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Abstract 

Metastatic Prostate cancer (PCa) invades the bone in approximately 85% of 

PCa patients, and when this occurs successful treatment becomes more elusive and 

mortality rates increase. After reaching the bone, it is believed that the PCa cells take 

up residence in the haematopoietic stem cell (HSC) niche and feed off niche signals 

that promote quiescence. This quiescent state and the niche microenvironment may 

assist PCa to evade the immune system and chemotherapy. Additionally, the bone 

marrow niche microenvironment may contribute to the evolution of PCa cells that 

are not dependent on androgen and that are refractory to androgen deprivation 

therapy (ADT). The characterization of these processes, and the development of 

therapeutics to treat bone metastatic PCa, have been delayed by the lack of effective 

in vitro model systems.  

The OVERALL AIM of my Thesis was to develop a more effective in vitro 

3D microtissue PCa model system that mimicked some aspects of the bone marrow 

niche microenvironment and PCa cell interaction in bone metastasis, thus enabling 

elucidation of how bone marrow niche cell composition influences growth of 

metastatic PCa cells and subsequent drug sensitivity.  

I HYPOTHESIZED that it would be possible to mimic PCa cell interaction 

with the bone marrow niche in vitro through the use of a microtissue model. 

Specifically, I hypothesized that bone marrow niche cells and PCa cells assembled 

into microtissues, using a high throughput microwell system, would enable 

replication of the metastatic bone marrow niche. Using the microwell system, I 

executed the following AIMs, which each address major questions related to the 

establishment and evolution of PCa and drug treatment response within the bone 

marrow niche:  

 

AIM 1: Characterization of bone marrow-derived stromal cells in a high throughput 

microwell platform (Chapter 2); 
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AIM 2: Characterisation of PCa cells in an improved high throughput microwell 

platform (the Microwell-mesh platform) that retains microtissues within 

discrete microwells and its utilisation as a drug-testing platform (Chapter 3); 

AIM 3: Development and utilization of a high throughput cell viability assay that 

enables cell-specific quantification in a co-culture system (Chapter 4) and; 

AIM 4: Development of co-cultures of PCa cells and bone marrow-derived stromal 

cells using the Microwell-mesh platform and utilising the cell-specific 

viability assay for drug-screening in co-cultures (Chapter 5).  

To address AIM 1 (Chapter 2), an in-house fabricated microwell platform 

was used to efficiently manufacture thousands of multicellular bone marrow 

mesenchymal stromal cells (BMSC) spheroids. BMSC spheroid size relative to cell 

number, proliferation and differentiation capacity were characterised and contrasted 

against 2D controls.  The capacity of bone morphogenetic protein 2 (BMP-2) to 

improve the osteogenic capacity of BMSC spheroids was specifically characterised. 

While the trilineage differentiation capacity of 3D spheroids was similar to 2D 

monolayer cultures, the results revealed that cells in 3D spheroids exhibited a decline 

in cell proliferation and concurrent reduction in cellular size. BMP-2 affected 

osteogenic outcomes in both 2D and 3D cultures, with the greatest calcium 

accumulation observed in the 2D monolayer cultures and a low quality bone-like 

tissue formation in 3D spheroids. The outcomes from this chapter informed the 

design of experiments in AIM 4 (Chapter 5). 

To address AIM 2 (Chapter 3), the use of a microwell platform that utilises a 

nylon mesh to retain 3D micro-tumours in discrete microwells; termed the 

Microwell-mesh was described. The Microwell-mesh enables the manufacture of 

~150 micro-tumours per well in a 48-well plate, and response to anti-tumour drugs 

can be readily quantified. The results demonstrated that 3D micro-tumours, unlike 

2D monolayers, were not hypersensitive to Docetaxel or Abiraterone Acetate, 

providing a superior platform for the evaluation of sequential drug treatment. In 

summary, the Microwell-mesh provided an efficient 3D micro-tumour platform for 

single and sequential drug-screening.   
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To address AIM 3 (Chapter 4), the stability of the luciferase reporter gene 

expression was evaluated for prostate and breast cancer cells in co-culture system 

with bone marrow stromal cells. It was shown that while the luciferase expressing 

cell number can be assessed in mono-cultures using the cell-specific 

bioluminescence (CS-BLI) assay, it was challenging to apply this technique to the 

co-culture model. In co-cultures, the type of cell, the response element of the 

promoter region in the reporter system and the methodology of cell 

transfection/transduction were all crucial determinants on the reporter gene 

expression stability. C42B cell line transduced with a stable reporter system in mono- 

and co-cultures, namely C42B-MSCV-luc, was used in subsequent studies to enable 

evaluating C42B cell number in co-culture system using the CS-BLI assay (Chapter 

5).  

To address AIM 4 (Chapter 5), the Microwell-mesh platform was used to 

manufacture hundreds of 3D co-culture micro-tumours formed from PCa and bone 

stromal cells. The co-culture micro-tumours retained in the Microwell-mesh was 

used as a drug-screening platform. To specifically quantify the PCa cell number in 

multicellular co-cultures, the CS-BLI assay described in Chapter 4 was used. The 

proliferation and drug response of PCa cells in a 3D direct co-culture system was 

demonstrated. The impact of bone marrow stromal cells on C42B cell proliferation 

was significant after 24 hours of co-culture establishment contrasted to C42B mono-

cultures. Our results demonstrated that 3D micro-tumours, unlike 2D mono- or co-

cultures, were less sensitive to Docetaxel. By contrast, the sensitivity of PCa cells to 

anti-androgen treatment was not modified by the presence of stromal cells in the 3D 

micro-tumours. In summary, the Microwell-mesh provided a powerful 3D culture 

platform for assembling complex micro-tumours, and enabling efficient drug-

screening. 

The outcomes of this thesis were that the merits of using a high throughput 

microwell platform to efficiently manufacture hundreds of multicellular spheroids 

was evaluated. The Microwell-mesh was then evaluated as a drug-screening 

platform. A critical finding was the discovery of instability of the CS-BLI assay 

which was promoter and/or cell line dependent and which would need to be verified 

with each cell line before use. Finally, the first multicellular co-culture micro-tumour 
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system as a potential drug-screening platform for bone metastatic PCa was 

developed. 
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Chapter 1: Introduction and literature 

review 

Prostate cancer (PCa) is the second most common cancer worldwide in men, 

and the most common cause of cancer death. In an advanced aggressive form of the 

disease, the bone marrow is the most common secondary tumour site. The first-line 

treatment for advanced PCa is androgen deprivation therapy (ADT). However, the 

PCa cells can develop a phenotype that no-longer responds to androgen deprivation, 

and this cancer is termed “castrate resistant prostate cancer” (CRPC) and it is 

virtually intractable.  

Over the past decades, much of the field has focused on efforts to better 

understand the mechanisms involved in bone metastasis and the evolution of the 

CRPC phenotype. A significant barrier to progress is the lack of in vitro models that 

effectively mimic the metastatic bone microenvironment. 

This chapter will outline the stages of PCa progression, the composition and 

biology of the bone marrow niche, metastasis to bone marrow niche and the current 

trends in PCa bone metastasis in vivo and in vitro models. Finally, an outline of the 

remaining chapters of the thesis will be described.  

1.1 INCIDENCE, PREVELANCE AND MORTALITY OF PROSTATE 

CANCER 

Among the various cancers diagnosed in males, PCa is the second most 

common cancer worldwide [1]. In 2012, more than one million men worldwide were 

diagnosed with PCa [2]. Improved PCa diagnostics has contributed to the increasing 

incidence rates of the disease [3]. Most of the newly diagnosed cases (70%) appear in 

developed regions, with the highest incident rates in Australia/New Zealand and 

North America [4]. There is evidence that genetic determinants play an important 

role in the risk of developing prostate cancer; for instance, prostate cancer incidence 

is higher in African black populations, relative to Asian populations [5]. It is 

important to appreciate that the significant increase in diagnosis has not translated 

into a significant decrease in PCa mortality rates; PCa remains the fifth leading cause 
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of death from cancer in men worldwide and an estimated 1.7 million new cases and 

499,000 PCa-related deaths are predicted to occur annually by 2030 [2]. 

1.2 DIAGNOSIS 

In the past, PCa diagnosis was the result of clinical examination following 

investigation into symptoms such as urinary obstruction [6]. Recently, the increase in 

incidence reflects the widespread use of predictive diagnosis using blood tests for 

prostate specific antigen (PSA) [7]. PSA is a kallikrein-related serine protease that is 

passively released in the bloodstream mainly by the cells of the prostate gland [8]. 

If PCa is suspected, PSA levels are quantified in the patient’s blood serum and 

a digital rectal examination is performed [9]. These examinations can be confounded 

by the presence of benign prostatic hyperplasia (BPH), which can also result in the 

enlargement of the prostate [10]. The incidence of BPH also increases with age, and 

many of the symptoms are similar to those observed in PCa patients [11]. Thus, a 

first step in PCa diagnosis generally involves confirming that the patient’s symptoms 

are not solely the manifestation of BPH. 

 

Benign Prostatic Hyperplasia: In BPH the enlargement of the prostate is 

associated with an increase in PSA, and sometimes with urinary obstruction [12]. 

There are a number of methods used to ablate or remove prostate tissue in order to 

open up the flow of urine. Historically, many patients with BPH enlargement are 

treated with Transurethral resection of the prostate (TURP) [13]. During the TURP 

process PCa can sometimes be diagnosed via the histological examination of the 

prostate tissue collected during the operation [14], [15]. 

 

PCa diagnosis: If PSA levels and a digital rectal examination suggest that PCa 

may be present, the clinician will request tissue biopsies in attempt to validate a PCa 

rather than BPH diagnosis [16]. During the biopsy process, several (~12) biopsies are 

taken from different locations for histological examination [17]. Based on the 

morphology of the cancer cells recovered from the biopsies, a score is assigned to the 

cancer to reflect its perceived aggressiveness. The assigned score is called a Gleason 

score, in which the grading system is based on five different histological patterns 
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(from 1 to 5; 5 is the most aggressive pattern) of PCa. A Gleason score of a tumour 

can be created by adding the two most common grade patters in the tumour, therefore 

the least aggressive cancer has the lowest score, 2, and the score increases with the 

aggressiveness of the tumour, with score of 10 indicating the most aggressive form 

of the cancer [18], [19]. Recently, the international society of urological pathology 

has improved the overall Gleason grading system [20]. The new grading system was 

validated in a multi-institutional study on more than 20 thousand radical 

prostatectomy cases. This new grading system includes 5 Grade Groups; where the 

less aggressive cancer has Grade Group 1 = Gleason score  6, Grade group 2 = 

Gleason score 3 + 4 = 7, Grade group 3 = Gleason score 4 + 3 = 7, Grade group 4 = 

Gleason score 4 + 4 = 8 and the most aggressive cancer has Grade Group 5 = 

Gleason scores 9 and 10. This modified grading system was found to be more 

simpler and more accurate in predicting progression and was approved by the World 

Health organization [19]. According to the grading results, if the biopsies are 

positive, it is common to use ultrasound imaging to further assist in diagnosing PCa 

stage and containment within the prostate capsule [21]. Invasion of the seminal 

vesicles and enlargement of the pelvic lymph nodes can be detected by computed 

tomography [22]. If PCa treatment involves a radical prostatectomy, higher 

resolution imaging methods such as magnetic resonance imaging are often used to 

help identify the boundaries of the tumour growth [6], [23]. 

PSA blood level and biopsy-based diagnosis does not always result in a 

proactive treatment approach [24], and thus there is concern that in low grade PCa 

this increase in diagnostic resolution enables “over diagnosis” rather than enhancing 

our capacity to prevent disease advancement [7]. This is concerning because in some 

cases PCa does not advance to a stage that requires treatment or intervention. What is 

required is the capacity to predict if the PCa identified early in a specific individual is 

likely to evolve into a more aggressive form of the disease, and if aggressive 

preventative therapies are warranted [25], [26]. The need for such diagnosis capacity 

will increase with the predicted increase in PCa incidence. 
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1.3 DISEASE PROGRESSION AND CONVENTIONAL TREATMENTS 

There are numerous treatment strategies (reviewed in [27]) which are 

commonly performed depending on the PCa stage/severity and age of the patient 

[28]. PCa progression and the commonly used treatments are represented in Figure 

1.1. The available treatments include active surveillance in the cases of the least 

aggressive PCa, radical prostatectomy, androgen deprivation therapy, brachytherapy, 

chemotherapy and radiotherapy [29], [30]. In some circumstances, more than one 

strategy is used in combination to achieve more desirable outcomes and to reduce the 

risk of tumour progression or recurrence [31]. Following early diagnosis of non-

symptomatic localized PCa, the treatment varies widely from active surveillance to 

radical prostatectomy or radiotherapy depending on the individual patient [32]. 

Treatment approaches are influenced by cost, age, and physician bias or opinion. 

Despite the growing numbers of studies discussing the reasons that motivate a patient 

to choose one treatment over the other [33]–[35], optimal treatment approaches 

remain controversial. While active surveillance is predominant in older men with less 

than 10 years life expectancy, radical prostatectomy survival rates often yield greater 

than 10 years disease-free outcomes in patients under the age of 65 [36]. These 

observations highlight how perceived life expectancy can impact on treatment 

decision-making. Additionally, perceptions regarding the impact of treatment side-

effects and complications appear to be the most controversial factors influencing 

treatment selection [37]. 

Radiotherapy offers an alternative strategy to radical prostatectomy to destroy 

or eliminate localized tumours [38], and this technology is rapidly evolving. 

Currently, there are two primary approaches to radiotherapy; namely external 

radiation beam and radioactive seeds implantation. Three-dimensional conformal 

radiotherapy is performed using an external beam of radiation [39], [40]. 

Improvements in technologies that enable real-time tracking of the prostate’s 

physical location and focusing of the radiation beam are increasing the precision of 

this therapy [41]. Increased precision should translate into improved efficacy and a 

reduction in treatment side effects [42]. It will take a few more years for data using 

these new methods to become readily available with longer follow up periods. The 

second radiotherapy approach involves the surgical placement of radioactive seeds 

into the prostate tissue; a process termed brachytherapy [43]. Both forms of 
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radiotherapy are sometimes used as a second-line treatment following radical 

prostatectomy [44].  

Since Huggins et. al., (1941) [45] found that removal of the testicles, which are 

the main source of testosterone hormone, dramatically decreased prostate cancer 

progression, it was reasoned that the PCa cell growth was dependent on androgen. 

Androgen deprivation therapy (ADT) is now achieved by preventing the luteinizing 

hormone secretion from the pituitary gland, rather than by physical castration [46]. 

ADT is not effective in some patients where the PCa cells can grow in castrate-levels 

of androgens, in the stage termed CRPC. CRPC may present as the progression of 

pre-existing tumour and/or the appearance of new metastases.  

CRPC was initially termed androgen-independent disease, as it no longer 

responds to first line ADT. However, further studies revealed that the growth of 

cancer cells in CRPC patients is still dependent on androgen signalling. In relapsed 

patients, PSA levels continue to increase during ADT. This indicates the activation 

of androgen receptor (AR) transcriptional activity including the androgen response 

elements that regulate PSA expression. In CRPC, AR in PCa cells is found to be 

continuously activated via different mechanisms (reviewed in [47]). Early studies on 

the development of castrate-resistance showed that increased expression of AR in 

PCa cells leads to higher sensitivity of the AR signalling pathway in response to 

reduced levels of androgens [48]–[50]. Many studies revealed the role of ADT as a 

selective pressure for evolution of AR gene mutations and development of CRPC 

[51]–[54]. Furthermore, various AR gene mutations are found to be related to 

reducing the specificity of the interaction between AR and its ligand (androgens). 

These mutations enable alternative steroidal molecules, such as estrogens and 

progesterone, to activate AR [55], [56]. Moreover, expression of AR splice variants 

can provide an additional mechanistic explanation for CRPC development [57], [58]. 

AR variants are found to upregulate steroidogenic enzymes to increase biosynthesis 

of testosterone and dihydrotestosterone from adrenal androgens within the tumour 

microenvironment [59]–[61]. It was also found that AR variants can provide ligand-

independent activation mechanism to upregulate the expression of AR-regulated 

genes which can explain the persistent AR transcriptional activity during ADT [62], 

[63]. 
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The various mechanisms of continued AR signalling suggest that the 

combination of potent anti-androgens and enzymatic blockage can provide a 

reasonable therapeutic approach for CRPC patients. The drugs commonly used in the 

clinic today as high affinity anti-androgen hormonal therapy to treat relapsed CRPC 

patients include enzalutamide (also called MDV3100) [64], abiraterone acetate [65] 

and bicalutamide [66]. Enzalutamide has an anti-tumour effect, by inhibiting the 

nuclear translocation of the androgen receptor [67], and it has apoptotic and anti-

DNA binding effects [68]. Abiraterone acetate, as an anti-androgen drug, targets 

prostate cancer cells by inhibiting the enzyme CYP17A1 which is an essential 

enzyme in synthesis of testosterone [69]. Abiraterone is increasingly favoured to 

treat clinically advanced castrate-resistant metastatic PCa [70]. Bicalutamide acts as 

a nonsteroidal AR antagonist by binding to the ligand binding domain of AR to 

mediate a conformational change that inhibits the normal function of AR [47]. 

Despite the success of these drugs in the clinic, it’s important to consider cancers do 

become refractory to these agents and the tumour will eventually progress.   

Similar cascade inhibition strategies include drug combinations [70]–[73] such 

as gefitinib with prednisone. Gefitinib inhibits epidermal growth factor receptor 

(EGFR) tyrosine kinase enzyme that is necessary for tumour cell growth [74], while 

prednisone is a synthetic corticosteroid drug that is effective as an 

immunosuppressant drug [75]. However, it is still controversial to define a specific 

drug combination for every stage in PCa progression. 

With some differences in efficacy, ADT treats both localized and metastatic 

PCa, as long as the cancerous cells are androgen dependent [76]. In more advanced 

stages, such as metastasis or relapsed cases after ADT or radiotherapy, chemotherapy 

is usually the only remaining treatment option for advanced stages of the disease. 

Chemotherapeutic drugs have a cytotoxic effect that targets the cancerous cells. For 

instance, docetaxel targets fast dividing cells, by stabilizing microtubules, which then 

inhibits cell division prompting a programmed apoptotic response [77]. Docetaxel is 

a member of the Taxane drug family which includes paclitaxel and cabazitaxel [78]. 

Also, radium-223 acts as calcium mimic and targets the DNA of the cancerous cells 

in the bone metastatic PCa. Radium-223 selectively binds to the area of increased 

bone turnover within the osteoblastic metastases microenvironment and emits high 
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energy alpha particles to induce double stranded DNA breaks with minimized toxic 

effect on adjacent healthy tissue [79], [80].  

 

 

Figure 1.1. Prostate cancer (PCa) progression timeline. PCa is usually diagnosed 

at the localized stage where local therapy, such as partial or total prostatectomy is 

performed. Radiation therapy is also recommended in the case of localized tumours. 

If there is tumour recurrence, androgen deprivation therapy (ADT) is usually the next 

line of therapy. If the tumour cells become active again, possibly after 3-5 years, the 

tumour can advance to a more aggressive form where the PCa cells evolve into an 

androgen-independent phenotype. This is generally associated with the PCa cells 

having already metastasised to distant sites. The common targets of metastatic PCa 

are the lymph nodes and the bone. Active bone metastatic PCa is associated with 

localized pain and skeletal-related complications. At this late stage, PCa cells are 

mostly resistant to chemotherapeutic drugs and the survival rate is very low. 

 

Despite the advances in early stages of PCa treatment outcomes [81], most of 

the therapeutic strategies are still controversial and are more complicated with 

aggressive forms of the disease, specifically bone metastasis [82]. Pain-relief is an 

essential consideration in the treatment of symptomatic bone metastatic PCa [83]. 

Therefore, treatment of bone metastasis in PCa patients consists of treating the 

cancer with docetaxel, for instance, whilst reducing bone pain with a combination of 

drugs, such as denosumab and bisphosphonates which have anti-osteoporotic effects 

[84], [85]. Bisphosphonates, such as clodronic acid, effectively control pain and 
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hypercalcemia by direct osteoclast activity suppression in terms of adhesion, 

proliferation and differentiation [86]. These drugs were found to have an anti-

neoplastic effect, as they enhance tumour cell apoptosis and prevent the release of 

essential growth factors necessary for tumour growth [87]. Likewise, denosumab 

prevents osteoclast proliferation, differentiation and survival by inhibiting the 

receptor activator of nuclear factor Kappa-B ligand (RANKL) [88]. 

Immunosuppressant drugs such as prednisone which is combined with docetaxel, as 

a cytotoxic regimen, are sometimes used. This approach was found to deliver 3-

months survival and improve the quality of life for cancer patients [89], [90]. 

 

Although there are number of drugs available with multiple modes of action, a 

significant challenge in the field is estimating the optimal drug selection and 

sequence to treat patients [91], [92]. Typically, cancers will become resistant to one 

drug, necessitating treatment with a new drug or combination of drugs [93]. 

Identifying the optimal combination or sequence of drug treatment has been 

challenging because of the rapid development of new drugs, the extended timeline of 

some treatment regimens and the variation in treatment regimens across different 

centres, coupled with the challenge of actually quantifying patient response [94]. 

Therefore, there is a critical need for a robust model of the disease to emulate the 

different PCa stages and to enhance and facilitate the drug discovery procedure as 

well as treatment protocols. 

1.4 BONE METASTASIS 

PCa cells can metastasise to new sites, such as the bone, lung and liver [95]. 

Several studies, using autopsies, indicated that PCa mostly spread via a 

hematogeneous pathway through periprostatic to prespinal veins [96]–[99]. The 

primary factor that correlates with metastasis is primary tumour volume, with a 

significant incidence in metastasis observed when the primary tumour exceeded 4 

millilitres or 4 cubic centimetres [100]. Approximately 90% of metastatic prostate 

cancer patients suffer from bone metastases and when bone metastasis occurs 

treatment becomes more elusive and mortality rates increase [95], [101]. The 

hypothesis of how metastasis occurs can be summarized in the following steps. 
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Disassociation from the primary tumour: The cancerous cell migrates from 

the original tumour to circulate in the blood stream until it reaches a new favourable 

site where it can adhere and then proliferate [102]. In the case of PCa, Matrix 

metalloproteinases (MMPs) are found to be increased in tumour tissues and thought 

to be the main factor enabling the release of metastatic tumour cells into the 

circulation [103]. MMPs are expressed in normal tissues at low levels and cause 

degradation of the basement membrane. The activity of MMPs is regulated by tissue 

inhibitors of metalloproteinases (TIMPs) which reverse their action in the healthy 

tissue [104], [105]. Elevated serum levels of MMPs in PCa patients enhance PCa cell 

liberation from primary tumours into the blood stream as circulating tumour cells 

(CTCs) [103] [106]. CTCs have been detected in the blood stream of both primary 

and secondary cancer patients [107], [108]. Distant metastasis can occur when CTCs 

disseminate to a new site. At the new site the CTCs are referred to as disseminated 

tumour cells (DTCs) [109].  

 

Like some other malignancies, PCa contains cells that have “stem-like” 

characteristics, including the ability to self-renew [110]. These cells are sometimes 

called “cancer stem cells (CSCs)”. It should be noted that both the defining concepts 

and terminology remain quite controversial [111]. Nevertheless, the cancer stem cell 

theory assumes that it is these cells that can initiate secondary growth after therapy 

[112]. By necessity, cancer stem cells and CTC must share some common 

characteristics [113].  

 

The bone marrow as a destination: The enriched mineralized extracellular 

matrix, and the high volumetric blood flow through the marrow, may explain a 

portion of the high incidence of PCa bone metastasis [114]. However, when PCa 

cells metastasise to the bone it is thought that they might take up residence in the 

haematopoietic stem cells (HSC) niche [115]. This observation suggests that PCa cell 

lodgement in the bone marrow may be an active process. It is reasoned that CTCs 

may home to the bone marrow niche in a manner analogous to how HSC home to the 

marrow [116]. 
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1.4.1 Haematopoietic stem cells niche 

The HSC niche is a unique microenvironment found within the bone marrow of 

adult humans [117]. This niche microenvironment functions to regulate HSC, and 

most critically it functions to preserve the HSC population over an individual’s 

lifetime [118]. With billions of new blood cells generated daily in an adult [119], this 

proliferative load would normally be expected to exhaust the source population from 

which the blood cells are derived. However, the bone marrow niche functions to 

enable the production of more mature lineage committed progenitor cells (rather than 

HSC), onto which virtually the entire proliferative load is placed, whilst 

simultaneously preserving the majority of the HSC in a quiescent state [120]. 

Therefore, commitment to either cell fate is precisely controlled by the niche 

according to the body’s requirement for new blood cells. 

 

1.4.2 Niches within the niche 

The HSC niche is thought to contain two different regions, namely the 

endosteal and the vascular regions [121]. The endosteal niche mainly refers to the 

region where osteoblasts, osteoclasts and osteoprogenitors interact [122]. The 

endosteal niche is thought to primarily maintain quiescent HSC. Whilst the more 

primitive HSC appear to reside near the endosteum; the adjacent vascular niche is 

thought to contain HSC populations that are slowly cycling to generate progenitor 

cells [123]. In the vascular niche, HSC interact with vascular endothelial cells and 

surrounding reticular cells. The function and the boundaries of the two regions are 

not clearly distinguished from each other. Thus, the two niches are interlaced and the 

niche function is maintained by balanced interactions of HSC with the cellular and 

physiochemical compartments of both sites [124]. In the following section, essential 

interactions between HSC and the niche are reviewed. 

 

1.4.3 How haematopoietic stem cells find the niche 

HSC homing to the bone marrow is primarily regulated by the chemokine (C-

X-C motif) ligand 12 (CXCL12)/chemokine (C-X-C motif) receptor 4 (CXCR4) axis 

[125]. Whilst CXCL12 is normally expressed by many different cells, the major 

source of CXCL12 is osteoblasts found within the bone marrow [126], also known as 
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stromal derived factor 1 (SDF-1). This is quite an elegant system whereby the niche 

stromal cells secrete CXCL12 in a hypoxic microenvironment, and the HSC express 

the receptor for CXCR4 [127]. HSC home towards the CXCL12 produced by the 

niche, and once within the niche the continued exposure to CXCL12 promotes the 

adhesion of HSC to niche support cells. 

  

Bone marrow endothelial cells express CXCL12 causing the adhesion of HSC 

on their surface [128]–[130]. This adherence provides a mechanism by which these 

cells can attach to the vessel walls and then migrate into the vascular niche [130], 

[131]. The interaction between CXCL12 and CXCR4 enables initial homing and 

attachment in the sinusoids, but other cell-cell adhesion molecules enable the final 

anchoring within the niche. Tie2/angiopoietin 1 (Ang-1) interaction between HSC 

and osteoblasts enhances adhesion [132]. Vascular cell adhesion molecule-1 is a 

ligand on the surface of osteoblasts, stromal reticular cells and endothelial cells and 

the receptor of this ligand, very late antigen-4 (VLA-4), is expressed by HSC [133]. 

Moreover, annexin II (Anxa 2) is an essential receptor, with the CXCL12/CXCR4 

axis, for adhesion and homing of HSC, and regulation of osteoblast activity, as it 

works as an anchor for CXCL12 [134]. 

 

In addition to the CXCL12/CXCR4 axis, the expression of other receptors on 

HSC also affects homing. For example, guanine-nucleotide-binding protein 

stimulatory α subunit (Gαs), of which conditional deletion in mice causes the HSC to 

lose its ability to migrate towards the bone marrow, which reflects its importance in 

the homing process [135]. 

 

1.4.4 The physiochemical microenvironment in the haematopoietic stem cell 

niche 

The physiochemical properties of the HSC niche are known to play key roles in 

the maintenance of HSC, and therefore may be relevant to the maintenance of PCa in 

a quiescent or stem-like state. Two key physical properties are the calcium and 

oxygen gradients in the niche [136] [137].  
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During bone resorption, increased concentration of Ca2+ by the action of 

osteoclast activity affects the localization of HSC to the endosteal surface via 

calcium sensing receptor (CaSR) which is expressed by HSC [136]. 

Hypoxia is thought to be an essential feature within the niche 

microenvironment. It is believed that there is a controlled oxygen gradient that is 

higher within the vascular niche and lower within the endosteal niche [138]. Hypoxia 

directly regulates the CXCL12/CXCR4 homing axis discussed above. Reduced 

oxygen tension induces CXCL12 by the stromal cells and CXCR4 expression by the 

HSC [139]. Additionally, the quiescent state and long-term preservation of HSC are 

believed to be controlled, in part, by hypoxia inducible factor 1α (HIF-1α), which is 

stabilized by hypoxia [140], [141].  

  

1.4.5 The cells and signals in the haematopoietic stem cell niche 

The signal interactions within the niche are complex, but through the use of 

gene knockout animal models, the role of various factors is increasingly being 

elucidated. It is now known that in the bone marrow HSC niche there are many types 

of cells that contribute to maintaining this unique microenvironment; these include, 

Nestin+ mesenchymal stem/stromal cells (MSC, also known as perivascular cells) 

[142], osteoblasts [143], pre–osteoblasts, endothelial cells, neural cells and 

adipocytes [123]. Each type of these cells has a specific role in bone maintenance 

and blood cell formation by providing a favourable home for HSC [116].  

The cycling behaviour of HSC is precisely controlled within the niche. This 

key decision point is guided by niche pathways including Wnt, Notch, Hedgehog, 

bone morphogenetic proteins (BMPs), Tie2/Ang-1 and osteopontin (reviewed in 

[123]). On the other hand, thrompoietin (TPO)/ myeloproliferative leukemia virus 

oncogene (MPL) signalling regulates the quiescent state [144], with the aid of two 

other regulating signals which are Lnk, an adaptor protein that has inhibitory effects 

on the TPO/MPL axis [145], and Janus kinase 2 (JAK2), a protein that regulates both 

Lnk and MPL [146]. 

