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Summary 

Prostate cancer is the most commonly diagnosed cancer in Australian men. 

While significant improvements have been made in prostate therapy, there is 

still a need for novel treatment options, particularly for preventing and treating 

metastatic prostate cancer which has a very poor prognosis, and for protecting 

from debilitating side effects of radiotherapy, where many men suffer side 

effects due to damage done to healthy tissues near the prostate. 

Parthenolide is a naturally occurring sesquiterpene lactone derived from the 

plant feverfew (Tanacetum parthenium) with anti-inflammatory and anti-cancer 

properties through pro-apoptotic action, stimulation of reactive oxygen species, 

inhibition of NF-ĸB and its downstream targets as well as many key proteins 

important for metastasis. In vitro and xenograft studies indicate that 

parthenolide holds promise as an anti-cancer agent and a differential 

radiosensitiser for prostate cancer. This thesis describes the first examination of 

the anti-cancer effects of parthenolide (PTL) and dimethylaminoparthenolide 

(DMAPT), a parthenolide analogue with increased water solubility, in an 

autochthonous model of prostate cancer (TRAMP, Transgenic Adenocarcinoma 

of the Mouse Prostate).  

Treatment of TRAMP mice with DMAPT (100 mg/kg) 3 times per week 

significantly increased time-to-palpable tumour development by 20% and 

reduced metastatic spread to the lung by 95%, compared to mice treated with a 

water vehicle. PTL (40 mg/kg), delivered in a 10% ethanol/saline vehicle, did not 

slow tumour development. Unexpectedly, the ethanol/saline vehicle induced an 
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aggressive metastatic phenotype in the TRAMP model, in which mice developed 

large palpable metastatic tumours and small slow-growing primary prostate 

tumours. This tumour phenotype was counteracted by parthenolide (in 

ethanol/saline vehicle). The chronic low dose of ethanol increased expression of  

molecules involved in metastatic spread, MMP2, integrin β1, laminin, fibronectin 

and collagen IV in primary prostate tumours, all of which were reduced to 

baseline levels by parthenolide. 

When TRAMP and C57BL/6J mice were treated with DMAPT (100 mg/kg) or PTL 

(40 mg/kg) prior to 6 Gy whole body X-radiation, the level of radiation-induced 

apoptosis observed in vivo was significantly reduced in normal prostate, spleen 

and colorectal tissue by up to 72%. Pre-treatment with DMAPT doubled the 

efficacy of prostate tumour cell killing. DMAPT preferentially radiosensitised 

regions of high grade prostatic intraepithelial neoplasia within TRAMP prostate 

tissues, suggesting that DMAPT may be particularly able to target regions of 

higher oxidative stress, as is often observed in high grade metastatic prostate 

cancers. When DMAPT was combined with a low conditioning dose of radiation 

there was evidence that this combination might be able to augment the 

radioprotective effects of DMAPT alone in normal tissues.  

The results in this thesis provide strong evidence for DMAPT as an anti-cancer 

and anti-metastatic agent, as well as a differential radiosensitiser in prostate 

cancer. This work provides the groundwork for future clinical trials to apply 

DMAPT for improving cure rates and also protecting from unwanted debilitating 

side-effects from prostate cancer radiotherapy. The mechanisms involved in the 
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anti-cancer and radioprotective effects of parthenolide are not specific to 

prostate cancer and therefore there is the potential for its use in the treatment 

of other cancer types as well. 
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Chapter 1:  Introduction 

Cancer 

Cancer is among the leading causes of morbidity and mortality worldwide.  

Globally, there were 14.1 million new cancer cases, 8.2 million cancer deaths and 

32.6 million people living with cancer in 2012 (Stewart & Wild, 2014; Ferlay et 

al., 2015). In Australia alone it has been estimated that the annual number of 

newly diagnosed cancer cases is over 130,000 with a mortality rate close to 

47,000 per year (AIHW & AACR, 2012). The number of cases of cancer diagnosed 

in Australia is estimated to grow with the continually aging population in the 

coming years and is anticipated to reach approximately 150,000 by 2020 (AIHW, 

2012).  

 

Hallmarks of cancer 

The complexity and diversity of cancer makes it a uniquely difficult disease to 

understand and treat; however, in 2000, Hanahan and Weinberg (2000) 

described six distinctive and complementary underlying principles believed to be 

common to all cancers. These principles were subsequently updated over a 

decade later to include an additional four hallmarks (Hanahan & Weinberg, 

2011), creating a final list of ten fundamental markers of cancer (Figure 1-1). 

Understanding the widespread applicability of these concepts is likely to be key 

to the development of new cancer therapies. 
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Figure 1-1: The ten hallmarks of cancer suggested by Hanahan and Weinberg 

(Adapted from Hanahan & Weinberg, 2011) 

  

Promotion of inflammation 

One of the hallmarks of cancer is inflammation. It has long been recognised that 

some tumours can mirror the responses arising during normal tissue 

inflammation (Dvorak, 1986), and with the development of improved molecular 

markers that can more precisely identify distinct immune cell types, it has 

become clear that almost every cancer lesion includes immune cells in some 

manner (Pages et al., 2010; Grivennikov, Greten & Karin, 2010; Pesic & Greten, 

2016; Feng & Martin, 2015). A wide range of studies into the links between 

inflammation and cancer progression have identified just how profoundly 

important immune-induced tumour-promotion (Grivennikov, Greten & Karin, 

2010; DeNardo, Andreu & Coussens, 2010; Colotta et al., 2009). Inflammation 

also adds to many of the other hallmarks of cancer by providing key factors to 
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the tumour microenvironment to inhibit cell death,  sustain and promote 

proliferation, facilitate angiogenesis, invasion, and metastasis, and trigger 

epithelial-to-mesenchymal transition (EMT)  (Landen, Li & Stahle, 2016; Clevers, 

2004; Ricciardi et al., 2015). Inflammation is evident in some tumours even 

during the earliest stages of cancer development and is able to foster the growth 

of neoplasias into fully developed cancers (de Visser, Eichten & Coussens, 2006). 

Inflammatory cells have also been shown to release stress-inducing pro-oxidant 

chemicals that may promote mutagenesis in nearby cancer cells, fast-tracking 

their progression towards increased malignancy (Waris & Ahsan, 2006; Kamp, 

Shacter & Weitzman, 2011; Reuter et al., 2010) (Figure 1-2). As such, 

inflammation is a significant enabling characteristic of cancer for its ability to 

promote other core hallmark capabilities.  

 

Figure 1-2: Role of Inflammation in tumour initiation and promotion  

(A) Tumour initiation: reactive oxygen species (ROS) and reactive nitrogen intermediates (RNI) 
produced by the inflammatory response can cause mutations in nearby epithelial cells. 
Inflammation can also result in epigenetic changes that fa vour tumour i nitiation. Tumour -
associated inflammation contributes to further ROS, RNI, and cytokine production. (B) Tumour 
promotion: cytokines from tumour-infi ltrating immune cells activate NF-κB or STAT3 in 
premalignant cells to control pro-cancer processes. Within positive feed-forward l oops, NF-κB 
and STAT3 induce production of chemokines that attract additional immune and i nflammatory 
cells to sustain tumour-associated inflammation (taken from Grivennikov, Greten & Karin, 2010). 
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NF-κB regulates inflammatory and immune responses, as well as cell growth, by 

promoting related gene expression (Baldwin, 1996; Gerondakis et al., 1998; 

Ghosh, May & Kopp, 1998; Pahl, 1999; Barkett & Gilmore, 1999). These include 

genes that encode a wide range of cytokines and chemokines and receptors 

required for neutrophil adhesion and migration (Bonizzi & Karin, 2004). 

Additionally, NF-κB-activated cytokines, including TNF-α and IL-1β, are able to 

activate the NF-κB pathway directly, creating an auto-regulatory feedback loop 

that can significantly upscale inflammatory responses. NF-κB also increases iNOS 

and COX-2 expression, enzymes that contribute to advancing the inflammatory 

process (Tak & Firestein, 2001). NF-κB is also known to modulate survival of B-

lymphocytes, cell proliferation, and ultimately the differentiation of B 

lymphocytes into plasma cells (Gerondakis et al., 1998; Sen, 2006; Lucas, 

McAllister-Lucas & Nunez, 2004). Additionally, NF-κB can regulate production of 

IL-2, which induces T lymphocyte proliferation and differentiation (Arima et al., 

1992).  

Constitutive NF-κB activation is often observed in various tumour types, 

including breast, prostate, and colon cancers (Rayet & Gelinas, 1999; Wu et al., 

2015; Karin et al., 2002; Van Waes, 2007). Such dysregulation is thought to be 

caused by altered regulatory proteins that serve to activate signalling pathways 

involved in NF-κB activation. NF-κB is therefore an attractive therapeutic target 

for cancers where inflammation is implicated in pathogenesis. 
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Triggering metastasis and angiogenesis 

During pathogenesis of many cancers, cells from primary tumours can escape, 

invade nearby tissues, and then spread to distant sites where they usually lodge 

and form new tumours. Despite significant research, these distant metastatic 

growths remain the leading cause of cancer related deaths (Msaouel et al., 2008; 

Pedraza-Farina, 2006; Bogenrieder & Herlyn, 2003; Killion & Fidler, 1989). 

