitaxel concentrations for 72 hours followed 

by an alamar blue viability assay as described in section 2.17. A dose-response curve 

was generated for each drug tested (figure 5.2 A+B) and used to determine the IC50. 

PC3 cells were then grown in an indirect co-culture system with either untreated 

MSCs or PC3 educated MSCs as described in section 2.17.2. The MSCs were grown in 

the upper chamber wells, on a 0.4 μm porous membrane, of a 96-well permeable 

plate and the PC3 cells were grown in the bottom wells.  

The PC3 cells were treated for 72 hours with the IC50 determined for docetaxel (743 

nM) and Paclitaxel (470 nM) and viability was assessed using the alamar blue assay. 

No change in cytotoxic resistance was found between PC3 cells grown in co-culture 

with either untreated MSCs or PC3 educated MSCs following treatment with either 

docetaxel or paclitaxel (figure 5.2 C+D). Survival for  PC3 cells in co-culture with 

untreated MSCs and PC3 educated MSCs following treatment with docetaxel was 

found at 63.67% and 62.52%, respectively and survival for PC3 cells in co-culture with 

untreated MSCs and PC3 educated MSCs following treatment with paclitaxel was 

53.07% and 50.75%, respectively. The difference in percentage survival was not 

found to be statistically significant between the PC3 cells grown in co-culture with 

untreated MSCs or PC3 educated MSCs using either docetaxel or paclitaxel (paired 

student’s t-test; two-tailed; n=3 biological replicates). Values were normalised to the 

untreated controls and the data is collected from 3 independent experiments using 

3 separate donors and represents the mean ± SD. 
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Figure 5.2. Cytotoxicity of PC3 Cells in Co-culture with PC3 Educated MSCs. PC3 cells were 
tested for their cytotoxic resistance to docetaxel and paclitaxel in monoculture or following 
indirect co-culture with untreated MSCs or PC3 educated MSCs. The PC3 cells were initially 
treated with a range of docetaxel and paclitaxel concentrations to generate a dose-response 
curve and determine the IC50 of each drug (A+B). The PC3 cells in co-culture with untreated 
MSCs or PC3 educated MSCs were then tested for cytotoxic resistance using the IC50 
determined for docetaxel (743 nM) and paclitaxel (470 nM). No change or statistically 
significant difference was found in the cytotoxic resistance to docetaxel (C) or paclitaxel (D) 
between PC3 cells grown in co-culture with either untreated MSCs or PC3 educated MSCs 
(paired student’s t-test; two-tailed; n=3 biological replicates). E. Illustration depicting the 
indirect co-culture system. Values were normalised to the untreated controls and the data 
was collected from 3 independent experiments using 3 separate donors (C+D) and represents 
the mean ± SD. 
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5.2.3 Proliferation of PC3 Cells in Response to Conditioned Medium Derived from PC3 

Educated MSCs 

PC3 cells were grown in CM derived from PC3 educated MSCs and examined for their 

rate of proliferation over a 6 day period. Briefly, the MSCs were grown for 30 days in 

PC3 cell CM, harvested, re-seeded and grown for a further 24 hours in complete 

medium prior to the collection of CM. The PC3 cells were then grown in 50% CM 

(untreated MSCs or PC3 educated MSCs) and 50% complete medium or 100% 

complete medium for the duration of the assay. The viability was assessed every 2 

days for 6 days using the alamar blue assay as described in section 2.14. 

The PC3 cells showed similar rates of proliferation following growth in untreated MSC 

CM, PC3 educated MSC CM or complete medium. The trend was the same between 

the two separate donors whereby the growth was slowest in PC3 educated MSC CM 

and highest in complete medium (figure 5.3). The proliferation rates begin to 

separate slightly by day 6. The difference between PC3 cells grown in untreated MSC 

CM and PC3 educated MSC CM was not statistically significant at day 6 in MSCs 

derived from either donor 1 or donor 2 (paired student’s t-test; two-tailed; n=3 

technical replicates). However, overall, combining data from both donors, the 

difference was statistically significant (paired student’s t-test; two-tailed; p<0.05; n=2 

biological replicates). The difference between PC3 cells grown alone and in untreated 

MSC CM was statistically significant at day 6 using CM from donor 1 (paired student’s 

t-test; two-tailed; p<0.05; n=3 technical replicates) and donor 2 (paired student’s t-

test; two-tailed; p<0.01; n=3 technical replicates) and when combining data from 

both donors (paired student’s t-test; two-tailed; p<0.001; n=2 biological replicates). 

The difference between PC3 cells grown alone and in PC3 educated MSC CM was also 

statistically significant at day 6 using CM from donor 1 (paired student’s t-test; two-

tailed; p<0.01; n=3 technical replicates) and donor 2 (paired student’s t-test; two-

tailed; p<0.01; n=3 technical replicates) and when combining data from both donors 

(paired student’s t-test; two-tailed; p<0.0001; n=2 biological replicates). 

 



Impact of PC3 Educated MSCs on Tumour Cell Progression 

129 
 

 

Figure 5.3. Proliferation of PC3 Cells in Response to Conditioned Medium Derived from PC3 
Educated MSCs. PC3 cells were tested for their rate of proliferation using the alamar blue 
method. The cells were grown in either 50% untreated MSC CM and 50% complete medium, 
50% PC3 educated MSC CM and 50% complete medium or 100% complete medium for the 
duration of the assay. The MSCs used were derived from donors 1 (A) and 2 (B). Viability was 
assessed every 2 days for 6 days. PC3 cells were found to proliferate at a similar rate in each 
condition although the trend shows PC3 cells grown in PC3 educated MSC CM grow at the 
slowest rate and PC3 cells grown in complete medium grow at the fastest rate (A+B). When 
combining data from both donors at day 6 of the assay, the difference was statistically 
significant between PC3 cells grown in untreated MSC CM and PC3 educated MSC CM (paired 
student’s t-test; two-tailed; p<0.05; n=2 biological replicates), when grown alone vs. in 
untreated MSC CM paired student’s t-test; two-tailed; p<0.001; n=2 biological replicates) and 
when grown alone vs. in PC3 educated MSC CM (paired student’s t-test; two-tailed; 
p<0.0001; n=2 biological replicates). Values were normalised to viability at ‘day 0’ and data 
represents the mean of technical replicates ± SD. 
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5.2.4 Proliferation Rate of PC3 Cells when Grown in Co-culture with PC3 Educated 

MSCs 

To assess whether cellular cross-talk could change the proliferation rate of PC3 cells, 

they were grown in indirect co-culture with untreated MSCs and PC3 educated MSCs 

as described in section 2.14.2. Briefly, the PC3 cells were grown in complete medium 

in 24-well plates and left until the following day, which was determined as ‘day 0’. 