In regards to the two different regions of the niche, the abundance of quiescent 

HSC relative to the cycling cells can define the function of each region. In the 

endosteal niche, osteoblasts provide signals of quiescence, such as osteopontin 
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(OPN) [147], VLA-4/ vascular cell adhesion molecule 1 (VCAM-1), lymphocyte 

function-associated antigen 1 (LFA-1)/intercellular adhesion molecule (ICAM-1) 

[148]. Whereas in the vascular niche, endothelial cells express growth factors like 

insulin-like growth factor-binding protein (IGFBP-3) and E-selectin [149], which 

affect HSC proliferation and expansion. Based on these findings, the osteoblastic 

niche is responsible for keeping HSC in a quiescent state, with the endothelial 

(vascular) niche promoting the differentiation and proliferation of HSC [116].  

Moreover, there are other cellular factors that influence HSC 

quiescence/proliferation regulation in the bone marrow niche. For instance, nerve 

cells can control the expression of CXCL12 on perivascular cells and this action is 

controlled by a circadian rhythm [150]. Immune cells also have a crucial role in HSC 

regulation, where macrophages in the bone marrow regulate the CXCL12 abundance 

in the niche microenvironment which in turn affects the rate of HSC mobilization to 

the blood [151]. 

 

1.4.6 PCa cells hijack HSC sites in the bone marrow niche 

In the bone metastatic stage of PCa, it is believed that PCa targets the 

hematopoietic stem cell (HSC) niche in the bone marrow [115], [152]. As reviewed 

previously, bone marrow is a complex organ in the human body that incorporates 

several types of cells that reside in a stream of growth factors [153], [154]. This 

includes immune cells, stromal cells, endothelial and blood cells. In a healthy human, 

this microenvironment interacts positively to provide the home of HSC, blood-

forming cells, where it can self-renew or differentiate into various blood cell types to 

meet the body’s needs [115]. However, in such chemokine-rich microenvironment, 

tumour cells can feed off the niche signalling to reside in the bone marrow. Figure 

1.2 schematically illustrates the sites of the bone marrow HSC niche that can be 

hijacked by PCa metastatic cells. 
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Figure 1.2. Schematic representation of bone marrow niche and prostate cancer 

(PCa) invasion. In the bone marrow, PCa cells hijack the haematopoietic stem cells 

(HSC) sites. The osteoblastic and vascular niches are the main two sites that regulate 

HSC fate such as homing, quiescence, self-renewal and differentiation, via 

interactions with cellular and molecular compartments of the niche. 

 

PCa CTCs have the ability to migrate to the bone marrow HSC niche using 

similar signalling mechanisms to HSC [155]. At the signalling level, prostate tumour 

cells have the ability to overexpress CXCR4 that can bind with CXCL12 produced 

by bone marrow niche stromal cells and osteoblasts [156]. 

Within the niche, endothelial cells were found to facilitate the adherence of the 

cancerous cells [157]. Hematopoietic and endothelial cells release pro-angiogenic 

factors that facilitate angiogenesis [158]. Adhesion of cancer cells to osteoblasts via 

Anxa2 induces dormancy of cancer cells within the endosteal niche [159].  

After residence in the bone marrow niche, PCa cell behaviour can be 

paradoxically different and perhaps unpredictable, with PCa cells triggering both 
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bone formation and bone resorption pathways [160]–[162]. The high concentration 

of local growth factors eluted during bone resorption, such as TGF β, insulin-like 

growth factors (IGF), fibroblast growth factors (FGF) and platelet-derived growth 

factors (PDGF), enhances the growth and propagation of cancerous cells [160]. PCa 

cells secrete BMPs, which can recruit osteoblast precursors and activate the 

formation of vascular endothelial growth factor (VEGF), which in turn causes 

osteoblast stimulation leading to bone formation [163]. Endothelin-1 (ET-1), 

produced by cancer cells, enhances osteoblast proliferation and amplifies the effect 

of BMPs, IGF-I&II, PDGF, and FGF [164]. On the other hand, inflammatory 

reactions instigated by tumour growth result in elevated levels of IL-6, an osteoclast 

activator which leads to bone resorption [165], [166]. This range of behaviours 

reveals how the balance of signal molecules in the niche is able to influence PCa 

cells and in turn how the PCa cells are able to influence the native tissue. 

 

1.5 PROSTATE CANCER MICROENVIRONMENT 

In the primary tumour site, the tumour microenvironment supports cancer cell 

progression, rather than prevent tumorigenesis. Similarly, in bone metastatic PCa, the 

tumour microenvironment was found to have a supportive role that enables the 

disseminated cancer cells to reside in the bone marrow, evade the immune system, 

stay in dormancy or actively proliferate to form a micrometastasis [167]. The 

supportive role may coincide with several changes to the stroma including, but not 

limited to, migration of immune cells, fibroblast recruitment, extracellular matrix 

remodelling and angiogenesis [168], [169].  

 

Beside the aforementioned cellular factors, physiological factors also appear to 

play a crucial role in the tumour microenvironment. These include hypoxia, acidity, 

nutrients and growth factor gradients [170], [171]. In this section, the main cellular 

interactions in the PCa microenvironment will be reviewed. 

 

1.5.1 Stromal cells 

A stromal-epithelial interaction was early demonstrated in studies on 

embryonic development. In the early stages of development, epithelial differentiation 
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is induced by adjacent stromal cells [172]. This supportive action is mediated by 

extracellular matrix components and soluble paracrine signalling. After maturation, a 

new crosstalk balance is established, where the mature epithelial cells maintain 

stromal differentiation [173]. On the other hand, stromal cells in primary tumour site 

are crucial players in the tumour microenvironment and their role in tumour growth, 

invasion and migration is yet to be clearly defined. During tumorigenesis the genetic 

mutations acquired by the epithelial cells induce the “activation” of the surrounding 

stroma to express myofibroblastic markers [174]. This active stroma, also called 

cancer-associated fibroblasts (CAFs), has a fundamental role in cancer progression 

and migration [175]. Moreover, there is a growing evidence of the cancer initiation 

potential of CAFs. From primary tumours, patient-derived samples were utilized in a 

co-culture system to demonstrate the tumorigenic capacity of tumour stromal cells 

[176]–[178]. CAFs from high Gleason score patients, indicating high aggressiveness 

of PCa, induced the evolution of cancerous phenotype of normal prostate epithelial 

cells. It is believed that their action is mediated via ECM proteins and growth 

factors[179]. 

In bone metastatic PCa, the complex microenvironment of the bone marrow is 

capable of accommodating the tumour cells throughout the multi-step process of 

metastasis development. The initial engagement of circulating PCa cells in the bone 

marrow is mainly mediated by endothelial cells, MSC and osteoblasts via 

CXCL12/CXCR4 homing axis, as discussed previously. In addition, tumour cells 

express integrins, such as αvβ3 and αvβ5, which can bind to bone extracellular matrix 

components such as bone sialoprotein (BSP), and osteopontin (OPN) [180]. 

Similarly, tumour cells express cytokine receptors, such as the receptor activator of 

nuclear factor Kappa-B (RANK), which promote colonization in the bone marrow 

via binding to its ligand (RANKL) secreted by osteoblast lineage cells [181], [182]. 

E-cadherin expressed by tumour cells can enhance binding to osteoblasts which 

express N-cadherin [183]. Therefore, tumour cells colonise the endosteal surface in 

the bone marrow. 

After colonisation, the disseminating tumour cells survive in the new 

microenvironment and can reside in dormancy for long periods. The osteoblast-

derived long-lived quiescent bone lining cells are believed to support the long-term 

dormancy of PCa cells which can be for decades [184]. The binding of annexin ІІ on 
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bone cells to its receptor on PCa cells can control tumour cell growth/dormancy 

[185].  

The reactivation of dormant tumour cells to grow and form a micrometastasis 

is likely to be an active process by the bone marrow microenvironment 

compartments [157]. Osteoclasts and osteoblasts are believed to be active players in 

the reactivation process [182]. Tumour cells can secrete a vast number of growth 

factors which can activate and recruit osteoclasts to induce bone resorption. The 

accumulation of released growth factors in the bone resorption microenvironment 

can enhance tumour cell growth and further production of osteolytic and osteoblastic 

factors [186]. This results in establishing what is known as the vicious cycle of bone 

metastases which supports tumour growth in the bone [184], [187]. Additionally, 

other cell types in the bone marrow were found to enhance the tumour growth, such 

as MSC and adipocytes [188], [189], both of which appear to be potentially 

supportive of metastatic cell growth [190].  

From the signalling pathway perspective, stromal-epithelial carcinoma 

interaction is mediated by several families of growth factors either in primary or 

metastatic sites. Tumour proliferation stimulating factors include fibroblast growth 

factor (FGF) family, insulin-like growth factor (IGF) family, epithelial growth factor 

(EGF) family and hepatocyte growth factor (HGF). In addition, these factors can 

play a part in tumour initiation [191]. Differently, transforming growth factor-β 

(TGF-β) can induce both tumour progression and tumour suppression processes. 

Several studies support the role of TGF-β in tumour growth inhibition [179], [192]. 

However, stromal-secreted TGF-β indirectly enhances cancer progression via 

impairing immune surveillance, activating angiogenesis and evolution of tumour 

metastatic phenotype [193], [194]. 

 

1.5.2 Immune cells 

One of the hallmarks of cancer is the inflammatory microenvironment [195]. 

The specialized white blood cell, the macrophage, is one of the critical cellular 

compartments in the tumour microenvironment. The M2 polarized macrophages 

(also termed as alternatively activated macrophages) have tumour supportive activity 

due to their role in angiogenesis [196], [197]. The M2 macrophages are alternative 
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form of the “classically activated” M1 macrophages which activate immune response 

by producing high amounts of inflammatory cytokines and reactive oxygen species 

[198]. Cancer-associated macrophages (CAM) were found to enhance cancer 

progression by not only secreting growth factors, but also by providing the ECM 

degrading enzymes [195]. To recruit immune cells, tumour cells secrete specific 

proteins that activate macrophages [199]. The high occupancy of CAMs in the 

tumour microenvironment is one of the critical indicators of low prognosis and high 

probability of cancer metastasis [200]. In PCa, the influence of CAMs on cancer 

progression and growth is still controversial [201], [202]. However, there are several 

studies that suggest synergetic interaction between immune cells and other stromal 

cells in the tumour microenvironment can boost malignancy [197], [203], [204]. 

 

1.6 PROSTATE CANCER MODELLING 

Despite the significant improvements in targeted therapies, PCa remains a 

challenging disease to treat especially in the advanced bone metastatic stages. 

Approximately 30% of advanced PCa patients exhibit an initial resistance to 

docetaxel [205], which is the most common conventional chemotherapy regimen. 

After the PCa cells metastasise to bone marrow, the mortality rates increase. It 

appears that the bone marrow niche microenvironment may promote quiescence in a 

subset of PCa cells [115], and this quiescent state and the immune-modulating 

microenvironment generated by the MSC may protect these cells from chemotherapy 

and the immune system [116]. This sustained “holding state” within the bone marrow 

niche may enable the evolution of castrate resistant prostate cancer (CRPC) which is 

the most advanced stage of the disease. 

 

The scarcity of realistic preclinical models of advanced disease is the one of 

the obstacles in this research area. However, there are a number of in vitro and in 

vivo models designed to recapitulate the mechanisms involved in PCa and its bone 

metastasis. Some examples will be reviewed in the following sections.  
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1.6.1 In vivo animal models of PCa 

In vivo animal models have been widely developed and have contributed to 

considerable advancements in PCa modelling (reviewed in [206] and [207]). In this 

section, some available mouse models and their limitations will be outlined. 

At the outset, it is important to consider that there are anatomical differences 

between human and mouse prostates [208], which are thought to be the reason 

behind the lack of spontaneous PCa in mice. Therefore, PCa is initiated in mouse 

models through the introduction of genetic mutations or implantation of human PCa 

cell populations. 

Genetically engineered mouse models  

In 1999, the National Institutes of Health (NIH) founded the Mouse Models of 

Human Cancer Consortium (MMCC) in an effort to develop models of human cancer 

[209]. Since then, genetically engineered mouse (GEM) models of PCa have evolved 

two main generations. The first generation of GEM utilized probasin promoter 

driving viral oncogenes such as SV40 large T antigen to yield the transgenic 

adenocarcinoma mouse prostate (TRAMP) model [208]. The second generation 

incorporated the single and multiple molecular changes observed in human disease 

such as over expression of MYC and loss of phosphatase and tensin homolog 

(PTEN) [210], [211]. Most available GEM models were initially derived to 

physiologically mimic human PCa, however, with some limitations. For instance, 

development of neuroendocrine tumours is spontaneous in transgenic mouse models 

[212], whereas it may arise de novo in only 5-10% of PCa patients and is much more 

commonly observed following therapeutic treatment regimens [213]. The TRAMP 

model develops modest androgen independent tumours, which can rapidly evolve 

into CRPC [214], [215]. This model bypasses several stages of early disease and only 

recapitulates a specific advanced stage of the human disease. In addition, bone 

metastasis is very rare in transgenic mouse models, where the circulating tumour 

cells prefer to invade soft tissues such as the lungs and lymph nodes [212], [216], 

[217]. This limits the possibility to mimic bone metastasis, which is the common 

progression in human disease [95]. 
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Human PCa cell implantation models 

Implantation of immortalised PCa cell lines or serially passaged patient-

derived samples into immunodeficient mice models, also known as xenograft model, 

is now gaining wide popularity in the field [218]. The advantage of using patient-

derived xenograft model is that it promotes primary cell growth with maintaining the 

characteristics of the original tumour and can provide a better mimic of the drug 

response [218], [219]. Despite the relative high success of the known xenograft 

models, establishing a new successful model with a new patient-derived tumour 

sample is very limited [220]. This indicates that this process is not efficient and 

cannot be standardised between various laboratories. 

In some PCa mouse models, researchers considered the influence of the 

microenvironment on the tumour growth where they co-transplanted human PCa 

cells with stromal cells. For instance, when LNCaP cells were co-transplanted with 

human stromal cells, LNCaP cells were tumourigenic and a more vascularized 

subcutaneous tumour model was established; whereas LNCaP-Matrigel tumours 

showed no evidence of angiogenesis [221]. Similarly, patient-derived tumour 

samples were able to grow and develop tumours when transplanted under the renal 

capsule with mouse stroma [220]. It has been reported that stromal cells play an 

important role in PCa mouse models due to their critical role in PCa tumour growth 

[179], [187], [222]. 

Human PCa cell implantations have been used to model bone metastasis of 

PCa [223]. For example, a bone metastatic model can be established by injecting PCa 

cell lines intravenously. Nevertheless, development of metastatic tumour in these 

models is cell line-dependent, where more aggressive cell lines, such as C42B and 

PC3 cells, show bone metastasis in high percentage of transplanted animals and less 

aggressive cell lines, such as LNCaP cells, show low/no bone metastasis [224], 

[225].  

It is worth noting that intravenously injected cells were found to be trapped in 

the lung vasculature due to a pulmonary first-pass effect, thus limited quantities of 

injected cells can reach the target tissues [226], [227]. To bypass this limitation, cells 

can be injected directly into the bone. Most tested cell lines directly transplanted into 

the bone had success regardless of the cell type [225], [228], [229].  
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It is important to consider that migration of intravenously injected tumour cells 

to the bone is distinct from developing a metastatic tumour in the bone after a direct 

injection of PCa cells into the bone [230]. Intra-bone injection is not mimicking all 

stages of migration, invasion and development of a tumour in the bone.  Through 

these steps of metastasis, a restricted selection process occurs to permit a specific 

cellular phenotype to survive and develop a new tumour in the distant site [231]. 

These aspects of this process are bypassed in the mouse models where tumour cells 

are directly injected in the bone. Nevertheless, these tumour models enable 

mimicking some aspects of the bone microenvironment. 

In addition, there is evidence that human PCa cell respond differently to human 

versus mouse bone. Several studies where human bone had been implanted in mice 

demonstrated that human PCa cells preferentially home to human bone implants 

rather than to mouse bone [232]–[235]. This unexpected behaviour is thought to 

reflect species–species differences between the cytokines and homing molecules 

expressed by human bone marrow cells relative to murine bone marrow cells. As 

PCa bone metastasis appears to have a number of species-specific requirements, 

modelling this process in mice remains challenging. 

In summary, studies using human PCa cell implantation in mice can replicate 

physiological conditions regarding some aspects such as molecular and cellular 

mechanisms of cancer development and progression. However, they cannot model all 

aspects of the cross-talk and interaction between human tumour cells and all other 

human cell components, due to the fact that the majority of the cellular and matrix 

microenvironment is of mouse origin [236]. This has motivated the evolution of 

more sophisticated humanised mouse models, such as generating humanised bone 

microenvironment in immunodeficient mice and establishing human haematopoietic 

systems in these mice [237], [238].  

In addition to the technical limitations of existing in vivo models, mouse 

models tend to be expensive and time consuming. This has motivated the 

development of in vitro models that can be assembled from all human cells.  
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1.6.2 In vitro models of PCa 

Due to the complexity, it has been challenging to recapitulate the PCa tumour 

microenvironment in vitro either in primary or metastatic sites. However, there are a 

vast number of studies that have tried to recapitulate interactions between particular 

cell types involved in the cancer-invaded microenvironment [239]. Bone marrow 

niche mimicking is particularly challenging due to its complexity. Several 

researchers studied the effect of bone marrow stromal cell secreted chemokines on 

the proliferation and migration of PCa cells using Boyden chambers as one of the 

widely-used tools to demonstrate indirect cellular interactions. Bone marrow stromal 

cells co-cultured with PCa cells express several factors that enhance tumour cell 

growth and invasion [240]. PCa cells were found to have boosted migration capacity 

in the presence of bone marrow-derived mesenchymal stromal cells’ conditioned 

media [241]. This enhanced migration was reversed when SDF-1 antagonist was 

supplemented to the conditioned media, which implies the motility enhancement 

activity of SDF-1 on PCa cells. 

  

For more complex models, tissue-engineering platforms were involved in the 

field of stromal-cancer cell interaction [242]. A recent study observed increased 

migration and proliferation of cancer cells directly co-cultured with osteo-

differentiated bone marrow-derived MSC [243]. Moreover, an increased proliferation 

of cancer cells was observed in the tri-culture of cancer cells with stromal cells and 

endothelial cells. Bersini and colleagues [239] tri-cultured MSC-derived osteoblasts 

and endothelial cells with a cancer cell line to study their migration and invasion 

capability in a 3D vessel-like microfluidic system.  

 

In another study, primary human bone cells were grown on scaffolds to form 

tissue-engineered bone constructs. Subsequently, the bone constructs were co-

cultured with PCa cells grown as three dimensional spheroids in hydrogel to 

recapitulate PCa invaded bone microenvironment. The proliferation of cancer cells 

increased compared to monocultures. Similar to the primary tumour 

microenvironment, TGF-β was one of the most activated upstream regulators in PCa 

progression in this multi-cellular bone metastatic PCa model [244]. 
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1.7 DRUG-TESTING PLATFORMS 

Successful development and selection of a novel potent anti-tumour drug is a 

long process that includes several stages of preclinical studies and clinical trials 

[245]. Drug attrition rates in oncology is greater than other areas of therapeutic focus 

[218]. Out of many promising drug candidates in the preclinical development of anti-

tumour drug, only 5% are licensed after showing sufficient efficacy in clinical trials 

[246], [247]. The high failure rate is partly due to limitations of preclinical tools that 

poorly mimic the physiological conditions and limit early stage prediction.  

In this section, tissue culture techniques will be discussed as a fundamental 

stage in preclinical in vitro studies. 

 

1.7.1 Two dimensional (2D) tissue culture 

Preclinical in vitro PCa studies are usually performed using traditional two 

dimensional (2D) tissue cultures, combined with some techniques such as wound 

healing and Transwell migration assays [248]. Since Harrison et. al., (1907) [249] 

established the first cell culture of neural tissue, substantial improvements have been 

achieved on the cell culture techniques in the last century. However, correlation of 

results from 2D tissue culture studies and in vivo scenarios has been questioned; and 

subsequently a wide recognition of the limitations of 2D cultures has been confirmed 

[247], [250]. 

Multiple differences have been observed between cells grown in 2D cultures 

and what is observed in vivo, such as differences in cell polarity, cell morphology, 

receptor expression and cellular architecture. Typically, in 2D cultures, tissues are 

grown as cell monolayers on a flat surface. Therefore, cell-cell interaction and 

extracellular matrix contacts are limited in 2D cultures. Not only is the plastic 

material interaction a poor biological mimic, the interaction with the underlying 

surface results in artificial polarization of the cells [251]. Adhesion to the ultra-rigid 

2D surface results in the cytoskeletal tension in the cell being many fold greater than 

under physiological conditions [252]. The high tension induces Rho/ROCK 

signalling and this stimulates a number of cascades including accelerated cell 
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proliferation [253]. This increased cell proliferation is an important consideration in 

cancer drug-testing as this makes the cells hypersensitive to chemotherapeutics that 

target proliferating cells [254]; this artefact results in misleading results being 

generated when using traditional 2D tissue culture. Moreover, unlike 3D cultures, 2D 

cultures cannot mimic acinar formation which is a key element of the invasive 

behaviour of cancerous epithelial cells [255]. 

To a certain degree, 2D tissue culture studies significantly improved our 

understanding of the different mechanisms that occur in PCa, but it was not enough 

to give rise to a powerful model of PCa or, the more complicated, bone metastatic 

PCa [242]. In trials to develop a physiological mimic, the functional unit of tissue 

must be considered rather than single cells. Therefore, alternative tissue culture 

techniques are being developed, specifically 3D tissue culture techniques [256]. 

 

1.7.2 Three dimensional (3D) tissue culture 

In the physiological status, cells exist within a 3D environment known as the 

extracellular matrix (ECM) which facilitates cell-cell contact and alters nutrients and 

drug transport [257]. To mimic this in vitro, various 3D tissue culture techniques 

have been developed. The main goal of 3D culture techniques is the formation of cell 

aggregates in environments where cell–cell interactions dominate over cell–substrate 

interactions, through aggregation of cells maintained in close proximity to each 

other. Cell aggregates have many different names in the literature, such as cell 

spheroids, microtissues and micromass [258]–[260]. 

Ideally, a 3D culture system that is suitable for drug-screening should have the 

following criteria: simple technique with uncomplicated processing, not expensive or 

require specialized equipment, not labour-intensive, create homogenous cell 

aggregates that are easily accessible. This ideal 3D culture system should permit the 

ECM accumulation in 3D architecture. The 3D culture technique should enable the 

control of cell aggregate size to facilitate mimicking different regions of the tumour 

for drug penetration studies. Finally, high throughput screening should be feasible 

with this ideal 3D culture system. In this section, the feasibility of utilising the 

commonly used 3D culture techniques as a drug-testing platform will be discussed. 
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Hanging drop technique: this method allows the formation of cell aggregates 

by using a small aliquot of single cell suspension pipetted into wells, then the tray is 

inverted and the aliquots of cell suspension turn into hanging drops. The cell 

aggregates at the tip of the drop are kept in place due to the surface tension [261]. 

The reproducibility of this technique is relatively high and the produced cell 

spheroids are homogenous and easily accessible [262]. However, this method is 

labour intensive and its utilisation as a drug-testing platform may not be viable [263]. 

This method can only accommodate small volumes (up to 50 l including the drug to 

be tested), as it is the surface tension that keeps the drop hanged cannot support 

larger volumes.  

Agitation-based technique: In this technique, cells are prevented to adhere to 

the container walls due to continuous motion of the cell suspension by gentle stirring 

as in spinner flask bioreactors, or by rotation of the container as in rotational culture 

systems [264]. This method enables large scale production of easily accessible cell 

aggregates [265], [266]. However, this method has several drawbacks that make it 

not ideal for drug-testing, such as uncontrolled cell aggregate size, requirement of 

specialized equipment and the shear force exposure that can affect cell behaviour 

[264], [265], [267].   

Matrix- and scaffold-based techniques: In the matrix-based technique, cells 

are embedded in/on artificial or natural matrices to enhance cell organisation in 3D 

structure. As a natural matrix, Matrigel is a widely used animal-originated laminin-

rich extracellular matrix (ECM) in 3D tissue culture [268]. However, Matrigel has 

many characteristics that limit its use in high throughput drug-screening systems. 

Due to its biological nature, Matrigel contains undefined constituents and growth 

factors. Cell aggregates in Matrigel tend to be not uniform. Additionally, batch-to-

batch variation of Matrigel make it difficult to compare and correlate results from 

different research groups [242], [269]. 

 Advances in biomaterials and tissue engineering enabled the manufacture of 

scaffold-based models using chemically-defined hydrogels, such as collagen, 

laminin, alginate and biodegradable materials [257]. In reality, 3D porous scaffolds 

often only offer a curved 2D surface and therefore are not truly 3D cultures [270]. 

When hydrogels are used with the scaffold-based models, the cells interact with the 

gel rather than with each other [271]. Whilst this may mitigate against the artificial 
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polarity introduced by 2D surfaces, no gel matrix truly mimics natural matrices and 

actual cell-cell contact can again be minimal.  

Microfluidic platforms: In this method, microchannels are used to deliver 

fluids to selected areas of patterned platform [272], [273]. Using the microfluidic 

patterning technique, several platforms have been developed with non-adherent 

substrates that permit the formation of cell aggregates [274][275]. In such platforms, 

the fluids transfer can be achieved by capillary forces or by pressure using 

specialized pumps. The access to the cell aggregates can be problematic in these 

platforms [273]. Although there are many tissue and tumour models have been 

studied using microfluidic platforms, there are major challenges in recapitulating in 

vivo-like environments with enhanced architectural and cellular complexities [276]. 

Forced-floating technique: Similar to the hanging drop method, aliquots of 

single cell suspension is dispensed in the wells of a tissue culture plate. However, the 

vessel surface is modified to prevent cell attachment, resulting in forced-floating 

cells which tend to adhere to one another forming a cell aggregate [277]. A number 

of synthetic materials have been developed for surface modifications to reduce cell 

attachment and produce a cell-repellent surfaces, such as the most widely used 

polyethylene glycol (PEG)-based materials and poloxamers polymers (also known as 

Pluronics) (reviewed in [272]). This 3D culture technique has many advantages due 

to the relatively simple processing, the inexpensive materials used, the high 

reproducibility and the compatibility with high throughput testing. However, the 

surface coating step before cell seeding can consume time and can be labour-

intensive process particularly in large-scale experiments [256], [278].  

For more advanced 3D culture platforms, the microwell platforms can be 

manufactured by soft lithography techniques such as Microcontact Printing. Among 

the various 3D tumour models reviewed recently [279], the microfabricated platform 

was found to provide one of the most powerful tools in cancer research. In such 

platforms, the cells are cultured in micro-patterned non-adherent platforms 

“microwells” to form cellular aggregates “microtissues” varying in size and shape 

according to the seeded cell number and the geometry of the platform. 

Scaffold-free 3D cell aggregates have long been regarded as the gold standard 

for in vitro drug-testing [251]. Furthermore, it is now well-known that the tumour 

microenvironment plays a crucial role in cellular behaviour and fate [280], [281]. 
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Therefore, developing a 3D in vitro model of PCa that consider the cancer 

microenvironment complexity is urgently needed. Such a powerful model can help 

studying bone metastatic PCa biology and serve as a therapeutic testing platform for 

more efficient evaluation of next generation therapeutics. 
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1.8 HYPOTHESIS AND AIMS 

The OVERALL AIM of my Thesis was to develop a more effective in vitro 

3D microtissue PCa model system that mimicked the bone marrow niche 

microenvironment and PCa metastatic microenvironment, thus enabling elucidation 

of how bone marrow niche cell composition influences PCa cell growth and 

subsequent drug sensitivity.  

 

I HYPOTHESIZED that it would be possible to mimic prostate cancer cell 

interaction with the bone marrow niche in vitro through the use of a microtissue 

model. Specifically, I hypothesized that bone marrow niche cells and PCa cells 

assembled into microtissues, using a high throughput microwell system, would 

enable replication of the metastatic bone marrow niche. Using the microwell system, 

I executed the following interlinked aims: 

 

AIM 1: Characterisation of bone marrow-derived stromal cells in a high throughput 

microwell platform (Chapter 2); 

AIM 2: Characterisation of PCa cells in an improved high throughput microwell 

platform (the Microwell-mesh platform) that retains microtissues within 

discrete microwells and its utilisation as a drug-testing platform (Chapter 3); 

AIM 3: Development and utilization of a high throughput cell viability assay that 

enables cell-specific quantification in a co-culture system (Chapter 4) and; 

AIM 4: Development of co-cultures of PCa cells and bone marrow-derived stromal 

cells using the Microwell-mesh platform and utilising the cell-specific 

viability assay for drug-screening in co-cultures (Chapter 5). 
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Chapter 2: Does 3D culture support 

osteogenic differentiation of 

mesenchymal stromal cells? 

2.1 ABSTRACT 

Bone marrow-derived mesenchymal stromal cells (BMSC) represent a 

promising candidate in regenerative medicine applications due to their multipotent 

differentiation capacity, paracrine signalling-driven regenerative and immuno-

modulatory capacities, and viability as an off-the-shelf allogeneic transplantable cell 

product. BMSC in vitro expansion cultures are typically performed using 2-

dimensional (2D) monolayers. However, 3-dimensional (3D) cultures can potentially 

provide a superior physiological mimic, and generate 3D tissues that are more 

suitable for use in tissue engineering applications. The recent development and 

commercialization of high throughput 3D culture platforms are accelerating our 

capacity to characterise and optimise 3D BMSC cultures.  In this study, an in-house 

fabricated microwell platform was used to efficiently manufacture thousands of 

multicellular BMSC spheroids. BMSC spheroid size relative to cell number, 

proliferation and differentiation capacity were characterised and contrasted against 

2D controls. We specifically characterised the capacity of bone morphogenetic 

protein 2 (BMP-2) to improve the osteogenic capacity of BMSC spheroids. While the 

trilineage differentiation capacity of 3D spheroids remained similar to 2D monolayer 

cultures, our results reveal that cells in 3D spheroids demonstrated a reduction in cell 

proliferation and concurrent reduction in cellular size over time. BMP-2 enhanced 

osteogenic outcomes in both 2D and 3D cultures, however calcium accumulation in 

2D monolayer cultures was greater than in 3D spheroid cultures. In summary, BMSC 

spheroids manufactured in microwells offer a powerful tool to efficiently study in 

vitro 3D cell behaviour in multiple simultaneous replicate tissues and in geometry 

that better replicates the in vivo environment. 