Tumour progression towards metastasis is thought to be delineated as a 

stepwise and multistage process consisting of local invasion and penetration of 

basement membranes, entry into blood vessels, survival in the circulation, 

lodgement in distant organs, micrometastasis formation and metastatic 

colonisation (Oskarsson, Batlle & Massague, 2014; Valastyan & Weinberg, 2011). 

Almost all the events during the process are coordinated by complex pathways 

within tumour cells, endowing these cells with genetic or epigenetic alterations 

that favour survival, proliferation, dissemination and progression to distant 

metastasis (Valastyan & Weinberg, 2011) (described in Figure 1-3). Equally 

important for metastasis are the interactions between tumour cells and 

extracellular matrix (ECM) components, stromal cells, immune cells, cancer 

associated fibroblasts (CAFs) and many other cells, both at local and in distant 

sites. 

Primary tumours are enriched in various cytokines, growth factors, chemokines 

and proteases, many of which favour the survival and proliferation of tumour 

cells, and impart migratory capability to them. This departure involves the EMT 

process whereby a subset of tumour cells within the primary tumour switches 
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off epithelial markers such as E-cadherin and turns on mesenchymal markers, 

such as vimentin, which leads to loss of cell polarity, cytoskeletal reorganisation 

and dissolution of adherens and tight cell junctions (Valastyan & Weinberg, 

2011; Nieto, 2013). Tumour growth factor beta (TGF-β) is a key promoter of EMT 

(Katsuno, Lamouille & Derynck, 2013). Under certain physiological conditions, a 

variety of developmental signalling pathways, such as WNT and NOTCH have 

been shown to induce EMT. Additional signalling molecules that are thought to 

induce EMT include inflammatory cytokines, hypoxia through HIF-1α, and 

extracellular matrix (ECM) stiffness (Y. Wu et al., 2009; Lo et al., 2007; Yang et 

al., 2004; Wei et al., 2015).  

EMT transcription factors, such as the SNAIL, ZEB and TWIST transcription 

families, respond to downstream signalling pathways by activating and 

coordinating the EMT process. Members of these transcription factor families 

block transcription of E-cadherin and downregulate tight junction proteins, 

providing epithelial structure support as well as regulating multiple signalling 

pathways via associated proteins (Batlle et al., 2000; Comijn et al., 2001; 

Ikenouchi et al., 2003; Fang et al., 2011). TWIST1 has also been shown to aid the 

breakdown of the basement membrane, thus promoting EMT (Wei et al., 2015).  

During the EMT process, upregulated expression pro-EMT genes, including 

fibronectin, vimentin and N-cadherin, as well pro-migration cell surface prote ins 

is commonly observed (Porta-de-la-Riva et al., 2011; Beaty & Condeelis, 2014). 

This mesenchymal shift promotes greater cell motility and contractility (Haynes 

et al., 2011), as well as increased matrix metalloproteinase (MMP) expression, 
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which in turn promotes ECM degradation and pro-invasive behaviour (Leong et 

al., 2014; Watanabe et al., 2013). 

 

Figure 1-3: The processes of epithelial-to-mesenchymal transition and mesenchymal-to-
epithelial transition 

Primary epithelial tumour cells undergo EMT, acquiring the abil ity to disseminate, invade 
surrounding stroma, and intravasate into the blood vessels. Circulating tumour cells a re a ble to 
survive in the circulation and ultimately extravasate to distant sites. Disseminated c ancer  c ells 
can remain in a dormant state before undergoing mesenchymal-epithelial transition (MET) to 
proliferate and form macrometastases (taken from Yeung & Yang, 2017). 

 

The EMT process is not just a pathway progressing in once direction, but is 

rather a multifaceted range of reversible overlapping pathways that can result in 

cells in existing between epithelial or mesenchymal states. This unique effect has 

obvious implications in tumour metastasis and is one of the major reasons that 

metastatic disease is such a challenge therapeutically. 
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Angiogenesis provides vital vascular support to tumours during cancer 

pathogenesis (Bergers & Benjamin, 2003; Hicklin & Ellis, 2005). The tumour 

vasculature not only delivers vital nutrients to growing tumours but provides 

important routes for dissemination of tumour cells. Development of blood and 

lymphatic endothelial cells is known to be stimulated by vascular endothelial 

growth factor (VEGF), which is commonly found in high levels within the tumour 

microenvironment (Carmeliet, 2005). VEGF has been shown to facilitate the 

intravasation process by increasing vascular permeability within tumours. 

Importantly, the tumour vasculature is known to be structurally abnormal. In 

normal vasculature, pericytes and endothelial cells share a basement membrane 

and have tight gap junctions that restrict capillary leakage. Tumour pericytes 

have been shown to only have a very loose association with the endothelial cells, 

which contributes to the development of intercellular gaps that provide an easy 

for tumour cells to escape and invade (Xian et al., 2006; Gerhardt & Semb, 2008). 

The increased leakiness cause by these loose intercellular junctions causes an 

increase in interstitial fluid pressure, which adds to dissemination by promoting 

passive tumour cell escape the stroma (Jain, 2005). In addition to increasing 

vascular permeability, VEGF has the ability to support the formation of the pre-

metastatic niche by allowing micrometastases to grow and develop into 

macrometastases by recruiting VEGFR2-positive endothelial cell progenitors to 

build tumour vessel during the early stages of metastatic disease (Kaplan et al., 

2005; Ellis & Hicklin, 2008). 

 



Introduction 

9 
 

Sustaining proliferation and resisting cell death 

Cancer cells acquire the ability to sustain and promote proliferation. In normal 

cells these processes are tightly controlled through careful promotion of growth 

signals that allow progression through the cell cycle. This process ensures 

homeostatic maintenance of cell number, normal tissue architecture and 

function (Hanahan & Weinberg, 2011). Cancer cells can also dysregulate these 

signals to become self-sustaining (Hanahan & Weinberg, 2011). Cancer cells 

acquire an abnormal ability to sustain proliferative signalling in several ways. 

Firstly, by stimulating autocrine proliferation by directly upregulating production 

of growth factor ligands themselves (Walsh et al., 1991). Additionally, cancer 

cells can stimulate paracrine proliferation by inducing normal cells within the 

surrounding stroma to produce a supply of growth factors (Cheng et al., 2008; 

Bhowmick, Neilson & Moses, 2004). By increasing the concentration of key 

receptors on the surface of cancer cells, tumours can also render themselves 

hyper-responsive to low levels of growth factor ligand. Cancer cells may also 

constitutively activate the components of downstream signalling pathways, 

which removes the necessity for wait for ligand-mediated activation of these 

pathways. 

Important negative feedback loops may also be disrupted in cancer cells. In 

normal cells these feedback loops provide a vital safety check that limits hyper-

activated signalling pathways (Wertz & Dixit, 2010; Cabrita & Christofori, 2008; 

Mosesson, Mills & Yarden, 2008), however if these loops become disrupted it 

may lead to unchecked proliferation. An example of this is the Ras onco-prote in, 
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which, when switched on subsequently switches on additional pro-growth and 

pro-survival genes (Hanahan & Weinberg, 2011; Bardeesy & Sharpless, 2006). 

In addition to the ability to induce and sustain proliferative signalling, cancer 

cells are required to circumvent the powerful mechanisms that negatively 

regulate aberrant cell proliferation. Cancer cells are able to bypass key cell cycle 

checkpoints, which are vital for preventing aberrant cell proliferation (Caldon, 

Sutherland & Musgrove, 2010; Ringshausen, Peschel & Decker, 2006). Rb and 

p53 are two of the most commonly dysregulated tumour suppressors in cancer 

(Ringshausen, Peschel & Decker, 2006; Sherr, 2004). Rb protein responds to a 

wide range of extracellular and intracellular signals to determine whether or not 

cells ought to progress through the cell growth cycle, and can actively halt 

progression past the G1 cell-cycle check point (Deshpande, Sicinski & Hinds, 

2005; Sherr & McCormick, 2002). A defective Rb pathway allows cancer cells to 

proliferate unchecked. A key function of p53 is to regulate apoptosis in the 

presence of a range of cellular stressors, including but not limited to DNA 

damage, oxidative stress, osmotic shock, and ribonucleotide depletion (Lakin & 

Jackson, 1999; Liu & Xu, 2011; Gambino et al., 2013; Kishi et al., 2001; Tanaka et 

al., 2000). Cell cycle progression can be halted by p53 until these conditions have 

been normalised. When p53 is lost cell-cycle progression is able to continue 

despite the presence of potentially mutagenic DNA stress and damage. Although 

Rb and p53 have intrinsic importance, there also is evidence that both tumour 

suppressors form part of a greater protective network that also functions to limit 

inappropriate replication (Lipinski & Jacks, 1999; Ghebranious & Donehower, 

1998).  
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In normal cells, apoptosis can be initiated in response to DNA damage and stress, 

however, cancer cells have been shown to be less sensitive to many stressors 

and are therefore able to limit or entirely avoid apoptosis (Jin & El-Deiry, 2005) 

(Figure 1-4). Apoptosis occurs via intrinsic and extrinsic pathways. The intrinsic 

pathway, which is initiated via intracellular stress, is considered to be highly 

important in cancer. The intrinsic apoptosis pathway can be triggered by 

stressors including genomic instability, growth factor deprivation, and oxidative 

stress, and is known to be carefully regulated by the BCL-2 family of proteins. 