The untreated MSCs and PC3 educated MSCs were seeded onto 0.4 μm porous 

inserts, left for 1 day in complete medium and then placed into wells containing PC3 

cells at day 0. The PC3 cells were tested every 24 hours for 72 hours using the alamar 

blue viability assay. The PC3 cells were found to grow at a similar rate in monoculture 

and in co-culture with untreated MSCs and PC3 educated MSCs from 3 separate 

donors (figure 5.4).  

The proliferation rates begin to separate slightly by 72 hours. The difference between 

PC3 cells grown in co-culture with untreated MSCs and PC3 educated MSCs was 

statistically significant at the 72 hour time-point in MSCs derived from donor 1 (paired 

student’s t-test; two-tailed; p<0.05; n=3 technical replicates) but not from donor 2 or 

4 (paired student’s t-test; two-tailed; n=3 technical replicates). However, overall, 

combining data from all donors, the difference was statistically significant (paired 

student’s t-test; two-tailed; p<0.01; n=3 biological replicates). The difference 

between PC3 cells grown alone and in co-culture with untreated MSCs was 

statistically significant at the 72 hour time-point from donor 1 (paired student’s t-

test; two-tailed; p<0.05; n=3 technical replicates) but not from donor 2 or 4 (paired 

student’s t-test; two-tailed; n=3 technical replicates) and when combining data from 

all donors the difference was statistically significant (paired student’s t-test; two-

tailed; p<0.001; n=3 biological replicates). The difference between PC3 cells grown 

alone and in co-culture with PC3 educated MSCs was also statistically significant at 

the 72 hour time-point using cells from donor 1 (paired student’s t-test; two-tailed; 

p<0.01; n=3 technical replicates) and donor 4 (paired student’s t-test; p<0.01 two-

tailed; n=3 technical replicates) but not from donor 2 (paired student’s t-test; two-

tailed; n=3 technical replicates) and when combining data from all donors (paired 

student’s t-test; two-tailed; p<0.0001; n=3 biological replicates). 
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Figure 5.4. PC3 Cell Proliferation in Co-culture with PC3 Educated MSCs. PC3 cells were 
tested for their proliferation rate when grown in monoculture and indirect co-culture with 
untreated MSCS and PC3 educated MSCs. ‘Day 0’ was determined as the first day the cells 
were placed in co-culture. The growth rate was assessed every 24 hours for 72 hours using 
the alamar blue viability assay. The PC3 cells were found to grow at a similar rate in 
monoculture and in co-culture with untreated MSCs and PC3 educated MSCs from 3 different 
donors although, there was a slight increase in the proliferation of PC3 cells in co-culture with 
untreated MSCs and PC3 educated MSCs in comparison to when grown alone (A-C). D. 
Illustration depicting the indirect co-culture system. When combining data from all donors at 
the 72 hour time-point in the assay, the difference was statistically significant between PC3 
cells grown in co-culture with untreated MSCs and PC3 educated MSCs (paired student’s t-
test; two-tailed; p<0.01; n=3 biological replicates) and when grown alone vs. in co-culture 
with untreated MSCs (paired student’s t-test; two-tailed; p<0.001; n=3 biological replicates) 
and when grown alone vs. in co-culture with PC3 educated MSCs (paired student’s t-test; 
two-tailed; p<0.0001; n=3 biological replicates). Values were normalised to viability at ‘day 
0’ and data represents the mean of technical replicates ± SD. 
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5.2.5 Prostate Cancer Cell Chemoattraction toward PC3 Educated MSCs 

Given that long-term treatment with PC3 CM was found to inhibit MSC migration yet 

induce increased secretion of chemoattractant factors such as MCP-1, OPN and IL-8, 

we considered that migration of prostate cancer cells would be more enhanced 

towards a monolayer of PC3 educated MSCs than untreated MSCs. Briefly, either 

untreated MSCs or PC3 educated MSCs were seeded in 24-well plates in complete 

medium at 5 x 104 cells per well and left to form a monolayer. 22Rv1, DU145 and PC3 

cells were added in serum free medium to 8.0 μm porous inserts at 1 x 105 cells per 

insert and placed over MSC monolayers in serum free medium. 22Rv1 cells were left 

to migrate for 48 hours, DU145 cells for 24 hours and PC3 cells for 30 hours. The 

migrated cells were detected and visualised using the crystal violet stain as described 

in section 2.12.2.   

5.2.5.1 Migration of 22Rv1 Cells towards PC3 Educated MSCs 

The migration of the non-metastatic 22Rv1 cell line toward a monolayer of untreated 

MSCs or PC3 educated MSCs was examined. 22Rv1 cells that had migrated through 

the insert were stained with crystal violet. The 22Rv1 cells did not show sufficient 

migration toward either monolayer (figure 5.5) but did migrate toward medium 

containing 10% serum and thus were not quantified.  
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Figure 5.5. Migration of 22Rv1 Cells towards a Monolayer of PC3 Educated MSCs. 22Rv1 
cells were examined for their chemoattraction towards a monolayer of untreated MSCs or 
PC3 educated MSCs. Cells that had migrated through the insert were stained with crystal 
violet. While the 22Rv1 cells did migrate toward medium containing 10% serum the migration 
of 22Rv1 toward either monolayer was not sufficient to be quantified. B. Illustration depicting 
the indirect co-culture system. The images are representative of 2 independent experiments 
using MSCs from 2 different donors.  