2.2 INTRODUCTION 

Mesenchymal stromal cells (MSC) are a rare cell population that are widely 

distributed in the connective tissue of most adult organs, where they appear to play a 
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critical role in tissue repair and regeneration [282]. MSC have been effectively 

isolated and characterised from many adult tissues, and most commonly from bone 

marrow aspirates [283], placenta [284] and adipose tissue [285]. The defining 

characteristics of MSC have been described as including plastic-adherence, 

expression of specific expression profile of cell surface markers and the ability to 

differentiate to the mesodermal lineages, including osteogeneic, chondrogenic and 

adipogenic [286]. The multi-potential and immune-modulatory potential of MSC 

suggests that these cells may be able to contribute to a very broad range of clinical 

applications, from direct tissue regeneration [189], to disease modelling, and cell-

based therapy which exploit MSC paracrine signalling to stimulate endogenous 

repair processes or modulate inflammatory processes [287], [288]. 

Bone marrow-derived MSC (BMSC) are increasingly being studied in 

mesodermal tissue repair applications, such as bone and cartilage regeneration [289], 

[290].  Musculoskeletal defects, including damaged cartilage and bone defects, 

represent an enormous healthcare cost burden and are obvious first target for MSC-

based therapies [291].  Repair of cartilage remains extremely challenging using any 

methodology, whilst the gold standard for bone defect repair or bridging remains the 

use of bone autografts [292]–[295]. Bone autograft material is limited in its supply, 

and its harvest is associated with donor site morbidity and phantom pain [296]. 

Considerable pre-clinical data, and some clinical data, already suggest that BMSC 

can be utilized in place of autografts to enable effective bone defect repair [238], 

[297]–[300].  Much of the field is now focused on how to guide BMSC to most 

effectively contribute directly or indirectly (paracrine signalling) to bone defect 

repair [301]–[305]. 

Among the various growth factors explored to boost osteogenesis, bone 

morphogenetic proteins (BMPs) are the most studied, and have been shown to 

enhance bone formation both in vitro and in vivo [306].  In 2002, BMP-2 gained 

humanitarian FDA approval for use in specific orthopaedic applications [307]–[310].  

While powerful, clinical use of BMP-2 is associated with adverse outcomes such as 

increased bone resorption, cyst formation, hematoma formation or ectopic bone 

formation [291], [311], which has limited clinical uptake in some instances.  

Nevertheless, despite the FDA issuing a warning on life-threatening complications of 

BMP-2 in 2008 [312], the overall frequency of BMP-2 use in the clinic continues to 
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rise [313]–[315].  An alternative to delivering BMP-2 directly into patients, may be 

to use BMP-2 to guide BMSC differentiation in vitro and then deliver osteo lineage-

committed cells into patients to regenerate localised bone defects.   

BMSC are generally expanded in 2-dimensional (2D) monolayer cultures, and 

then osteogenic differentiation is frequently tested or characterised in 2D 

monolayers.  This differentiated, and mineralised, cell product cannot be easily 

harvested and transplanted into a patient.  New technologies, which enable the high-

throughput manufacture of 3D tissue spheroids, offer the potential for expanded 

MSC to be organised into microtissue spheroids and differentiated into osteoblasts. 

These microtissue spheroids could be assembled into larger tissues and/or even 

directly injected into bone defect sites.  

BMSC organised into spheroids behave differently than those organised into 

2D monolayers [316]–[318]. While the differentiation of 2D BMSC monolayers in 

medium supplemented with BMP-2 has been thoroughly characterised, the same 

cannot be said for how 3D BMSC spheroids respond to BMP-2 in vitro.  

Understanding this basic BMSC-BMP-2 biology is a key first step before being able 

to fully exploit 3D BMSC spheroids as bone tissue models, or as injectable bone 

tissue repair therapeutics.  Herein we used a high throughput microwell platform to 

manufacture hundreds of uniform BMSC spheroids, and characterise their 

differentiation potential with a specific focus on their response to BMP-2 medium 

supplementation. 

2.3 MATERIALS AND METHODS 

BMSC isolation 

Human bone marrow aspirates were collected at the Mater Hospital (Brisbane, 

Australia) from fully informed and consenting healthy volunteer donors. In 

accordance with the Australian National Health and Medical Research Council’s 

Statement on Ethical Conduct in Research Involving Humans, ethical approval was 

granted through the Mater Health Services Human Research Ethics Committee and 

Queensland University of Technology Ethics Committee (number: 1000000938). 

Aspirates were collected from the iliac crest of volunteer donors.  Mononucleated 

cell isolation was achieved by density gradient centrifugation, using Ficoll-Paque 

Plus (GE Healthcare), as previously described [319]. Bone marrow aspirates were 
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diluted 1:2 with PBS (Thermo Fisher) containing 2 mM EDTA. Then the diluted 

sample was carefully overlayed on top of the Ficoll-Paque plus and centrifuged for 

30 minutes at 400xg. The mononucleated cells collected from the interface were then 

washed, resuspended in low glucose Dulbecco’s modified Eagle’s medium (DMEM-

LG) supplemented with 10% fetal bovine serum (FBS, Thermo Fisher) and 1% 

penicillin/streptomycin (Thermo Fisher).  Cells were then cultured overnight in a 

humidified incubator containing 5% CO2 with 20% O2 atmosphere at 37oC. Tissue 

culture plastic-adherent cells were enriched by removing the medium containing 

non-adherent cells, and fresh culture medium added to each flask. Subsequent BMSC 

expansion was performed in 2% O2 and 5% CO2 atmosphere at 37oC. Cells were 

passaged when the monolayer reached approximately 80% confluency using 0.25% 

Trypsin/EDTA (Thermo Fisher). All experiments were performed using BMSC 

between passage 2 and 5. 

Microwell plate fabrication 

An in-house fabricated microwell platform was used to manufacture 

multicellular spheroids. The fabrication of polydimethylsiloxane (PDMS, Slygard) 

microwell arrays was performed as described previously [258], [290]. Briefly, liquid 

PDMS (1:10 curing agent to polymer ratio) was permitted to cure over a patterned 

polystyrene mold having the negative of the desired microwell pattern for 1 hour at 

80oC. A sheet of PDMS with the microwell array pattern cast into it (each microwell 

had dimensions of 800x800 square microwells and 500 μm in depth) was produced 

and peeled from the moulds. PDMS discs of ~1 cm2 were punched from the PDMS 

sheets using a wad punch.  Individual 1 cm2 microwell inserts were then glued into 

48-well culture plates. Plates with microwell inserts were submerged in 70% ethanol 

for 1 hour for sterilisation, followed by rinsing 4 times with Dulbecco’s phosphate 

buffered saline (DPBS). To prevent cell adhesion to the PDMS during culture, the 

PDMS microwell inserts were soaked in 0.5 mL of sterile solution of 5% Pluronic-

F127 (Sigma-Aldrich) in DPBS for 5 minutes and then rinsed 3 times with DPBS 

before cells were seeded. 

2D and 3D culture establishment 

Single cell suspensions were added to plates with or without microwell inserts 

to form 3D cell spheroids or 2D cell monolayers, respectively. Figure 2.1 illustrates a 

schematic representation of 2D and 3D cultures. Each well in a 48-well plate (Nunc) 
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inserted with PDMS patterned-discs contained ~150 microwells.  The number of 

cells per spheroid could be controlled by adjusting the total number of cells added in 

suspension over the PDMS inserts during seeding.  For example, as there were ~150 

microwells, a suspension of 90,000 cells generated 150 spheroids of 600 cells each 

(Figure 2.1c). Specific sizes were used for subsequent assays based on initial 

screening studies. For BMSC characterization in 3D spheroids, 300 and 600 

cells/spheroid were used. For BMSC differentiation and BMP-2 treatment 

experimets, 1000 cells/spheroid was used. 

 

Figure 2.1. Two and three dimensional culture platform. (a, b) Illustration of 2D 

and 3D culture platforms. c) Bright field images of BMSC cultured in the 3D 

platform at day zero and after one day of incubation, resulting in self-aggregation of 

the BMSC into spheroids. Scale bar = 500 µm. 

 

BMSC flow cytometry characterization and trilineage differentiation 

The isolated cells were characterized by flow cytometry for the expression of 

BMSC surface antigens; CD44, CD90, CD105, CD73, CD146, CD45, CD34 and 

HLADR [286]. Cells were trypsinised at passage 2 and stained with fluorescent-

conjugated antibodies or isotype controls as per the manufacturers’ instructions 
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(Miltenyi Biotec). Stained cells were washed and resuspended in MACs buffer 

(Miltenyi Biotec) then flow cytometry was performed on a BD LSRII flow cytometer 

(Becton Dickinson). Data was analysed using FlowJo software (TreeStar, USA). 

Mesodermal trilineage differentiation capacity was characterised by culturing 

the cells in osteogenic, adipogenic and chondrogenic induction medium for 14 days.  

The medium consisted of high glucose DMEM media (DMEM-HG; Thermo Fisher) 

containing 100 μM sodium pyruvate, 1X Gluta-Max (Thermo Fisher), 100 U/ml 

penicillin, and 100 μg/mL streptomycin (1% P/S; Thermo Fisher), in addition to the 

supplements to induce trilineage differentiation which are listed as following: for 

osteogenesis, 10% FBS, 100 nM dexamethasone (Sigma-Aldrich), 50 μM L-ascorbic 

acid 2-phosphate (Sigma-Aldrich) and 10 mM β-glycerol phosphate (Sigma-

Aldrich); for adipogenesis, 10% FBS, 10 μg/mL insulin (Sigma-Aldrich), 1 μM 

dexamethasone (Sigma-Aldrich), 200 μM indomethacin (Sigma-Aldrich) and 500 

μM 3-isobutyl-1-methyl xanthine (Sigma-Aldrich); and for chondrogenesis, 10 

ng/mL TGF-1 (PeproTech), 100 nM dexamethasone (Sigma-Aldrich), 200 µM L-

ascorbic acid 2-phosphate (Sigma-Aldrich), 40 µg/mL L-proline (Sigma-Aldrich) and 

1% ITS-X (Thermo Fisher). Culture medium was replaced with fresh media twice per 

week. 

To study the osteogenesis in 3D cultures, a serial dilution of 200, 400, 600, 

800, 1000 and 2000 cells/spheroid were cultured for 14 days in osteogenesis media 

and images were captured using an Olympus DP26 digital camera (Japan) and 

diameters of 50 spheroids were measured using Microscopy software (CKX14, 

CellSens Entry). Then, bone-like microtissues were collected and DNA and calcium 

quantitation were performed. 

For BMP-2 treatment, BMSC were seeded in 2D monolayers (60x103 

cells/cm2) or 3D spheroids (1000 cells/spheroid) and cultured in DMEM-HG media 

containing 100 μM sodium pyruvate, 1x GlutaMax (Thermo Fisher), 10% FBS, 100 

U/ml penicillin, and 100 μg/mL streptomycin (1% P/S; Thermo Fisher) for the 

control samples. For the test samples, the same medium containing one/all of the 

osteogenesis induction medium supplements (as indicated previously in this section) 

in the presence or absence of 10 ng/mL BMP-2 (INFUSE Bone Graft Kit, 

Medtronic) was used. A BMP-2 dose dependent response was initially tested 

(Supplementary Figure 2.1) and 10 ng/mL BMP-2 was used in further studies.     
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DNA and Calcium quantitation 

The Quant-iT PicoGreen dsDNA assay (Thermo Fisher) was performed as per 

the manufacturers’ instructions to fluorescently measure the double stranded DNA 

content of viable cells. The TE buffer (20 mM tris-HCl, 2 mM EDTA and 1% Tween 

20) was used to digest the cells. The samples were incubated with the PicoGreen 

reagent before reading on a plate reader (BMG Omega LABTECH) with 485 nm 

excitation and 520 nm emission. The corresponding DNA content was estimated 

based on comparison with a standard curve generated using ʎ DNA.  

Calcium content was measured chemically using the colorimetric method 

described by Van den Dolder et al. [320]. Cultures were incubated overnight in 10% 

acetic acid with shaking. Samples were allowed to react with o-cresolphthalein 

(Sigma-Aldrich) complex. The optical density of the final reaction product was 

measured using a Multiskan Go Spectrophotometer (ThermoFisher). Calcium 

chloride serial dilutions were used to generate a standard curve and the 

corresponding Ca2+ content was calculated using the standard curve. Values of Ca2+ 

content were normalized to the corresponding DNA content of the same sample.  

BMSC spheroids over extended culture 

BMSC were seeded in 3D platforms in two densities; 300 and 600 

cells/spheroid and cultured for 14 days. At 1, 3, 5, 7, 9, 12 and 14 days, images were 

captured using an Olympus DP26 digital camera (Japan) and diameters of 50 

spheroids were measured using Microscopy software (CKX14, CellSens Entry). At 

the same time points, spheroids were collected for DNA quantification. At days 1, 7, 

and 14, spheroids were collected for immunofluorescent staining.  

Quantification of BMSC diameter in 3D and 2D cultures 

BMSC were cultured in 2D (60x103 cells/cm2) and in 3D (600 cells/spheroid) 

for 1 and 8 days. On the day of collection, cultures were dissociated using 0.25% 

Trypsin/EDTA (Thermo Fisher). For 2D cultures, cell monolayers were rinsed with 

DPBS and covered with 0.25 ml of Trypsin/EDTA. For 3D cultures, cell spheroids 

were collected into tubes, centrifuged to pellet the spheroids, rinsed with DPBS and 

incubated with 0.25 ml Trypsin/EDTA. All cultures were incubated at 37oC for 

approximately 30 minutes with frequent mechanical agitation to ensure 3D spheroid 

dissociation. Cells were collected as a single cell suspension after being passed 
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through a cell strainer (35 µm). Solutions of cell suspension in MACs buffer 

(Miltenyi Biotec) were then analysed using a CytoFlex flow cytometer (Beckman 

Coulter). Fluorescent beads (Latex beads, Coulter) with defined sizes were used as 

controls. Data was analysed using FlowJo software (TreeStar, USA).  

Histological and immunofluorescence staining 

At the end of the culture period, monolayer cultures were fixed using 4% 

paraformaldehyde (PFA) for 15 minutes at room temperature then treated with the 

appropriate stain(s) (see below). Spheroids were harvested by vigorously flushing the 

media on the top of 3D platforms and then collecting the suspended spheroids into 

low-binding Eppendorf tubes. Cell spheroids were fixed with 4% PFA for 30 minutes 

at room temperature, followed by permeabilisation using 0.5% Triton X-100 in 

DPBS for 30 minutes at room tempetaure. 

To generate histological sections, spheroids were collected and snap frozen in 

Tissue-Tek Optimal Cutting Temperature (OCT) solution (Sakura Finetek). Frozen 

tissue sectioning was performed using an HM525 NX Cryostat (ThermoFisher) to 

obtain 7 µm sections which were placed onto poly-lysine coated slides (Thermo-

Scientific) and preserved frozen for later processing.   

Fixed monolayers, spheroids or cryosections were stained for extracellular 

bone mineralization or intracellular oil droplets. Alizarin Red S stain (Sigma-

Aldrich) was used at a concentration of 1% to stain calcium deposits, while 1% Oil 

Red O stain (Sigma-Aldrich) was used to stain droplets. OsteoImage bone 

mineralization assay (Lonza) was used as per the manufacturer’s instructions to stain 

the hydroxyapatite portion of bone-like nodules deposited by the 2D or 3D cultures. 

Histological sections of chondrogenic differentiated BMSC were stained with Alcian 

blue stain (Sigma-Aldrich) to detect glycosaminoglycans (GAG). Staining of nuclei 

was performed using 4',6-diamidino-2-phenylindole stain (DAPI, Sigma-Aldrich) or 

nuclear fast red (Sigma-Aldrich). To confirm staining specificity, parental 

undifferentiated BMSC cultured in maintenance media were fixed and stained with 

OsteoImage or Oil Red O and DAPI staining and represented the negative controls. 

Immunofluorescent staining was performed for the mesenchymal protein 

marker vimentin in BMSC monolayers and proliferating cell marker Ki67 in BMSC 

spheroids. To prevent non-specific binding, 5% bovine serum albumin (Sigma-
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Aldrich, A7906) was used in the blocking step for 1 hour at room temperature. For 

BMSC monolayers, samples were incubated overnight at 4oC with an Alexa Fluor 

488-tagged fluorescent antibody for vimentin (Santa Cruz Biotechnology, sc-6260 

AF488; 1:200). For BMSC spheroids, samples were incubated with Ki67 (Abcam, 

ab92742; 1µg/mL) overnight at 4oC followed by 1 hour incubation at room 

temperature with secondary antibody conjugated with Alexa Fluor 594 (Thermo 

Fisher; 1:500). DAPI stain (Sigma-Aldrich) was then used for 30 minutes at room 

temperature to stain nuclei. Stained monolayers were imaged using an Olympus 

microscope, while cell spheroids were imaged using a Ziess confocal microscope. 

Osteoblasts Live/dead staining  

Using the LIVE/DEAD® Viability/Cytotoxicity Kit (Thermo Fisher), in situ 

staining of osteoblast spheroids was performed in the microwell platform as per the 

manufacturer’s instructions. Briefly, a staining solution with a final concentration of 

4 μM ethidium homodimer-1 and 2 μM calcein-AM was made in a fresh culture 

media. Staining solution was added to the spheroids and incubated for 30 minutes at 

37oC. Image acquisition was performed using an EPI-fluorescence microscope 

(Nikon). 

Statistical analysis 

Results are displayed as the mean values of two independent donors each with 

4 biologically independent replicate cultures. The error bars indicate one standard 

deviation. Statistical significance of data was evaluated using two-way analysis of 

variance (ANOVA) in Prism software version 6.0 (GraphPad). The P values obtained 

in each comparison are represented by asterisks in graphs, with relative values 

detailed in the future captions. 

2.4 RESULTS 

BMSC characterization by flow cytometry 

BMSC surface antigens expression was characterised by flow cytometry [286]. 

BMSC stained >95% positive for BMSC-associated markers (CD44, CD90, CD105, 

CD73 and CD146), and <5% positive for haematopoietic markers (CD45, CD34 and 

HLADR) (Figure 2.2). 
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Figure 2.2. BMSC flow cytometry characterization. Cells were positive for MSC-

associated markers (CD44, CD90, CD105, CD73 and CD146) and negative for 

haematopoietic markers (CD45, CD34 and HLADR). Positive marker expression 

was > 95% and negative marker expression was < 5% of the total cell population. 

 

BMSC differentiation in 2D and 3D cultures 

In 2D monolayers, BMSC were either expanded in maintenance medium or 

differentiated to osteoblast or adipocyte-like cells for 14 days (Figure 2.3). Expanded 

BMSC expressed the mesenchymal phenotype marker vimentin (green) (Figure 

2.3d). Following 14 days of differentiation induction, formation of adipocytes or 

osteoblasts were confirmed and characterized by the accumulation of intracellular 

lipid droplets (Figure 2.3e) or formation of extracellular hydroxyapatite and calcium 

nodules (Figure 2.3f), respectively. In 3D cultures, BMSC differentiated to produce 

tissues of the three characteristic mesodermal lineages (Figure 2.4). Stained sections 

of osteogenically induced BMSC spheroids revealed hydroxyapatite deposition 

(Figure 2.4d), while sections of adipogenically induced BMSC spheroids stained 

positive for lipid vacuoles (Figure 2.4e).  Sections from BMSC spheroids that had 

been induced with chondrogenic medium had cartilage-specific matrix (GAG) 

staining across the full width of the spheroids (Figure 2.4f). 

HLADR 

CD90 CD105 

CD34 CD45 CD146 

CD44 CD73 
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Figure 2.3. Parental and differentiated BMSC in 2D cultures. (a, b, c) Bright 

field images of BMSC maintained in expansion medium (parental), adipogenesis 

differentiation medium, and osteogenesis differentiation medium, respectively. (d) 

BMSC maintained in expansion medium stained for the mesenchymal marker, 

vimentin (green). (e) Intracellular lipid droplets stained positively with Oil Red O 

(red) in BMSC cultured in adipogenic medium. (f) Hydroxyapatite matrix stained 

positively with OsteoImage (green) in BMSC cultured in osteogenic medium.  The 

inset shows that calcium nodules in these cultures stained positively with Alizarin 

Red S (red). Nuclei were stained with DAPI (blue); scale bars = 100 µm. 
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Figure 2.4. BMSC differentiation in 3D cultures. Spheroids were generated from 

1000 BMSC.  (a, d) BMSC differentiated down the osteogenic lineage, (b, e) BMSC 

differentiated down the adipogenic lineage, (c, f) BMSC differentiated down the 

chondrogenic lineage. (a, b and c) Bright field images of differentiated microtissues; 

scale bar = 200 µm. (d, e and f) Cryosections of BMSC spheroids differentiated to 

osteoblasts (stained for hydroxyapatite matrix, green), adipocytes (stained to reveal 

intracellular lipid droplets, red) and chondrocytes (stained to reveal GAG in matrix, 

blue), respectively. Nuclei were stained with DAPI in D and E and with Nuclear fast 

red in F.  Scale bar = 50 µm. 

 

BMSC spheroid size and cellular size analysis over extended cultures 

We manufactured uniform BMSC spheroids of two sizes (300 and 600 

cells/spheroid). Over 14 days of culture in maintenance medium (DMEM-LG + 10% 

FBS) there was a significant time-dependent reduction in spheroid diameter (Figure 

2.5a, b). This was associated with a sharp decline in the cellular content of the 3D 

spheroids as determined by the temporal loss of DNA content in cultures (Figure 

2.5c). By day 7 of culture, the 300 cells/spheroid mean diameter was equivalent to 

the 600-cell/spheroid mean diameter, and both cultures had equal DNA content 

(Figure 2.5b, c). Immunofluorescent staining of BMSC spheroids at different time 

points demonstrated a significant reduction in proliferating cell number with 

extended cultures. Noticeably, the initial cell number of BMSC spheroids appeared 

to have no influence on the cell proliferation behaviour in 3D geometry. Spheroids of 

Oil Red O/DAPI Alcian Blue/NFR OI/DAPI OsteoImage/DAPI 

a b c 

d e f 
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both sizes contained a core of non-proliferating cells, surrounded by a layer of 

proliferating cells on the outer surface of the spheroid (identified as Ki67 positive 

cells, Figure 2.5d). Moreover, the proliferating cells on the spheroid surfaces 

decreased over time in the cultures. 
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Figure 2.5. Characterisation of BMSC in 3D spheroids. BMSC were seeded in the 

3D microwell platform to manufacture spheroids derived from 300 or 600 cells and 

cultured for 14 days. (a) Bright field images of spheroids were acquired at day 1 and 

14. (b) Spheroid diameter and (c) DNA content were assessed every second day. (d) 

Confocal images of spheroids (300 and 600 cells/spheroid) stained with Ki67 (red) 

and nuclear stain (DAPI; blue) were acquired on day 1, 7 and 14 of culture. 

Spheroids in panel a were used to generate data of corresponding time points in 

panel b and c. Scale bar = 100 µm. 
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The diameter of individual cells was measured on day 1 and day 8 of culture.  

In both 2D and 3D cultures, a significant decrease in cell size was observed after 8 

days of culture. The magnitude of the cell size decline was approximately the same 

in 2D and 3D cultures between day 1 and day 8 cultures. However, the total 

reduction in cell size was greatest in 3D cultures, with these cultures yielding the 

smallest cells.  Following a single day of 3D culture, the average diameter of cells in 

3D spheroids was less than in 2D cultures at day 1 and day 8 by approximately 20% 

and 10%, respectively (Figure 2.6a). Cell diameter in 3D spheroids continued to 

decline and had an average smaller diameter than that in 2D cultures at day 8. Bright 

field images of BMSC show confluent cell monolayers in 2D cultures and sharp 

decrease in spheroid size in 3D cultures after 8 days of culture (Figure 2.6b). 
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Figure 2.6. BMSC cell size in 2D and 3D cultures. (a) The size of cells cultured in 

2D monolayers and 3D spheroids after 1 day or 8 days of culture was estimated using 

flow cytometry with reference fluorescent beads having defined diameters (20, 10 

and 5 µm). The right panel represents a numerical illustration of the forward scatter 

median values of 4 replicates normalized to the 2D cultures at day 1. Statistical 

significance was calculated using two-way ANOVA (Dunnett’s test). ** and *** 

indicate P<0.001 and P<0.0001, respectively. (b) Bright field images of cells in 2D 

monolayers (left) and 3D spheroids (right) at days 1 and 8 of cultures. Scale bar = 

200 µm. 

 

Osteoblast differentiation is associated with cell size decrease 

When we tested the osteogenic-induced BMSC over 14 days of differentiation, 

a decrease in spheroid size was also observed. Therefore, a serial dilution of 

cells/spheroid was performed to characterise how spheroid size impacted 

osteogenesis. A greater initial cell number per spheroid resulted in larger spheroids at 

day-14 of culture (Figure 2.7a), but this effect was only seen up to 1000 

cells/spheroid, thereafter doubling the cell number made no detectable difference on 
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spheroid diameter. Calcium accumulation indicated that the BMSC spheroids had 

undergone osteogenesis and formed bone-like tissues. DNA quantification was used 

as an indirect measurement of cell number. Surprisingly, the smallest spheroids 

produced the highest quantity of calcium per DNA; while the other 5 tested spheroid 

sizes demonstrated less than 50% of the Ca2+/DNA content relative to the smallest 

spheroids (Figure 2.7b). Nevertheless, greater total calcium accumulation was 

associated with increasing cell number per spheroid. In every spheroid size, calcium 

nodules and live/dead staining revealed uniform distribution of accumulated calcium 

throughout the spheroid diameter and a live core at the centre of the spheroids 

(Supplementary Figure 2.2). 
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Figure 2.7. Osteogenesis in 3D cultures. (a) The diameters of osteoblast spheroids 

formed from 200, 400, 600, 800, 1000 and 2000 cells were measured. The size of 

bone-like microtissues could be controlled by varying the initial cell number per 

spheroid. Results represented as the mean diameter values of 50 spheroids. (b) Ca2+ 

and Ca2+/DNA ratio was quantified in bone-like tissues and normalized to the 

spheroids formed from 200 cells/spheroid. Osteogenesis in 3D spheroids was 

associated with greater calcium accumulation with increasing cell number per 

spheroid. However, cells in smaller spheroids accumulated greater calcium per unit 

of DNA (Ca2+/DNA). Similar results were obtained in replicate studies using 2 

BMSC donors, each performed with 4 replicate cultures. 

 

Effect of osteogenic media components and BMP-2 on calcium accumulation 

BMP-2 is known to induce BMSC osteogenesis in vitro. In our 2D cultures, 

calcium deposition increased in a dose dependent manner when osteogenesis 
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induction culture medium was supplemented with BMP-2. However, there was no 

significant change in calcium content when BMP-2 was added to cells cultured in 

expansion medium (DMEM-LG + 10% FBS, Supplementary Figure 2.1). Thus, the 

component(s) contained within the osteogenesis induction media appeared to be 

necessary for BMP-2 to drive in vitro osteogenesis. Therefore, we tested the 

influence of the three individual components of the osteogenesis induction media 

with 10 ng/mL BMP-2 on the formation of calcium deposits.  

In 2D monolayers, osteoblasts accumulated more calcium per ng DNA when 

cultured in complete osteogenic media with or without BMP-2 supplementation 

compared to cultures in maintenance medium alone (Figure 2.8). In the presence of 

BMP-2 in the osteogenic media, calcium accumulation was 20 fold greater than the 

osteogenic media alone. A significant increase in calcium per DNA was also 

observed in 2D monolayers cultured in maintenance media supplemented with BMP-

2 and β-glycerolphosphate.  

In 3D spheroids, osteogenic media alone induced a non-significant increase in 

the calcium accumulation per ng DNA (Figure 2.8). However, the BMP-2 

supplementation caused a significant increase of calcium per ng DNA (>2 fold 

change). Similar to 2D cultures, BMP-2 alone or with one component of the 

osteogenic media has no ability to contribute to the calcium accumulation in 3D 

spheroids, except in case of β-glycerolphosphate where it induced >3 fold increase in 

calcium per ng DNA in 3D spheroids. In contrast to 2D cultures, cell spheroids 

cultured in osteogenic media failed to retain calcium matrix.  
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Figure 2.8. Effect of osteogenic media components and BMP-2 on calcium 

accumulation in 2D monolayers and 3D spheroids. Calcium content relative to 

total DNA content was assessed in 2D monolayer and 3D spheroids of BMSC 

cultured in DMEM-HG media (Maintenance medium), DMEM-HG media plus all 

osteogenesis induction media supplements (Osteo media), 10 ng/mL BMP-2 (BMP-

2) alone, 10 ng/mL BMP-2 plus all osteogenesis induction media supplements 

(BMP-2 + Osteo media) or plus the individual osteogenesis induction media 

supplements (β-glycerol phosphate, β-glycerol; L-ascorbic acid 2-phosphate, 

Ascorbic acid and dexamethasone, Dexamethasone). Similar results were obtained in 

replicate studies using 2 donors each containing 4 replicate cultures. Statistical 

significance was calculated using two-way ANOVA (Tukey’s test). * indicates 

P<0.0001 compared to the corresponding control in maintenance medium. 

 

Bone-specific matrix formation versus fat-specific oil droplet accumulation 

To investigate osteogenic matrix in the tested conditions, 2D monolayers and 

3D spheroid sections were stained for hydroxyapatite (Figure 2.9 and 2.10). In 2D 

cultures, hydroxyapatite formation was observed in the presence of osteogenic 

induction medium both in the presence or absence of BMP-2, with a greater staining 

intensity in the presence of BMP-2 (Figure 2.9). However, the addition of BMP-2 to 

maintenance medium (DMEM-HG + 10% FBS) alone or in the presence of a single 
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component of osteogenesis media showed no evidence of hydroxyapatite formation 

in 2D cultures. In all culture conditions where BMP-2 was included, there was a 

positive staining with Oil Red O indicating the presence of oil droplets.  The 

exception was cultures supplemented with β-glycerolphosphate only, with cultures 

demonstrating no direct evidence of differentiation to osteogenic or adipogenic 

lineages (Figure 2.9).  