 
Figure 1-4: Apoptosis pathways in normal and cancer cells 

To cope with DNA damage, cells have evolved a sophisticated repair s ystem. Failure of thi s 
system leads to genomic instabil ity, which triggers apoptosis under normal physiological 
circumstances. Should mutations in key apoptosis signalling proteins and oncogene a cti vation 
also occur, then tumour development is a likely scenario (taken from Colotta et. al. 2009). 

 

Many cancers acquire the ability to bypass the apoptotic pathway by 

dysregulating the BCL-2 regulatory proteins, either by upregulating BCL-2 

expression or by downregulating related pro-apoptotic proteins (Letai, 2008). 

Cancer cells can further escape apoptosis by reducing the upstream stress signals 

that feed into and stimulate the BCL-2 pathway. For example, in a normal 
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situation, p53 responds to cellular stress by upregulating pro-apoptotic 

pathways, however, p53 can accumulate mutations that render cells less 

sensitive to DNA damage (Hemann & Lowe, 2006). Equally, in some cancer types, 

apoptotic resistance has been linked to inhibition of caspase-3 (Devarajan et al., 

2002; Quintavalle et al., 2013).  

NF-κB activates a number of key genes of the intrinsic and extrinsic apoptotic 

pathways. For example, NF-κB is known to upregulate the expression of proteins 

in the TNF-α signalling cascade. Research suggests that TRAF2 and TRAF6, both 

of which are involved in TNF-α signalling, lead to upregulation of pro-survival 

signalling (Wang et al., 1998). NF-κB also increases expression of the inhibitors of 

apoptosis (IAPs) proteins as well as several members of the pro-survival BCL-2 

family (Wang et al., 1998; Chen & Tu, 2002; Lee et al., 1999; Viatour et al., 2003). 

The IAP proteins prevent both extrinsic and intrinsic apoptosis pathways by 

directly inhibiting several key effector caspases (reviewed in Yang & Li, 2000), 

while the anti-apoptotic Bcl-2 proteins antagonise and inhibit pro-apoptotic 

regulator proteins (reviewed in Delbridge & Strasser, 2015). 

Additional cancer characteristics 

Sustaining unchecked proliferation requires cancer cells to be able to adjust their 

energy production by adjusting their glucose metabolism to upregulate glucose 

transporters and to use alternative metabolic pathways (Hay, 2016; Phan, Yeung 

& Lee, 2014). This allows cancer cells to divert glycolytic intermediates to 

alternate pathways, including those required to assemble new cells (Hanahan & 

Weinberg, 2011). 
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Immunosurveillance is an essential process that actively inhibits the growth of 

neoplastic tissue in the human body. A healthy and active immune system has 

the ability to continuously recognise and eliminate cancer cells before they can 

establish and develop into a solid tumour, however, immunoediting can limit this 

ability (Sherr, 2004; Vajdic & van Leeuwen, 2009). This occurs in three key 

phases, namely the elimination phase, the equilibrium phase and the escape 

phase. During the elimination phase, the immune system activates in response 

to inflammatory cytokines from the cancer cells and attempts to eradicate 

cancer cells via cytotoxic mechanisms. In the equilibrium phase, the immune 

system limits growth of any cancer cells that have escaped the elimination 

phase, but does not completely eradicate the transformed cells, which can lead 

to selection of cells with mutations that increase immune resistance. Finally, 

cancer cells that are invulnerable to immune defences can progress into the 

escape phase, where the escaped cancer cells, with various genetic and 

epigenetic changes, continue to divide and grow (Teng et al., 2008). 

Normal cells have an inherent cellular mechanism that limits their ability to 

replicate past a certain point. Cancer cells acquire the ability to bypass this 

protective mechanism by overexpressing telomerase (Artandi & DePinho, 2010). 

Telomerase is often only thought of in the context of maintaining telomere 

length, however additional functions of telomerase, namely in the promotion of  

tumour growth, have been recently been identified (Hanahan & Weinberg, 2011; 

Artandi & DePinho, 2010). 
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Genomic instability is common in many cancers, particularly in hereditary 

disease. Cancer can accumulate multiple mutations in order to promote tumour 

growth, and the unpredictable nature of these mutation events is major 

contributor to the heterogeneity observed in many cancer cells (Venkitaraman, 

2001; Negrini, Gorgoulis & Halazonetis, 2010). Acquisition of these mutations is 

accelerated by dysregulation of normal DNA repair pathways. The ‘caretaker’ 

genes in such pathways detect genetic damage, activate DNA repair pathways, 

directly fix damaged DNA, and inactivate or inhibit pro-mutagenic stimuli (Levitt 

& Hickson, 2002). By downregulating these caretaker genes, cancer cells can 

increase the overall rate of mutations and, therefore, tumour development. 

 

Cancer therapy 

Cancer is treated in a range of ways, including surgery, chemotherapy, 

radiotherapy, and hormonal therapy. The choice of therapy depends of a wide 

variety of factors, such as the location of the tumour, the expected aggression of  

the disease, as well as the overall health of the cancer patient. Removing the 

entire cancer without harming normal, healthy tissues is the ultimate objective 

of treatment and can be achieved in a variety of ways. Tumour removal is often 

achieved by surgery, however, the invasive nature of many cancers can 

significantly limit the effectiveness of this method. Equally, chemotherapy and 

radiotherapy induce toxicity in healthy cells, resulting in unwanted side 

effects. Therefore, curative outcomes with some side effects can often be 

accepted in practice. In the case where curative therapy is not possible, 
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treatment of cancer can also be used to suppress the cancer to a manageable 

state and maintain that state to increase life expectancy, or to simply provide 

palliative care to improve the remaining quality of life. 

Surgery 

In principle, solid cancers are able to be cured if they are completely removed 

during surgery, but ensuring the entire tumour mass is removed can often prove 

difficult. In the case that a tumour has metastasised to distant sites before 

surgery can be carried out, complete removal of the tumour is generally 

impossible. Traditionally it has been considered that as cancers progress, 

tumours first grow at their primary site, slowly invade nearby lymph nodes, and 

then ultimately disseminate other parts of the body. However, even small 

localised tumours are increasingly being recognised as possessing metastatic 

potential and identification of metastatic disease following surgery is on the ri se  

(Smaldone et al., 2012; Klatte et al., 2008). Surgery is often used in the 

treatment of breast cancer, prostate cancer, and non-small cell lung cancer. 

Depending on the case at hand, the purpose of surgery can be to remove just the 

tumour or the entire organ. Additionally, surgery can also be carried out for 

tumour staging, to determine the magnitude of the disease and whether or not 

it has metastasised. Surgery can occasionally be used for palliative therapy to 

help to reduce pain from complications such as spinal cord compression or 

bowel obstruction. 
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Radiotherapy 

Radiation therapy utilises ionising radiation to eradicate cancer cells and reduce 

tumour burden. Administration of radiotherapy can occur externally, by external  

beam radiotherapy (EBRT), or internally, by brachytherapy. A key benefit of 

radiotherapy is that the effects, at least for solid for solid cancers, are generally 

localised to the region being irradiated. Radiotherapy kills cells by inducing DNA 

damage, inhibiting the ability for targeted cells to continue to grow and divide. 

The ultimate goal of radiotherapy is to kill the targeted cancer cells without 

injuring nearby normal tissues. To achieve this, radiotherapy is often delivered in 

multiple fractions, which allows normal to recover between doses (Baskar et al. ,  

2012). 

The dose of radiation used to treat tumours is entirely dependent on a range of 

factors. These factors include the specific radiosensitivity of the cancer being 

treated as well as the proximity of nearby healthy tissues that could be damaged 

during the process. Highly radiosensitive cancer cells, such as leukaemias and 

most lymphomas, are easily eradicated by modest doses of radiation (2-20 Gy), 

while many epithelial cancers, which are not as radiosensitive, require a 

significantly higher radiation dose (60-70 Gy) (Illidge, 2011; Gerweck et al., 

2006). Some cancers, such as renal cell cancer and melanoma, are highly 

radioresistant and a curative dose would not be considered to be clinically safe. 

While radiotherapy may not be used for curative therapy in these more resistant 

tumours, it may still be a palliative option for metastatic disease.   
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A number of technological advances have improved the way that external 

radiotherapy is delivered. Three-dimensional conformal radiotherapy (3DCRT) 

and, more recently, intensity-modulated radiation therapy (IMRT) are highly 

precise methods of radiation delivery. In 3DCRT and IMRT the radiation beam 

conforms to match the shape of the tumour, which should limit the dose that 

nearby structures, such as the spinal cord or blood vessels, receive. The radiation 

dose is able to match the three-dimensional shape of the tumour by controlling, 

or modulating, the radiation beam’s intensity. The intensity of the radiation dose 

is increased near the tumour mass, while the intensity is reduced near normal 

healthy tissues (B. Wu et al., 2009). In addition to advances such as IMRT, 

developments in medical imaging have become integral to radiation oncology, 

and the development of image-guided radiotherapy (IGRT) protocols have added 

to previous 3DCRT and IMRT technology to improve tumour targeting and 

healthy tissue sparing (reviewed in Dawson & Sharpe, 2006). Prior to IGRT, CT 

scan technology is used to identify tumour and healthy tissue areas, while three-

dimensional soft-tissue imaging is used during therapy to track tumour motion. 