 

5.2.5.2 Migration of DU145 cells towards PC3 Educated MSCs 

DU145 cells were examined for their chemoattraction to a monolayer of untreated 

MSCs or PC3 educated MSCs. The DU145 cells that had migrated through the insert 

were stained with crystal violet and quantified using ImageJ software. However, the 

DU145 cells did not differ in their migration towards the untreated MSC or PC3 

educated MSC monolayer (figure 5.6) and the data was not found to be statistically 

significant (paired student’s t-test; two-tailed; n=3 biological replicates).   
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Figure 5.6. Migration of DU145 Cells towards a Monolayer of PC3 Educated MSCs. DU145 
cells were examined for their chemoattraction towards a monolayer of untreated MSCs or 
PC3 educated MSCs. DU145 cells that had migrated through the insert were stained with 
crystal violet (A) and quantified (B). The DU145 cells did not differ in their migration toward 
the untreated MSCs or PC3 educated MSCs and the data was not statistically significant 
(paired student’s t-test; two-tailed; n=3 biological replicates) (B). C. Illustration depicting the 
indirect co-culture system.  Data represents mean of technical replicates ± SD. 
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5.2.5.3 PC3 Cells show Increased Chemoattraction toward PC3 Educated MSC 

Monolayers  

PC3 cells were examined for their chemoattraction to a monolayer of untreated MSCs 

or PC3 educated MSCs. The PC3 cells that had migrated through the insert were 

stained with crystal violet and quantified using ImageJ software. The PC3 cells 

showed an increase in migration towards PC3 educated MSC monolayers from each 

donor in comparison to the untreated MSC monolayer and overall, combining data 

from all donor MSCs, the PC3 cells showed a 1.9 fold increase in migration towards 

the PC3 educated MSC monolayer in comparison to the untreated MSC monolayer 

(figure 5.7). The difference was found to be statistically significant (paired student’s 

t-test; two-tailed; p<0.05; n=3 biological replicates).  
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Figure 5.7. Migration of PC3 Cells towards a Monolayer of PC3 Educated MSCs. PC3 cells 
were examined for their chemoattraction towards a monolayer of untreated MSCs or PC3 
educated MSCs. PC3 cells that had migrated through the insert were stained with crystal 
violet (A) and quantified (B). The PC3 cells showed an increase in migration towards PC3 
educated MSC monolayers from each donor in comparison to the untreated MSC monolayer. 
Overall, PC3 cells showed a 1.9 fold increase towards the PC3 educated MSC monolayer in 
comparison to the untreated MSCs and the result was statistically significant (paired 
student’s t-test; two-tailed; p<0.05; n=3 biological replicates) (B). C. Illustration depicting the 
indirect co-culture system. Data represents mean of technical replicates ± SD. 
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5.3 Discussion 

We initially aimed to molecularly and functionally characterise PC3 educated MSCs 

and gain insight into whether PC3 CM temporarily or permanently alters the MSC 

phenotype. The focus of this study however, is to assess whether the interaction of 

PC3 educated MSCs with prostate cancer cells could promote tumour cell 

progression. Cancer therapies classically target tumour cells yet, what remains is an 

activated stroma that provides an encouraging microenvironment for any surviving 

tumour cells. Evidence to support this comes from studies in breast cancer in which 

stromal-related gene expression or gene signatures was predictive of clinical 

outcome (Farmer et al., 2009, Finak et al., 2008). Moreover, pre-treatment of MSCs 

to concentrations of cisplatin which were toxic to breast cancer cell but not MSCs in 

vitro was found induce changes in kinase phosphorylation and increased cytokine 

production in the MSCs and co-culture with breast cancer cells lead to 

chemoresistance in the tumour cells (Skolekova et al., 2016). To this end we 

investigated the chemoresistance of PC3 educated MSCs following treatment with 

docetaxel. Docetaxel is an inhibitor of microtubule depolymerisation and docetaxel-

based treatment has shown survival benefit in patients with metastatic castration-

resistant prostate cancer in two randomized phase III clinical trials (Verweij et al., 

1994, Tannock et al., 2004, Petrylak et al., 2004). 

It is thought that patient MSCs can survive radiation doses lethal to the 

haematopoietic system as it has been shown that following bone marrow 

transplantation, used as treatment after total body irradiation, the haematopoietic 

cells were of donor origin while the MSCs were of host origin (Dickhut et al., 2005). 

Interestingly, we found that docetaxel is not as effective on MSCs as it is on PC3 cells 

and requires a greater dose to reach the IC50 which indicates that treatment with 

docetaxel does not target the tumour stroma. Nonetheless, untreated MSCs and PC3 

educated MSCs did not differ in their resistance to docetaxel (figure 5.1). 

There is also evidence to suggest that tumour-stromal cell interaction can mediate 

tumour cell resistance to chemotherapeutics. Fibroblasts were found to induce 

etoposide resistance in pancreatic cancer through the secretion of NO which through 
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paracrine signalling leads to tumour cell release of IL-1β (Muerkoster et al., 2004). 

Stromal fibroblasts were found to induce lung cancer chemoresistance to EGFR-

selective tyrosine kinase inhibitors through the production of HGF (Wang et al., 2009) 

and bone marrow derived MSCs were found to induce increased chemoresistance 

through the release of platinum-induced fatty acids (Roodhart et al., 2011). 

Moreover, inhibition of tumour stroma derived PDGF receptor enhances 

chemotherapeutic efficacy by increasing of trans-capillary transport of the drug 

(Pietras et al., 2002, Pietras et al., 2001).  

We considered the possibility that PC3 educated MSCs could induce a protective 

effect on PC3 cells following treatment with chemotherapeutic agents, docetaxel and 

paclitaxel. The PC3 cells were placed in an indirect co-culture system with untreated 

MSCs or PC3 educated MSCs and treated for 72 hours with docetaxel or paclitaxel 

(section 5.2.2). We did not however, find any difference in the response of PC3 cells 

to docetaxel or paclitaxel treatment when in indirect co-culture with PC3 educated 

MSCs in comparison to co-culture with untreated MSCs (figure 5.2).  

Due to difficulties in obtaining large cell numbers at the end of each conditioning 

period, experiments requiring low cell numbers were selected for this study. The in-

direct co-culture system was therefore chosen; however future studies should 

consider a direct co-culture system followed by fluorescence-activated cell sorting 

analysis. MSCs were found to consist of approximately 0.01 – 1.1% of the prostate 

cancer primary tumour (Brennen et al., 2013), and so the indirect co-culture of 

prostate cancer cell with a monolayer of MSCs is not representative of ratios in vivo. 

However, given the length of time necessary for completion of each co-culture assay 

and the difference in proliferation rate between untreated MSCs and PC3 educated 

MSCs, it was decided the formation of a monolayer would allow a more accurate 

comparison.  