In 3D spheroid sections, hydroxyapatite matrix was detected in spheroids 

cultured in complete osteogenic media. However, the formation of bone-specific 

matrix was generally undetectable in the other culture conditions tested. But in the 

presence of BMP-2 in the osteogenic media, a very weak staining of hydroxyapatite 

was observed and it is distributed throughout the spheroid diameter (Figure 2.10). In 

contrast, fat droplet staining was observed in spheroids cultured in medium 

supplemented with BMP-2 regardless of the presence or absence of osteogenic 

induction media components.  

In terms of spheroid morphology, it was observed that, in the absence of BMP-

2 (maintenance and osteogenic media), 3D cultures showed compacted smaller 

spheroids, whereas spheroids cultured in BMP-2 supplemented media were more 

dispersed and larger in size. 
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Figure 2.9. Hydroxyapatite and oil droplet staining of osteo-differentiated 

BMSC monolayers. 2D monolayer of BMSC cultured in DMEM-HG media 

(maintenance medium), DMEM-HG media plus all osteogenesis induction media 

supplements (Osteo media), 10 ng/mL BMP-2 (BMP-2) alone, 10 ng/mL BMP-2 

plus all osteogenesis induction media supplements (BMP2+Osteo media) or plus the 

individual osteogenesis induction media supplements (β-glycerol phosphate, β-

glycerol; L-ascorbic acid 2-phosphate, Ascorbic acid and dexamethasone, 

Dexamethasone). Fluorescent hydroxyapatite stained with OsteoImage (green), fat 

droplets with Oil Red O (red) and nuclear stain with DAPI (blue). BMSC cultured in 

maintenance medium functioned as negative staining controls. Arrows point to cells 

that have stained positive for fat droplets. Scale bar = 100 µm. 
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Figure 2.10. Hydroxyapatite and oil droplet staining of osteo-differentiated 

BMSC 3D spheroids. 3D spheroids of BMSC cultured in DMEM-HG media 

(maintenance medium), DMEM-HG media plus all osteogenesis induction media 

supplements (Osteo media), 10 ng/mL BMP-2 (BMP-2) alone, 10 ng/mL BMP-2 

plus all osteogenesis induction media supplements (BMP2+Osteo media) or plus the 

individual osteogenesis induction media supplements (β-glycerol phosphate, β-

glycerol; L-ascorbic acid 2-phosphate, Ascorbic acid and dexamethasone, 

Dexamethasone). Fluorescent hydroxyapatite stained with OsteoImage (green), fat 

droplets with Oil Red O (red) and nuclear stain with DAPI (blue). BMSC cultured in 

maintenance medium functioned as negative staining controls. Arrows point to cells 

that have stained positive for hydroxyapatite. Scale bar = 50 µm. 

 

2.5 DISCUSSION 

Bone marrow-derived MSC have significant potential in regenerative 

medicine. Many clinical applications have been pursued on the basis of the 

multipotential differentiation capacity of BMSC [298], [321]–[323]. In the present 

study, BMSC demonstrated the characteristic features of MSC, including plastic-

adherence, expression of MSC surface markers and trilineage differentiation capacity 

in both 2D and 3D cultures. Trilineage differentiation was validated by staining the 

accumulated matrix formed by the cells (Figure 2.3 and Figure 2.4). Our data 

demonstrate that BMSC, assembled into spheroids using a microwell platform, can 

form 3D bone-like, fat-like and cartilage-like tissues.   

A number of groups are investigating and optimising BMSC differentiation in 

2D and 3D cultures, and it is common to find that BMSC behaviour differs 

depending on geometry. The high tensile stress in 2D cultures modifies cell 

morphology leads to different transcriptional profiles and signal transduction 

pathways that are not necessarily similar to what these cells would experience in the 

body, and not similar to what has been previously observed in 3D cultures [251], 

[324]. The reduced cytoskeletal stress in 3D culture has been shown to preserve 

MSC multipotency in in vitro cultures [325]. This is consistent with studies 

demonstrating that Nanog gene expression, which has a critical role in cell 

pluripotency maintenance and fate determination [326], is upregulated in 3D cultures 

[327]. Additionally, there is evidence that MSC differentiation capacity can be 



 

Chapter 2: Does 3D culture support osteogenic differentiation of mesenchymal stromal cells? 53 

greater in 3D cultures, relative to 2D cultures [328]. The benefits of 3D culture are 

very well established in BMSC chondrogenesis assays [278], [290].  Independent of 

superior or inferior differentiation outcomes, it is rational to assume that 3D cultures 

of BMSC can potentially provide a superior physiological mimic, and that studies 

performed in 3D are more likely to parallel in vivo processes.   

Microtissues assembled in microwell are gaining popularity in tissue culture 

and tissue engineering applications. A strength of the microtissue/microwell 

approach is that hundreds of uniform microtissues of defined sizes can be rapidly and 

consistently manufactured [278], [290], [329].  This uniformity allows for the rapid 

and rigorous evaluation of how specific culture conditions influence cell behaviour in 

hundreds of replicate tissues.  While considerable work has been completed in the 

BMSC microtissue space, no group has carefully characterised the impact of BMP-2 

on BMSC differentiation in 3D microtissues.  This is an important area of research, 

as both BMSC and BMP-2 are likely tools to be used in bone defect repair.   

In our study, we found that there was a significant decline in BMSC spheroid 

size, and a decrease in the number of proliferating cells over a 14-day culture period 

(Figure 2.5).  This observation was consistent with a previous study that reported a 

decrease in BMSC spheroid size over time [328].  These authors interpreted the 

observation of reduced spheroid size as being caused by cell compaction due to 

oxygen and nutrient diffusion gradients.  However, we report that the decrease in 

spheroid sizes was associated with a considerable decrease in the size of individual 

cells. The size of individual cells in 3D spheroids is considerably smaller than the 

cells used to assemble the spheroids, and smaller than the cells in control 2D 

monolayers (Figure 2.6).  The size of cells in confluent 2D monolayers also 

decreased with time. This reduction in size correlates with a reduction in 

proliferation as the contact inhibited cells delay proliferation in the increasingly 

confluent cultures [330], [331]. In 3D cultures, the reduction in cell size was 

significant after only 24 hours of culture.  At the time points tested, the magnitude of 

change in cell size in 2D versus 3D cultures was similar. Overall, it is important to 

note that the cell size reduction was greatest in 3D cultures, and that the reduction in 

cell size relative to the cells used to form the spheroids was marked. 

Cells normally increase in volume or mass before entering a proliferative cycle 

[332]. We reason that cells are not increasing or maintaining volume in 3D culture, 
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because most cell are exiting proliferative cycles.  Low rates of cellular proliferation 

have been reported for many cell types cultured in 3D spheroids [258], [333], [334], 

and we anticipate that the cells in these spheroids are also smaller.  One other 

previous study reported that maintaining MSC in 3D cultures relaxes the 

cytoskeleton tension, decreases integrin-mediated adhesion to the matrix and 

increases cadherin-mediated cell-cell interaction, leading to a decrease in cell size 

compared to 2D cultures [327], which is consistent with our findings.  In addition to 

the influence that cell proliferation has on cell behaviour, the reduced cell size in 3D 

cultures may significantly influence cellular response to various internal stimuli by 

modifying the nuclear to cytoplasmic ratio and by reducing diffusion lengths.     

Scaffold-free microtissues for bone regeneration have several advantages over 

monolayer cultures. Besides the better in vivo-like conditions, microtissues are less 

prone to wash out than single cells after injection in the defect area [335], [336]. 

Microtissues increase the osteogenic potential of the progenitor cells [328], [337]. 

Microtissues can increase the cell load of a scaffold more than the single cells, which 

increase the number of inoculated cells in a bone defect [338]. In this study and 

previous studies from our group [289], [290], [329], we have provided a powerful 

technology to manufacture size-controlled bone-like and cartilage-like microtissues 

in a high throughput system. In the microwell platform, hundreds of uniform bone-

like microtissues can be produced for direct injection in a bone defect or to load a 

scaffold with the microtissues. The cells growing in 3D cultures can accumulate 

calcium deposits and form hydroxyapatite as shown by quantitative assay and 

histological staining.  

BMP-2 is a well-known osteoinductive factor that has been extensively used in 

clinical applications [339], [340]. We found that delivering exogenous BMP-2, in 

combination with osteogenic induction media, enhanced calcium accumulation of 

BMSC in in vitro 2D and 3D cultures (Figure 2.8). However, enhanced formation of 

the bone-specific matrix hydroxyapatite was only observed in 2D cultures which 

were associated with intracellular oil droplets accumulation. According to 2D 

cultures staining, adipogenic differentiation occurred in cultures exposed to BMP-2 

either in the presence or absence of osteogenesis induction media supplements. In 3D 

cultures BMP-2 addition also induced adipogenesis in all of the tested tissue culture 

medium conditions (Figure 2.10). The capacity of BMP-2 to promote osteogenesis 
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and adipogenesis simultaneously in 2D BMSC monolayer cultures has been reported 

by others [341], [342], but this has not been reported previously in 3D cultures.  

Understanding the pleiotropic effects of BMP-2 is key to maximising its clinical 

utility.  While BMP-2 is commonly used in vivo to promote bone regeneration, the 

quality of the de novo bone is generally poor [311].  It may be possible to use BMP-2 

to commit BMSC to an osteo-lineage ex vivo prior to transplantation, but the 

propensity for BMP-2 to drive adipogenesis would have to be overcome.   

To conclude, microtissues of BMSC assembled in microwells provide a 

powerful tool to study and optimise 3D cell differentiation processes. BMSC 

cultured in 3D microtissues decrease in size.  Less calcium matrix accumulated in 3D 

microtissues, than in 2D monolayer equivalents.  However, 3D microtissues could be 

injected in vivo, offering a potential strategy to use these tissues in bone regeneration.  

BMP-2 increases osteogenic differentiation, but simultaneously drives adipogenic 

differentiation. 
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 Supplementary Figure 2.1. Calcium accumulation in 2D monolayer cultures in 

different cell seeding densities. (a) Calcium content remains constant in the 

expansion media, while it gradually increases with increasing monolayer cell density 

when cultured in osteogenic medium. (b) Increasing concentrations of BMP-2 have 

no significant effect on the calcium quantification when cells cultured in expansion 

medium. (c) BMP-2 induces a dose-dependent increase in calcium accumulation by 

osteoblast monolayers. Error bars represents standard deviation (Two donors each 

had four replicate cultures). 
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Supplementary Figure 2.2. Bone-like microtissues in 3D cultures. A range of 

BMSC spheroid sizes (2000-200 cells/spheroid) were cultured for 14 days in 

osteogenic induction medium. Bright field images of spheroids were acquired (scale 

bar=500µm); live (green)/dead (red) staining was performed in situ (scale 

bar=500µm); and cryosections were stained with Alizarin Red S dye (ARS; red) and 

nuclear stain with DAPI (blue) (scale bar=100µm). 
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Chapter 3 preface: 

As described in chapter 2, the microwell system was used to manufacture 

hundreds of BMSC, bone-like or fat-like microtissues in a high throughput capacity. 

However, the microwell platform used in chapter 2 is not suitable as a drug-

screening platform where multiple culture medium exchange is required. In Chapter 

3, a modified microwell platform, termed as the Microwell-mesh, was used to 

manufacture and retain 3D PCa micro-tumours in discrete microwells. Chapter 3 

describes the utilization of the Microwell-mesh system as a drug-screening platform. 
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3.1 ABSTRACT 

Treatment following early diagnosis of Prostate cancer (PCa) is increasingly 

successful, whilst the treatment of advanced and metastatic PCa remains challenging. 

A major limitation in the development of new therapies is the prediction of drug 

efficacy using in vitro models. Classic in vitro 2-dimensional (2D) cell monolayer 

cultures are hypersensitive to anti-cancer drugs.  As a result, there has been a surge in 

the development of platforms that enable three dimensional (3D) cultures thought to 

better represent natural physiology and better predict drug efficacy. A deficiency 

associated with most 3D culture systems is that their complexity reduces the number 

of replicates and combination therapies that can be feasibly evaluated.  Herein, we 

describe the use of a microwell platform that utilises a nylon mesh to retain 3D 

micro-tumours in discrete microwells; termed as the Microwell-mesh. The 

Microwell-mesh enables the manufacture of ~150 micro-tumours per well in a 48-

well plate, and response to anti-tumour drugs can be readily quantified. Our results 

demonstrate that 3D micro-tumours, unlike 2D monolayers, are not hypersensitive to 

Docetaxel or Abiraterone Acetate, providing a superior platform for the evaluation of 

sequential drug treatment. In summary, the Microwell-mesh provides an efficient 3D 

micro-tumour platform for single and sequential drug-screening 

3.2 INTRODUCTION 

Common 2-dimensional (2D) monolayer cell culture generally fails to mimic 

the complex behaviour of native tissue.  2D culture limits cell-cell interaction, 

modifies gene expression and limits tissue-like matrix accumulation [324].  From a 

cancer cell biology perspective, one of the most perturbing factors is the high tensile 

stress experienced by cells cultured on rigid 2D tissue culture plastic surfaces [251], 

[258].  This stress triggers abnormally high cell proliferation rates, which can 

directly impact or confound the sensitivity of cells to anti-cancer drugs, which often 

specifically target proliferating cells [256].  

The merits for the use of 3D spheroids to study drug response in cancer 

research have long been appreciated.  In 2002, Jacks and Weinberg summarized the 

merits of 3D cultures, and closed with the statement “Suddenly, the study of cancer 

cells in two dimensions seems quaint, if not archaic” [251]. Despite disadvantages, 

the use of 2D culture in cancer drug-screening remains common, as standard 2D 
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tissue culture plates are inexpensive, high throughput fluidics systems are compatible 

with such plates, and a range of platforms are available to facilitate imaging or 

characterisation of 2D cultures maintained in standard 2D tissue culture plates.  

Transition to the widespread use of 3D cultures in cancer research is dependent on 

the development of efficient culture systems that enable similar high throughput 

capacities.   

A number of recent innovations are enabling improvements in the efficiencies 

of establishing and characterising 3D cultures.  Methods for establishing 3D cultures 

include the use of hydrogel matrices such as Matrigel, or scaffold-free systems 

including hanging drop culture systems, microfluidic platforms, and microwell 

platforms [343], [279].  The advantage of the later three, relative to hydrogel 

approaches, is that they enable the manufacture of 3D cell spheroids of controlled 

size and rely on the cells to produce their own endogenous extracellular matrix.  Our 

group previously demonstrated the utility of microwell platforms to manufacture 

hundreds of 3D micro-tumours from prostate cancer (PCa) cells and subsequently 

characterise their response to anti-cancer drugs.  

In our previous work, we utilised a microwell platform fabricated from 

polydimethylsiloxane (PDMS), with an array of approximately 150 microwells/cm2.  

This microwell platform, like others previously published in the literature [344], 

[345], [328], enabled the uniform distribution of cells into microwells at the bottom 

of a culture well plate by brief centrifugation. Cells in discrete microwells will 

aggregate to form 3D micro-tumours that can then be permitted to grow in culture 

and/or be treated with drug(s). A major limitation of microwell platforms, such as the 

one used in our previous study, is that the addition of drug(s) or the exchange of 

medium can easily displace micro-tumours from their discrete microwells.  

Displaced micro-tumours can be lost through medium exchange or fall into adjacent 

microwells where they can amalgamate with other micro-tumours, resulting in a 

culture of heterogeneous micro-tumour sizes and numbers. To overcome this 

limitation our group developed the “Microwell-mesh” [290]. The unique feature of 

the Microwell-mesh is that it has a nylon mesh with a 36 m pore size fixed over the 

microwells.  The openings in the mesh are large enough to allow a single cell 

suspension to pass through and aggregate at the bottom of each microwell, while 

small enough to prevent aggregated micro-tumours from escaping individual 
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microwells.  This feature enables the simultaneous and efficient manufacture of 

hundreds of uniform micro-tumours, in a format that facilitates the multiple medium 

exchanges required for complex and/or sequential drug treatment.   

In our previous work we utilised the Microwell-mesh to manufacture spheroids 

of cartilage tissue [290]. Herein, we describe the fabrication and use of a Microwell-

mesh platform with smaller microwells, tailored for the formation of micro-tumours 

and anticancer drug-testing. We demonstrate that the Microwell-mesh can be used to 

establish micro-tumours from defined numbers of PCa cells, and that micro-tumour 

growth and regression in response to drug treatment can be quantified using methods 

compatible with high throughput screening assays. Specifically, we characterise the 

formation and growth of micro-tumours assembled from C42B and LNCaP PCa 

cells, and microtissues assembled from prostate stromal myofibroblasts WPMY-1 

cells. We explore the micro-tumour response to two drugs commonly used for the 

treatment of advanced PCa; treatments evaluated include androgen targeted therapy, 

Abiraterone Acetate, and single or sequential doses of the taxane chemotherapy, 

Docetaxel. 

3.3 MATERIALS AND METHODS 

Cell lines and standard cell culture 

All cell lines were obtained from the American Type Tissue Collection 

(ATCC) and included the androgen-responsive C42B and LNCaP cells and prostate 

myofibroblasts WPMY-1 cells. Cell lines were authenticated at the Genomic 

Research Centre (GRC; Brisbane, Australia) using Short Tandem Repeat (STR) 

analysis. STR profiles of the cell lines were compared to the ATCC STR Database to 

verify cell line identity; and all cell lines showed ≥80% match to the corresponding 

reference STR profile. Cells were cultured in low glucose Dulbecco’s modified 

Eagle’s medium (DMEM-LG) supplemented with 10% fetal bovine serum (FBS; 

Thermo Fisher) and 1% penicillin/streptomycin (Thermo Fisher). For some assays, 

FBS was replaced with 10% charcoal stripped fetal bovine serum (CSS; Thermo 

Fisher) to mimic androgen deprivation conditions. Cells were grown in a cell culture 

incubator at 37°C and 5% CO2. All cells were passaged when monolayers reached 

~80% confluency using 0.25% Trypsin/EDTA (Thermo Fisher).  
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Microwell-mesh design and fabrication 

The fabrication of microwell arrays of polydimethylsiloxane (PDMS) was 

performed as described previously [258], [290]. Briefly, a polystyrene mold was 

used to cast arrays of approximately 150 microwells/cm2.  Each microwell was 800 

x 800 μm square, by 500 μm deep.  Liquid PDMS was poured onto polystyrene 

molds to form 2 mm thick sheets and cured at 60oC for 1 hour. Discs, 11 mm in 

diameter were punched out of the PDMS sheets using a wad punch (Amazon).  Disc 

size was selected such that these discs would fit snuggly into 48-well plates (Nunc, 

Thermo Fisher Scientific). Nylon mesh (36 µm2 pore openings, part number: CMN-

0035, Amazon) was fixed to the top of the microwells using silicone glue (Selleys, 

Australia). Once the glue had cured, excess mesh was trimmed from the disc inserts 

using scissors.  Inserts were then anchored into individual wells in 48-well plates by 

placing a small amount of silicone glue at the bottom of the well, and the insert 

pressed into the well. Plates with Microwell-mesh inserts were sterilized in 70% 

ethanol for 1 hour, followed by several (3-4) washes with Dulbecco’s phosphate 

buffered saline (DPBS), and stored wet in DPBS until use.  To prevent cell adhesion 

to the PDMS surface, wells with Microwell-mesh inserts were treated with 0.25 mL 

of sterile 5% Pluronic-F127 (Sigma-Aldrich), which was centrifuged at 1,000 g to 

penetrate into each microwell, and permitted to adsorb to the PDMS surface for >10 

minutes [346]. Treated surfaces were washed twice with DPBS prior to cell seeding.  

Cell seeding and culture in the Microwell-mesh 

In this study, we aimed to form micro-tumours (cancer cells) and microtissues 

(non-cancer cells) from 600 cells each. Inserts had approximately 150 microwells 

each, and so single cell suspensions containing 90,000 cells in 0.5 mL of medium 

were seeded into each microwell-mesh-containing well of 48-well plates.  Plates 

were then centrifuged at 400 x g for 5 minutes to force cells through the mesh and 

aggregate the cells uniformly at the bottom of each microwell.  Standard 2D culture 

controls were established by seeding cells at 10,000 cells/cm2.  The aggregation of 

cells into microwells was visually confirmed using an Olympus CKX14 microscope, 

and images captured using an Olympus DP26 digital camera (Japan) and Microscopy 

software (CKX14, CellSens Entry).  Plates were then transferred to a cell culture 

incubator maintained at 37C and 5% CO2.   
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Cultures were maintained for up to 14 days. A half-volume (0.25 mL) culture 

medium exchange was performed every second day.  Images were captured every 

two days for diameter measurement.  A minimum of 50 micro-tumours formed from 

C42B or LNCaP cells and microtissues formed from WPMY-1 cells were measured 

per time point. Four replicate cultures were harvested every second day for DNA 

quantification or at day 1 and 7 for immunofluorescent staining.   

Immunofluorescence staining and confocal imaging 

Spheroids were harvested by peeling the nylon mesh from the microwells, and 

collecting the spheroids into Eppendorf tubes.  Spheroids were fixed using 4% PFA 

for 30 minutes at room temperature, followed by permeabilisation using 0.5% Triton 

X-100 in DPBS for 30 minutes at room temperature. To prevent non-specific 

binding, 5% bovine serum albumin (Sigma-Aldrich, A7906) was used in the 

blocking step for 1 hour at room temperature. Cell aggregates were then incubated 

with primary antibody for Ki67 (Abcam, ab92742) at 1 µg/mL overnight at 4oC. The 

anti-rabbit secondary antibody conjugated with Alexa Fluor 594 (Thermo Fisher; 

dilution 1:500) was added to the aggregates for 1 hour at room temperature, followed 

by the nuclear stain, 4',6-diamidino-2-phenylindole (DAPI, Sigma-Aldrich), for 30 

minutes at room temperature. Stained spheroids were imaged using a Zeiss 510 Meta 

confocal microscope. 

Drug-testing in cell cultures 

Docetaxel (Sigma-Aldrich, 01885), Abiraterone Acetate (Sigma-Aldrich, SML 

1527) and Enzalutamide (Haoyuan Chemexpress, HY-70002) were purchased as 

powders and dissolved in Dimethyl sulfoxide (DMSO; Sigma-Aldrich, 472301), then 

aliquoted and stored at -80oC.  On the day of treatment, an aliquot was thawed and 

diluted to the indicated concentrations using culture media. Before selecting the 

culture densities used in drug-testing experiments, multiple cell densities were tested, 

specifically 5000, 25,000 and 45,000 cells/cm2 in 2D cultures and 150, 300 and 600 

cells/micro-tumour in 3D cultures. The impact of prolonged culture period prior 

single Docetaxel treatment was also tested.  

For drug-testing experiments, cells were seeded in 48 well plates at 10,000 

cells/cm2 in 2D cultures and 600 cells/micro-tumour in 3D cultures. All cells were 

cultured overnight to permit plastic adherence or self-aggregation in 2D and 3D 
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cultures, respectively.  The treatment protocols used to evaluate the anti-tumour 

drugs are illustrated schematically in Figures 3.1, 3.6a and Supplementary Figure 

3.1. For anti-androgen treatment (Figure 3.1a), cultures were first initiated in medium 

containing 10% FBS (day 0) and permitted to stabilise overnight. The next day (day 

1), culture media were replaced with fresh culture medium supplemented with 10% 

CSS to mimic androgen deprivation conditions for 48 hours. On day 3, culture 

medium was replaced with fresh 10% CSS medium containing Abiraterone Acetate 

or Enzalutamide and cultures were incubated for a further 48 hours. Following this 

period (on day 5), cultures were assessed for metabolic activity, as well as ATP and 

DNA content. For single cytotoxic drug treatment experiments (Figure 3.1b and 

supplementary Figure 3.1), cultures were established overnight or for 3 days in 10% 

FBS and then treated with medium containing 10% FBS and Docetaxel for 72 hours.  

 

 

Figure 3.1. Drug treatment protocol. (a) For androgen deprivation, cell cultures 

where seeded in standard FBS supplemented medium on day 0 and replaced with 

CSS medium 24 hours later (day 1) to starve cells of androgen. On day 3, 

Abiraterone Acetate or Enzalutamide was added to cell cultures. Cultures were 

terminated on day 5 and analysed using the specified methods. (b) A single treatment 

of Docetaxel was performed after 24 hours of seeding the cells (day 1). Drug 

response was then assessed following three days of exposure to Docetaxel (day 4). 

 

In experiments where cells were exposed to sequential Docetaxel treatment 

(Figure 3.7a), the cultures were permitted to recover from the first Docetaxel 

treatment for 72 hours in drug-free medium supplemented with 10% FBS.  Following 

this recovery period, cells were exposed to a second 72-hours round of Docetaxel. 

The metabolic activity and DNA content of Docetaxel-treated cells were quantified 

0          1           2            3           4          5 days 

Charcoal-stripped 
serum 

Culture analysis 

a: Anti-androgen treatment b: Single Docetaxel 
treatment  

0     1     2     3      4 days 

Docetaxel Culture analysis Abiraterone Acetate 
/ Enzalutamide 



 

Chapter 3: The Microwell-mesh: A high-throughput 3D prostate cancer spheroid and drug-testing platform 67 

at day 4 for single dose-treated cultures and at day 4, 5, 7, 10 and 11 for sequential 

dose-treated cultures.  

Metabolic activity measurement 

AlamarBlue is a metabolic assay commonly used as an indirect method to 

estimate viable cell numbers. The AlamarBlue assay consists of a non-fluorescent 

blue dye (Resazurin), which is reduced to a fluorescent pink compound (Resorufin) 

by the action of mitochondrial and cytoplasmic reductases of living cells [347].  

One of our objectives was to determine whether the AlamarBlue assay could be 

used by direct addition and incubation of the AlamarBlue reagent in the Microwell-

mesh cultures and subsequently assessed by placing the entire plate in a fluorescence 

plate reader. To optimise the AlamarBlue assay, several concentrations of the assay 

reagent (3, 5 and 10% of the culture volume) were added to the culture media of 

increasing number of PCa cells in 2D monolayers and 3D Microwell-mesh cultures. 

Plates were incubated at 37oC for 1 to 5 hours. Data was acquired by two different 

settings of the spectrophotometer plate reader, where the fluorescence measurement 

was collected from the top or the bottom of the plate. The fluorescence was detected 

using a FLUOstar Omega Microplate Reader (BMG LABTECH) with 544 nm 

excitation and 590 nm emission. The fluorescence values were plotted against cell 

numbers to determine the linearity of the assay and to identify the optimum reagent 

concentration and incubation time for performing the assay in situ (directly in the 

Microwell-mesh plate). 

ATP measurement 

The amount of ATP in the 2D or 3D Abiraterone Acetate treated cultures was 

measured using the CellTitre-Glo 3D Cell Viability Assay kit (Promega) according 

to the manufacturer’s instructions. This assay relies on the addition of exogenous 

thermostable luciferase enzyme that generates a luminescence signal from the 

conversion of D-luciferin in the presence of cellular ATP.  Similar to the AlamarBlue 

assay, quantification of ATP in cell lysates is often used as an indirect estimate of the 

number of viable cells. At the specified time points, half of the culture media volume 

was removed and replaced with the ready-to-use cell lysis reagent. To facilitate lysis, 

plates were placed on an orbital plate shaker for 5 minutes, and then incubated for a 

further 20 minutes at room temperature. Samples were collected and 
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bioluminescence was measured using a PHERAstar FS plate reader (BMG 

LABTECH). A standard curve was generated using ATP disodium salt (Sigma-

Aldrich, A7699). Results are represented as values normalised to the amount of ATP 

produced in the control cultures (10% FBS-supplemented media conditions). 

DNA quantification 

DNA quantification was performed as another means to estimate cell number. 

The Quant-iT PicoGreen dsDNA assay (Thermo Fisher) was used as per 

manufacturer’s instructions to fluorescently measure the double stranded DNA 

content contained in cell cultures. To lyse cell monolayers and spheroids, two 

freeze/thaw cycles were performed in TE buffer (20 mM Tris-HCl, 2 mM EDTA, pH 

7.5) containing 1% Tween 20. Cell lysates were mixed with PicoGreen reagent and 

fluorescence read using 485 nm excitation and 520 nm emission (FLUOstar Omega 

Microplate Reader; BMG LABTECH). DNA content was calculated using a standard 

curve of ʎ DNA as a reference. Results are represented as values normalised to the 

amount of DNA in the control cultures (10% FBS-supplemented media conditions). 

Cellular oxidative activity assessment 

Dihydrorhodamine 123 (DHR123) was utilised to quantify reactive oxygen 

species within the LNCaP cells cultured in androgen-deprived conditions. Following 

drug treatment as described above (Figure 3.1a), cells were washed to eliminate 

remaining drug then incubated with 1 µg/mL DHR123 for 1 hour at 37C, followed 

by two wash steps with DPBS. Cells were then trypsinized, resuspended in MACs 

buffer (Miltenyi Biotech), and analysed on a BD LSRII flow cytometer (Becton 

Dickinson). Data was analysed using FlowJo software (TreeStar, USA). The mean 

fluorescence values of four individual samples were calculated and represented in the 

results section following normalization against control culture (10% CSS- 

supplemented media conditions).  

Statistical analysis: 

Results represent the mean values of 3 independent experiments, each 

performed with 4 biological replicate cultures, unless mentioned otherwise. Error 

bars represent standard deviations. Statistical significance of data was evaluated 

using one-way or two-way analysis of variance (ANOVA), where specified, using 
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Prism software, Version 6.0 (GraphPad). P-values for each comparison are 

represented by asterisks as indicated in figure captions. 