The increased precision and accuracy of IGRT has improved tumour killing while 

limiting the incidence and severity of radiation toxicity in a proportion of 

patients (Dawson & Sharpe, 2006; Sterzing et al., 2011). While, these 

technological advances have resulted in improved tumour targeting, reduced 

side effects, and better treatment outcomes than even 3DCRT, no single 

technology or strategy exists that is appropriate for all clinical situations. Despite  

significant effort to target therapy to the tumour mass alone, radiation therapy-

induced side effects still occur. These adverse effects can range from relatively 
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manageable, such as skin irritation and burns, to very debilitating, such as 

fibrosis, incontinence and infertility.  

Chemotherapy 

Chemotherapeutic agents are designed to impede cancer cell division, thus 

tumour growth. While chemotherapy can be highly effective, most drugs are not 

specific to cancer cells and therefore target all rapidly dividing cells. Therefore, 

like many cancer therapies, chemotherapy has the potential to significantly 

damage normal tissue, which can cause significant side effects, particularly in 

tissues with cells that divide rapidly. Such tissues include bone marrow, the 

digestive tract, and hair follicles, which leads to the most common 

chemotherapy side effects, including myelosuppression, mucositis and alopecia. 

Currently, chemotherapy is most often given as multiple drug combinations, 

rather than as a single agent. Treating some haematological cancers can require 

high chemotherapeutic doses, alone or in combination with whole body 

irradiation, which entirely eradicates bone marrow. Bone marrow or peripheral 

blood stem cells collected prior to such ablative therapy, or obtained from a 

matched donor, enable recovery post-treatment. 

As with other types of cancer therapy, the therapeutic outcome of 

chemotherapy depends a range of factors, including the specific type of tumour. 

The outcomes of therapy can range from being entirely curative, most 

commonly in leukaemia (Freedman, 2012), to being relatively limited, such as in 

some brain tumours (Rampling, James & Papanastassiou, 2004), to being 

pointless in others, as is the case for many skin cancers (Neville, Welch & Leffell, 
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2007). Chemotherapeutic drugs can also be delivered as a neoadjuvant therapy 

prior to the major therapy, most commonly surgery. As with chemotherapy, the 

benefits of neoadjuvant chemotherapy can differ depending on the cancer type 

and stage.  

Additional therapy options 

Targeted therapy is currently an area of research receiving significant attention 

and to date has been able to significantly improve treatment of some cancer 

types. Targeted cancer therapy utilises agents that specifically target and 

deregulate the pathways involved in tumour growth and development. Targeted 

therapies are specifically selected because they interact with target pathways 

rather than simply killing cells, as is the case with standard chemotherapy. Many 

targeted therapy drugs inhibit enzymatic domains on overexpressed or 

genetically altered proteins that allow cancer cells to function (Afghahi & Sledge, 

2015). Key examples of such drugs are imatinib and gefitinib, both of which are 

potent tyrosine kinase inhibitors which are used to treat some types of 

leukaemia, as well as lung and breast cancers (Natoli et al., 2010). Targeted 

therapy can also utilise radionuclides attached to small peptides, which are 

designed to target and bind to specific cells in the tumour region. The 

radionuclides slowly kill the cancer cell as they decay in the cell area (Gudkov et 

al., 2015). An additional form of targeted cancer therapy is monoclonal antibody 

therapy. This approach utilises a therapeutic antibody, which is designed to bind 

to and inhibit specific tumour cell surface proteins. One example of monoclonal 

antibodies currently in use clinically include trastuzumab, an anti-HER2/neu 
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antibody which is used for treatment of breast cancer (Vogel et al., 2002). 

Immunotherapy is an additional cancer therapy option, and is designed to 

activate and utilise an individual patient’s immune system to combat tumours. 

Immunotherapy may use a variety of methods to induce an immune response 

against tumours, including administering interferons and other cytokines to 

induce an immune response in patients with melanoma and renal cell (Motzer et 

al., 1999; Lizee et al., 2006), and intravesical BCG immunotherapy for treatment 

of bladder cancer (Koya, Simon & Soloway, 2006; Droller, 2001). Cancer vaccines 

that can illicit specific immune responses are currently a large area of research 

interest, specifically for the use in treating malignant melanoma and renal cell 

carcinoma (Allen & Gundrajakuppam, 2012; Yoshimura & Uemura, 2013). One 

immune-stimulating vaccine-like therapy currently in clinical use is Sipuleucel -T,  

which is used to treat metastatic hormone-refractory prostate cancer (Frohlich, 

2012; Anassi & Ndefo, 2011). 

 

Stumbling blocks and limitations 

While significant advances in cancer treatment have been made and several 

cancer types have high cure rates, there are still limitations to current therapies.  

Cancer heterogeneity is an issue that can have significant repercussions for 

cancer therapy. Targeted cancer therapy, which works by targeting genes of 

proteins required for tumour cell proliferation and survival, has significantly 

improved patient outcomes in a wide range of solid tumour types. However, in 

many cases of advanced disease, it has been shown that a targeted approach can 
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have limited benefit despite patients being selected based on key molecular 

markers. In these cases, targeted therapy is either not effective, or only provides 

clinical benefit for a finite period of time period (Gore & Larkin, 2011; Diaz et al., 

2012). This split in patient efficacy may be partially explained by tumour 

heterogeneity, where some subpopulations of tumour cells are affected while 

others are not. To provide more widely applicable therapies, novel drugs should 

be targeted to more generally applicable cancer hallmarks, rather than highly 

specific genetic markers, which may only apply to a small fraction of tumours. 

Radiotherapy is an important treatment option for many cancers, with more 

than fifty percent of all cancer patients receiving radiotherapy during cancer 

treatment (Moding, Kastan & Kirsch, 2013). While radiotherapy can be very 

successful, the associated normal tissue toxicity and side effects can still 

seriously affect the quality of a patient’s life (Sanda et al., 2008; Yucel et al., 

2014; Pinkawa et al., 2010). Radiotherapy toxicity can have acute or long-term 

side effects and can affect patients in different ways depending on the cancer 

type. Adverse side effects can include, in the short-term, skin irritation, burns, 

fatigue and hair loss, and in the long-term, trouble swallowing (head and neck 

cancer), deafness (brain cancer), heart and lung disease (breast cancer) and  

cystitis, incontinence and proctitis (prostate cancer) (Marks et al., 1995; Berkey, 

2010; Smith et al., 2009). While early adverse effects that occur during or just 

after treatment often resolve within a couple of months, the late adverse effects 

may not manifest until several months to several years after therapy is 

completed and can be permanent. 
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For many cancer patients, metastatic disease is a terminal illness. Although 

cancer death rates have declined, for the most part patients with metastatic 

disease have not benefited from therapeutic improvements. In many cancer 

types (including breast, kidney, melanoma, ovarian,  prostate and uterine) 

patients initially diagnosed with localised disease have almost a 5-year survival 

incidence close to 100%, while 5-year survival incidence drops to less than 25% 

when patients are first diagnosed with distant metastatic disease (Siegel, Miller 

& Jemal, 2016; Steeg, 2016). Despite the clear need for anti-metastatic 

therapies, many recent attempts to target metastatic cancer pathways have 

provided mixed results. For example, one particularly disappointing set of 

compounds have been the SRC inhibitors dasatinib and saracatinib (Parsons & 

Parsons, 2004; Summy & Gallick, 2003). On the basis of highly positive pre-

clinical data in cell lines (Nam et al., 2005; Lee et al., 2004) and nude mouse 

models (Park et al., 2008; Yang et al., 2010; Koreckij et al., 2009), SRC inhibition 

was anticipated to be a highly potent anti-metastatic therapeutic target for 

prostate cancer. However, in patients with refractory disease, dasatinib failed as 

a single anti-metastatic agent (Twardowski et al., 2013; Yu et al., 2011; Yu et al., 

2009) and did not increase overall survival when combined with docetaxel 

(Araujo, Trudel & Paliwal, 2013). The majority of compounds identified for use 

with other metastatic cancers have had similar lacklustre results in the clinical 

trial stages, and the search for novel and effective anti-metastatic drugs is an 

ongoing pursuit. 
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The need for novel therapies 

There is a significant need for novel therapies that target not just one but 

multiple aspects of the hallmarks of cancer. One such compound is parthenolide 

(PTL), which is a naturally occurring anti-inflammatory compound (Figure 1-5). 

Historically the most common use of PTL is as an anti-inflammatory agent, and 

thus the compound is perfectly suited to block tumour-promoting inflammation 

(Kwok et al., 2001). PTL acts to reduce inflammation by inhibition of the NF-κB 

pathway. This anti-NF-κB mechanism of PTL also acts to help reduce metastatic 

spread and development.  PTL is able to promote cell death via multiple 

pathways, most notably through modulation of the BCL-2 family of proteins and 

subsequent activation of caspase-mediated cell apoptosis (Zhang, Ong & Shen, 

2004). The pro-apoptotic action of PTL is due, in part, to its induction of ROS, 

which selectively pushes cancer cells towards intrinsic cell death pathways 

(Figure 1-5). 

Early in vitro and in vivo work have shown that PTL holds promise not just as a 

chemotherapeutic but also as a modulator of tissue sensitivity to radiotherapy. 
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Figure 1-5: The major anti-cancer mechanisms of parthenolide target multiple 
hallmarks of cancer  

The hallmarks of cancer, annotated with some of the major reported molecular mechanisms of 
parthenolide (in red) (adapted from Hanahan & Weinberg, 2011). 