Bone marrow derived MSCs were found to induce increased chemoresistance in 

leukemia cells. Direct co-culture with MSCs and leukemic cells resulted in decreased 

apoptosis and an increase in the expression of c-Myc. Interestingly, the finding could 

not be reproduced using an indirect co-culture system suggesting cell-to-cell contact 
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as key to the protective mechanism (Ito et al., 2015, Xia et al., 2015). Similarly, it was 

found that TGF-β released by bone marrow derived MSCs enhances chemoresistance 

in leukemia cells, an effect which is more prominent when the cells were in direct 

contact (Xu et al., 2008). Ovarian carcinoma-associated MSCs were also found to 

induce ovarian cancer cell chemoresistance when treated with paclitaxel in a direct 

co-culture system which was not reproducible in a transwell system (Rafii et al., 

2008). This may explain why we could not detect a significant difference in PC3 cell 

chemoresistance when in indirect co-culture with untreated MSCs and PC3 educated 

MSCs in comparison to when cultured alone (figure 5.2).  

In contrast to our findings Borghese et al. found that MSC CM increased the 

chemoresistance of PC3 cells to docetaxel and the outcome was more pronounced 

when the MSCs were pre-treated with PC3 CM (Borghese et al., 2013). There are 

some experimental differences between the two studies. Their study used a dose of 

docetaxel of 5nM, which based on our dose-response curve would have resulted in 

99.2% PC3 cell survival, whereas we used 743 nM. Furthermore, they treated the PC3 

cells for 24 hours with docetaxel, allowed 3 days growth and subsequently tested cell 

proliferation through incorporation of the thymidine synthetic, BrdU (Borghese et al., 

2013). Their approach was arguably more sensitive which might explain the 

difference in findings.   

Next, we examined PC3 cell proliferation in response to untreated MSCs and PC3 

educated MSCs in a similar approach to the cytotoxicity experiment. An indirect co-

culture system was employed where the untreated MSCs and PC3 educated MSCs 

formed a monolayer on 0.4 μm porous inserts and were subsequently placed in wells 

containing PC3 cells. PC3 cell growth was monitored every 24 hours for 72 hours using 

the alamar blue viability assay (section 5.2.4). We detected a slight increase in PC3 

cell proliferation when grown in co-culture with untreated MSCs as well as PC3 

educated MSCs (figure 5.4). However, a more sensitive approach, possibly using BrdU 

incorporation might be more indicative.  

Research is conflicted as to whether MSCs promote or repress tumour growth or 

tumour cell proliferation. MSCs have been found to promote tumour growth in 
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melanoma (Djouad et al., 2003), osteosarcoma (Xu et al., 2009), prostate (Prantl et 

al., 2010), breast (Muehlberg et al., 2009) and colon cancer (Zhu et al., 2006) in vivo. 

Karnoub and colleagues found that of four breast cancer cell lines examined (MDA-

MB-231, HMLR, MDA-MB-435 and MCF7), co-injection of bone marrow derived MSCs 

with MCF7 cells only, lead to increased tumour growth (Karnoub et al., 2007).  On the 

other hand several studies have found that MSCs suppress tumour growth (Sun et al., 

2009, Khakoo et al., 2006, Otsu et al., 2009, Qiao et al., 2008, Ohta et al., 2015). MSCs, 

co-injected at a 1:1 or 1:3 ratio, were found to have a cytotoxic effect on the tumour 

in melanoma mouse models though the release of reactive oxygen species. The 

cytotoxic effect was reduced by lowering the tumour cell to MSC ratio (Otsu et al., 

2009). 

Studies examining the effect of MSCs or tumour derived MSCs on tumour cell 

proliferation in vitro also show conflicting results. Borghese et al. showed that bone 

marrow derived MSCs enhanced clonogenic growth of PC3 cells, which was more 

pronounced using MSCs that were pre-treated for 10 days with PC3 CM (Borghese et 

al., 2013). Umbilical cord derived MSCs however, were found to inhibit PC3 cell 

growth and induce apoptosis when co-cultured using a transwell system. The anti-

proliferative and anti-apoptotic effect was dependent on PC3 to MSC ratio where the 

effect decreased by reducing the number of MSCs (Han et al., 2014). Moreover, 

gastric cancer (Kim et al., 2013), lymphoma (Ren et al., 2014) and glioma (Hossain et 

al., 2015) derived MSCs were found to increase tumour cell proliferation yet, ovarian 

carcinoma-associated MSCs do not alter tumour cell proliferation rate (Pasquet et al., 

2010). Taken together, the MSC/tumour cell interactions are complex and depend on 

in vitro and in vivo conditions such as MSC to tumour cell ratio, tumour cell type and 

possibly MSC origin.  

In previous experiments, described in chapter three, we investigated the PC3 

educated MSC secretome. We found PC3 educated MSCs that had been conditioned 

for 30 days in PC3 CM, secreted increased MCP-1 and IL-8 compared to untreated 

MSCs. These are known chemoattractant factors and have each been shown to 

stimulate PC3 cell migration (Loberg et al., 2006, Reiland et al., 1999). We therefore 

considered that prostate cancer cells would show increased migration towards PC3 
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educated MSCs than untreated MSCs. To investigate this we used a transwell system 

whereby 22Rv1, DU145 and PC3 cells were placed in an 8.0 μm porous insert and 

allowed migrate towards a monolayer of untreated MSCs or PC3 educated MSCs 

(section 5.2.5). We found that the non-metastatic cell line, 22Rv1, was not stimulated 

to migrate towards either untreated MSCs or PC3 educated MSCs (figure 5.5). The 

brain metastatic cell line, DU145, did migrate towards the untreated MSCs and PC3 

educated monolayers, though quantitative analysis revealed that there was no 

difference in migration towards either untreated MSCs or PC3 educated MSCs (figure 

5.6). We did however find a 1.9 fold increase in PC3 cell migration towards the PC3 

educated MSCs compared to the untreated MSCs (figure 5.7).   

It has been hypothesised that circulating factors released by the primary tumour can 

interact with cells of bone marrow microenvironment to create a ‘pre-metastatic’ 

niche that stimulates metastatic tumour cells to home to a hospitable setting (Kaplan 

et al., 2005, Steeg, 2005). PC3 cells were originally derived from a bone metastasis 

and their cross-talk with bone marrow derived MSCs could upregulate the secretion 

of chemotactic factors of which PC3 cells are responsive to. It was found that MSCs 

secrete increased CCL5 in response to breast cancer and osteosarcoma cells which in 

turn binds to the receptor CCR4 on the tumour cells thus increasing their motility and 

metastatic potential (Karnoub et al., 2007, Mi et al., 2011, Xu et al., 2009). Several 

other studies show that tumour cell chemoattraction to the bone is mediated by MSC 

secretion of SDF-1α (Cooper et al., 2003, Zhang et al., 2013b, Corcoran et al., 2008). 