3.4 RESULTS 

The Microwell-mesh retains micro-tumours in discrete microwells 

A central goal of our work was to create a microwell platform and method that 

would ultimately lend itself to complex sequential drug-testing.  We trialled using 

traditional open top microwell platforms but found that micro-tumours were often 

displaced from their discrete microwells, and randomly accumulated in adjacent 

wells (Figure 3.2a).  Based on these results we fabricated the Microwell-mesh 

platform shown in Figure 3.2b and 3.2c. The Microwell-mesh platform enabled 

retention of multicellular micro-tumours in discrete microwells during sequential 

medium and drug exchange. 
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Figure 3.2. Microwell platform manufacture and establishment of 3D micro-

spheroid culture. (a) The traditional open-top microwell platform results in 

dislodged spheroids following culture media exchange (scale bar = 500 µm). (b) 

Schematic illustration and bright field images show PDMS discs with and without 

the mesh which can be inserted in 48-well tissue culture plates and cells aggregated 

after 24 hours of seeding cell suspension (scale bar = 200 µm). (c) Schematic 

illustration of cell seeding using traditional open-top microwells (top) and 

Microwell-mesh being microwells modified with a 36 µm mesh-top (bottom) large 

enough to allow single cells to pass through, but small enough to retain spheroids 

within discrete microwells. 

 

Cell numbers can be assessed in the Microwell-mesh using AlamarBlue 

To ensure that the Microwell-mesh insert did not interfere with assessing the 

AlamarBlue assay in 3D cultures, we measured the fluorescence of the assay directly 

in the plate well, and following transfer of the reacted media to a new well plate 
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(containing no Microwell-mesh insert). To optimise the AlamarBlue assay in 3D 

Microwell-mesh cultures, titrations of cell numbers were prepared to generate 

standard curves and also compared to 2D monolayer cultures (Supplementary Figure 

3.2). Measurements were taken at 1, 2, 3, 4 and 5 hours at 3%, 5% and 10% 

concentrations of AlamarBlue. The cumulative results indicated that the most reliable 

results could be obtained when measurements were performed with 3% AlamarBlue 

reagent and incubated for 2 and 3 hours in 2D and 3D cultures, respectively. We 

trialled reading the AlamarBlue fluorescence signal either by transferring portions of 

the medium to black 96-well plates, or reading the fluorescence signal directly from 

the Microwell-mesh plate either from the bottom or top of the plate (Figure 3.3 and 

Supplementary Figure 3.2).  All modes of measurement generated similar, linear 

standard curves. This result indicated that neither the PDMS insert nor the clear 

tissue culture wells compromised the sensitivity of the AlamarBlue assay, and 

indicated that in situ measurement of AlamarBlue fluorescence was a suitable 

strategy to quantify relative cell numbers directly from the Microwell-mesh plates.   

 

 

Figure 3.3. AlamarBlue assay optimization in Microwell plates. No significant 

change in the linearity of the AlamarBlue assay after 3 hours incubation with 3% of 

AlamarBlue reagent when the fluorescence was acquired in situ (a) or when the 

reaction product was transferred to a black 96-well plate (b). 

 

PCa 3D micro-tumour growth  

We quantified the growth of C42B and LNCaP micro-tumours and WPMY-1 

microtissues each initiated from 600 cells over culture periods of 14 days with a half-
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volume culture medium exchange every second day. Micro-tumours generated from 

both PCa cell lines increased in diameter with a corresponding increase in DNA 

quantity over the first 5-7 days, after which proliferation rates gradually plateaued 

(Figure 3.4a). By contrast, microtissues formed from prostate myofibroblasts 

(WPMY-1) continued to proliferate over 14 days as evidenced by increasing DNA 

quantity and spheroid diameter (Figure 3.4a). Bright field images showed the three-

dimensionality of the uniform micro-tumours/microtissues generated from the three 

cell lines under examination in the microwell platform. Therefore, the volume of the 

micro-tumours/microtissues were calculated using the diameter measurements over 

time following the formula V = 4/3 π r3; where V is the volume and r is the diameter 

of the sphere (Supplementary Figure 3.3).  

Ki67 staining was used to identify proliferating cells in 3D micro-tumour 

cultures. Confocal images of the micro-tumours revealed that Ki67 positive cells 

were evenly distributed throughout the spheroids at day 1, but by day 7 most 

proliferating cells were localised in the outer surface of the micro-tumours (Figure 

3.4b). Similar to the micro-tumours, WPMY-1 microtissues showed the same 

distribution of Ki67 positive cells at day 1 and day 7 of culture.  
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Figure 3.4. Characterisation of prostate cancer cell lines in 3D micro-tumour 

culture. (a) Prostate cancer (C42B and LNCaP) and prostate myofibroblasts 

(WPMY-1) cell lines were cultured in the 3D platform (600 cells/spheroid) and the 

growth of cell spheroids was assessed by DNA quantification and spheroid diameter 

measurement. DNA quantification data represents the mean value of four replicate 

cultures. A minimum of 50 spheroids were measured per time point for diameter 

measurement. (b) Confocal images of spheroids (600 cells/spheroid) stained with 

Ki67 (red) and nuclear stain (DAPI; blue) were acquired on day 1 and 7 of culture. 

Scale bar = 100 µm. 
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androgen treatment [205]. Therefore, we hypothesized that our 3D culture system 

would better reflect the response to androgen deprivation compared to 2D monolayer 

cultures. To test this hypothesis, we cultured PCa cell lines in an androgen deprived 

setting (CSS- supplemented culture media), and then treated the cells with 

Abiraterone Acetate, a first-in-class inhibitor of the CYP17A enzyme to prevent the 

biosynthesis of androgens intracellularly from their steroidal precursor [348] and 

used three different assays to assess the cellular responses in our 2D and 3D cultures. 

In 2D monolayers, PCa cell lines (C42B and LNCaP) cultured in androgen-

depleted media (CSS) showed a reduction in metabolic activity, as assessed by the 

AlamarBlue assay, and a reduction in ATP and DNA quantity, compared to 

androgen-replete media (FBS) (Figure 3.5a). A 48-hour treatment of 2D PCa cultures 

with increasing concentrations of Abiraterone Acetate (0-20 µM) resulted in an 

unexpected increase in metabolic activity (AlamarBlue assay) and this was dose-

responsive in both cell lines (P<0.0001 for 10 and 20 µM). In contrast, cellular ATP 

concentrations were unchanged at lower Abiraterone Acetate concentrations (5 and 

10 µM) in 2D PCa cell cultures and slightly reduced at the highest concentration (20 

µM) in only the C42B cultures (P<0.01), relative to control cultures in CSS plus 

vehicle (0 µM). DNA concentrations were unchanged in response to Abiraterone 

Acetate in both PCa cell lines, compared to control. Similarly, LNCaP cells 

monolayer treated with Enzalutamide instead of Abiraterone Acetate demonstrated 

an unexpected dose-dependent increase in AlamarBlue readout.  While the 

AlamarBlue readout increased with increasing doses of Enzalutamide, ATP 

concentrations were unchanged and DNA concentrations slightly decreased with 

higher Enzalutamide concentration (1 µM and 20 µM) (Supplementary Figure 3.4).  

We continued to evaluate the response of PCa cells to anti androgen in 3D micro-

tumour culture, but restricted our focus to characterising cell response to Abiraterone 

Acetate.   

In 3D micro-tumour cultures, metabolic activity and ATP quantity was not 

significantly different between androgen-depleted and androgen-replete cultures for 

both PCa cell lines (Figure 3.5a). In contrast, a significant drop in DNA quantity was 

observed in 3D cultures under androgen-depleted conditions. The addition of 

increasing concentrations of Abiraterone Acetate to 3D cultures (0-20 µM) did not 

result in changes in metabolic activity, ATP quantity or DNA quantity, except for in 
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C42B cultures, where the ATP concentration was slightly reduced at 20 µM 

Abiraterone Acetate (P<0.01). Overall, 3D PCa cultures were much less responsive 

to both androgen-depletion and Abiraterone Acetate treatment, compared to 2D 

cultures.  

To determine whether the increased metabolic activity, measured by 

AlamarBlue assay, in Abiraterone Acetate-treated 2D cultures was due to an increase 

in the mitochondrial redox activity, we tested the mitochondrial redox activity of 

drug treated LNCaP cells (Figure 3.5b). Fluorescence intensities of vehicle or 

DHR123 treated cells were analysed by flow cytometry. Results showed no 

significance change in mitochondrial oxidation potential in Abiraterone Acetate-

treated cells compared to untreated cells, while a significant increase in metabolic 

activity measured by AlamarBlue assay was shown in a parallel experiment. The 

bright field images revealed no significant change in the cellular morphology of low 

dose (0-10 µM) Abiraterone Acetate-treated LNCaP cells compared to the control, 

except in the high dose of Abiraterone Acetate (20 µM) where the cells showed more 

irregular morphology.  

It is important to mention that we observed no change in AlamarBlue 

fluorescence in cell-free cultures treated with Abiraterone Acetate (Supplementary 

Figure 3.5) which confirms cellular participation in the reduction of the AlamarBlue 

and not a direct reduction by the drug. 

 



 

76      Chapter 3: The Microwell-mesh: A high-throughput 3D prostate cancer spheroid and drug-testing platform 

0 5 1 0 2 0

A b ira te ro n e  A c e ta te  ( M )

* *

* *

F B S C S S

0

5 0

1 0 0

1 5 0

%
 A

la
m

a
r
B

lu
e

 f
lu

o
r
e

s
c

e
n

c
e

C
4

2
B

F B S C S S

0

5 0

1 0 0

1 5 0

%
 A

T
P

 c
o

n
te

n
t

0 5 1 0 2 0

A b ira te ro n e  A c e ta te  ( M )

*


*

F B S C S S

0

5 0

1 0 0

1 5 0

%
 D

N
A

 c
o

n
te

n
t

0 5 1 0 2 0

A b ira te ro n e  A c e ta te  ( M )



2 D

3 D

F B S C S S

0

5 0

1 0 0

1 5 0

%
 A

la
m

a
r
B

lu
e

 f
lu

o
r
e

s
c

e
n

c
e

L
N

C
a

P

0 5 1 0 2 0

A b ira te ro n e  A c e ta te  ( M )

* *

* *

F B S C S S

0

5 0

1 0 0

1 5 0

%
 A

T
P

 c
o

n
te

n
t

0 5 1 0 2 0

A b ira te ro n e  A c e ta te  ( M )



F B S C S S

0

5 0

1 0 0

1 5 0

%
 D

N
A

 c
o

n
te

n
t

0 5 1 0 2 0

A b ira te ro n e  A c e ta te  ( M )

a

 

Figure 3.5. Monolayer and micro-tumour behaviour of C42B and LNCaP cell 

lines in androgen deprived conditions. (a) C42B (Top) and LNCaP (Bottom) cells 

were seeded in expansion culture medium for 24 hours followed by medium 

exchange to androgen-depleted medium (CSS) for a further 48 hours. Abiraterone 

Acetate was then added to the culture medium at the indicated concentrations for an 

additional 48 hours. AlamarBlue, Cell Titre-Glo 3D Cell Viability and PicoGreen 

assays were then performed to assess metabolic activity, ATP quantity, and DNA 

quantity, respectively. All results are represented as a percentage of the FBS-

containing culture medium control values (Three independent experiments each has 

four technical replicate cultures). Statistical significance was calculated by two-way 

ANOVA compared to the corresponding zero value (** P<0.0001 and * P<0.01) or 

compare 2D and 3D values with the same drug treatment (Ψ P<0.005). (b) Metabolic 

activity (AlamarBlue assay) and DHR123 staining of LNCaP monolayers at 

specified Abiraterone Acetate concentrations. Results represented as the mean 

fluorescence values of four individual samples normalized to control culture values. 

Statistical significance was performed using one-way ANOVA (*** P<0.001). Side 

panel represents the cellular morphology of LNCaP cells at the indicated Abiraterone 

Acetate concentrations (µM). Scale bar = 200 µm. 

5 µM 10 µM 20 µM 
b 

0 µM 
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2D and 3D PCa culture response to Docetaxel 

Next, we evaluated the response of PCa cell lines in 2D and 3D cultures to a 

single dose of Docetaxel at varying concentrations in the range of 0 nM (Vehicle 

only) to 100 nM in expansion media (Figure 3.6). In 2D cultures, both C42B and 

LNCaP cells showed a significant drop in metabolic activity and DNA quantity at 1 

nM Docetaxel, which was maximally reduced by 5 nM. While the metabolic activity 

of both cell lines slightly decreased in Docetaxel-treated 3D cultures, significant 

differences in metabolic activity and DNA content between 2D and 3D cultures were 

observed in cultures treated with ≥ 1nM Docetaxel.  In this study, the IC50 values of 

Docetaxel in 3D cultures (>120 nM and 24 nM for C42B and LNCaP cells, 

respectively) were considerably elevated relative to IC50 values in 2D cultures 

(approximately 0.4 nM and 1 nM for C42B and LNCaP cells, respectively). 

As the density of the cell culture is a critical factor in drug-screening platforms, 

we compared drug responses of short (1 day) and long (3 days) pre-treatment 

cultures. Interestingly, 2D and 3D cultures treated with Docetaxel after 1 day of 

establishing the cultures showed higher sensitivity towards Docetaxel treatment. 

However, micro-tumours cultured for prolonged periods (3 days) prior Docetaxel 

treatment showed lower sensitivity against the drug compared to corresponding 2D 

monolayer cultures (Supplementary Figure 3.6).  
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Figure 3.6. C42B, LNCaP Docetaxel drug response. C42B and LNCaP cells in 2D 

and 3D cultures were treated with Docetaxel in the indicated concentrations for 72 

hours followed by metabolic activity and DNA content measurements. All results are 

represented as a percentage of the vehicle control values (Three independent 

experiments each had four replicate cultures n=4). Statistical significance was 

calculated by two-way ANOVA compared to the corresponding values in 2D 

cultures (*** P<0.0001). 

 

Cellular recovery after sequential cytotoxic drug treatment is enhanced in 3D 

cultures 

One of the many advantages of our 3D culture platform is that it permits 

several culture manipulations without displacement or loss of cellular spheroids from 

discrete microwells. This improvement enables testing metronomic or sequential 

treatments of one or several drugs for the preclinical studies.  

We assessed the metabolic activity of PCa cells cultured in monolayers or 3D 

micro-tumours and treated with 5 nM Docetaxel in sequential doses (Figure 3.7a). 
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Despite the slight decline in metabolic activity of single dose-treated 3D micro-

tumours after the first day of drug-free culture, the metabolic activity of 3D micro-

tumours gradually restored by day 6 of culture. Following the second Docetaxel 

treatment at day 3, 3D micro-tumours showed a slight decrease in the metabolic 

activity compared to single dose-treated cultures. LNCaP microtissues showed 

higher sensitivity towards Docetaxel compared to C42B microtissues.  

By contrast, PCa monolayers continued to suffer a decline in metabolic activity 

despite a transient increase in activity during the first day of culture following the 

first drug treatment. After 7 days of culture, both single and sequential Docetaxel-

treated 2D monolayer cultures of C42B and LNCaP cells showed equal metabolic 

activities (<10% compared to vehicle treated cultures). In general, cells grown in 3D 

cultures were metabolically more active than that in 2D cultures either after single or 

sequential Docetaxel treatments. 
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Figure 3.7. Sequential Docetaxel treatment and prostate cancer cell recovery. (a) 

Sequential treatment of Docetaxel was performed at the indicated time points (red 

arrows). Each treatment for 72 hours was followed by metabolic activity 

measurement (blue arrows) and drug removal (purple arrows) at day zero and 6. In 

addition, cell recovery assessment was also performed at days 1, 3, 6 and 7 for single 

treatments and at days 6 and 7 for sequential treatments. (b) 2D and 3D cultures of 

C42B and LNCaP cells were treated with 5 nM Docetaxel following the sequential 

treatment protocol and the metabolic activity of the survived cells were assessed at 

the indicated time points using AlamarBlue assay. All results are represented as a 

percentage of the vehicle control values (Two independent experiments each had 

four replicate cultures n=4). 

 

3.5 DISCUSSION 

Three dimensional tissue culture systems have gained popularity in recent 

years. However, widespread uptake of 3D models remains low. This is due to 

limitations associated with 3D culture systems including heterogeneity of cultured 
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spheroid sizes, or heterogeneity within single tissues when large macroscopic tissues 

are used [349], [350]. Additionally, the low throughput nature of some 3D tissue 

manufacturing approaches and the incompatibility of these 3D tissues with high-

throughput imaging and other analytical tools has limited uptake. In seeking to 

engineer a powerful 3D culture system capable of enabling both high-throughput 3D 

micro-tumour formation and complex drug/medium manipulation, we aimed to 

improve on microwell platforms commonly used to generate 3D tissue models [290].  

Our improvement was the inclusion of a nylon mesh bonded over the microwells (the 

Microwell-mesh) in such a way that would allow the retention of individual micro-

tumours in discrete microwells over multiple culture medium manipulations, 

enabling complex sequential drug treatment and analysis (Figure 3.2).  This platform 

retains the original significant advantage of other microwell systems, enabling the 

rapid manufacture of hundreds of replicate uniform sized micro-tumours, assembled 

in a way that allows precise control of the number of cells used to form each 

individual micro-tumour [258], [289], [319], [329].   

Using the microwell platform, PCa micro-tumours grew in size over 14 days of 

culture (Figure 3.4a). The increase of cellular content and spheroid size was cell line-

dependent. However, a decrease in proliferation over time was observed in all cell 

lines tested.  Our group and others have reported similar observations previously 

[258], [351], [352].  Cells proliferation in 2D is often greater than in 3D spheroids 

because the increase in cell tension experienced by cells cultured on ultra-stiff 2D 

surfaces stimulates proliferation [353]. Cells in self-assembled spheroids do not 

experience similar tensile forces, and proliferation rates in spheroids are generally 

low [354].  Cells on the surface of the spheroids experience the greatest tension, 

where they can spread over the outside of the spheroid on a flat, albeit curved, 

surface [355].  Corresponding to this model, we observed that cell proliferation was 

largely localised to the surface of individual spheroids from days 1-7 for all cell 

types tested (Figure 3.4b). 

As the cell spheroid grows, chemical and oxygen diffusion gradients develop 

across the radius of individual spheroids. These gradients can influence cellular 

proliferation and viability [267], [356], [357]. In cases where spheroids are very 

large, nutrient supply to the centre of the spheroid can be limiting, leading to the 

formation of a necrotic core [352], [358]. This is commonly reported in spheroids 
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with sizes >500 µm in diameter [350]. In our study, each spheroid was formed from 

600 cells with size <300 µm after 14 days of culture, and we did not observe 

formation of a necrotic core suggesting that metabolite limitation was not a problem 

in our micro-tumour models. If a hypoxic or necrotic micro-tumour core was desired, 

this could easily be designed into the model simply by increasing the number of cells 

per spheroid. A benefit of the Microwell-mesh platform is that it would enable 

formation of multiple micro-tumours of similar sizes to facilitate such analysis.  If 

very large micro-tumours are desired (up to ~1.5 mm diameter), then our previously 

reported larger microwell platform would be more suitable than the one described 

here [290].   

A major focus of the PCa field is the identification of combination and 

sequential drug regimens that more effectively treat metastatic and/or castrate-

resistant prostate cancer (CRPC) [71], [359].  Treatment with Abiraterone Acetate, a 

potent selective inhibitor of CYP17A, can enhance survival in metastatic CRPC 

patients [65].  Similarly, Docetaxel is commonly used to treat advanced PCa patients 

[205].  Resistance to one or both is common, and the capacity to predict the optimal 

sequence or combination of these drugs (including with other existing or novel 

drugs) using in vitro model systems is a major goal in the field.  For the reasons 

described above, it is believed that 3D models are likely to be more effective tools 

enabling in vitro predication of drug efficacy.   

In the study described here we characterised 3D micro-tumour response to two 

common PCa drugs, Abiraterone Acetate and Docetaxel. We considered both single 

and sequential treatment outcomes, and compared the results to 2D PCa cell culture 

controls. A primary goal of our study was to develop methods that would enable the 

high-throughput characterisation of PCa micro-tumours within the Microwell-mesh 

platform; we view the capacity for high throughput analysis to be a major obstacle in 

the widespread uptake of 3D culture as a preferred tool for in vitro drug-screening 

studies.   

Our results demonstrated that AlamarBlue could be reliably used to indirectly 

predict viable cell number in the Microwell-mesh plate simply by adding reagent to 

the plate, incubating the culture with the AlamarBlue and reading the signal from the 

plate (Figure 3.3). The presence of the PDMS microwell insert and nylon mesh did 

not confound the reading, and data indicate that future high throughput 
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characterisation of culture drug response could be done directly within Microwell-

mesh plates. We subsequently used this approach to characterise C42B and LNCaP 

micro-tumour sensitivity to Docetaxel.  Over a number of experiments, we found that 

both C42B and LNCaP micro-tumours demonstrated less sensitivity to Docetaxel 

than control 2D monolayers (Figure 3.6). In addition, because the Microwell-mesh 

retains micro-tumours, we were able to explore cellular response to sequential 

Docetaxel treatment. Again, 3D micro-tumours displayed reduced hypersensitivity to 

Docetaxel relative to 2D monolayers. Future studies could use the Microwell-mesh 

platform to track the evolution of Docetaxel resistant cell populations, or the 

influence of combinations of drugs and/or different stromal cell populations on 

treatment outcomes. A critical observation was that the mesh did indeed retain 

micro-tumours over multiple medium exchanges and wash steps (no cell loss), 

something not possible when using conventional microwell platforms or 2D cultures.   

While AlamarBlue could be used to indirectly estimate viable cell numbers in 

Docetaxel treated micro-tumour cultures, this was not the case for anti-androgen 

treated cultures. We were surprised to observe that AlamarBlue conversion (taken as 

a surrogate for metabolic activity) appeared to increase significantly in cultures 

treated with Abiraterone Acetate or Enzalutamide (Figure 3.5 and Supplementary 

Figure 3.4). This apparent increase in metabolic activity, as inferred by the 

AlamarBlue assay, was particularly evident in 2D control cultures.  If taken on its 

own, the AlamarBlue data suggested that cell numbers were largely unchanged in 3D 

cultures in response to Abiraterone Acetate, while cell numbers significantly 

increased in 2D cultures in response to increasing doses of Abiraterone Acetate 

(Figure 3.5a). This would be an unexpected outcome.  Reassuringly, microscopy 

images of 2D treated cultures (Figure 3.5b) suggested that there was increasing cell 

death in response to increasing dose of Abiraterone Acetate. To validate the 

microscopy observations, we measured ATP concentration and DNA content in 2D 

and 3D cultures treated with Abiraterone Acetate (Figure 3.5a).  Both ATP and DNA 

quantification suggested that 3D cultures were not impacted by Abiraterone Acetate 

treatment, but that 2D cultures were indeed dying as the images suggested.  Multiple 

replicate experiments demonstrated that there is a robust disconnect between ATP 

and DNA content relative to AlamarBlue signal evolving from 2D cultures treated 

with Abiraterone Acetate or Enzalutamide. It is well known that not only 
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mitochondrial enzymes can reduce AlamarBlue reagent to its fluorescent isoform 

(Resorufin), it can also be reduced by cytoplasmic reductases and the electron 

transport system of the cell [347]. We reasoned that mitochondria activity might be 

upregulated in response to the apoptotic signals generated by the Abiraterone Acetate 

treated cells [360], so we used DHR123 and flow cytometry to quantify mitochondria 

activity in these cells (Figure 3.5b).  While AlamarBlue conversion was greater in the 

Abiraterone Acetate treated cells, there was a drop in DHR123 signal suggesting that 

mitochondria activity was not upregulated in the Abiraterone Acetate treated cells.  

Our results suggest the involvement of cytoplasmic reductases, rather than 

mitochondrial activity, which cause the drastic increase in AlamarBlue readings in 

2D cultures.  While it is common to characterise cellular response to anti-cancer 

drugs using AlamarBlue [347], we would caution against using AlamarBlue assay to 

study response to Abiraterone Acetate treatments.  To our knowledge, the disconnect 

between the increase in AlamarBlue signal and Abiraterone Acetate and 

Enzalutamide mediated PCa cell death has not been previously reported.   

Overall, our results indicate that 3D micro-tumour cultures are less sensitive, 

than 2D cultures, to changes in androgen signalling introduced either through 

depletion of androgen from the medium (CSS) or through pharmaceutical inhibition 

of CYP17A (Abiraterone). With Docetaxel treatment, the behaviour of the 3D micro-

tumours was also markedly different from that seen in the 2D monolayers.  The 

cytotoxic drug family of taxanes, including Docetaxel, target proliferating cells by 

stabilizing microtubules causing a cell cycle arrest and apoptosis [254]. Therefore, it 

was expected to observe a considerable difference in response in the slow 

proliferating 3D micro-tumours compared to more proliferative traditional 2D 

cultures.  

In the present study, we demonstrated the utility of the Microwell-mesh as a 

viable high throughput platform for 3D cancer cell culture and drug-screening. A 

limitation with our proposal is that the Microwell-mesh must be manually fabricated.  

However, we do provide extensive details here and in our previous publications on 

the fabrication methods [289], [290]. Once a microwell mould has been fabricated, it 

is relatively easy and inexpensive to generate hundreds of microwell inserts.  PDMS 

is inexpensive, and 500 grams of PDMS can be purchased for ~$100 USD.  This is 

theoretically sufficient to generate 2500 inserts (~0.2 grams/insert), although casting 
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inefficiencies are likely to reduce actual yield to ~1000 inserts.  With practice, mesh 

can be bonded to the microwells efficiently yielding many microwell-mesh well 

plates in a day.  It is not currently possible to purchase the Microwell-mesh platform 

from a commercial vendor, but growth in the 3D cell culture field may motivate a 

vendor to consider manufacture of a similar product, which could facilitate quality 

control, and standardization across the field.  Standardized products can have 

significant commercial value, and this value has motivated the establishment of 

companies such as QGel (Switzerland) that mass-produces hydrogels that can be 

used to culture cell spheroids, and multiwell plate products like InSphero 

GravityTRAP (InSphero, Switzerland) purpose built for spheroid culture. StemCell 

Technologies (Canada) already manufactures a microwell product (the 

AggrewellTM) that shares many common features with our Microwell-mesh, and the 

addition of a mesh to the Aggrewell platform might be a logical next step in 

StemCell Technologies’ manufacturing process.  In the absence of a commercial 

source, laboratories experienced with the fabrication of microdevices from PDMS 

will find fabrication of the Microwell-mesh to be a straightforward process that can 

be rapidly optimised. 

Metabolic activity and many other characteristics of 3D micro-tumour cultures 

can be assessed directly within the Microwell-mesh, or simply removing the mesh 

allows direct access to hundreds of replicate micro-tumours for histology or other 

analysis methods such as flow cytometry.  Spheroids produced in other platforms 

(gels or microfluidics) are not as readily accessible [361].  Relative to microfluidics 

devices, the Microwell-mesh is inexpensive to fabricate, and requires no complex 

pumps or other equipment to operate.  Unlike many gel systems, it is unnecessary to 

expose cells to UV light to encapsulate them and to use enzyme to later 

recover/harvest cells from the gel [362], [363].  Future work might include the 

assembly of complex micro-tumours from combinations of PCa and stromal cells to 

better mimic the bone microenvironment commonly targeted by metastatic PCa 

[364], [365].  Micro-tumours assembled from PCa and bone cells are likely to 

provide an excellent model with which to screen drugs and to study cell-cell 

interactions that promote metastasis and/or contribute to drug resistance.  In either 

application, multiple medium exchanges will likely be required.  The retention of 

micro-tumours within discrete microwells in the Microwell-mesh by the nylon mesh 
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will represent a significant improvement over conventional microwell platforms, 

enabling microwell cultures to contribute to this logical scientific and platform 

evolution. 
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3.6 SUPPLEMENTARY DATA 

 

 

Supplementary Figure 3.1. Single Docetaxel treatment protocols of prolonged 

time cultures. A single treatment of Docetaxel was performed after 72 hours of 

seeding the cells. Drug response was then assessed following three days of exposure 

to Docetaxel (day 6). 
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Supplementary Figure 3.2. AlamarBlue assay optimization in 48-well plate. 

Cells were seeded overnight in 2D and 3D cultures at the indicated cell densities 

(12.5, 25, 50, 100 and 150x103 cells/well). AlamarBlue reagent was added in three 

different concentrations (3, 5 and 10%). The fluorescence readouts (nm) were 

acquired after 1, 2, 3, 4 and 5 hours of incubation. At every time point, the 

fluorescence was measured from the top and the bottom of the plate. The 

fluorescence values were plotted against cell numbers to determine the linearity of 

the assay. R square values of the three tested AlamarBlue concentrations (3, 5 and 

10%) are represented under each graph.  
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Supplementary Figure 3.3. Prostate cancer cell line in 3D micro-tumour culture. 