 

Parthenolide 

Origins and chemistry 

Sesquiterpene lactones plant-derived compounds that have been extensively 

used in herbal medicine for a variety of inflammatory diseases (Marles et al., 

1995). PTL is a naturally occurring sesquiterpene lactone, which is commonly 

found in the flowers and leaves of feverfew (Figure 1-6). Native to the Balkans, 

the medical use of feverfew (Tanacetum parthenium) can be traced back to the 

ancient Greeks and early Europeans (Knight, 1995). Feverfew has been used for 

hundreds of years as a natural anti-inflammatory compound to treat arthritis, 
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asthma, dermatitis, earache, fever, headache, as well as being an anticoagulant, 

a digestive aid, and as treatment for depression, vertigo, and kidney stones ( Jain 

& Kulkarni, 1999; Vogler, Pittler & Ernst, 1998; Heptinstall et al., 1992).  

 

Figure 1-6: Feverfew (Tanacetum parthenium) 

Representative images of the flower (A) and leaves (B) of the feverfew plant (taken from 
Gardenia.net, 2017) 

 

PTL is found mostly in the superficial leaf glands, while being almost 

undetectable in the roots, and makes up 85% of the total sesquiterpene content 

(Heptinstall et al., 1992). Commercially available PTL (for research purposes) is 

extracted from the plant leaves, rather than being completely synthesised 

(Abcam, Sigma-Aldrich, Santa Cruz Biotechnology, Enzo Life Sciences and 

Cayman Chemical). 

Anti-cancer effects of PTL 

In addition to its powerful anti-inflammatory effects, PTL was shown to have 

anti-tumour properties for the first time in 1973 (Wiedhopf et al., 1973). These 

properties of PTL have been accredited to its ability to inhibit nuclear factor 
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kappa B (NF-κB), which was initially discovered in 1997 (Bork et al., 1997), and 

then further examined by studying the many steps in the NF-κB signalling 

pathway (Garcia-Pineres et al., 2001; Hehner et al., 1999; Kwok et al., 2001; 

Zhang et al., 2005). Despite being identified as a tumour inhibitory agent as early 

as 1973, it was only after the patenting of PTL for its use in cancer prevention in 

2005 (Nakshatri & Sweeney, 2005) that significant research was directed towards 

the molecular mechanisms behind these anticancer properties. One of the more 

recent discoveries about PTLs anti-cancer mechanism, has been the insight into 

the drugs ability to radiosensitise tumour tissues while conversely increasing 

radioresistance of normal healthy tissues (Sun et al., 2007; Sun et al., 2010; 

Watson et al., 2009; Mendonca et al., 2007; Xu et al., 2013). This has the clinical 

potential to help reduce the radiation-induced side effects of radiotherapy. The 

potential that PTL holds in a clinical setting is limited by the significant 

hydrophobicity of the compound, thus limiting the oral bioavailability of the drug 

in blood plasma (Schneider-Stock et al., 2012; Mathema et al., 2012; Kreuger et 

al., 2012; Pajak, Orzechowski & Gajkowska, 2008).  

Parthenolide analogues 

PTL has been shown to have high potency against a variety of cancer types; 

however, PTL’s limited bioavailability is a significant restriction for its use in a 

clinical setting. Studies have been successful in identifying PTL derivatives with 

greater water solubility without loss of potency (Crooks, Jordan & Wei, 2006). 

Altering the α-methylene or the endocyclic alkene functional groups (highlighted 

in Figure 1-7a) has been found to reduce PTL activity (Neelakantan et al., 2009; 

Nasim & Crooks, 2008; Peese, 2010). However, conjugation of aromatics (Nasim 
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& Crooks, 2008), or aliphatic amines (Neelakantan et al., 2009) to the α-

methylene produces analogues with comparable efficacy and increased 

hydrophilicity. One such analogue is dimethylamino-parthenolide (DMAPT) 

(Figure 1-7b), which has been shown to kill 93% of primary acute myeloid 

leukaemia cells (Neelakantan et al., 2009).  

 

Figure 1-7: Comparison of PTL and DMAPT chemical structures  

PTL (a) has epoxide and α-methylene functional groups, DMAPT (b) retains the epoxide 
functional group, but the α-methylene is replaced by an amine group  

 

The development of the hydrophilic analogue DMAPT has helped to unlock the 

therapeutic potential of PTL by increasing plasma concentrations after oral 

dosing, while still maintaining acceptable toxicology in animal studies (Guzman 

et al., 2007).   

Mechanisms of action of PTL 

The current postulated mechanisms of PTL’s ability to sensitise cells to extrinsic 

apoptosis signals include inhibition of the NF-κB pathway, inhibition of 

transcriptional activity of STATs, and the resulting transcriptional 

downregulation of several pro-survival genes (Figure 1-8). Additionally, inducing 
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oxidative stress and the resulting mitochondrial dysfunction promotes intrinsic 

apoptosis in cancer cells (Figure 1-8). 

 

Figure 1-8: A basic model of parthenolide-mediated anti-cancer and anti-
inflammatory activities  

Parthenolide-mediated inhibition of NF-kB, STAT’s transcriptional activity, and resulting 
downregulation of multiple anti-apoptotic gene transcription results in sensitisation of c el ls to 
extrinsic apoptotic signals. In addition, induction of oxidative stress and the cascade of reactions 
leading to mitochondrial dysfunction leads to activation of intrinsic apoptosis in c anc er c ells. 
(taken from Mathema et al., 2012)   

 

Inhibition of NF-κB by PTL 

PTL is a well-known NF-κB inhibitor, most likely due modulation of several 

different points along the NF-κB signalling pathway (Figure 1-8). Many NF-κB 

inhibitors are antioxidant compounds, however the structure of PTL does not 

promote free radical scavenging (Bork et al., 1997). Quantitative studies of NF-κB 

DNA-binding affinities across more than one hundred sesquiterpene lactones, 

including PTL, have been able to correlate inhibition of NF-κB with the amount of  

alkylating centres but not with lipophilicity (Siedle et al., 2004). In particular, the 
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presence of an α-methylene-γ-lactone (Figure 1-7a) was found to be the most 

important requirement for NF-κB inhibition (Siedle et al., 2004). In another 

study, 6 different PTL derivatives were utilised to identify that differences in 

derivative polarity could affect NF-κB inhibitory potential (Dell'Agli et al., 2009). 

The compounds with greater polarity, bearing hydroxyl functional groups, were 

found to be superior inhibitors of NF-κB-driven transcription (Dell'Agli et al., 

2009; Ghantous et al., 2010). 

The best studied mechanism by which PTL supports NF-κB inhibition is by 

directly binding to key NF-κB subunits (Figure 1-8). NF-κB is a protein complex 

that controls transcription of DNA in response to varying cellular stimuli. The α-

methylene functional group of PTL (Figure 1-7) acts to alkylate cysteine-38 in the 

p65/NF-κB subunit (Garcia-Pineres et al., 2001). Sesquiterpene lactones lacking 

the α-methylene group lack anti-inflammatory properties in vitro and in vivo and 

are unable to inhibit NF-κB even at increasing concentrations (Bork et al., 1997; 

Kwok et al., 2001). The hypothesis of α-methylene-mediated cysteine-38 

alkylation is reinforced by studies utilising cell lines with mutated p65/NF-κB 

lacking cysteine-38, which were found to nullify the ability of PTL to inhibit NF-κB 

(Garcia-Pineres et al., 2001).  

PTL can also inhibit the IκB kinase (IKKβ) complex (Figure 1-8), which 

phosphorylates NF-κB inhibitors IκBα and IκBβ, ultimately promoting their 

degradation. Direct inhibition of IKKβ by PTL occurs through alkylation of 

cysteine-179, leading to downstream stabilisation IκBα and IκBβ. In cell lines 

where cysteine-179 was absent, IKKβ sensitivity toward PTL was 
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eliminated (Kwok et al., 2001) In addition to altering IKKβ sensitivity to PTL, 

cysteine-179 dysfunction is known to downregulate NF-kB-regulated cell survival 

and proliferative proteins and increase sensitivity of tumour cells to 

chemotherapeutic agents (Gupta et al., 2010). Given its importance as a critical 

player in the inflammatory pathway, the multi-subunit IKKβ complex may 

represent a very attractive target for pharmaceutical intervention.  

JAK-STAT inhibition by PTL 

Proteins from the signal transducer and activator of transcription (STAT) family 

are extracellular transcriptional factors that facilitate a wide range of biological 

functions, including cellular proliferation, differentiation and apoptosis (Meyer & 

Vinkemeier, 2007). Normally, phosphorylation of STAT tyrosine is short lived; 

however, consistent tyrosine-phosphorylation of STATs is has been reported in 

many cancer cell lines and human tumours (Bromberg, 2002). Constitutively 

activated STATs have been observed in numerous cancer types, including 

leukaemia, breast cancer, and prostate cancer (Endo, Toyota & Imai, 2004; 

Sheen-Chen et al., 2007; Ferrajoli et al., 2006; Tam et al., 2007). Recent research 

has shown that PTL-mediated inhibition of Janus kinase (JAK) proteins (Figure 

1-8) inhibits activity of STAT proteins, which in turn help to modulate the effects 

that PTL elicits on death receptors (Carlisi et al., 2011). Resistance to TNF-related 

apoptosis-inducing ligand (TRAIL)-mediated apoptosis is often reported in cancer 

cells (Zhou et al., 2008). PTL has been found to increase the number of R1, R2, 

and R3 TRAIL receptors (Guzman et al., 2005) and induce an extrinsic apoptotic 

pathway in colorectal cancer cells (Kim et al., 2015). Inhibition of IL-6 expression, 
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mediated by PTL, is also thought to be related to the downregulation of STAT3 

through Tyr705, resulting in the prevention of translocation of STAT into the 

nucleus (Sobota et al., 2000). 