However, we did not discover detectable levels of SDF-1α in untreated MSCs or PC3 

educated MSC supernatants making it an unlikely component in the chemoattraction 

of PC3 cells shown in our study (data not shown).  

In conclusion, we found that PC3 educated MSCs do not differ in their 

chemoresistance to docetaxel, nor do they have a protective effect on PC3 cells in 

response to cytotoxic treatment. Furthermore, PC3 cells do not change in their rate 

of proliferation when in indirect co-culture with untreated MSCs or PC3 educated 

MSCs. However, we did find that PC3 cells increased in their rate of migration towards 

PC3 educated MSCs in comparison to untreated MSCs and of the three cells lines 

examined (22Rv1, DU145 and PC3), the effect was specific only to PC3 cells. 
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6.1 PC3 Educated MSCs Differ to Untreated MSCs in their Secretory Profile 

The tumour microenvironment is a chronic site of inflammation and has been 

described as a wound that never heals (Dvorak, 1986). Tumour cells secrete 

cytokines, chemokines and growth factors that recruit immune cells as well as MSCs 

to the tumour site, as well as acting as autocrine factors supporting cell growth 

(Hanahan and Coussens, 2012). This forms a dynamic microenvironment in which 

tumour cells interact with non-malignant cells of the tumour stroma to further 

promote tumour growth and progression (Hanahan and Coussens, 2012, Pietras and 

Ostman, 2010). To examine the interaction between bone marrow derived MSCs and 

prostate cancer cells we set up an in vitro system which involved the long-term 

conditioning of MSCs derived from healthy male donors in prostate cancer cell CM. 

Our prostate cancer cell lines included the non-metastatic androgen receptor positive 

cell line 22Rv1, which represents localised prostate cancer and the metastatic 

androgen receptor negative cell lines – PC3 and DU145 – which represent prostate 

cancer that has metastasised to the bone and brain, respectively. This allows us to 

make preliminary interpretations on the impact of prostate cancer at different stages 

of progression on MSCs. We initially screened the supernatants of MSCs that were 

treated for 20 days in 22Rv1, DU145 and PC3 CM for the secretion of cytokines and 

chemokines (section 3.2.2). We found MSCs exposed to CM from the bone metastatic 

cell line, PC3, had the greatest response. A selection of cytokines and growth factors 

were then validated in supernatant derived from MSCs that had been treated for 10, 

20 and 30 days in PC3 CM.  

We found that PC3 educated MSCs had a secretion profile that would indicate a 

tumour promoting phenotype. Following quantitative validation, we confirmed that 

PC3 educated MSCs secreted increased OPN, MCP-1, IL-8, and FGF-2 and decreased 

sFlt-1 in comparison to untreated MSCs. Increased levels of FGF2 in the prostate 

cancer tumour have been found to be localised within tumour stroma (Giri et al., 

1999, Berger et al., 2015). FGF2 is a pro-angiogenic factor and has been implicated in 

the promotion of tumour angiogenesis and growth (Mattern et al., 1997, Nissen et 

al., 2007, Bremnes et al., 2006, Bos et al., 2005, Cronauer et al., 1997). sFlt-1 is known 

to negatively regulate angiogenesis and functions by trapping VEGF and PlGF and 
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delivery to the tumour has been found to inhibit angiogenesis and growth (Shibuya, 

2011, Goldman et al., 1998, Hu et al., 2008). Therefore, the stimulation of FGF2 

production and sFlt-1 inhibition indicates a pro-angiogenic phenotype in PC3 

educated MSCs. However, the evidence is preliminary and further studies involving 

functional in vitro assays and in vivo models would be required to draw any 

conclusion.  

PC3 cells are human prostate cancer cells that are derived from bone metastases and 

their activity within the bone marrow microenvironment disrupts bone homeostasis, 

favouring bone resorption. MSCs are supportive of the HSC niche within the bone 

marrow microenvironment and play an integral role in maintaining bone homeostasis 

through the differentiation to osteoblasts (Almeida-Porada et al., 2000, Maitra et al., 

2004, Raggatt and Partridge, 2010). Therefore, cross-talk between PC3 cells and MSCs 

that alter MSC function could have consequences in bone remodelling. MCP-1 (Lu et 

al., 2006, Loberg et al., 2006), IL-8 (Kim et al., 2001) and OPN (Khodavirdi et al., 2006) 

have all been found to promote prostate cancer progression. IL-8 was found to be 

elevated in the serum of men with prostate cancer and bone metastasis (Lehrer et 

al., 2004). MCP-1 has been found to stimulate PC3 cell proliferation and migration 

through a dose-dependent activation of the PI3-kinase/Akt signaling pathway (Lu et 

al., 2006, Loberg et al., 2006). PC3 cells secreting high levels of IL-8 were found to 

promote increased tumour growth, metastasis and vascularisation following injection 

into the prostate of nude mice in comparison to PC3 cells secreting low levels of IL-8 (Kim 

et al., 2001). OPN was found to be correlated with prostate cancer grade and has also 

been found to enhance PC3 cell migration through the binding of the integrin αvβ3, 

expressed on PC3 cells and activation of the PI3-kinase signalling pathway (Zheng et al., 

2000).  

These factors have also been shown to play a role in bone resorption. IL-8 and MCP-

1 have been found to stimulate the osteoclast differentiation of osteoclast 

progenitors within PBMC and human bone marrow mononuclear cell populations 

(Bendre et al., 2003, Lu et al., 2007a, Mizutani et al., 2009). While, OPN expression 

has been associated with osteolytic bone metastasis in breast cancer (Ibrahim et al., 

2000, Adwan et al., 2004) and has been found to mediate osteoclast motility and 
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anchorage to the bone mineral matrix (Ishijima et al., 2001, Reinholt et al., 1990, Ross 

et al., 1993). Bone remodelling relies on a balance between bone formation and bone 

resorption, therefore changes in the production of factors that influence either 

mechanism can cause a dysregulation in bone homeostasis. Prostate cancer bone 

metastasis more commonly involves excessive bone formation although both bone 

formation and bone resorption are increased in patients with prostate cancer bone 

metastasis in comparison to healthy patients (Garnero et al., 2000). PC3 cells form 

predominantly osteoclastic bone metastasis in vivo (Nemeth et al., 2002), although 

the mechanisms by which are not understood, their activity within the bone marrow 

could induce an increase in the secretion of factors that promote bone resorption 

such as IL-8, MCP-1 and OPN from bone marrow resident cells.  