Prostate cancer (C42B and LNCaP) and prostate myofibroblasts (WPMY-1) cell 

lines were cultured in the 3D platform (600 cells/spheroid). (a) Bright field images 

were captured every two days. (b) Spheroids volume was calculated via diameter 

measurement of 50 spheroids every two days (mean ± SD). Scale bar = 200 µm. 
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Supplementary Figure 3.4. Monolayer behaviour of LNCaP cells in androgen 

deprived conditions. LNCaP cells were seeded in expansion culture medium for 24 

hours followed by medium exchange to androgen-depleted medium (CSS) for a 

further 48 hours. Enzalutamide was then added to the culture medium at the 

indicated concentrations for an additional 48 hours. AlamarBlue fluorescence, ATP 

quantity and DNA quantity were then assessed. All results are represented as a 

percentage of the FBS-containing culture medium control values (Three independent 

experiments each had four replicate cultures). Statistical significance was calculated 

by two-way ANOVA compared to the corresponding zero value (*** P<0.001, ** 

P<0.01 and * P<0.05). 
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Supplementary Figure 3.5. AlamarBlue assay of cell-free cultures. In the absence 

of cancer cells, AlamarBlue signal unchanged with the serial concentrations of the 

antiandrogen drug, Abiraterone Acetate. 
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Supplementary Figure 3.6. Cell culture density impact on in vitro cytotoxic drug 

response. Cells were grown in 2D and 3D cultures in the indicated densities 

following the single Docetaxel treatment protocols in Figure 3.1b and Supplementary 

Figure 3.1. Compared to 1 day culture prior drug treatment (a), the cultures with 

prolonged period (3 days) prior Docetaxel treatment (b) are less sensitive to the 

cytotoxic drug. 
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promoter and its implications 

for experimental design 

Chapter 4 preface: 

 

As described in Chapter 2 and Chapter 3, microtissues formed from bone 

marrow stromal cells and PCa cells can be assembled in the Microwell-mesh 

platform to study the impact of the bone marrow microenvironment on PCa cell 

behaviour and drug response. However, PCa cell number cannot be quantified by 

conventional metabolic assays or total DNA quantification in the mixed cell 

population. In this Chapter, we characterised the stability and reliability of the 

luciferase reporter system, as a cell-specific assay, in prostate and breast cancer cell 

lines in mono- and co-cultures. 
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4.1 ABSTRACT 

It is routine to genetically modify cells to express fluorescent or 

bioluminescent reporter proteins to enable tracking or quantification of cells in vitro 

and in vivo. Herein, we characterise the stability of luciferase reporter systems in 

C42B prostate cancer cells in mono-cultures and co-cultures with bone marrow-

derived mesenchymal stromal cells (BMSC). An assumption made when employing 

the luciferase reporter is that the luciferase expressing cell number and 

bioluminescence signal are linearly proportional. We observed instances where 

luciferase expression was significantly upregulated in C42B cell populations when 

co-cultured with BMSC, resulting in a significant disconnect between 

bioluminescence signal and cell number. Whole-genome sequencing revealed that 

the stable C42B population had 84 luciferase genomic insertion sites, while the 

unstable population had only 4 insertion sites. We speculate that the reduced number 

of luciferase insertion sites made the unstable cells exquisitely sensitive to secretions 

from the BMSC. In this study, we show that it is possible to generate a range of 

stable and reliable luciferase reporter prostate and breast cancer cell populations, but 

advise not to assume stability in different culture conditions. Reporter stability 

should be validated, on a case-by-case basis, for each cell line and culture condition.  

 

4.2 INTRODUCTION 

Quantifying specific cell populations in complex co-cultures, or in animals, 

requires that cells of interest are distinguishable from neighbouring cells. To this end, 

it is increasingly common to genetically label cells such that they express a specific 

fluorescent or bioluminescent (e.g. luciferase) reporter protein, thereby enabling their 

tracking and quantification. Quantifying cancer cell number in complex co-cultures 

warrants strategies such as the use of luciferase-expressing cancer cell populations 

[366]–[368]. McMillin and colleagues described such an approach in their seminal 

2010 publication in Nature Medicine [369]. They retrovirally transduced human 

multiple myeloma cells to express luciferase, and used this as a reporter to quantify 

myeloma cells in co-culture with bone marrow-derived mesenchymal stromal cells. 

As it is increasingly appreciated that non-cancerous cells in the tumour 
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microenvironment play a significant role in tumour establishment, growth and drug 

response [280], [281], [370], [371], this assay is likely to see great utility.  

The underlying assumption when using bioluminescence to estimate the 

number of cells in a co-culture, or in an animal, is that there is a linear relationship 

between the bioluminescence signal and the number of viable cells expressing the 

reporter protein (typically luciferase). This requires that expression and production of 

the luciferase enzyme is stable in cell populations over time, and across different 

culture conditions. This is analogous to the properties desired by a housekeeping 

gene in qPCR [372]. It is common practice for research groups to calibrate their 

bioluminescence assays using a titration of luciferase-expressing cells in a 

monoculture. The derived data is next used to estimate the number of luciferase cells 

in a co-culture based on relative bioluminescence [373].  

The luciferase reporter construct, which is inserted into the genome of the 

labelled cell population, is usually composed of at least two regions. The first region 

is a promoter designed to constitutively drive the expression of the reporter(s). The 

second region is the reporter, usually the gene sequence for bioluminescent 

luciferase, a fluorescent protein (for example red fluorescent protein, RFP; or green 

fluorescent protein, GFP), or both. The gene expression of the reporter is dependent 

on that of the promoter, and ideally the promoter activity should be uniform across 

all culture conditions [374].  

In our own work, we observed instances where the luciferase bioluminescence 

signal generated by C42B cells, an LNCaP-derived cell line isolated from metastatic 

prostate cancer cells from the lumbar spine of castrated mice [224], [375], was 

significantly greater when these cells were co-cultured with bone marrow-derived 

mesenchymal stromal cells (BMSC), than when in mono-culture. These observations 

suggested that a luciferase reporter may not be a viable method to estimate relative 

cancer cell number under these culture conditions. Here, we wanted to better assess 

the utility and reliability of using the bioluminescence signal from luciferase 

transduced cells to estimate C42B cell numbers in BMSC co-culture. We compared 

bioluminescence signal, luciferase gene expression, and DNA content in C42B 

populations where the luciferase reporter appeared to be stable and in populations 

where the luciferase reporter appeared to be unstable. Next, we performed whole-

genome sequencing to determine the genetic difference between these two cell 
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populations. Finally, we characterised the stability of six additional luciferase 

reporter cell populations, driven by distinct gene promoters, in mono-cultures and 

BMSC co-cultures. 

 

4.3 MATERIALS AND METHODS 

Bone marrow-derived mesenchymal stromal cell isolation and characterization 

Human bone marrow aspirates were collected at the Mater Hospital (Brisbane, 

Australia) from fully informed and consenting healthy volunteer donors. Ethical 

approval was granted through the Mater Health Services Human Research Ethics 

Committee and the Queensland University of Technology Ethics Committee (number 

1000000938); in accordance with the Australian National Health and Medical 

Research Council’s Statement on Ethical Conduct in Research Involving Humans,   

Monocyte isolation was achieved by density gradient centrifugation, using 

Ficoll-Paque Plus (GE Healthcare), as previously described [319]. Cells were 

maintained in DMEM-LG supplemented with 10% fetal bovine serum (FBS), 100 

U/ml penicillin, and 100 μg/mL streptomycin (1% PS; Thermo Fisher) in a 

humidified incubator containing 5% CO2 with 2% O2 atmosphere at 37oC. The 

isolated cells were characterized by flow cytometry for their expression of a bone 

marrow-derived mesenchymal stromal cells (BMSC) specific surface antigen panel 

(Supplementary Table 4.1). Mesodermal trilineage differentiation capacity was 

confirmed using the corresponding induction media for osteogenic, adipogenic, and 

chondrogenic differentiation; using methods described previously [289], [290] 

(Supplementary Figure 4.1).  

Cancer cell line culture 

Prostate cancer cell lines (C42B and PC3) were obtained from the American 

Type Culture Collection (American Type Culture Collection, ATCC). Breast cancer 

cell lines (MDA-MB-231 and MCF-7) were kindly provided by Dr Eloise Dray and 

Prof Lisa Chopin (Queensland University of Technology). Cell lines were 

authenticated at the Genomic Research Centre (GRC; Brisbane, Australia) using 

Short Tandem Repeat (STR) analysis. Briefly, STR profiles were compared to the 

ATCC STR Database to verify cell line identity. All cultures were performed in low 
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glucose Dulbecco’s modified Eagle’s medium (DMEM-LG; Thermo Fisher) 

supplemented with 10% FBS and 1% PS in a humidified incubator containing 5% 

CO2 with a 20% O2 atmosphere at 37oC.  

Production of luciferase-tagged prostate cancer cell lines 

All transduced cell lines are listed in Table 4.1, along with the terms used 

throughout this study to describe them. Luciferase expressing C42B cells were 

generated using the 3rd generation ViraPower lentiviral gene expression system 

(Thermo Fisher), as described previously [376]. In each cell line the CMV promoter 

drove luciferase expression. These two cell lines were a generous donation from Dr 

Patrick Ling (Queensland University of Technology), and are referred to as C42B-

CMV1 in Table 4.1. 

We generated a number of additional luciferase-expressing prostate cancer and 

breast cancer cell lines. MCF-7 breast cancer cells were transduced with commercial, 

pre-made 3rd generation lentiviral expression particles (AMSBIO, LVP020) as per 

the manufacturers’ instructions. In these cells, luciferase and GFP were driven by the 

elongation factor 1 alpha (EF1a) promoter. Cultures were enriched for transduced 

cells by FACSorting (MoFlo Astrios; Beckman Coulter) for GFP+ cells. Cultures 

were validated to be stably GFP+ at subsequent culture time points via flow 

cytometer analysis.  

Using Lentiviral particles manufactured in-house, we transduced C42B, MDA-

MB-231, and PC3 with a plasmid expressing luciferase and a fluorescent reporter. 

These lentiviral particles contained constructs designed to express luciferase and red 

fluorescent protein (Luc-RFP) or luciferase and green fluorescent protein (Luc-GFP). 

Constructs were purchased from Bioluminescence Imaging Vectors (BLIV, System 

Biosciences). The promoter and colour combinations were cytomegalovirus (CMV), 

(CMV-Luc-RFP), murine stem cell virus (MSCV) (MSCV-Luc-GFP), or EF1a 

(EF1a-Luc-GFP). Please see Supplementary Figure 4.2 for construct details. Viral 

particles were manufactured, and cells transduced, as described below.   

Plasmids were produced using Stbl3 Chemically Competent E.coli (Thermo 

Fisher) as per the manufacturers’ instructions. Plasmids were purified using the 

NucleoBond Xtra EF plasmid purification kit (Midi EF, Macherey-Nagel). They 

were packaged in Lipofectamine 2000 (Thermo Fisher), and transfected into 293FT 
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cells (Thermo Fisher) to produce viral particles. Cancer cells were next exposed to 

the viral particles in the presence of 8 µg/mL polybrene to facilitate transduction. 

Transduced cells were FACs sorted to enrich for GFP+ or RFP+ cells, yielding cell 

lines stably expressing Luc-RFP or Luc-GFP with one of three regulatory promoters 

(MSCV, CMV, or EF1a).  

 

Table 4.1. List of cancer cell lines used with respective transduced promoters 

Parent cell line Promoter-reporter Referred to as  Construct source 

C42B CMV-Luc C42B-CMV1 Plasmid (Dr. Patrick Ling [376]) 

C42B CMV-Luc-RFP C42B-CMV2 Plasmid (Supplementary Figure 4.2b) 

C42B MSCV-Luc-GFP C42B-MSCV Plasmid (Supplementary Figure 4.2a) 

C42B EF1a-luc-GFP C42B-EF1a Plasmid (Supplementary Figure 4.2c) 

PC3 CMV-Luc-RFP PC3-CMV2 Plasmid (Supplementary Figure 4.2b) 

MCF-7 EF1a-Luc-GFP MCF-7-EF1a Viral particles (AMSBIO, LVP020) 

MDA-MB-231 CMV-Luc-RFP MDA-CMV2 Plasmid (Supplementary Figure 4.2b) 

MDA-MB-231 MSCV-Luc-GFP MDA-MSCV Plasmid (Supplementary Figure 4.2a) 

 

DNA quantitation 

The Quant-iT PicoGreen dsDNA assay (Thermo Fisher) was performed as per 

the manufacturer’s instructions to determine the quantity of the double stranded 

DNA in each culture condition.  

Cell viability measurement 

The AlamarBlue assay (Thermo Fisher) was used to measure the metabolic 

activity of cells. AlamarBlue reagent was added to the culture media at a final 

concentration of 3%. The plates were incubated for 1 hour at 37 oC, to permit 

reduction of the AlamarBlue reagent, and fluorescence read at 544 nm excitation and 

590 nm emission (BMG Omega plate reader (BMG LABTECH).  

Bioluminescence assay 

For luciferase assays, D-luciferin (Promega) was added to the culture medium 

at a final concentration of 15 g/mL, incubated at 37C for 15 minutes, and 

bioluminescence measured using a PHERAstar FS plate reader (BMG LABTECH). 
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Data is presented as relative bioluminescence (RLU) compared to the control, unless 

stated otherwise. 

Co-culture system 

For direct co-cultures, BMSC (10×103) were seeded in 96-well plates for 24 

hours to permit adherence to the tissue culture plate. The following day, a titration of 

cancer cells was seeded either on the top of adherent BMSC (co-cultures) or into 

empty wells (control mono-cultures). For Transwell assays, BMSC (10×103) were 

seeded into the top Transwell insert (Millicell culture inserts, Merck Millipore) and 

90×103 cancer cells seeded in the bottom wells of 24-well plates. For C42B-MSCV 

cells, co-cultures were established using a reduced cell number (20×103 luciferase-

tagged cells), because of their higher proliferation rate. Transwell insert pore sizes of 

0.4 µm were employed to prevent passing of BMSC through the Transwell 

membrane, and to enable independent quantification of the cells on the top and 

bottom of the cultures at the endpoint. Co-cultures were incubated for 0, 5, 24 hours, 

bioluminescence measured, and cells harvested. At every time point, a parallel 

mono-culture was maintained as a control.  

Quantitative real-time RT-PCR (qRT-PCR) 

To assess the stability of luciferase gene expression in mono-cultures and co-

cultures, RNA was extracted from cancer cells of mono-cultures and indirect co-

cultures using the RNeasy Mini Kit (Qiagen). Luciferase gene primer pairs were 

designed using Primer3Plus [377] and were checked for specificity by querying the 

firefly (Photinus pyralis) luciferase gene (GenBank: M15077.1) and Homo sapiens 

genome using NCBI Primer-BLAST [378]. To optimize the housekeeping genes and 

luciferase gene primers for qRT-PCR, four primer concentrations were used with 

three different cDNA template amounts. The optimum primer concentrations were 

chosen according to the highest amplification efficiency. 

All RNA samples were treated with DNase I (1 U/µl, final concentration) in 

solution, at 37 C for 30 minutes followed by 10 minutes incubation at 65 C to 

deactivate the enzyme. Next, cDNA was generated from 500 ng total RNA using the 

SuperScript III First-strand synthesis kit (Thermo Fisher). We measured relative gene 

expression using Power SYBR green PCR master mix (Applied Biosystems) on 

Viia7 Real Time PCR system (Applied Biosystems). Each sample was tested using 5 
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µL reactions in a 384-well plate with three technical replicates and a negative 

control, which did not contain SuperScript III Reverse Transcriptase. Each condition 

had four biological replicates. Amplification was performed with an initial cycle of 

50 C for 2 minutes and 60 C for 1 minute, 40 quantification cycles (with one cycle 

consisting of 95  C for 15 seconds and 60 C for 1 minute), followed by the thermal 

dissociation protocol for SYBR Green detection. Relative luciferase gene expression 

was normalized to the housekeeping gene ribosomal protein lateral stalk subunit P0 

(RPLP0). Two housekeeping genes, glyceraldehyde-3-phosphate dehydrogenase 

(GAPDH) and RPLP0, were tested. RPLP0 was used in subsequent experimental 

analysis because it demonstrated the greatest expression stability across all culture 

conditions in transduced cell lines (see Supplementary Figure 4.3). The primers used 

are listed in Table 4.2 along with the annealing temperature and the primers’ final 

concentrations in each reaction. 

 

Table 4.2. Primers and annealing temperatures used for qRT-PCR 

Gene Sequence (5’- 3’) 

Annealing 

temperature 

(C) 

Final 

primers 

conc. 

(nM) 

Amplicon 

size (bp) 

GAPDH F   GGGAGGTAGAGGGGTGATGT 

R   TTCAGCTCAGGGATGACCTT 60 200 204 

RPLP0 F  TGTGGGCTCCAAGCAGATGCA  

R  GCAGCAGTTTCTCCAGAGCTGGG 60 200 137 

Firefly 

luciferase 

F  GTGTTGGGCGCGTTATTTAT 

R  TACGGTAGGCTGCGAAATGT 
60.7 200 102 

 

Whole-genome sequencing 

Genomic DNA sequencing was performed at the Garvan Institute’s Kinghorn 

Centre for Clinical Genomics (KCCG; Sydney, Australia). DNA was extracted from 

C42B-CMV1 and C42B-CMV2 cell populations using TRIzol reagent (Thermo 

Fisher). Whole-genome sequencing was performed on the HiSeqX Ten sequencing 

platform (TruSeq Nano) using HiSeq X Reagent Kit v2.5. Transgene insertion 

mapping was performed using STAR [379], and chimeric reads with at least 20 base 
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pair overhang between luciferase (GenBank: M15077.1) and human reference 

genome (hg38) retained. Discordant read-pair mappings from BWA-MEM [380] 

were used to independently verify the location of the transgene insertions. Insert 

locations were visualized using Circos [381].  Full sequence data is freely available 

upon request; please contact the authors. 

Statistical analysis 

Results are displayed as the mean values of three independent experiments, 

each with four technical replicates, unless mentioned otherwise. Error bars represent 

standard deviation. Statistical significance of data was evaluated using non-

parametric one-way or two-way analysis of variance (ANOVA) in Prism v6.0 

(GraphPad Software). P-values obtained in each comparison are represented by 

asterisks in graphs as detailed in the caption. 

4.4 RESULTS 

C42B-CMV1 characterisation in mono- and co-culture 

BMSC were used in co-cultures. These cells were shown to manifest the 

expected BMSC characteristics, including marker profiles and tri-lineage 

differentiation capacity (See Supplementary Table 4.1 and Supplementary Figure 

4.1). We characterised the bioluminescence signal and AlamarBlue conversion of 

cultures established from different numbers of C42B-CMV1 cells (Figure 4.1a). Both 

bioluminescence signal and AlamarBlue signal were linearly proportional to the 

number of C42B-CMV1 cells. When C42B-CMV1 cells were co-cultured with 

varying numbers of BMSC for 5 or 24 hours, the bioluminescence signal increased 

substantially in cultures where BMSC were present, relative to controls that 

contained no BMSC (Figure 4.1b). The bioluminescence signal did not appear to 

increase when greater than 10×103 BMSC were included in the co-cultures. When 

titrations of C42B-CMV1 cell numbers were made with fixed numbers of BMSC in 

co-culture, a bioluminescence signal proportional to C42B-CMV1 cell number was 

evident (Figure 4.1c). However, the linear relationship between bioluminescence 

signal and C42B-CMV1 cell number was different for mono- and co-cultures at 5 

and 24 hours. The slope of the curves was always greater for co-cultures, relative to 

time-matched (5 or 24 hours) mono-culture controls. At 5 hours, the bioluminescence 

signal from C42B-CMV1 cells was significantly greater when these cells were 
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maintained either in direct co-culture (seeded on top of BMSC) or indirect co-culture 

(with BMSC in a Transwell assay), relative to mono-culture controls (Figure 4.1d). 

Direct and indirect co-culture resulted in ~7-fold or ~4-fold increase in 

bioluminescence signal after 5 hour of culture, respectively. As C42B cells double 

once every ~48 hours [382], the magnitude of bioluminescence signal increase after 

5 hours could not be accounted for by cell proliferation. 
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Figure 4.1. C42B-CMV1 behaviour in mono-cultures and co-cultures with bone 

marrow-derived mesenchymal stromal cells (BMSC). (a) Comparison of 

luciferase and AlamarBlue assay readouts in C42B-CMV1 mono-cultures. (b) Ten 

thousand C42B-CMV1 cells were directly cultured with increasing cell number of 

bone marrow-derived mesenchymal stromal cells (BMSC). Bioluminescence was 

measured at the indicated 3 time points. Data was normalized to the values of the 

lowest BMSC cell density at the corresponding time point (n=4). (c) Increasing 

numbers of C42B-CMV1 cells were directly cultured with 10×103 BMSC in 96-well 

plates. The graph represents the mean bioluminescence values of 2 independent 

experiments each with 3 technical replicates. (d) The relative bioluminescence values 

elevated after 24 hours of direct and indirect co-cultures of C42B-CMV1 and BMSC 

compared to mono-cultures. Three independent experiments each had four technical 

replicate cultures (n=4) were performed (A-D). Statistical significance was 

performed using nonparametric one-way ANOVA (*** P< 0.001). 
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C42B-CMV1 versus C42B-CMV2 culture characterisation 

We compared the bioluminescence signal, DNA content, and luciferase gene 

expression in C42B-CMV1 versus C42B-CMV2 mono-cultures and co-cultures with 

BMSC in Transwell assay (Figure 4.2). At 5 and 24 hours there was a significant 

increase in the bioluminescence signal from C42B-CMV1 cell co-cultured with 

BMSC (Figure 4.2a). This was consistent with the data presented in Figure 4.1. This 

increase correlated with a significant upregulation in luciferase gene expression 

(Figure 4.2c). However, there was no corresponding increase in C42B-CMV1 cell 

culture DNA content in co-cultures, relative to mono-cultures. This suggested that 

the increase in luciferase expression and bioluminescence signal was not related to 

an increase in C42B-CMV1 cell number in co-cultures. Rather, luciferase expression 

and bioluminescence signal in C42B-CMV1 appeared to change independently of 

cell number in mono and co-cultures.  

A small, but consistent increase in bioluminescence signal from C42B-CMV2 

cells was detected after 24 hours of co-culture, relative to mono-culture controls. 

There was no measureable difference in luciferase gene expression or DNA content 

in C42B-CMV2 mono-cultures and BMSC co-cultures. C42B-CMV1 and C42B-

CMV2 cell culture DNA content did increase over the 24 hours culture period, but 

the presence of BMSC did not measurably alter the rate of DNA content increase. 

Luciferase expression and bioluminescence signal was stable across mono- and co-

culture conditions for C42B-CMV2 cells at 5 hours.  By contrast, luciferase 

expression and bioluminescence signal was not stable across mono and co-culture 

conditions for C42B-CMV1 cells at 5 hours. We replicated these assays with 

different quantities of FBS or co-culture with parental C42B cells in place of BMSC 

(cells not modified to express luciferase) to determine if a change in any soluble 

signalling environment could cause this artefact shown in Figure 4.2. Neither 

changes in FBS concentration, nor co-culture with additional parental C42B cells, 

modified the bioluminescence signal (see Supplementary Figure 4.4). These data 

indicated that factors specifically secreted by BMSC, not contained in FBS or 

secreted by C42B cells, caused the increase in bioluminescence signal from the 

C42B-CMV1 cells.  
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Figure 4.2. Luciferase gene expression is dependent on culture condition. C42B-

CMV1 (left panel) and C42B-CMV2 cell lines (right panel) were either mono- or co-

cultured with BMSC in a Transwell assay for the indicated time points. The relative 

bioluminescence (a), DNA content (b) and relative luciferase gene expression (c) 

were assessed. Three independent experiments each had four technical replicate 

cultures (n=4) were performed. Statistical significance was determined using two-

way ANOVA (* P< 0.05, ** P<0.001, *** P<0.00001). 
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C42B-CMV1 versus C42B-CMV2 genome characterisation 

To gain insight into why the C42B-CMV1 and C42B-CMV2 cells behaved so 

differently, we conducted whole-genome sequencing of both populations (at 30× 

coverage). We firstly observed that firefly luciferase sequence was much more 

abundant in C42B-CMV2 genomes compared to C42B-CMV1 (Supplementary 

Figure 4.5). Using chimeric read mapping between the human genome and firefly 

luciferase, we mapped sites with evidence of CMV-luciferase insertion (Figure 4.3). 

This analysis mapped four CMV-luciferase insertion sites in the C42B-CMV1 cell 

population, while the C42B-CMV2 cell population had 84 insertion sites.  

 

 

Figure 4.3. Luciferase gene insertion map. Whole-genome sequencing data 

analysis of (a) C42B-CMV1 and (b) C42B-CMV2 revealed the number of insertion 

sites is 4 and 84 insertions, respectively. 

 

Stability of luciferase reporters in other breast and prostate cancer cell lines 

To gain a general understanding of the stability of the luciferase reporter in 

BMSC co-cultures with prostate and breast cancer cell lines, we generated six 

additional reporter cell populations. We compared their bioluminescence signal in 

C42B-CMV1 C42B-CMV2 a b 
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mono-cultures and co-cultures with BMSC. We found that all six cell lines tested had 

stable luciferase reporter systems at both 5 and 24 hours (Figure 4.4). The cell lines 

and the different promoters used to drive luciferase expression are included in the 

cell population name, and described in the Figure caption. Prostate cancer reporter 

cell lines were generated from parental PC3 and C42B cells. Breast cancer reporter 

cell lines were generated from parental MDA-MB-231 and MCF-7 cells. Luciferase 

gene expression was driven by CMV2, MSCV, or EF1a promoters. 
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Figure 4.4. Luciferase reporter expression can be stable in prostate and breast 

cancer cells populations. (a) Prostate cancer cell lines (PC3 and C42B) and (b) 

breast cancer cell lines (MDA-MB-231 and MCF-7) cells were transduced by 

lentiviral particles to express luciferase driven by CMV2, MSCV or EF1a promoters. 

The bioluminescence was measured at the indicated time points of mono-cultures 

and co-cultures with bone marrow-derived mesenchymal stromal cells (BMSC) and 

normalized to the corresponding values at time point zero. Three independent 

experiments each had four technical replicate cultures (n=4) were performed. 

 

4.5 DISCUSSION 

Luciferase reporter systems are increasingly used to estimate luciferase-

expressing cancer cell number in co-cultures [369], [371], [383] and in animal 
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models [384], [385]. This approach assumes that luciferase expression is stable in 

different culture conditions, and within the animal model. Most studies do not 

validate reporter stability in co-culture [369], [371], [383]. Our data (Figure 4.4) 

suggest that in most cases, reporter cell lines produce a bioluminescence signal that 

is proportional to the reporter cell number in mono-culture and co-culture with 

BMSC. However, in some cases (Figure 4.1 and 4.2) the bioluminescence signal 

generated by luciferase reporter cells can be significantly different. We made this 

observation with a population of C42B cells transduced to express luciferase driven 

by the CMV promoter (we described this population as C42B-CMV1).  

Here, we report on the stability of luciferase reporters in a number of prostate 

and breast cancer cell lines maintained in mono-culture or co-culture with BMSC. In 

mono-culture, both cell lines (C42B-CMV1 and C42B-CMV2) generated strong 

bioluminescence signals that were proportional to the number of cells in culture. The 

bioluminescence signal from the C42B-CMV1 cell population increased 4 to 7-fold 

within 5 hours with indirect and direct co-culture with BMSC, respectively. This 

increase in bioluminescence signal was not associated with an increase in cell 

number, indicating that the C42B-CMV1 reporter population should not be used to 

estimate relative cell numbers in different culture conditions. This feature would not 

be detected unless standard curves were generated simultaneously in mono- and co-

culture, likely explaining why investigations in the literature have not reported this 

anomaly.  

When the genomes of C42B-CMV1 and C42B-CMV2 were sequenced and 

compared, we found that there were 4 versus 84 CMV-luciferase genome insertion 

sites, respectively (Figure 4.3). The low number of CMV-luciferase genome insertion 

sites in the C42B-CMV1 cell population appears to make these cells more sensitive 

to the modified BMSC co-culture environment. Our data could be interpreted as 

indicating that a higher number of luciferase insertion sites are required to yield a 

reporter cell population that can be used across a range of culture conditions. Indeed, 

it has been shown that the CMV promoter can be repressed or hyper-activated in 

various ways [386]–[388]. Thus, it is rational to assume that, if the reporter construct 

is only located at a few sites within the genome, the reporter may be hypersensitive 

to small changes in the culture microenvironment. Sequencing of reporter cell lines, 

and mapping of insertion sites is currently expensive (our cost was ~$2,000 AUS per 
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genome) and laborious. Because knowing the number of insertion sites will not 

definitively predict if a reporter is stable across multiple culture conditions, we 

recommend generating control cultures in each condition, and directly evaluating 

reporter stability. Indeed, we demonstrate that luciferase-expressing cell populations 

driven by a suitable promoter can function as excellent reporter systems in mono and 

co-cultures. In Figure 4.4 we show examples of three different breast and prostate 

cancer cell lines that express luciferase driven by different promoters. 

Bioluminescence signal was uniform between mono-cultures and BMSC co-cultures.  

In summary, we show that a number of promoter-luciferase and cell 

combinations can be used to generate a reliable reporter cell line for use in mono- 

and co-cultures.  We also show that, in some instances, reporter cell lines can be 

unreliable. Reliability is likely proportional to the number of reporter insertion sites. 

However, as it is expensive to sequence each reporter cell line and count the number 

of insertion sites, direct sequencing of reporter cell genomes is likely not a preferred 

way to predict reporter stability. Furthermore, greater-than-a-threshold-number of 

reporter insertion sites might not reliably equate to reporter stability. Instead, we 

recommend comparing reporter stability across a range of culture conditions before 

proceeding with the intended study. Luciferase reporter cells are powerful tools, but 

stability across culture conditions should never be assumed. 
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4.6 SUPPLEMENTARY DATA 

 

Supplementary Figure 4.1. Characterization of bone marrow-derived 

mesenchymal stromal cells (BMSC) trilineage differentiation. After isolation of 

BMSC, cells were seeded in monolayers for osteogenesis and adipogenesis 

induction; and in 3-dimensional cell aggregates for chondrogenesis induction. After 

14 days, cells were fixed and stained with OsteoImage, Oil Red O staining or Alcian 

blue staining for osteo-, adipo-, and chondro-genesis, respectively. Positive staining 

indicated mesodermal differentiation potential.  Scale bars = 100 µm. 

 

Supplementary Table 4.1. List of bone marrow-derived mesenchymal stromal cell 

(BMSC) expression profile for cellular markers. 

Marker Reactivity* 

CD45, CD34, CD271, HLA-DR -ve 

CD90, CD73, CD105, CD44, CD146 +ve 

* (+ve) means > 95% and (-ve) means < 5% of the cell population. 
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Supplementary Figure 4.2. Restriction maps of plasmids used in lentiviral particles 

production to transduce cells with luciferase gene with (a) MSCV, (b) CMV and (c) 

EF1a promoter regions. All plasmids were designed by System Biosciences 

(Bioluminescence Imaging Vectors, BLIV). 

 

a 

b 
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Supplementary Figure 4.3. Housekeeping genes expression in C42B-CMV1 cells. 