Increased ROS activity by PTL 

Imbalances between ROS induction and the ability of cells to remove reactive 

intermediates or fix the subsequent damage can lead to a shift to a pro-oxidative 

state (Tapia, 2006). The intracellular redox state occurs as a careful balance 

between oxidative stress and endogenous thiol buffering systems, incorporating 

non-protein molecules, for instance glutathione (GSH), as well as many protein 

thiols, including thioredoxin. Studies have shown that the redox status of cells 

plays an important role in survival and cell death (reviewed in Hampton & 

Orrenius, 1998). The ability to upregulate production of ROS is a major 

mechanism of the pro-apoptotic ability of PTL (Juliana et al., 2010; Nakshatri, 

Rice & Bhat-Nakshatri, 2004). Because ROS levels are innately elevated in cancer 

cells, only very minimal pro-apoptotic activity is observed in normal cells (Steele 

et al., 2006; Herrera et al., 2005; reviewed in Hampton & Orrenius, 1998). PTL 

activity has been linked to the reaction of the α-methylene-γ-lactone functional 

group (Figure 1-7a) with glutathione or cysteine thiol groups of target molecules 

(Winterbourn & Hampton, 2008). These redox reactions have the ability to act as 

a biological switch for signalling downstream cascades (Winterbourn & Hampton, 

2008; Lee, Cha & Kim, 2000). The added oxidative stress induced by PTL appears 

to have a wider range of inhibitory and pro-apoptotic effects on tumour cells 

(Pajak, Orzechowski & Gajkowska, 2008). Studies show that PTL increases ROS 
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levels in prostate cancer (PC3) cells through activation of NADPH oxidase, which 

subsequently promotes a range of reactions involving the P3K/Akt pathway and 

FOXO3a. This ultimately leads to inhibition of manganese superoxide dismutase 

and catalase, both of which are key antioxidant enzymes (Sun et al., 2010). It has 

been shown that PTL promotes ROS-mediated apoptosis in leukaemia cells to 

illicit an anti-cancer effect (Zunino, Ducore & Storms, 2007). In colorectal cancer 

cell lines, PTL-induced oxidative stress activates intrinsic cell death pathways, 

which in turn leads to degeneration of the mitochondrial membrane and an 

upregulation of pro-apoptotic proteins (Zhang, Ong & Shen, 2004). In addition to 

these findings, a study into human gastric cancer has shown that PTL-mediated 

mitochondrial damage results in the release of cytochrome c into the cytosol, 

which consequently controls expression of BCL-2 family proteins and activates 

caspase-mediated cell apoptosis (Zhao, Xu & Li, 2009). 

P53 activation  by PTL 

The p53 protein is crucial in multicellular organisms, where it regulates the cell 

cycle and, thus, functions as a tumour suppressor. To elicit an effective and 

timely response to stimuli such as genotoxic stress, the cellular concentration 

and transcriptional activity of p53 are tightly maintained. PTL is known to target 

and activate p53 cellular functions via ubiquitination of MDM2 (Gopal, 

Chanchorn & Van Dyke, 2009). Although research has indicated that p53 

activation is likely to be involved in PTL’s anti-cancer mechanism (Dey, 

Tergaonkar & Lane, 2008; Kawasaki et al., 2009; Dinarello, 1998), a recent study 

of the complimentary action of PTL in melanoma cells when given in 
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combination with doxorubicin found that although PTL was able to reduce 

constitutive and doxorubicin-induced NF-κB activity, it had no effect on p53 

(Wozniak et al., 2013). This may indicate that p53 is not essential for the tumour-

killing action of PTL. This finding is supported by studies into the radio-

sensitisation of prostate cancer cell lines by PTL, which found that increased 

irradiation-induced cell death occurred in both p53-null (PC3) and p53-wildtype 

(LNCaP)  prostate cancer cell lines (Sun et al., 2007; Sun et al., 2010). In a 2009 

study, PTL was shown to inhibit constitutive and radiation-induced NF-kB binding 

activity and enhanced the X-ray sensitivity of PC3 cells (Watson et al., 2009). It 

was proposed that the suppression of radiation-induced NF-kB activity by PTL led 

to X-ray sensitisation through inhibition of split-dose repair in the p53 null cells.  

Although p53 activation may not be essential for the anti-cancer effect of PTL, 

recent studies have found that phosphatase and tensin homolog (PTEN) 

accentuates this anti-cancer effect, and this action may modulate p53 expression 

though targeting the PTEN/Akt/MDM2/p53 pathway (Di Fiore et al., 2013; Sun et 

al., 2007). 

Selective targeting of cancer stem cells by PTL 

Cancer heterogeneity results in multiple subpopulations of cells within and 

between tumours. One of the many cell subpopulations is known as cancer stem 

cells (CSC) or tumour-initiating cells. CSCs are tumour cells that possess 

characteristics associated with normal stem cells, specifically the ability to self-

renew and to generate mature cancer cells through differentiation (Valent et al. ,  

2012). Generally speaking, CSCs are rare and proliferate more slowly than other 
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more differentiated cancer cells, but they are believed to establish the basis of 

tumours (Valent et al., 2012; Guzman & Jordan, 2005). CSCs could be a major 

factor behind resistance to chemotherapy, incomplete cancer eradication, and 

tumour relapse (Figure 1-9). 

 

Figure 1-9: Comparison of tumour killing therapies 

Comparison of conventional therapies which may shrink tumours by killing tumour cells but not 
cancer stem cells, and therapies targeted against cancer stem cells, which have greater potential 
to render tumours unable to maintain themselves or grow (taken from Reya et al., 2001) 

 

PTL was shown to be the first small molecule to selectively eradicate CSCs 

without significantly altering normal stem cells (Guzman et al., 2005). This 

observation has been replicated in several leukaemia and lymphoma models, as 

well as in solid tumours (Gunn et al., 2011; Carlisi et al., 2016; Guzman et al., 

2007). CSCs have higher NF-κB-dependent survival compared with normal stem 

cells, which may be one reason why PTL is able to target them so selectively 

(Valent et al., 2012; Zhou & Zhang, 2008). Interestingly, not all NF-κB inhibitors 

have the ability to target CSCs, which implies that the particular step along the 
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NF-κB pathway that is targeted during inhibition may be important to the anti-

CSC response. PTL’s ability to selectively target CSCs might also be linked to thei r 

ability to simultaneously activate p53 (Dey, Tergaonkar & Lane, 2008), by 

increasing DNA binding (Kawasaki et al., 2009) and protein levels with associated 

phosphorylation of serine 15 (Guzman et al., 2005; Guzman et al., 2007), and by 

inhibiting NF-κB. PTL has also been shown to inhibit several key pathways 

required for CSC survival, namely NF-κB, JAK/STAT, MAPK, and 

phosphatidylinositol-3-kinase (Kawasaki et al., 2009; Dreesen & Brivanlou, 2007). 

Drugs targeting these pathways might have complimentary effects in eliminating 

tumours, as has been seen in the synergy between PTL and PI3K inhibitors 

(Hassane et al., 2010). PTL has also shown preferential targeting of ABCB5-

positive melanoma CSCs, which subsequently prevents chemo-resistance in 

melanoma (Czyz, Koprowska & Sztiller-Sikorska, 2013; Schatton et al., 2008). PTL 

has superior abilities to eradicate melanospheres, which are melanoma cells that 

grow as non-adherent colonies and that show in vitro self-renewing capacity and 

multipotency, compared commonly used melanoma chemotherapeutics, such as 

dacarbazine (Czyz, Koprowska & Sztiller-Sikorska, 2013). 

In vitro studies 

On a molecular level, PTL has been shown to alter signalling pathways to induce 

selective toxicity of tumour cells in several cancer types in vitro. The underlying 

molecular interactions involved in PTL’s promotion of tumour-specific cell death 

have been mainly linked to inhibition of NF-κB and JAK/STAT signalling, and 

induction of JNK, as well as heightened redox stress, leading to changes in gene 
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expression, in particular downregulation of anti-apoptotic genes and up-

regulation of pro-apoptotic genes (Kreuger et al., 2012; Mathema et al., 2012). 

The chemotherapeutic properties of PTL have been in part attributed to its 

impact on epigenetic mechanisms, which are commonly modified in cancer cells.  

Expression of histone deacetylase 1 (HDAC1) is often increased in cancer cells, 

which are known to be more sensitive to HDAC inhibitors than normal cells are. 

In several cancer types, PTL has been shown to selectively deplete HDAC1 in 

vitro without altering other HDACs (Gopal, Arora & Van Dyke, 2007; Ghantous et 

al., 2012; Salisbury & Cravatt, 2008). PTL promotes HDAC1 degradation and 

modifies histone structure at the p21 promoter, which results in greater p21 

transcription and subsequent upregulation of cancer killing (Gopal, Arora & Van 

Dyke, 2007; Ghantous et al., 2012). Many tumours express elevated levels of 

DNA methyltransferases (DNMTs) DNMT1 and DNMT3b, which both contribute 

to tumour development by inhibiting expression of tumour suppressors. In 

vitro and in vivo studies in myeloid leukaemia and skin cancer, have found that 

PTL induces global DNA hypomethylation via inhibition of DNMT1 (Liu et al., 

2009).  