6.2 PC3 Cell Conditioning Temporarily Inhibits MSC Migration and Proliferation 

Capacity 

To establish whether PC3 CM could induce functional changes in MSCs, we examined 

the migration, invasion and proliferation capacity of PC3 educated MSCs. MSCs are 

stimulated to home to injured tissue in vivo such as heart (Orlic et al., 2001), lung 

(Ortiz et al., 2003), liver (Sato et al., 2005) and brain (Mahmood et al., 2003) as well 

as the tumour (Kansy et al., 2014, Prantl et al., 2010). Bone marrow derived MSCs 

were found to express chemokine receptors CCR1, CCR4, CCR7, CCR10, and CXCR5, 

CXCR4 (Von Luttichau et al., 2005, Wynn et al., 2004), which may explain their 

migration in response to cytokines and chemokines released from inflammatory sites.  

We investigated the migration and proliferation capacity of PC3 educated MSCs 

following 10, 20 and 30 days of conditioning and the invasion potential following 30 

days of conditioning. PC3 educated MSCs showed a reduced rate of proliferation at 

each time-point and were less invasive following 30 days of conditioning in 

comparison to untreated MSCs. Strangely, we found an increase in migration of PC3 

educated MSCs following 10 days of conditioning, yet following 20 and 30 days of 

conditioning the migration rate was consistently decreased in comparison to 

untreated MSCs. A possible explanation for this is that the MSCs are being 

reprogrammed and consequently reduce their functional activity. PC3 cells and PC3 
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educated MSCs were both found to secrete PA1, IL-8, MIF, DKK-1 and EMMPRIN as 

detected by proteome profiling (section 3.2.2.1 and 3.2.3). Therefore, another 

possible explanation for this is that MSCs have an initial response to PC3 CM and long-

term conditioning leads to oversaturation of chemokine or growth factor receptors 

inhibiting their chemotactic response. Thus, growth in complete medium, when the 

PC3 educated MSCs are no longer exposed to PC3 CM, could result in relief of some 

of the receptors and a subsequent increase in migration and proliferation. For 

example PAI-1 is a uPA inhibitor and its presence at a high level during the 

conditioning period could result in inhibition of the migration and invasion capacity 

of PC3 educated MSCs (Vassalli et al., 1991, Chandrasekar et al., 2003). Moreover, IL-

8 can stimulate chemotaxis, and oversaturation of its complimentary chemokine 

receptors could inhibit the migration of PC3 educated MSCs towards medium 

containing 10% serum (Reiland et al., 1999).  

Interestingly, we found a decrease in the expression of vimentin in PC3 educated 

MSCs following 30 days of conditioning in comparison to untreated MSCs. Vimentin 

is a type III intermediate filament protein that is expressed in mesenchymal cells 

(Ivaska et al., 2007). Several studies have found vimentin to have a role in cell 

adhesion and migration in many cell types (Ivaska et al., 2007, Gilles et al., 1999, Wu 

et al., 2009, Eckes et al., 1998, McInroy and Maatta, 2007, Nieminen et al., 2006). The 

decrease in vimentin expression might therefore explain the decrease in migration 

capacity found in PC3 educated MSCs. Furthermore, αSMA expression in fibroblasts 

has been shown to correlate with increased migration and so the decrease in αSMA 

expression found in PC3 educated MSCs may also be causative in their decreased 

migration capacity (Kawamoto et al., 1997, Murray and Spector, 2001). 

6.3 PC3 Educated MSCs as a Unique Cell Type 

It has previously been shown that macrophages, recruited to the tumour site, change 

in their molecular phenotype to either promote or suppress tumour growth 

(Mantovani et al., 2002, Sica et al., 2006, Allavena et al., 2008, Solinas et al., 2009). It 

has now been established that MSCs home to the tumour site and form part of the 

tumour stroma (Ame-Thomas et al., 2007, Kansy et al., 2014, Hossain et al., 2015, 
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Karnoub et al., 2007, Prantl et al., 2010). The question is whether they retain their 

molecular and functional phenotype, differentiate into another cell type or become 

activated to promote tumour progression. 

To examine whether the molecular and functional response to PC3 CM was 

dependent on continuous exposure, we cultured PC3 educated MSCs for 12 - 16 days 

in normal growth medium. We investigated the secretion of IL-8, OPN, FGF2, and sFlt-

1 from PC3 educated MSCs post-conditioning as well as their migration and 

proliferation capacity. The level of OPN and IL-8 secretion remained increased in 

comparison to untreated MSCs, although not to the same extent as it did following 

continuous exposure to PC3 CM. However, we also found that PC3 educated MSCs 

regained a similar rate of proliferation and a slight increase in migration compared to 

the untreated MSCs in cells from two of three donors.  

We also examined the morphology and measured the size of PC3 educated MSCs 

following 30 days of conditioning. We found that PC3 educated MSCs maintain a 

similar fibroblastic, spindle-shaped morphology to untreated MSCs however, upon 

measurement of cell diameter, they were found to be larger in size in comparison to 

untreated MSCs. Interestingly, while the PC3 educated MSCs were found have an 

increased cell size they were also found to express decreased αSMA and vimentin. 

αSMA is a myofibroblast marker that plays a role in fibroblast contractility and 

vimentin is a mesenchymal marker that functions in cell adhesion and migration (Hinz 

et al., 2001, Ivaska et al., 2007). Therefore, reduction in the expression of these 

proteins signifies a change in cellular function and possibly a phenotypic change. 

Interestingly, PC3, DU145 and 22Rv1 educated MSCs were found to have different 

migration and invasion capacities as well as secretory profiles. This suggests the 

response of MSCs to tumour cell CM is dependent on the tumour cell type and 

possibly grade. This may explain MSCs derived from multiple myeloma, lymphoma, 

glioma, gastric, ovarian and breast cancers differ in their phenotype. MSCs derived 

from  gliomas (Hossain et al., 2015), lymphomas (Ren et al., 2014), breast cancer 

(Zhang et al., 2013a) and gastric cancer (Li et al., 2015) were found to promote 

tumour cells growth, whereas ovarian carcinoma-associated MSCs had no effect on 
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tumour cell growth (Pasquet et al., 2010). Moreover, gastric (Cao et al., 2009) and 

prostate cancer derived MSCs (Ding et al., 2012) were found to proliferate at 

increased rates in comparison to bone marrow derived MSCs, whereas multiple 

myeloma derived MSCs were found to have a slower rate of proliferation (Jurczyszyn 

et al., 2015). 