C42B-CMV1 cells were either mono- or co-cultured with BMSC in a Transwell 

assay for the indicated time points. The Housekeeping genes expression (CT values) 

were assessed. Three independent experiments each had four technical replicate 

cultures (n=4) were performed. Statistical significance was calculated using two-way 

ANOVA. * and n.s indicates P<0.001 and non-significant, respectively. No statistical 

difference was detected between RPLP0 expression in C42B-CMV1 cells in different 

culture conditions over zero, 5 and 24 hours. 
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Supplementary Figure 4.4. The luciferase assay in mono- or co-culture with 

C42B-CMV1 cells or BMSC, or with different titrations of FBS. Increasing 

numbers of C42B-CMV1 cells were cultured in maintenance culture media (10% 

FBS Mono-culture), maintenance culture media supplemented with 20% FBS (20% 

FBS Mono-culture), directly cultured with 10×103 parental un-tagged C42B cells 

(C42B co-culture) or directly cultured with 10×103 BMSC (BMSC Co-culture) in 96-

well plates. The bioluminescence was measured after 5 and 24 hours of culture 

establishment. Only co-culture with BMSC (open and closed purple triangles) 

resulted in an increase in bioluminescence signal. The graphed data represents the 

mean bioluminescence values of 6 replicate cultures at each time point and condition. 

Statistical significance was calculated using two-way ANOVA (*** P< 0.001). 
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Supplementary Figure 4.5. Relative depth coverage of firefly luciferase gene in 

C42B-CMV1 and C42B-CMV2 genome. Numbers of reads mapping to each 

chromosome and firefly luciferase was normalized by target length and plotted for 

both samples. 
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Chapter 5 preface: 

As identified in Chapter 4, bioluminescence of C42B cells transduced with 

luciferase reporter system driven by MSCV promoter (C42B-MSCV-GFP-Luc) was 

proportional to cell number and luciferase gene expression was stable in mono- and 

co-cultures with BMSC. In Chapter 5, PCa cell behaviour in direct or indirect co-

culture systems with bone marrow stromal cells were characterized. C42B-MSCV-

GFP-Luc cells responses to Docetaxel and Abiraterone Acetate were quantified using 

the cell-specific bioluminescence assay verified in Chapter 4. 
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5.1 ABSTRACT 

Background: There is increasing appreciation that non-cancer cells within the 

tumour microenvironment influence cancer progression and anti-cancer drug 

efficacy. For metastatic prostate cancer (PCa), the bone marrow microenvironment 

influences metastasis, drug response, and possibly drug resistance. Methods: Using a 

novel microwell platform, the Microwell-mesh, we manufactured hundreds of 3D co-

culture microtissues formed from PCa cells and bone marrow stromal cells. We used 

luciferase-expressing C42B PCa cells to enable quantification of the number of PCa 

cells in complex microtissue co-cultures. This strategy enabled us to quantify 

specific PCa cell growth and death in response to drug treatment, in different co-

culture conditions. In parallel, we used Transwell migration assays to characterize 

PCa cell migration towards different 2D and 3D stromal cell populations. Results: 

Our results reveal that PCa cell migration varied depending on the relative 

aggressiveness of the PCa cell lines, the stromal cell composition, and stromal cell 

2D or 3D geometry. We found that C42B cell sensitivity to Docetaxel varied 

depending on culture geometry, and the presence or absence of different stromal cell 

populations. By contrast, the C42B cell response to Abiraterone Acetate was 

dependent on geometry, but not on the presence or absence of stromal cells. 

Conclusion: In summary, stromal cell composition and geometry influences PCa cell 

migration, growth and drug response. The Microwell-mesh and microtissues are 

powerful tools to study these complex 3D interactions.   

5.2 INTRODUCTION 

Despite significant improvements in the survival of prostate cancer (PCa) 

patients with localized disease, survival drops significantly if the cancer has 

metastasised to a distal site [115]. Approximately 90% of metastatic prostate cancer 

patients suffer from bone metastases [95], [101], making modeling of PCa cell 

behavior within the bone tissue microenvironment especially relevant.  

Within the bone, there is evidence that the first site of metastasise is the 

haematopoietic stem cell (HSC) niche [115].  Key HSC niche microenvironmental 

cell populations include bone marrow mesenchymal stromal cells (BMSC), 

osteoblasts and adipocytes [389]–[391].  These cell populations are all thought to 
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influence PCa metastasis and disease progression [392]–[394].  Dissecting the 

influence played by each stromal cell population in vivo is challenging, and this is an 

area where in vitro model experimentation may offer an advantage over more 

complex animal models.  An on-going challenge is the establishment of an in vitro 

model that mimics the in vivo microenvironment sufficiently to yield clinically 

relevant results or insights.  The most common tissue culture models are 2D cell 

monolayers grown on tissue culture polystyrene.  Monolayer cultures do not 

facilitate tissue-like cell-cell interactions [395], and cancer cells cultured in 2D 

monolayers tend to be hypersensitive to anti-cancer drugs [258].  This has motivated 

a surge in the development of 3D cancer models that are meant to better recapitulate 

3D cellular organization and complex tissue microenvironments [279], [396]. 

Despite the potential advantages of 3D culture models, their use in PCa drug-

screening remains limited.  Traditional 2D tissue culture plates are inexpensive, the 

majority of imaging systems/protocols are designed to be compatible with 2D culture 

plates, and a range of automated fluidics systems are compatible with 2D culture 

systems.  These features have not yet been efficiently integrated into 3D culture 

systems.  For example, hydrogel matrix-based 3D cultures can be costly, they 

commonly suffer from significant 3D tissue size heterogeneity, and harvest from the 

gel is necessary for many forms of analysis [365]. Our team previously introduced 

the Microwell-mesh as a high throughput platform suitable for 3D tissue culture 

[290], [397].  This platform uses a microwell platform to facilitate the manufacture 

of hundreds of uniform multicellular 3D microtissues. It differs from previous 

microwell platforms in that it has a nylon mesh fixed over the microwells, and this 

enables retention of individual microtissues within discrete microwells even during 

repeat full medium exchanges. This design makes the Microwell-mesh platform ideal 

for use in the simultaneous manufacture, characterization and study of the drug 

response of hundreds of microtissues in high throughput manner.  

An additional complexity associated with designing co-culture drug assays is 

that it is challenging, and potentially expensive, to specifically quantify the number 

of cancer cells without the co-culture population confounding this measurement.  For 

example, simple Alamar blue metabolic readouts would include both metabolic 

contributions from the cancer and the stromal co-culture cell population(s), making 

specific cancer cell response challenging to delineate.  To overcome this barrier, we 
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mimicked McMillin and colleagues who used a luciferase reporter system to enable 

the indirect estimation of cancer cell numbers in complex co-cultures via 

bioluminescence [369].  In our studies, the PCa cells were transduced to express a 

luciferase reporter, allowing us to indirectly quantify PCa cell number in complex 

co-cultures with stromal cell populations that did not express luciferase.    

Herein, PCa cell migration and proliferation in response to bone marrow 

stromal cell populations cultured in 2D and 3D was contrasted. We used the 

Microwell-mesh system to form microtissues containing both PCa and bone marrow 

stromal cells, and used the luciferase reporter system to enable indirect quantification 

of PCa growth as well as death in response to anti-cancer drugs in complex co-

cultures.  The response to PCa cells to Docetaxel and Abiraterone Acetate in 2D or 

3D, and in the presence or absence of stromal cells was characterized. 

5.3 MATERIALS AND METHODS 

PCa Cell lines culture 

All PCa cell lines were obtained from the American Type Tissue Collection 

(ATCC) and included PC3, C42B and LNCaP cells.  Cell lines were authenticated at 

the Genomic Research Centre (GRC; Brisbane, Australia) using Short Tandem 

Repeat (STR) analysis. STR profiles of the cell lines were compared to the ATCC 

STR Database to verify cell line identity; and all cell lines showed ≥80% match to 

the corresponding reference STR profile. Cells were cultured in low glucose 

Dulbecco’s modified Eagle’s medium (DMEM-LG) supplemented with 10% fetal 

bovine serum (FBS; Thermo Fisher) and 1% penicillin/streptomycin (Thermo 

Fisher).  For some assays, FBS was replaced with 10% charcoal stripped fetal bovine 

serum (CSS; Thermo Fisher) to mimic androgen deprivation conditions. Cells were 

grown in a cell culture incubator at 37°C and 5% CO2 and 2% O2. All cells were 

passaged when monolayers reached ~80% confluency using 0.25% Trypsin/EDTA 

(Thermo Fisher). 

Human bone marrow mesenchymal stromal cell (BMSC) isolation and 

differentiation 

Human bone marrow aspirates were collected at the Mater Hospital from two 

fully informed and consenting healthy male volunteer donors. In accordance with the 

Australian National Health and Medical Research Council’s Statement on Ethical 
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Conduct in Research Involving Humans, ethical approval was granted through the 

Mater Health Services Human Research Ethics Committee and Queensland 

University of Technology Ethics Committee (number: 1000000938). Aspirates were 

collected from the iliac crest of volunteers.  Mononuclear cell isolation was achieved 

by density gradient centrifugation, using Ficoll-Paque Plus (GE Healthcare), as 

previously described [319]. Bone marrow samples were diluted 1:2 with PBS 

(Thermo Fisher) containing 2 mM EDTA. Then the diluted sample was carefully 

overlayed on the Ficoll-Paque plus layer and centrifuged for 30 minutes at 400xg. 

The mononuclear cells collected from the interface were then washed, resuspended 

in low glucose Dulbecco’s modified Eagle’s medium (DMEM-LG) supplemented 

with 10% fetal bovine serum (FBS, Thermo Fisher) and 1% penicillin/streptomycin 

(Thermo Fisher).  Cells were then cultured overnight in a humidified incubator 

containing 5% CO2 with 20% O2 atmosphere at 37C. Tissue culture plastic-adherent 

cells were enriched by removing the medium containing non-adherent cells, and 

fresh culture medium added to each flask. Subsequent BMSC expansion was 

performed in 2% O2 and 5% CO2 atmosphere at 37C. Cells were passaged when the 

monolayer reached 80% confluency using 0.25% Trypsin/EDTA (Thermo Fisher). 

All experiments were performed using BMSC between passage 2 and 5. 

The isolated cells were characterized for the expression of BMSC surface 

antigens; CD44, CD90, CD105, CD73, CD146, CD45, CD34 and HLADR; and 

mesodermal trilineage differentiation capacity and confirmed to be in accordance 

with the standard criteria of multipotent mesenchymal stromal cells reported 

previously by Dominici et al. [286]. 

Osteogenic and adipogenic differentiation were induced by culturing 60,000 

and 40,000 cells/cm2 in osteogenic and adipogenic induction medium for 14 days, 

respectively.  The medium consisted of high glucose DMEM media (DMEM-HG; 

Thermo Fisher) containing 100 μM sodium pyruvate, 1X Gluta-Max (Thermo 

Fisher), 10% FBS, 100 U/mL penicillin, and 100 μg/mL streptomycin (1% P/S; 

Thermo Fisher), in addition to the supplements to induce differentiation which are 

listed as following: for osteogenesis, 100 nM dexamethasone (Sigma-Aldrich), 50 

μM L-ascorbic acid 2-phosphate (Sigma-Aldrich) and 10 mM β-glycerol phosphate 

(Sigma-Aldrich); for adipogenesis, 10 μg/mL insulin (Sigma-Aldrich), 1 μM 

dexamethasone (Sigma-Aldrich), 200 μM indomethacin (Sigma-Aldrich) and 500 
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μM 3-isobutyl-1-methyl xanthine (Sigma-Aldrich). Culture medium was replaced 

with fresh media twice per week. 

 

Generation of GFP-luciferase-tagged Prostate cancer cell lines 

Firefly luciferase-expressing C42B cells were generated using fresh lentiviral 

expression particles manufactured inhouse. Luciferase-GFP (Luc-GFP) insertion 

constructs contained Bioluminescence Imaging Vectors (BLIV, System Biosciences) 

with MSCV (MSCV-Luc-GFP) promoters (Supplementary data, Supplementary 

Figure 5.1). Plasmid production was achieved by using Stbl3 Chemically competent 

E.coli (Thermo Fisher) as per the manufacturers’ instructions. This was followed by 

a purification step using the NucleoBond Xtra EF plasmid purification kit (Midi EF, 

Macherey-Nagel) to obtain endotoxin-free plasmid DNA. Plasmid packaging was 

then performed using TGEN packaging plasmid mix with the transfection reagent, 

Lipofectamine 2000 (Thermo Fisher). The lentiviral particles were produced by 

293FT cells (Thermo Fisher) following the manufacturers’ instructions. Viral 

particle-containing media was then placed onto cancer cells, with the addition of 8 

µg/mL polybrene to enhance transduction efficiency. Positive transduced cells were 

selected by double FACSorting using MoFlo Astrios (Beckman Coulter) for GFP+ 

cells. This yielded a stable population of C42B cells that expressed Luc-GFP driven 

by a MSCV promoter. We validated the stability of the luciferase gene expression in 

mono and Transwell co-culture conditions using quantitative real time RT-PCR 

[290] (Supplementary Figure 5.2). The primers sets used are detailed in the 

supplementary data file (Supplementary Table 5.1). 

3D culture system design and fabrication 

An in-house fabricated microwell platform was fabricated from 

polydimethylsiloxane (PDMS, Slygard). PDMS microwell arrays were fabricated as 

described previously [258], [290]. Briefly, liquid PDMS (1:10 curing agent to 

polymer ratio) was permitted to cure over a patterned polystyrene mold having the 

negative of the microwell pattern for 1 hour at 80C. A sheet of PDMS with the 

microwell array pattern cast into it (each microwell had dimensions of 800x800 μm 

square and a depth of 500 μm) was produced and peeled from the molds. PDMS 

discs of 1 cm2 were punched from the PDMS sheets then glued into culture plates 
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with silicone glue (Selleys, Australia). For drug-testing experiments, Microwell-

mesh inserts were made by fixing a nylon mesh (36 µm2 pore openings, part number: 

CMN-0035, Amazon) to the top of the microwells using silicone glue. Once the glue 

had cured, excess mesh was trimmed from the disc inserts using scissors.  Inserts 

were then anchored into individual wells in 24- or 48-well plates by placing a small 

amount of silicone glue at the bottom of the well, and the insert pressed into the well. 

Plates with microwell inserts were submerged in 70% ethanol for 1 hour for 

sterilisation, followed by rinsing of each culture well 4 times with Dulbecco’s 

phosphate buffered saline (DPBS). To prevent cell adhesion to the PDMS during 

culture, the PDMS microwell inserts were soaked in a sterile solution of 5% 

Pluronic-F127 (Sigma-Aldrich) in DPBS for 10 minutes [346], and then rinsed 3 

times with DPBS before cells were seeded.  

Assembly of microtissues 

In this study, we formed microtissues assembled from PCa, BMSC, osteoblasts 

or adipocytes alone or combination co-cultures of PCa and BMSC or BMSC 

differentiated into either osteoblasts or adipocytes. The Microwell-mesh platform 

was used to study PCa proliferation and drug response in direct co-cultures where 

multiple medium and drug exchanges were required. Figure 5.1 schematically 

illustrates how the Microwell-mesh differs from traditional open top microwell 

platforms, and how centrifugation can be used to evenly distribute the seeded cell 

suspension into the array of microwells. Each insert had approximately 150 

microwells/cm2, or ~150 microwells at the bottom of a 48-well plate.  Seeding a 

different number of cells in suspension over the microwells could control the number 

of cells per microtissue. For example, if single a cell suspension containing 90,000 

cells in 0.5 mL of medium was seeded, this yielded ~150 microtissues containing 

~600 cells each. Following cell seeding as a cell suspension, plates were centrifuged 

at 400 x g for 5 minutes to aggregate the cells uniformly at the bottom of each 

microwell. The aggregation of cells into microwells was visually confirmed using an 

Olympus CKX14 microscope, and images captured using an Olympus DP26 digital 

camera (Japan) and Microscopy software (CKX14, CellSens Entry). Plates were then 

transferred to a cell culture incubator maintained at 37C and 5% CO2. 
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Figure 5.1. Microwell platforms and establishment of 3D microtissue culture. (a) 

Schematic illustrations show PDMS discs with and without the mesh which can be 

inserted in 48-well tissue culture plates. (b) Schematic illustration of cell seeding 

using Microwell-mesh being microwells modified with a 36 µm mesh-top large 

enough to allow single cells to pass through, but small enough to retain microtissues 

within discrete microwells aggregated after 24 hours of seeding the cells. 

 

PCa cells migration (Transwell assay) 

We were also interested in determining if PCa cell migration towards stromal 

cells differed depending on the geometry of the stromal cells.  In 3D microtissue co-

cultures, PCa cells localized to the outside of the microtissue, and this did not 

provide insight into how different stromal cells might influence cell migration.  To 

overcome this obstacle, we developed a modified Transwell assay.  Here we either 

cultured the stromal cells as 2D monolayers, or as 3D microtissues in open top 

microwell inserts.  To quantify PCa cell migration, PCa cells were placed into 

Transwell inserts and positioned either on top of 2D stromal cell monolayers or on 

top of 3D stromal cell microtissues (see Figure 5.2).  BMSC were seeded in 24-well 

tissue culture plates, and cells cultured in osteogenic, adipogenic or maintenance 

medium for 14 days.  For 2D monolayers, 60,000, 10,000 and 20,000 cells/cm2 were 

seeded and cultured in the corresponding culture media. For 3D microtissues, 600 

cells/microtissue were seeded in the microwell inserts anchored in the 24-well tissue 

culture plate as described previously (see Cell seeding in 3D culture section). 

Transwell inserts seeded with 36,000 PC3, C42B or LNCaP cells (Transwell insert 

pore size of 8 µm, Millicell culture inserts, Merck Millipore) and permitted to 

b Mesh-top modified microwells 

+ 

Open-top traditional microwells Mesh-top modified microwells a 

Centrifugation 
Forced aggregation 

24 hours 

Single cell 
suspension 

1 mm on centre 

0.5 mm deep 
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incubate for 24 hours.  Inserts were then placed on top of either the 2D or 3D stromal 

cell populations, and incubated for 18 hours. At the end of the incubation period, 

Transwell inserts containing PCa cells were then washed and moved to a new tissue 

culture plate. Adherent cells attached to the top surface of the Transwell insert were 

removed using cotton buds, while cells that had migrated to the bottom surfaces of 

the Transwell inserts were fixed using ice cold methanol for 15 minutes. Fixed 

Transwell inserts were immersed in crystal violet stain (0.5 %, diluted in H2O) for 15 

minutes. Transwell inserts were washed in running tab water to remove excess stain.  

Stain contained within the cells was then extracted into 500 l of acetic acid (10%) 

over a 10-minute incubation period. The optical density (OD) of the extract was 

measured at 595 nm using a Multiskan Go microplate spectrophotometer 

(ThermoFisher Scientific). Optical density of extracts from cell-free Transwell 

inserts functioned as controls for empty wells. For each cell line, parallel Transwell 

inserts containing PCa cells not exposed to the stromal co-culture conditions 

functioned as baseline migration controls. 

Confocal imaging of 3D PCa-BMSC co-culture  

PCa-BMSC microtissues were established using the microwell-mesh culture 

system. Single cell suspensions of C42B and BMSC were stained with green 

molecular probe (CellTrace green CFSE, Thermo Fisher) and red molecular probe 

(CellTracker Red CMTPX, Thermo Fisher), respectively. A cell suspension 

combining the two cell types in a 1:1 ratio was generated, and seeded into 48-well 

tissue culture plates with microwell-mesh inserts to obtain microtissues each 

containing 600 cells (300 C42B cells + 300 BMSC). Following 24 hours incubation 

at 37C, 5% CO2, microtissues were collected and imaged using a Zeiss 510 Meta 

confocal microscope to characterize 3D cellular organization. 

Bioluminescence assay  

In vitro bioluminescence of Luciferase-tagged PCa cells was used as an 

indirect method to estimate viable cancer cells in mono- and co-cultures.  For the 

luciferase activity assay, D-luciferin (Promega) was added to the culture medium at a 

final concentration of 15 g/mL, then incubated at 37oC for 15 minutes and the 

bioluminescence acquired using a PHERAstar FS plate reader (BMG LABTECH).  

 



  

Chapter 5: Using high throughput microtissue culture to study the difference in prostate cancer cell behaviour and 

drug response in 2D and 3D co-cultures 123 

Cell proliferation and drug-testing in direct co-culture system 

PCa cell proliferation and responses to anti-cancer drugs were tested in both 

2D and 3D co-cultures. In 48-well tissue culture plates, co-cultures were established 

in 2D monolayers or as 3D microtissue cultures.  Two weeks prior to establishing co-

cultures, BMSC were assembled into 3D microtissues of 300 cells/microtissue or as 

2D monolayers of 60,000 and 100,000 cells/cm2 to permit differentiation to 

osteogenic and adipogenic lineages, respectively. At day zero, C42B that expressed 

luciferase and GFP (Luc-GFP) were added as single cell suspension on top of 

stromal cell (BMSC, osteoblasts or adipocytes) monolayers or stromal cell 

microtissues in the microwell-mesh.  C42B cells were seeded at either 10,000 

cells/cm2 on top of stromal cell monolayers, or 300 cells per microtissue on top of 

established stromal microtissues.   

For cell proliferation experiments, PCa cells were permitted to grow for 24 and 

48 hours in 2D and 3D co-cultures as mono- or co-cultures then the bioluminescence 

was measured as described above. Data is presented as relative bioluminescence 

(RLU) relative to luciferase-tagged PCa cells in mono-cultures.  

Docetaxel and Abiraterone Acetate were used in the drug-testing studies. 

Docetaxel (Sigma-Aldrich, 01885) and Abiraterone Acetate (Sigma-Aldrich, SML 

1527) were purchased as powders and dissolved in Dimethyl sulfoxide (DMSO; 

Sigma-Aldrich, 472301), then aliquoted and stored at -80oC.  On the day of 

treatment, an aliquot was thawed and diluted in culture medium to the desired 

concentrations.   

PCa cells were permitted to adhere or aggregate into spheriods for 24 hours in 

co-cultures. For Docetaxel treatments, all cultures were treated with the indicated 

concentrations one day after the initiation of the co-cultures. For Abiraterone Acetate 

treatments, all cultures were first depleted of androgens for 48 hours by replacing the 

FBS-supplemented culture medium with medium supplemented with charcoal 

stripped serum (CSS).  Cultures were then exposed to the described concentrations of 

Docetaxel or Abiraterone Acetate for 48 hours. 

At the end of the drug treatment period, epifluorescence and phase contrast 

images were captured using an Olympus DP26 digital camera (Japan) and 

Microscopy software (CKX14, CellSens Entry).  Bioluminescence signals from each 
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culture were measured as described above. Data is presented as a percentage of the 

relative bioluminescence units (RLU) compared to vehicle-treated cultures.  

Statistical analysis 

Results represent two independent experiments using two BMSC donors. Each 

of the replicate experiments included four biological replicate cultures (n=4), unless 

otherwise indicated. Error bars represent standard deviations. Statistical significance 

of data was evaluated using two-way analysis of variance (ANOVA), using Prism 

software, Version 6.0 (GraphPad). P-values for each comparison are represented by 

asterisks as indicated in figure captions. 

 

5.4 RESULTS 

Indirect Transwell co-culture of PCa cells with 2D and 3D bone marrow 

stromal cells 

Using the Transwell assay, the migration of PCa cells towards BMSC, 

osteoblasts and adipocytes cultured in 2D monolayers or 3D microtissues was 

assessed following 18 hours of co-culture (Figure 5.2a). LNCaP, C42B and PC3 cells 

were used to represent or model different stages of PCa disease aggressiveness. 

Of the 2D cultures, BMSC monolayers induced the greatest migration rates in 

all PCa cell lines tested. By contrast, the influence of osteoblasts and adipocytes on 

PCa migration was PCa cell line dependent. For the less aggressive cell lines, C42B 

and LNCaP, both osteoblasts and adipocytes had minimal influence on PCa cell 

migration rates. The highly aggressive bone metastatic PC3 cells demonstrated a 

significantly elevated migration rate towards osteoblasts and adipocytes cultured in 

2D monolayers (Figure 5.2b). 

Unlike 2D BMSC cultures, which upregulated the migration of all PCa cells 

tested, 3D BMSC microtissues only upregulated the migration of PC3 cells. Indirect 

co-culture with 3D adipocyte microtissues decreased PC3 cell migration, and had no 

measurable effect on C42B or LNCaP cell migration rates. Similarly, 3D osteoblasts 

microtissues did not increase the migration rate of any of the PCa cell lines tested 

(Figure 5.2b).    
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Figure 5.2. PCa migration potential in Transwell co-cultures with bone marrow 

stromal cells. (a) Schematic illustration of the Transwell assay. PCa cell suspensions 

were seeded in Transwell inserts with 8 µm pore size membrane. The co-cultures 

were performed over 18 hours to allow PCa cells migration towards 2D monolayers 

or 3D microtissues of stromal cells (BMSC, osteoblasts or adipocytes). Prior to co-

culture establishment, the osteoblasts and adipocytes were differentiated for 14 days 

using osteogenic or adipogenic induction media; and BMSC controls were assembled 

1 day prior to initiation of the Transwell co-culture. (b) PCa cells that had migrated 

to the bottom surface of the Transwell membrane were stained with 0.5% crystal 

violet, and this was extracted and quantified. Results are represented as the mean 

optical densities of crystal violet extracts normalized to the control mono-cultures. 

Similar results were obtained in three independent experiments with two different 

BMSC donors, each having four replicate cultures n=4. Statistical significance was 

performed using two-way ANOVA (* P<0.05, *** P<0.001 and n.s=non-

significant).    
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Spatial organization of C42B cell-stromal cell 3D co-cultures 

To characterize the spatial organization of 3D co-culture microtissues, we first 

labeled each cell type with different color fluorescent probes to enable the two cell 

types to be easily distinguished from each other.  C42B cells were labeled with a 

green probe, while BMSC were labeled with a red probe. Figure 5.3a shows 

microtissue co-cultures formed from BMSC and C42B.  Confocal images of 3D co-

culture microtissues demonstrated a consistent and structured organization of the two 

cell types across the diameter of the microtissues. BMSC consistently localized 

within the core of the microtissue, whereas C42B cells were localized in the outer 

surface of the microtissue after 24 hours of co-culture (Figure 5.3b). 

 

Figure 5.3. Co-culture microtissues of BMSC and C42B cells. Pre-stained BMSC 

(red molecular probe; CellTracker Red CMTPX, Thermo Fisher) and C42B cells 

(green molecular probe; CellTrace green CFSE, Thermo Fisher) were co-cultured in 

the 3D microwell platform (a) (scale bar = 200 µm) for 24 hours then collected and 

imaged using confocal Ziess microscopy (b). BMSC consistently localise to 

microtissue cores, while C42B cells consistently formed a shell around the BMSC 

cores. 

 

C42B cell proliferation in co-cultures with bone marrow stromal cells 

Conventional methods of cell proliferation quantification, such as metabolic 

activity or cell viability assays, do not enable quantification of the cell growth of a 

single cell population within a mixed cell population co-culture. To study C42B cell 

proliferation in co-cultures, we labeled the PCa cell population with a luciferase 

reporter system.  Relative bioluminescence signal from the PCa cell populations 

b a 
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functioned to provide an indirect estimate of the number of viable PCa cells in the 

different co-cultures.    

To study PCa cell proliferation, we used C42B cells stably expressing 

Luciferase-GFP (Luc-GFP). Luciferase-Tagged cells were cultured in 2D 

monolayers or 3D microtissue cultures for 24 or 48 hours, as either mono-cultures of 

PCa cells (control) or co-cultures of PCa cells with stromal cells (BMSC, osteoblasts 

or adipocytes). The bioluminescence assay was then performed to estimate the 

number of C42B cells in each culture condition at each time point. 

 In 2D cultures, the bioluminescence values indicated a significant increase in 

C42B cell number in all co-culture conditions after 24 hours, relative to mono-

culture controls. After 48 hours of culture, the effect of stromal cells on PCa cell 

proliferation was less pronounced. However, the overall bioluminescence after 48 

hours was significantly greater than after 24 hours for all cultures (Figure 5.4a), 

indicating continual cell proliferation in all culture conditions. 

In 3D cultures, co-culture with adipocytes enhanced C42B cell proliferation 

after 24 and 48 hours of culture, while co-culture with osteoblasts did not influence 

PCa cell proliferation rate. Despite the slight decrease in bioluminescence of C42B 

cells co-cultured with BMSC at 24 hours, the bioluminescence tended to increase 

(non-significant increase) after 48 hours of co-culture (Figure 5.4b). Similar to 2D 

cultures, an overall increase in the bioluminescence of C42B cells in 3D cultures was 

observed at 48 hours, relative to 24-hour cultures. 
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Figure 5.4. C42B cell proliferation in mono- and co-cultures with bone marrow 

stromal cells. C42B cells tagged with a luciferase reporter system were seeded in 

mono- or co-cultures with stromal cells (BMSC, osteoblasts or adipocytes) either in 

2D monolayer cultures (a) or in 3D microtissue cultures (b). Prior to co-culture 

establishment, the osteoblasts and adipocytes were differentiated for 14 days using 

osteogenic or adipogenic induction media; and the BMSC were seeded 1 day prior to 

co-culture. PCa cells were permitted to grow for 24 or 48 hours then the 

bioluminescence was measured after adding D-luciferin to the culture medium and 

incubating for 15 minutes. Results are represented as the mean bioluminescence 

values. Similar results were obtained in three independent experiments with two 

BMSC donors, each having four replicate cultures n=4. Statistical significance was 

performed using two-way ANOVA compared to the corresponding control mono-

culture value (* P<0.05, ** P<0.001 and *** P<0.0001).  

 

C42B cell drug response in co-cultures with bone marrow stromal cells 

Next, we evaluated the response of PCa cells in 2D monolayers and 3D 

microtissues to Docetaxel and Abiraterone Acetate; two drugs used to treat advanced 

PCa.  Luciferase-tagged C42B cells were used in these experiments, and the 

bioluminescence measurements provided an indirect estimate of the viable cell 

number in the cultures after 48-hours of drug treatments. Three replicate experiments 

were also performed using 2D and 3D co-culture of osteoblasts and Luciferase-

expressing C42B cells.  Over the total co-culture period, C42B cell viability fell 
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dramatically, even in control co-cultures with no drug.  These data suggest that long-

term stability of 2D and 3D co-culture is stromal cell type dependent.  In the 

subsequent analysis below, we focused on results derived from 2D and 3D cultures 

of C42B cells alone, or in co-cultured with BMSC or adipocytes.   