In vivo studies 

A broad range of in vivo PTL studies have been carried out to date, these studies 

are briefly summarised in Appendix A. Oral dosing of PTL is significantly less 

effective than with other drug administration methods. Although oral PTL 

significantly inhibits tumour growth in some in vivo models, the high lipophilicity 

of the compound limits PTL’s ability to achieve an effect proportional to the dose 
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administered (Kawasaki et al., 2009). This limitation of PTL was a major reason 

for the development of the water-soluble PTL analogue, DMAPT. The poor 

solubility of PTL restricts oral dosing of mice to a maximum of 40 mg/kg, 

providing a maximum plasma concentration of less than 1 μM, which is well 

below the ideal therapeutic plasma concentrations of 5-10 μM (Sweeney et al., 

2005). In contrast, DMAPT has been tested in vivo at oral doses up to 100 mg/kg, 

which results in maximum plasma concentrations of 25 μM in mice and 61 μM in 

dogs (Guzman et al., 2007; D. Cheng et al., 2005; Peese, 2010). Administration by 

IV or IP allows a higher drug dose to be administered; however, PTL and DMAPT 

plasma levels following drug injection are reportedly lower than might be 

expected, potentially due to drug precipitation after injection (D. Cheng et al., 

2005; Dell'Agli et al., 2009). Injecting PTL into or near by the tumour or ex 

vivo pre-treatment of tumour cells before xenograft implantation have both 

been proven to successfully increase drug potency. Even when DMAPT is 

administered orally complete eradication of tumour volumes has not been 

observed. PTL and DMAPT may potentially have greater benefit when delivered 

in combination with other drugs. It has been observed that PTL and DMAPT are 

not effective in all cell subpopulations present in a tumour, however, they do 

appear to selectively target the CSCs, which results in inhibition of metastasis 

and tumour cell engraftment.  

Clinical trials with PTL 

Clinical trials assessing the toxicity and efficacy of PTL have been limited and the 

majority have focused on feverfew rather than the purified active compound. 
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The first clinical study to assess the efficacy of feverfew against migraine began 

in 1985 (Johnson et al., 1985). The study provided evidence that feverfew taken 

prophylactically prevents attacks of migraine, and identified no adverse side 

effects, although it should be noted that many of the patients accepted into this 

study were already suffering from PTL’s described side effects (nausea, blurred 

vision, fatigue) which were later described (Curry et al., 2004). Subsequent trials 

for migraine treatment identified no significant side effects (Murphy, Heptinstall 

& Mitchell, 1988; Pfaffenrath et al., 2002; Diener et al., 2005).      

The first trial to examine PTL’s anti-cancer ability was a Phase I clinical trial 

designed to examine the pharmacokinetics and toxicity of PTL delivered to 

cancer patients in the form of the herbal supplement feverfew (Curry et al., 

2004). Feverfew was delivered orally, once a day in a 28-day cycle starting with a 

1 mg per day dose and then escalating to daily doses of 2, 3, and 4 mg. This 

dosing schedule resulted in no significant toxicity, however, at these doses PTL 

was not detectable in plasma. It was therefore concluded that daily oral 

feverfew, containing up to 4 mg of PTL, while well tolerated, would not be 

clinically effective against cancer. It was also concluded that purification of PTL 

would be required to allow greater doses to be delivered for clinical applications. 

PTL and DMAPT are currently in ongoing Phase I clinical trials for their ability to 

eradicate CSCs in AML, ALL and other blood-lymph tumours (Gopal, Chanchorn & 

Van Dyke, 2009; Dittmar & Zänker, 2013; Ghantous et al., 2013), however, 

published information about these trials is not yet available.  
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While PTL holds significant clinical promise for many cancer types, its use in the 

treatment of prostate cancer may be particularly beneficial, due to the slow 

disease progression, limited options for treating metastatic disease and common 

use of radiotherapy in treatment.  

 

Prostate Cancer 

Function and anatomy of the prostate 

The prostate is a walnut sized mammalian organ of the male reproductive tract. 

It is located at the base of the bladder with the urethra running through its 

centre. Epithelial, solid, glandular prostatic shoots invade the peri-urethral 

mesenchyme, forming a complex branched ductal structure (Schalken & van 

Leenders, 2003). The glandular structures produce a proportion of the fluid 

comprising an ejaculate, whilst the muscular components supply some of the 

rhythmic contractions which aid ejaculation and close the urinary urethra, to 

limit contamination of the ejaculate with urine (De Marzo et al., 2007; Shafik et 

al., 2006). Secretions from the prostate gland contain a range of proteins, the 

three most abundant being; prostate-specific antigen (PSA), prostatic acid 

phosphatase (PAP) and prostate secretory protein of 94 amino acids (PSP94, also 

known as β-microseminoprotein) (Weiber et al., 1990).  

The human prostate is defined through a zonal histological system (rather than a 

distinct lobe structure), which is based on the relationship to the ejaculatory 

ducts (Figure 1-10) (Wendell-Smith, 2000; McNeal, 1968). The zone-based 

division of the human prostate correlates well with the various pathologies of 
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the prostate. Histopathological findings of focal atrophy, prostatic intraepithelial  

neoplasia (PIN) and carcinoma are found in high prevalence in the peripheral 

zone. The transitional zone is somewhat prone to focal atrophy, PIN and 

carcinoma; whilst benign prostatic hyperplasia is almost exclusive to the 

transitional zone.  

 

Figure 1-10: Zonal nomenclature of the human prostate, including the 
Transition, Central and Peripheral zones 
(adapted from Standring, 2008). 

 

The epithelial prostate glands are comprised of four main cell types: basal, 

transit amplifying, neuroendocrine and luminal epithelial cells. These cell types 

form two histological layers, the basal and luminal layers, which are bordered by 

a basement membrane of extracellular matrix; these form a barrier between the 

basal cells and the fibromuscular stroma (Figure 1-11). The cellular layers of the 

epithelium can be identified through specific marker profiles. Basal cells express 

cytokeratins (CK) 5 and 14 along with BCL-2 and CD44; luminal cells express CK8 

and 18, the androgen receptor and PSA (Hudson et al., 2001). The luminal layer 
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of the prostate consists of tall columnar cells, is androgen dependent and 

responsible for the secretion of PAP, PSA and PSP94 into the seminal fluid. The 

basal layer contains androgen-independent cuboidal cells, and is considered to 

be the proliferative compartment of the prostate.  

 

Figure 1-11: Schematic depiction of structure and cell types comprising the 
human prostatic duct 

(taken from Abate-Shen & Shen, 2000) 

 

Given the ability of the prostate to regenerate following luminal cell depletion, 

resulting from androgen withdrawal, the basal layer has been associated with 

putative stem cell populations, capable of regenerating the differentiated cells of 

the epithelium. Ongoing work, aimed at identifying this stem cell population and 

differentiating cells has complicated the traditional view that the prostate 

epithelium is comprised of two distinct layers. Populations of cells are being 

identified which express cell marker profiles which are intermediate between 

basal and luminal cells. Stem cells located in the basal layer give rise to the basal  

cells and transit amplifying cells (progenitor cells) (Figure 1-12). The transit 

amplifying cells, expressing both luminal and basal markers, proliferate to give 
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rise to luminal and neuroendocrine cells. The transit amplifying cells have also 

been implicated as potential cells of prostate cancer origin and may therefore 

prove to be an important target in improved cancer therapeutics (Hallstrom & 

Laiho, 2008; Hudson, 2004; Hudson et al., 2001; Taylor, Toivanen & Risbridger, 

2010). 

 

Figure 1-12: Model of differentiation hierarchy for putative prostatic stem cells 

In this model, basal cells self-renew, give rise to progenitor (transit amplifying cells), followed by 
intermediate cells and then terminally differentiated luminal or neuroendocrine cells in a  l inear  
manner (taken from Taylor, Toivanen & Risbridger, 2010). 

 

Incidence, morbidity and mortality of prostate cancer 

Prostate cancer arises in the epithelial cells of the glandular prostate; 

adenocarcinomas of the prostate account for approximately 90% of all prostate 

cancer diagnoses (Long et al., 2005). Prostate cancer is zone specific, with 

approximately 70% of carcinomas arising in the peripheral zone (McNeal et al., 

1988). Information regarding the zone of cancer origin also has prognostic value, 

with evidence indicating that those arising in the transitional zone have less 

malignant potential than those of the peripheral zone (Greene et al., 1991). 
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Most prostate cancers are relatively indolent, and may never result in a clinical 

expression, or when still confined to the prostatic capsule, are in most cases 

curable through traditional surgical and radiation treatments. However, once 

established, aggressive prostate cancer invades the basal lamina of the prostate 

gland, infiltrating the surrounding prostatic stroma. This results ultimately in 

metastasis, primarily to lung and bone, which has very poor prognosis (reviewed 

in Abate-Shen & Shen, 2000). 

Prostate cancer is known to be associated with a range of environmental and 

genetic factors; however, age is the single greatest risk factor of prostate cancer. 