Multiple myeloma derived MSCs make a good model for the purpose of this study as 

they are the most extensively studied tumour derived MSC and multiple myeloma 

tumour cells are located within the bone marrow which eventually cause osteolytic 

bone destruction (Nash Smyth et al., 2016). Human multiple myeloma derived MSCs 

have also been found to produce increased DKK-1 and OPN in comparison to healthy 

MSCs (Garderet et al., 2007, Zdzisinska et al., 2008), which correlates with our finding 

in section 3.2.2 where an increase in DKK-1 and OPN secretion was detected in PC3 

educated MSCs following 30 days of conditioning in comparison to untreated MSCs. 

Although reports are conflicting (Corre et al., 2007, Noll et al., 2014) the majority of 

studies have found that human multiple myeloma derived MSCs to have a decreased 

proliferation rate in comparison to healthy bone marrow derived MSCs (Garderet et 

al., 2007, Andre et al., 2013, Jurczyszyn et al., 2015). Furthermore, Reagan and 

colleagues found that bone marrow derived MSCs grown in co-culture with multiple 

myeloma cells in 3D silk scaffolds showed a decreased migration and proliferation 

capacity in comparison to when grown alone (Reagan et al., 2014). Expression of 

growth factors – NGFR, PDGFβR, bFGFR, IGF-1R, and EGFR – were found to be 

decreased in multiple myeloma derived MSCs (Garderet et al., 2007) and it would be 

interesting to investigate the expression of these factors in PC3 educated MSCs in 

future studies and determine whether there is a correlation with the decrease in 

migration. However, several studies show a reduction in the osteogenic potential of 

human multiple myeloma derived MSCs in comparison to MSCs derived from healthy 

bone marrow (Corre et al., 2007, Garderet et al., 2007, Li et al., 2007), whereas we 

did not find a change in the osteoblastic differentiation of PC3 educated MSCs in 

comparison to untreated MSCs. 

PC3 educated MSCs have a unique, secretory profile compared to 22Rv1 educated, 

DU145 educated and untreated MSCs which suggests a conditioning response 
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specific to tumour cell type. Furthermore, in comparison to untreated MSCs, PC3 

educated MSCs have a cytokine-rich secretory profile with factors found to have a 

pro-tumorigenic function indicating a tumour ‘activated’ phenotype. Although it was 

not investigated in our study, this ‘activated’ phenotype could also have an impact 

on other non-malignant cell types that are present in the tumour stroma such as 

macrophages, fibroblasts and endothelial cells. Nonetheless, it is difficult to assess 

whether the cells are being reprogrammed or differentiating to a different cell type. 

Within the limitations of this study, we could not associate the change in molecular 

and functional characteristics to another known cell type. PC3 educated MSCs, 

conditioned for 30 days, retained the capacity to differentiate to adipocytes and 

osteocytes, two of the classical characteristics used to define MSCs, however 

investigation into the expression of MSC surface markers – CD73, CD105 and CD90 – 

showed that while PC3 educated MSCs showed similar expression of CD73 to 

untreated MSCs there was a shift in the expression of CD105 within the population 

of cells from 2 of 3 donors and a shift in CD90 expression in the population of cells 

from the remaining donor. This suggests a donor dependent response to PC3 CM and 

possibly a polarisation within the population of cells.    

6.4 PC3 Educated MSCs do not Exhibit CAF Characteristics 

CAFs are a tumour-promoting, heterogenous population of cells that are 

phenotypically similar to myofibroblasts (Kellermann et al., 2008). The cause for the 

heterogeneity found in CAFs is that they have been shown to originate from different 

cell types such as fibroblasts, MSCs and through transdifferentiation of endothelial 

and epithelial cells (Spaeth et al., 2009, Evans et al., 2003, Zeisberg et al., 2007). It 

has previously been shown that MSCs develop a CAF-like phenotype following long-

term conditioning in breast cancer cell and ovarian cancer cell CM (Mishra et al., 

2008, Spaeth et al., 2009). We therefore considered the possibility that long-term 

treatment of MSCs with PC3 CM could induce a CAF-like phenotype.  

However, while PC3 educated MSCs did express the CAF markers, rather than an 

increase in expression of αSMA, vimentin and FAP, we found a decrease in 

comparison to untreated MSCs. Moreover, using gene expression analysis we did not 
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find a significant increase in CAF-associated factors – TNC, MMP-9, COL1A1 and 

COL5A1. We can therefore conclude that using our experimental design, it is unlikely 

that PC3 educated MSCs differentiate into CAFs.  

6.5 PC3 Cells do not Change in their Cytotoxic Response when in Co-culture with 

Untreated MSCs or PC3 Educated MSCs 

Bone marrow derived MSCs were found to induce increased chemoresistance in 

leukemia cells (Ito et al., 2015, Xia et al., 2015, Xu et al., 2008). Ovarian carcinoma-

associated MSCs were also found to induce ovarian cancer cell chemoresistance 

when treated with paclitaxel (Rafii et al., 2008). Each of these studies required direct 

cell-to-cell contact to induce the chemoprotective effect, however, in a similar study 

to ours, where bone marrow derived MSCs were treated for 10 days in PC3 CM, they 

found that exposure of PC3 cells to CM derived from the conditioned MSCs resulted 

in the chemoresistance of PC3 cells to docetaxel (Borghese et al., 2013). We used an 

indirect co-culture system to assess whether cross-talk between PC3 educated MSCs 

and untreated MSCs would have a chemoprotective effect on PC3 cells following 

treatment with docetaxel and paclitaxel. However, we did not find any change in the 

chemoresistance of PC3 cells while in co-culture with untreated MSCs or PC3 

educated MSCs (section 5.2.2).  