After 24 hours of establishing the mono- and co-cultures, Docetaxel treatment 

was performed for 48 hours. In 2D cultures, there was significantly greater 

bioluminescence signal from the PCa cells co-cultured with BMSC or adipocytes in 

all Docetaxel concentrations (0.01 – 10 nM) relative to the bioluminescence in 

mono-cultures at the same drug concentration (Figure 5.5a). Unexpectedly, 3D 

BMSC co-cultures showed a significant increase in bioluminescence.  By contrast, 

adipocyte co-cultures behaved similarly to corresponding mono-cultures (Figure 

5.5b). In general, 3D cultures demonstrated reduced sensitivity to Docetaxel in both 

mono- and co-cultures with BMSC or adipocytes (Figure 5.5). 
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Figure 5.5. C42B cell Docetaxel drug response in mono- and co-cultures with 

bone marrow stromal cells. C42B cells tagged with luciferase reporter system were 

seeded in mono- or co-cultures with stromal cells (BMSC or adipocytes) either in 2D 

monolayer cultures (a) or in 3D microtissue cultures (b). Prior to co-culture 

establishment, BMSC were induced to become adipocytes for 14 days; and BMSC 

control cultures were seeded 1 day prior to co-culture initiation. Cells were permitted 

to grow for 24 then treated with Docetaxel in the indicated concentrations for 48 

hours. The bioluminescence was measured after adding D-luciferin to the culture 

medium and incubating for 15 minutes. Results are represented as a percentage of the 

vehicle control values. Similar results were obtained in three, including with two 

BMSC donors, independent experiment each having four replicate cultures n=4. 

Statistical significance was performed using two-way ANOVA compared to the 

corresponding control mono-culture value (* P<0.05, ** P<0.01 and *** P<0.0001). 

 

For anti-androgen treatment, C42B cells were cultured in androgen deprived 

setting (CSS-supplemented culture media), and then treated with Abiraterone 

Acetate.  Abiraterone Acetate is a first-in-class inhibitor of the CYP17A enzyme to 

prevent the biosynthesis of androgens intracellularly from their steroidal precursor 

[348].  The bioluminescence assay was used to assess PCa cell response in 2D and 

3D mono- and co-cultures. Figure 5.6 shows the bioluminescence measurements as a 

percentage of the corresponding vehicle control culture. 

In 2D cultures, co-cultures with BMSC and adipocytes demonstrated no 

significant change in the anti-androgen treatment response compared to the mono-

cultures of C42B cells (Figure 5.6a). Similarly, 3D co-cultures did not result in 

change in the bioluminescence, except with BMSC co-cultures treated with 10 M 

Abiraterone Acetate, which resulted in a decrease in bioluminescence (Figure 5.6b). 
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Generally, 3D mono- and co-cultures were less sensitive to increasing concentrations 

of Abiraterone Acetate relative to their corresponding 2D monolayer controls.  
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Figure 5.6. C42B cell Abiraterone Acetate drug response in mono- and co-

cultures with bone marrow stromal cells. C42B cells tagged with luciferase 

reporter system were seeded in mono- or co-cultures with stromal cells (BMSC or 

adipocytes) either in 2D monolayer cultures (a) or in 3D microtissue cultures (b). 

Prior to co-culture establishment, the osteoblasts and adipocytes were differentiated 

for 14 days using osteogenic and adipogenic induction media; and the BMSC were 

seeded 1 day prior to co-culture. Cells were permitted to grow for 24 followed by 

medium exchange to androgen-depleted medium for a further 48 hours. Abiraterone 

Acetate was then added to the culture medium at the indicated concentrations for an 

additional 48 hours. The bioluminescence was measured after adding D-luciferin to 

the culture medium for 15 minutes. Results are represented as a percentage of the 

vehicle control values. Similar results were obtained in three independent 

experiments, including with two different BMSC donors, with each experiment 

having four replicate cultures n=4. Statistical significance was performed using two-

way ANOVA compared to the corresponding control mono-culture value (** 

P<0.01). 

 

5.5 DISCUSSION 

Metastatic, and particularly castrate-resistant prostate cancer (CRPC), remain 

challenging to treat [398].  It is thought that the bone marrow microenvironment 
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plays a pivotal role in promoting bone metastasis, possibly facilitating the transition 

to CRPC forms, and impacting on PCa cell drug response [399]–[402]. A barrier in 

understanding these interactions, in both drug development and testing, is the lack of 

in vitro models that adequately mimic aspects of the bone marrow microenvironment 

in a practical and high throughput manner.   

Our team previously described the development of a high throughput 3D 

culture platform we termed the Microwell-mesh [290].  This platform uses a 

microwell insert to facilitate the manufacture of hundreds of uniform 3D 

multicellular microtissues. It differs from previous microwell platforms in that it has 

a nylon mesh fixed over the microwells, and this enables retention of individual 

microtissues within discrete microwells even during repeat full medium exchanges.  

This design is unique, and especially well suited to the assembly of 3D cultures 

which mimic aspects of the bone marrow microenvironment, and offers the 

opportunity to perform complex cultures that involve the differentiation of BMSC 

into different bone-like tissues, subsequent seeding of cultures with PCa cells, and 

the multiple medium exchanges required to study the interaction of cells and 

different drugs in these complex cultures.  Using the Microwell-mesh to perform 3D 

cultures, and traditional 2D culture controls, we evaluated PCa cell migration and 

proliferation in response to bone marrow stromal cell populations, as well as PCa cell 

response to Docetaxel and Abiraterone Acetate.  The goal of this study was to better 

understand the difference 2D and 3D stromal cell populations might have on PCa 

culture outcomes, and to describe models that could advance the field’s capacity to 

study these differences.   

To study the impact of bone marrow stromal cells on the migration potential of 

PCa cells, we used a modified Transwell assay to quantify the migration of three 

different PCa cell lines towards different populations of bone marrow stromal cells 

(see Figure 5.2). PCa cell migration rates varied depending on the aggressiveness of 

the PCa cell lines tested.  In cell lines derived from less aggressive disease (LNCaP), 

relative to aggressive disease (C42B and PC3), there was a corresponding reduction 

in the rate of cell migration towards the bone marrow stromal cells cultured in 2D 

monolayers. PC3 cells (which model aggressive disease) demonstrated increased 

migration rates towards 2D monolayers of BMSC, osteoblasts and adipocytes. By 

contrast, PC3 cells demonstrated an increased rate of migration towards 3D 
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osteoblasts and a reduced rate of migration towards BMSC or adipocytes, relative to 

controls.  This data highlights the difference in PCa cell response depending on the 

PCa cell phenotype, the bone marrow stromal cell phenotype, and depending on the 

2D or 3D organization of the bone marrow stromal cells. Appreciating that there is a 

difference is important, as well as appreciating that there can be assay specific 

outcomes that may not translate to other in vitro assays, and finally it is necessary to 

appreciate that not all in vitro assay results will be reproducible in vivo. Transwell 

cultures enable quantification of the influence secreted factors have on PCa cell 

migration, but do not necessarily provide insight into how stromal cell-specific 

matrix or bound factors may directly influence PCa cell behavior.  Thus, Transwell 

assay outcomes provide only part of the necessary insight.   

Next, we investigated how 2D or 3D culture of different bone marrow stromal 

cell populations impacted on C42B cell proliferation.  C42B cell proliferation was 

greater when these cells were seeded on 2D monolayers of BMSC, adipocytes or 

osteoblasts (see Figure 5.4a).  This result is consistent with the general view that 

stromal cells can play a supportive role in co-cultures, and especially those that 

mimic aspects of the support environment found in the bone marrow niche [221], 

[222]. This result is also consistent with a previous report indicating that BMSC-

conditioned media supports PCa cell proliferation [403]. In 3D co-cultures, only 

adipocytes were found to drive significant increases in C42B cell proliferation (see 

Figure 5.4b).  This substantial difference in 2D and 3D culture outcomes is 

interesting, as it indicates that geometry can significantly impact co-culture 

outcomes. Future studies might compare the secretion profiles of BMSC, adipocytes 

or osteoblasts in 2D and 3D, with the hypothesis that culture geometry significantly 

influences what factors are produced by the stromal cell populations.  There are 

already a number of papers that suggest the secretome of BMSC is more supportive 

when these cells are assembled into spheroids in the soluble culture environment 

[404], [405]. Characterizing precise changes in the gene expression or secretion 

profile of the mesenchymal and PCa cells assembled into spheroids would require 

digesting the co-culture microtissues into single cell suspensions, followed by 

FACSsorting and then gene or protein analysis.  The considerable processing steps 

and time would likely confound the results.  Thus, within this manuscript we focused 

on platform development and phenomenological characterization of PCa growth and 
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drug response as influenced by the presence or absence of different mesenchymal 

cell populations.  Equally valuable would be to compare how 2D and 3D co-cultures 

influence the proliferation of primary PCa cells.  Primary PCa cells are particularly 

challenging to culture in vitro [406], but their response to co-culture might be more 

meaningful than the response from any adapted cell line.  We see these important 

investigations as beyond the scope of this manuscript, but obvious opportunities that 

could be explored next using the Microwell-mesh as tool to facilitate these important 

next steps.  

In our studies, we found that the drug response of C42B cells drug response 

differed in 2D and 3D co-cultures, and that response varied depending on the stromal 

cell population used in the co-culture (see Figure 5.5 and Figure 5.6).  Universally, 

the presence of BMSC or adipocytes in 2D or 3D co-culture reduced C42B cells 

sensitivity to Docetaxel, a drug commonly used to treat metastatic disease.  Other 

groups have reported similar observations previously [369], [371], [407], suggesting 

that bone marrow stromal cells likely do influence PCa cell drug sensitivity.  In 

contrast to tests conducted with Docetaxel, the drug response of C42B cells to 

Abiraterone Acetate did not appear to be influenced by the presence or absence of 

bone marrow stromal cells.  However, the organization of C42B cells into 3D 

cultures did reduce these cells sensitivity to Abiraterone Acetate, relative to 2D 

cultures. This outcome suggests that relative proliferation rates, which are generally 

reduced in 3D cultures [353], [354], may play a greater role than the presence or 

absence of stromal cells in influencing the impact of anti-androgen treatment.   

Overall, our results indicate that C42B cells behaviour can vary depending on 

the phenotype and geometry of bone marrow stromal cells included in co-culture.  

Through this work, we have described the development of a 3D co-culture platform, 

the microwell-mesh, that enables the assembly of 3D bone stromal cell microtissues, 

the subsequent introduction of PCa cells, and then evaluation of PCa cell 

proliferation or drug response.  Using this novel 3D culture platform, we show that 

PCa cell response to drugs varies considerably in 2D and in 3D, and culture 

outcomes are also stromal cell-type dependent. This culture tool, and the 

corresponding 2D culture tools will enable more complex in vitro analysis, and 

hopefully lead to the more efficient identification of improved PCa treatment 

strategies.  
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5.6 SUPPLEMENTARY DATA 

 

Supplementary Figure 5.1. Restriction map of plasmid used in lentiviral particles 

production to transduce C42B cells with luciferase gene with MSCV promoter 

region. Plasmid was designed by System Biosciences (Bioluminescence Imaging 

Vectors, BLIV). 
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Supplementary Figure 5.2. Luciferase gene expression in C42B-MSCV cell lines. 

Cells were either mono- or co-cultured with BMSC in a Transwell assay for the 

indicated time points. The relative luciferase gene expression was assessed and 

normalized to RPLPO housekeeping gene. Three independent experiments were 

performed, each had four replicate cultures (n=4). 

 

Supplementary Table 5.1. Primers and annealing temperatures used for qRT-PCR 

Gene Sequence (5’- 3’) 

Annealing 

temperature 

(C) 

Final 

primers 

conc. 

(nM) 

Amplicon 

size (bp) 

RPLP0 F  TGTGGGCTCCAAGCAGATGCA  

R  GCAGCAGTTTCTCCAGAGCTGGG 

60  200 137 

Firefly 

luciferase 

F  GTGTTGGGCGCGTTATTTAT 

R  TACGGTAGGCTGCGAAATGT 

60.7  200 102 
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Chapter 6: Conclusions and future 

directions 

In this Chapter I aim to summarise my observations, and suggest future work 

that could be undertaken to advance this project. 

 

6.1 CONCLUSIONS  

6.1.1 Studies into 3D BMSC microtissues 

3D spheroid cultures are increasingly recognized as promising tools for 

studying cell-cell interactions and for use in tissue regeneration [408].  Because 3D 

spheroids often provide superior tissue mimics, these multicellular aggregates are 

often referred to as “microtissues”.  Previous studies using scaffold-free microtissue 

culture techniques reported enhancement in the differentiation capacity of BMSC, 

relative to 2D monolayer cultures [328]. Additionally, 3D microtissue cultures of 

BMSC showed modified transcriptional and paracrine secretion profiles [334], [409].  

The aim of Chapter 2 was to use a microwell platform to manufacture hundreds 

of microtissues from BMSC, and study their differentiation into osteoblasts, 

adipocytes or chondrocytes.  Supplementation of the medium with exogenous 

cytokine (BMP-2) improved osteogenesis in 2D and in 3D microtissue cultures.  To 

our knowledge, this is the first time that this has been reported in 3D microtissue 

cultures. A critically important observation is that supplementation of 3D cultures 

with BMP-2 also induced adipogenesis (Figure 2.9 and 2.10).  This highlights the 

risk that BMP-2 may lead to poor quality bone formation.   

The work in Chapter 2 described a major limitation of the microwell platform, 

which is the displacement of microtissues from discrete microwells when exchanging 

culture media. The displaced microtissues can be lost through medium exchange or 

fall into adjacent microwells where they can amalgamate with other microtissues, 

resulting in a culture of heterogeneous microtissue sizes and numbers. Therefore, 

caution was taken in all the culture manipulations to minimise any media 

disturbance. This additional effort made the culture process more laborious.   
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6.1.2 Studies into 3D PCa micro-tumours in the Microwell-mesh platform 

Further improvements on the microwell platform enabled culture media 

exchange without displacing the microtissues from discrete microwells (using the 

Microwell-mesh [290]). The Microwell-mesh functions by having a mesh fixed over 

the microwells. The pore size in the mesh was large enough to allow single cells pass 

through the mesh, and aggregate in the bottom of the microwells. When the 

aggregated cells self-assembled into microtissues, they were too large to pass back 

through the mesh. This design feature retained microtissues in discrete microwells 

over repeated medium exchanges. This modification enhanced the potential of this 

device to be used as a drug-testing platform. In Chapter 3, the aim was to 

characterise PCa micro-tumours and utilise the Microwell-mesh platform as a robust 

drug-screening platform. As a proof of concept, PCa micro-tumours response to two 

therapeutic drugs, Docetaxel and Abiraterone Acetate, were tested. In addition, the 

Microwell-mesh enabled testing sequential drug doses. 

 

6.1.3 Studies into cell-specific quantification in co-culture system     

Quantifying viability or cell number of specific cell type in a mixture of more 

than one cell type is a challenging goal and conventional viability assays are unable 

to achieve this. Recently, the luciferase reporter system was utilised to solve this 

research problem where the bioluminescence emitted from a single cell population 

tagged with luciferase could be a surrogate to estimate the viable luciferase-tagged 

cell number in co-culture [369]. This assay was termed as cell-specific 

bioluminescence (CS-BLI) assay. The results reported in Chapter 4 have proved that 

this assay is not necessarily reliable in all transduced cell populations. The method of 

transducing the cells with the reporter system, the promoter and the cell type to be 

tested are all crucial factors affecting the CS-BLI assay accuracy. 

Despite the possible limitations of bioluminescence assay, a stable reporter 

system was used to produce PCa and breast cancer cell lines that stably express the 

luciferase gene driven by CMV, MSCV and EF1a promoters in both mono- and co-

cultures over 24 hours of cultures. Whole genome sequencing of the cells transduced 

with CMV-controlled reporter systems could give insights into the genomic 

regions/genes that can affect the promoter stability. The CMV promoter expression 
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was found to fluctuate between various conditions of culture [386]–[388]. The 

number of insertions of the CMV-derived reporter was very high (84 insertions) in 

the stable cell line, while it was only 4 sites in the unstable cell line which indicated 

that the stability of the reporter expression can also be affected by the number of 

insertions.  

 

6.1.4 Studies into 3D PCa-stromal cell co-culture 

PCa is the second most common cancer in men worldwide [1] and 

approximately 80% of PCa metastasis is to the bone. Once bone metastasis occurs, 

treatments become more elusive and survival rates are low [29]. In Chapter 5, the 

outcomes of the previous chapters have served in modelling a 3D bone metastatic 

PCa model and its use as a drug-testing platform. The Microwell-mesh was used to 

manufacture microtissues formed from PCa and BMSC. To achieve this, 1) we first 

established BMSC, bone or fat microtissues for the required period of time (24 hours 

for BMSC and 14 days for bone and fat microtissues); 2) this was followed by 

establishing PCa mono-culture control microtissues or adding PCa cells to stromal 

microtissues to establish co-cultures; thus, PCa cells in all conditions had been in 

culture for the same length of time; 3) then after 24 hours, all cultures were treated 

with anti-tumour drug. This model system was used to test the responsiveness of the 

PCa cells in the co-culture system to Docetaxel or Abiraterone Acetate, two drugs 

commonly used in the clinic with advanced PCa patients. The verified CS-BLI assay 

was used to quantify PCa cell viability in co-culture system.  

According to our findings in Chapter 2, Chapter 3 and what is widely 

acknowledged in the field, the cell proliferation in 3D cultures is much lower than 

that in 2D cultures [397], [258], [333], [334]. This can explain the lower drug 

sensitivity in 3D co-cultures, especially in cultures treated with Docetaxel which 

targets highly proliferative cells [254]. However, in 3D cultures cells behave similar 

to its native tumour environment where tumour proliferation rate is relatively low 

and shows differential proliferation rates between different regions of the tumour 

[410]–[412]. In low vascularised areas in in vivo tumours, low oxygen and nutrient 

supplies can lead to necrosis and low proliferating cells [257]. Presumably, 2D 

cultures cannot replicate these critical in vivo tumour features because 2D cultures 



 

140      Chapter 6: Conclusions and future directions 

has unrealistic high proliferation rates where the cell number can be doubled in a 

very short time.  

 Our results showed a significant change in growth rate and chemotherapeutic 

sensitivity of PCa cells in the presence of stromal cells. In our study, several results 

suggested a higher chemotherapeutic drug sensitivity of PCa in co-cultures; because 

1) PCa cell proliferation in co-culture was greater than in mono-cultures; 2) co-

cultures were treated with Docetaxel after only 24 hours of establishing the co-

cultures while the tumour cells were presumably in log phase growth after reasonable 

time in 2D culture for cell expansion; 3) the tumour cells were organized in the outer 

surface of the co-culture microtissues where cells are more proliferative than in inner 

layers (as shown in Chapter 3). Despite these observations, which provide evidence 

of high growth rates of PCa cells in co-cultures, PCa cells showed less drug 

sensitivity in co-cultures, and thus stromal cells provided a protective effect to the 

tumour cells against Docetaxel treatment. Therefore, the supportive role of stromal 

cells minimises the influence of the proliferation state of the tumour cells on the drug 

sensitivity in co-cultures in the tested time point. It is worth noting that longer time 

in 3D culture may decrease PCa cell proliferation and consequently reduce response 

to drugs that target dividing cells.  

Since PCa cells were cultured for the same length of time in all conditions, the 

difference in culture duration was not a confounding variable. However, the timing 

of the drug treatment may have influenced our results. In this study, we treated the 

cultures with the drug after 24 hours of establishing the co-cultures. Prolonged co-

culture periods in 3D may cause a decrease in cell proliferation rates and may 

subsequently decrease the PCa cell sensitivity against chemotherapeutic drugs.     

 

6.2 FUTURE DIRECTIONS 

6.2.1 3D BMSC microtissues and bone regeneration 

Bone defects can be caused by many reasons, including osteoporosis, bone 

cancer, and bone fractures. These debilitating conditions are commonly treated with 

the “gold standard” treatment, autografts [413]. However, there are several 

complications associated with autografts which means that the outcomes are still 

limited [414]. Additionally, growth factors, such as BMP-2 and BMP-7, are 
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commonly used in the clinics to enhance bone regeneration [415]. The emerging 

tissue engineering field offers therapies to improve the outcomes of the bone defects 

treatment. Nonetheless, a limited number of clinical trials have been executed to 

prove the feasibility of treatment strategies proposed by findings in in vitro and in 

vivo studies.  

Future studies might aim to utilise the microwell system in bone regeneration 

studies. In Chapter 2, the microwell platform was introduced as a tool to manufacture 

microtissues in a high throughput capacity. Manufacturing hundreds of microtissues 

with uniform size is an important feature to facilitate applications in the clinic and in 

mass production. The microtissues formed in the microwell platform are easily 

accessible which make further cellular mechanism studies more possible. The impact 

of other growth factor such as BMP-7 can be studied using this platform. The 

transcriptional profiles of the growth factor-treated BMSC can give a deeper insight 

into the alterations in BMSC 3D cultures. This can help guide the alterations toward 

enhanced in vivo or clinical outcomes by sequential/combination treatments with 

several growth factors to activate/inhibit specific cellular mechanisms to finally 

obtain a functional bone construct. We propose that this platform can be used to 

enhance further studies in this aspect of bone tissue engineering research. 

 

6.2.2 Improvements in 3D cultures of PCa micro-tumours 

A small yet growing number of studies are now acknowledging the likely role 

of 3D cultures in in vitro cancer research [257], [251], [279], [416]. One of the main 

advantages of 3D cultures is the accumulation of cell-secreted extracellular matrix. 

The extracellular matrix governs tissue homeostasis by regulating cell growth, 

motility and survival in 3D supramolecular structures with specific biochemical and 

biomechanical properties [417]. Indeed, the cancer-associated extracellular matrix 

has an important role in cell behaviour and response to drug treatments [418]. In the 

Microwell-mesh platform, the impact of extracellular matrix of the tumour 

microenvironment is partially considered where the extracellular matrix is mainly 

formed by the cells organised in 3D cultures. The influence of the matrix secreted by 

other cell types or the microenvironment milieu is absent in our system. However, 

our 3D Microwell-mesh system can enable formation of 3D cultures formed from a 

combination of different cell types for further studies on cellular interactions. 



 

142      Chapter 6: Conclusions and future directions 

Although the Microwell-mesh model is unable to mimic all aspects of the 

metastasis process including migration and invasion of the tumour cells to the bone 

marrow, the use of this model system can enhance our understanding of the cellular 

interactions between PCa cells and bone marrow stromal cells. Additionally, using 

primary tumour cells or circulating tumour cells in these co-culture studies could 

provide a more robust mimic of actual disease processes, compared to studies that 

use cancer cell lines. This can also enable future studies in in vitro prediction of drug 

efficacy.   

A major challenge in cancer research is the use of cell lines. Some cell lines are 

poorly characterized and inadequately mimic human disease [247]. Therefore, 

patient-derived explants that are implanted in an animal model, also called patient-

derived xenografts (PDX), have demonstrated better surrogates of human cancer in 

terms of histology, gene expression and drug response [218], [419]–[421]. PDX can 

be derived by serial propagation of primary tumour cells in animal hosts due to their 

poor adaptation in in vitro cultures. However, a fundamental advantage of using in 

vitro methods over in vivo models to propagate primary tumour cells is that the 

absence of any animal components that may impact human cell behaviour. 

Therefore, several studies on organoid cultures are now widely acknowledged [406], 

[422]. Organoid cultures aim to recapitulate the cellular organisation of the tissue of 

origin by culturing stem cells in 3D cultures to model organ development or disease 

[423], [424]. Recently, human prostate organoids have been developed from single 

luminal cells in Matrigel using organoid culture medium containing EGF, Noggin 

and R-spondin 1 [422], or containing EGF and Dihydrotestosterone [425]. In future 

studies, fusing the benefits of the current methods of human PCa organoid cultures 

with the Microwell-mesh system may evolve into more feasible model system. For 

example, using the Microwell-mesh system may replace the use of Matrigel, which is 

murine-derived ECM, to minimize the interference with human cell behaviour and 

enhance 3D cell organization. An alternative way is to replace Matrigel with 

synthetic or natural hydrogel with defined chemical composition and mechanical 

properties that resemble physiological conditions. These approaches may facilitate 

studies on drug penetration and responses to current and novel drugs.  
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The major drawback of both the microwell and the Microwell-mesh platforms 

is that these platforms were manually manufactured. However, the platform concept 

could be readily manufactured commercially, which would save a lot of time and 

effort and improve consistancy. One of the advantages of the Microwell-mesh 

platform is that it can provide a universal 3D platform for high throughput techniques 

that is compatible with automation to be used with different solid tumour tissue 

modelling. 

  

6.2.3 PCa modelling and drug-testing platforms 

A major limitation in the cancer research field is the prediction of drug 

efficacy. Billions of dollars are spent every year in pharmaceutical research and 

development with much less valuable outcomes than expected [426]. Many 

researchers in the field reasoned the poor outcomes of drug-screening strategy to the 

fact that most of the in vitro drug-testing platforms are based on using conventional 

2D monolayer cultures regardless of the ability of the 2D culture to mimic in vivo 

settings [427]. On the other hand, 3D cultures can provide a more physiological 

mimic of tissues, resulting in a more reliable responsiveness to toxic drugs. Using the 

Microwell-mesh platform, further studies on PCa and other solid tumours can be 

performed to test efficacy of treatment protocols of novel drugs. The effect of current 

drugs with similar mechanisms to Docetaxel, such as Paclitaxel and Cabazitaxel 

could be tested in the Microwell-mesh platform. 

Several studies revealed the association between obesity and the 

aggressiveness of PCa [428]–[431]. Adipocyte-secreted chemokines were found to 

enhance the ability of PCa stem-like cells to self-renew [432]. In another study, bone 

marrow adipocytes promoted tumour growth in vivo [433].  In our study, a 

significant observation was the impact of adipocyte co-cultures on PCa cell growth 

and responses to drug treatments that have not been studied previously in 3D direct 

in vitro co-cultures. Further studies might aim to explain the interplay between 

adipocytes and PCa response to different drug treatments; and if the mechanisms 

controlling this cellular interaction can be influenced by drug treatment. 

In our study, we co-cultured PCa cells with stromal cells in a 1:1 ratio for 48 

hours. In future studies, different cell ratios and longer culture periods could be 
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tested to replicate the different stages of the disease. The number of PCa cells could 

initially be small mimicking early bone metastasis and permitted to increase with 

time to mimic disease progression. The Microwell-mesh enables control over cell 

numbers in microtissue co-cultures, and so variations on the described experiments 

are possible. Equally valuable, would be to test various timing of drug treatment in 

3D co-cultures and study how this may impact the drug sensitivity.  

To date, no in vitro model has replicated the complex bone marrow HSC niche. 

Our simple model can provide the building blocks of the HSC niche by culturing 

different cell types in 3D cultures then combine them together in a complex model. 

The parental BMSC and adipocytes can be cultured as cell spheroids then introduced 

to a mineralized monolayer culture of osteoblasts, combining these cell types with 

suspended immune cells such as macrophages to model the HSC osteoblastic niche. 

Replacing the osteoblasts with endothelial cells could mimic the HSC vascular niche. 

Such models could be used also to study breast cancer or leukaemia. Considering 

other cell types, such as macrophages or cancer-associated fibroblasts, can also 

enrich the model system to mimic physiological cancer microenvironment. These 

suggested complex models could be used as a robust high throughput drug-testing 

platform. 

 

6.2.4 Cell-specific quantification assays in a co-culture system  

Although multicellular environments are now widely appreciated in cancer 

research, a limited number of high throughput cell-specific techniques have been 

introduced to the field. Beside the cell-specific bioluminescence assay for cell 

number quantification, other cell-specific techniques have been developed.  For 

example, Gauthier et. al., have introduced a technique to selectively label the 

proteomes of specific cell type in co-cultures using amino acid precursors [434]. 

Likewise, another study has introduced an automated fluorescence microscope 

platform to distinguish between BMSC and myeloma cells according to a nuclear 

staining intensity and nuclear shape [435].  

Generally, the concept of the cell-specific bioluminescence assay was certainly 

a leading innovation. However, caution should be taken in reporter system selection 

according to the culture conditions. The stability of the reporter system expression, 
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or in other words the promoter stability, in specific culture conditions requires 

validation before utilization as an indirect quantification of cell number or cell 

viability. 

For future studies, the identification of the gene(s) flanking the reporter system 

may explain the differential behaviour between different cell lines/promoters. In our 

study, co-cultures were established using BMSC. BMSC are known to secrete a vast 

number of growth factors, such as FGF, TGF-1 and VEGF [436], [437]. If the 

expression of the flanking gene of the promoter is influenced by BMSC-secreted 

growth factors, this may influence the expression of the reporter.  

By regular methods of transduction of cells, such as using viral particles, 

researchers cannot control the site of insertion. Various technologies can achieve 

selective insertions of the reporter system such as using guided genome editing 

technique or the CRISPR-cas system to minimize perturbation possibility of reporter 

system stability. 

 

Cumulatively, through this Thesis, the merits of using a high throughput 

microwell platform to efficiently manufacture hundreds of multicellular spheroids 

was evaluated which was used for further evaluation of the Microwell-mesh platform 

as a drug-screening platform. A critical factor was the discovery of instability of the 

CS-BLI assay, which was promoter and/or cell line dependent and which would need 

to be verified with each cell line before use. Finally, the first multicellular co-culture 

micro-tumour system as a potential drug-screening platform for bone metastatic PCa 

was developed. The outcome of this Thesis may help in developing personalised 

therapy by using the Microwell-mesh system to culture patient-derived tumour 

samples and study drug response prediction for better outcomes of patient treatment. 
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