6.6 The Rate of Proliferation of PC3 cells when in Co-culture with Untreated MSCs 

or PC3 Educated MSCs 

We used an indirect co-culture system to examine PC3 cell proliferation in the 

presence of untreated MSCs or PC3 educated MSCs. We found a slight yet statistically 

significant increase in the proliferation rate of PC3 cells in co-culture with PC3 

educated MSCs in comparison to untreated MSCs (section 5.2.4). Research is 

conflicted as to whether MSCs promote or suppress tumour growth (Klopp et al., 

2011). Gastric cancer (Kim et al., 2013), lymphoma (Ren et al., 2014) and glioma 

(Hossain et al., 2015) derived MSCs were found to increase tumour cell proliferation 

yet, ovarian carcinoma-associated MSCs did not affect tumour cell proliferation rate 

(Pasquet et al., 2010). Interestingly, umbilical cord derived MSCs were found to 

inhibit PC3 cell growth when co-cultured using a transwell system though the effect 
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was dependent on PC3 to MSC ratio where the effect decreased by reducing the 

number of MSCs (Han et al., 2014) and Borghese et al. showed that bone marrow 

derived MSCs enhanced clonogenic growth of PC3 cells (Borghese et al., 2013) 

Therefore, PC3 cell proliferation in response to MSCs could be dependent on the cell 

ratio between the two cell types. A more sensitive approach, possibly using BrdU 

incorporation or the clonogenic growth assay could further clarify the increase in 

proliferation rate we found during this study. 

6.7 PC3 Cells Show Increased Migration towards PC3 Educated MSCs 

We investigated the migration of 22Rv1, DU145 and PC3 cells towards a monolayer 

of untreated MSCs or PC3 educated MSCs (section 5.2.5). We found that 22Rv1 cells 

were not stimulated to migrate towards either untreated MSCs or PC3 educated 

MSCs (figure 5.5). The brain metastatic cell line, DU145, migrated towards both 

untreated MSCs and PC3 educated monolayers, though there was no quantitative 

difference in their migration towards either untreated MSCs or PC3 educated MSCs 

(figure 5.6). We did however find a 1.9 fold increase in PC3 cell migration towards the 

PC3 educated MSCs in comparison to untreated MSCs (figure 5.7). 

PC3 educated MSCs were found to secrete increased MCP-1, IL-8 and OPN in 

comparison to untreated MSCs. IL-8, MCP-1 and OPN have previously been found to 

stimulate PC3 cell migration  (Loberg et al., 2006, Reiland et al., 1999) and PC3 cells 

overexpressing OPN were found to have an increased migration rate (Desai et al., 

2007, Tilli et al., 2012). Interestingly, PC3 cells but not LNCaP cells, the lymph node 

metastatic prostate cancer cell line, were found to migrate at an increased rate on 

OPN through its binding to integrin αvβ3, expressed on PC3 cells and activation of the 

PI3-kinase signalling pathway (Zheng et al., 2000). MCP-1 has previously been shown to 

stimulate monocyte migration through the binding of receptor CCR2 (Sozzani et al., 

1993) and has also been found to induce tumour cell migration in multiple myeloma 

(Vanderkerken et al., 2002), breast (Youngs et al., 1997) and prostate (Loberg et al., 

2006) cancer. Interestingly, it was found that while IL-8 and MCP-1 administered 

together could stimulate PC3 cell migration, the cells migrated at a more enhanced 

rate following exposure to MCP-1 alone (Maxwell et al., 2014). 
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The ‘seed’ and ‘soil’ hypothesis was initially described by Paget in 1889 which 

proposes the idea that the tumour cell migrates to specific tissues based on 

favourable interactions with the given secondary site (Paget, 1989). The theory has 

since been developed to suggest that circulating factors released by the primary 

tumour interact with cells of the secondary site, in this case the bone marrow, to 

create a ‘pre-metastatic’ niche that stimulates chemotaxis of the metastatic tumour 

cells to a favourable microenvironment (Kaplan et al., 2005, Steeg, 2005). Based on 

our research it could be proposed that factors released by circulating metastatic 

prostate cancer cells educate bone marrow resident MSCs to secrete 

chemoattractant factors that enhance migration towards the bone while 

desensitising MSCs to cytokines and chemokines released by the tumour cells in order 

to prevent their migration away from the bone.  

6.8 Limitations and Future Directions 

The aim of this study was to investigate the response of MSCs to long-term treatment 

in prostate cancer cell CM. We initially sought to characterise the PC3 educated MSCs 

based on their molecular and functional phenotype and followed by investigation 

into whether these conditioned cells could promote or suppress tumour cell 

progression. We developed an in vitro model system to examine tumour cell/MSC 

interactions and so the findings are preliminary. Future studies should consider: 

 Investigation into what instigating factors in the conditioning medium that are 

causing the change in phenotype such as exosomes, miRNAs and selected 

proteins.  

 Further molecular characterisation of the PC3 educated MSCs post-

conditioning to determine whether the MSCs are being reprogrammed in 

response to PC3 CM.  

 The isolation and characterisation of MSCs derived from the bone metastatic 

site of prostate cancer patients.   

 The conditioning and characterisation of MSCs using a wider range of tumour 

cell types in order to evaluate whether the response is correlated with tumour 

cell type or grade. This would include investigation into whether tumour 
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educated MSCs specifically stimulate the migration of the tumour cells used 

during the conditioning process. 

 The impact of a wider range of chemotherapeutic drugs as well as radiation 

on PC3 cell resistance when in co-culture with PC3 educated MSCs, given that 

we only investigated one family of chemotherapeutic agents with similar 

mechanisms of action. 

 Development of a 3D co-culture modelling system. 

 Investigation into whether the osteogenic and adipogenic differentiation 

capacity of PC3 educated MSCs would be altered if the PC3 educated MSCs 

were continuously exposed to PC3 CM during the differentiation process. 

 The examination of PC3 educated MSCs for the expression of senescence 

markers. 

 Investigation into whether PC3 educated MSCs change in the expression of 

markers associated with endoderm, ectoderm and mesoderm differentiation 

as well as pluripotency markers such as Oct4, Nanog and SSEA-4. 

6.9 Final Conclusions 

In this study we found that MSCs treated for 30 days with PC3 CM secreted an 

increase in pro-tumourigenic factors - MCP-1, IL-8, OPN and FGF2 - in comparison to 

untreated MSCs, which was sustained following extended culture in normal growth 

medium. The migration and proliferation capacity of MSC was temporarily inhibited 

following 20 and 30 days of conditioning. PC3 educated MSCs were found to maintain 

the capacity for osteogenesis and adipogenesis and did not express an increase in 

CAF-associated markers. PC3 cells, but not DU145 or 22Rv1 cells showed increased 

migration towards PC3 educated MSCs in comparison to untreated MSCs. Therefore, 

PC3 CM induces an ‘activated’ phenotype in MSCs that is specific to PC3 cell 

conditioning.  
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