Despite only affecting men, prostate cancer is the most commonly diagnosed 

cancer in western countries, with over 180,000 new cases diagnosed globally 

each year (Siegel, Miller & Jemal, 2016). The pre-malignant lesions associated 

with prostate cancer can be identified in men in early adulthood and become 

much more common in men aged 30-50 year old, implying that prostate cancer 

has a long latency time (Sakr et al., 1993). Prostate cancer differs from many 

forms of cancer in that it is both heterogeneous and multifocal (Figure 1-13). 

Evaluations of prostatectomies have shown mulitfocality in the majority of cases, 

both in the early lesions of prostate cancer, such as PIN, and the cancer foci 

themselves (Sakr et al., 1993). This tendency to develop multifocally has been 

demonstrated in a variety of studies, with rates ranging from 60% to 90% 

(Bastacky et al., 1995; L. Cheng et al., 2005b; L. Cheng et al., 2005a; Miller & 

Cygan, 1994; Arora et al., 2004). The features of multifocality and genetic 

heterogeneity have led to two main hypotheses on the underlying processes 
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enabling these features. Firstly, the prostate has been shown to be deficient in 

G1/S, intra-S, and G2/M checkpoints, which allows the accumulation of genetic 

changes capable of driving mulitifocal and heterogeneous carcinogenic 

processes (Girinsky et al., 1995; Hallstrom et al., 2007). Secondly, the prostate is 

immunologically privileged, compromising immune surveillance of 

tumourigenesis (reviewed in Leibovitz, Baumoehl & Segal, 2004). Some dietary 

and environmental factors inherent in the Western lifestyle also appear to be a 

significant influence on the development of prostate cancer (Peto, 2001; 

Giovannucci et al., 2007).  

 

Figure 1-13: Prostate cancer multifocality 

Diverse topographical distribution of different-sized tumour foci within a whole-mount prostate 
specimen; tumour foci are circled (in red) (taken from Andreoiu & Cheng, 2010) 

 

The typical view of the histological changes which accompany the carcinogenic 

process of the prostate is that prostatic intraepithelial neoplasia (PIN) is the 

earliest recognisable stage. PIN lesions, like adenocarcinomas, are multifocal and 
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genetically heterogeneous, displaying some but not all the phenotypic, genotypic 

and biochemical markers of adenocarcinomas (Bostwick et al., 1998; reviewed in 

Abate-Shen & Shen, 2000; reviewed in Schrecengost & Knudsen, 2013). The 

clinical importance of this was first established by McNeal and Bostwick (1986) 

who found high grade PIN to be associated with adenocarcinomas (82% of 

prostates with carcinomas versus 43% of benign prostates examined harbouring 

PIN lesions). This information has led to the current model for the histological 

progression of prostate cancer; whereby a continuum of pathology exists which 

begins with the pre-malignant lesions (PIN) and develops through to in situ 

adenocarcinomas which invade the basal membrane and invade the local tissue 

resulting, ultimately, with metastasis (Figure 1-14). 

 

Figure 1-14: Histopathological progression of prostate cancer  

Indication of the timing of common genetic mutations (NKX3.1, PTEN, Rb and p53 loss) which can 
occur in the prostate carcinogenesis process (taken from Abate-Shen & Shen, 2000).  

 

PIN lesions can be sub-classified into different architectural patterns and grades 

of severity, a subject which goes beyond this brief review. However, key features 

include: branching and undulating luminal surfaces, basophilic glands due to 
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enlarged nuclei and high nuclear to cytoplasmic ratio, and epithelial hyperplasia 

(Figure 1-14 and Figure 1-15)(Epstein, 2009). 

    

Figure 1-15: Comparison of human normal prostate epithelium and human PIN 
lesions  

Representative images of human normal prostate epithelium (left) and human PIN lesions (right), 
showing enlarged nuclei (indicated by arrows), basophilia and epithelial hyperplasia (taken from 
Iwata et al., 2010)  

 

The genetics of prostate cancer 

Prostate carcinogenesis is accompanied, and driven by, a complex array of 

molecular and genetic changes. A variety of genetic changes (chromosomal, 

gene mutational and epigenetic) have been found to be associated with prostate  

cancer, however, no single mutational event of a tumour suppressor gene has 

been widely accepted as critical or required for its development (reviewed in 

Hallstrom & Laiho, 2008; reviewed in Berger et al., 2011).  

As with many cancers there exists a familial or inherited form of prostate cancer, 

which predisposes an individual to develop a carcinoma. Depending on how 

these familial or inherited forms of prostate cancer are defined, they contribute 

between 5-20% of cases of disease in the population. Several genes are 
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implicated in prostate cancer. Based on their position within chromosomal 

regions that are lost with high frequency in prostate cancer, their functions, 

associations with other cancers, and direct evidence for mutation in prostate 

cancer, these include AR, TP53, Rb, PTEN and NKX3.1 (Homeobox protein Nkx-

3.1). Epigenetic changes are also implicated; most notably and well-studied is 

the hypermethylation of CpG islands within the promoter region of GSTP1, which 

is strongly associated with prostate cancer and pre-malignant lesions such as PIN 

(Hopkins, Burns & Routledge, 2007; De Marzo et al., 2004; Schrecengost & 

Knudsen, 2013; Henrique et al., 2013). More than 40 genes have now been 

reported to be the targets of epigenetic silencing in prostate cancer (Nelson, De 

Marzo & Yegnasubramanian, 2009). The TMPRSS2-ERG fusion gene, which links 

the ERG (ETS gene-related gene) oncogenic transcription factor gene to the 

androgen receptor-regulated transmembrane protease serine 2 (TMPRSS2) 

gene, has been found in over half of prostate tumours (Hoimes & Kelly, 2010; 

Leman & Getzenberg, 2009) 

Prostate cancer diagnosis 

The early detection of prostate cancer is key to its management, as the 

prognosis for organ confined disease is much better than for metastatic disease. 

The most common detection methods are either direct palpation of a tumour 

using a digital rectal examination or indirectly through the measurement of 

serum PSA level. Following initial screening, needle biopsies provide the 

opportunity for histological analysis and combined with PSA testing can be used 

to confirm diagnoses, provide prognosis and direct treatment strategy. 
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Prostate cancer treatment 

Complicating the treatment of prostate cancer is the difficulty that clinicians 

have in distinguishing aggressive life-threatening cancers from indolent tumours 

which may have little impact on patient health. Thus, evaluation of prognosis on 

an individual basis is clearly required to direct treatment strategy. 

For many clinicians a ‘wait and see’ approach is advised to patients with organ 

confined disease, particularly in older men. The indolent nature of many cancers 

may be such that patients die from other causes before their prostate cancer 

progresses sufficiently to cause mortality or significant morbidity. Surgical 

intervention and radiation therapy are both recommended treatment strategies 

for men with relatively long life expectancies and with good prognostic 

indicators (such as organ-confined cancer, low PSA and low Gleason score). 

However, much of the choice of treatment is in negotiation with patients as 

there is little convincing evidence to support any particular strategy as being 

superior over the other (Wilt et al., 2008; reviewed in Wallace et al., 2014). 

For organ-confined prostate cancer, fractionated external beam radiation is 

commonly applied (approximately 2 Gy fractions, to a minimum total dose of 

approx. 74 Gy) to the prostate (Graham et al., 2008; Ward et al., 2014). In 

palliative treatment protocols for metastatic cancer, much larger dose fractions 

may be used. Brachytherapy, where irradiation of tissue can be made through 

the internal deposition of radioactive seeds, is also another option. A range of 

surgical techniques are also available (laparoscopic, retropubic, perineal, robotic) 

which generally remove the entire prostate and attached seminal vesicles, with 



Introduction 

49 
 

the aim to remove the cancer before metastasis (Wolf et al., 2010). 

Chemotherapeutic intervention, in conjunction with the radiation and surgical 

interventions described, using a variety of compounds and combinations of 

compounds (estramustine, 5-fluorouracil, cyclophosphamide, doxorubicin, 

mitoxantrone, and docetaxel) have been used in treatment however, their 

efficacy has been limited (Alan & Daniel, 1993; Shelley et al., 2008). 

Hormonal interventions have been used, particularly in more advanced cases, to 

alleviate symptoms and delay progression. The luminal epithelial cells of the 

prostate and up to 90% of diagnosed prostate cancers are androgen-dependent 

(Heinlein & Chang, 2004). Androgen blockade or withdrawal through castration 

(physical or chemical) results in initial loss of tumour bulk, pain reduction and 

improved PSA levels. However, ultimately an androgen-independent cancer 

phenotype emerges which is incurable, with time to death of approximately two 

years (Hoimes & Kelly, 2010). 

The detection and treatment options outlined above have dramatically improved 

patient outcomes, yet, even with these advances approximately 15% of 

diagnosed patients will progress though to, and die of, metastatic disease 

(Galsky & Vogelzang, 2010). In addition, the high frequency and severity of side 

effects from prostate cancer treatment has limited effective therapy.  Therefore, 

there is an ongoing need for research into novel treatment modalities and new 

approaches to prostate cancer therapy.  
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Models to study prostate cancer 

A hierarchy can be envisioned whereby as models of prostate cancer become 

simpler, and more removed from the human biological process they aim to 

recapitulate, they become potentially less relevant. In vitro cell cultures must 

therefore be considered at the weaker end of such a hierarchy, followed by 

three-dimensional cell culture models, then xenografted cancer cells in living 

immuno-deficient hosts, and finally autochthonous animal models. Conversely, 

the simpler the model is in such a hierarchy, the more control that can 

potentially be exerted over it. Here researchers must compromise between cost,  

ethics, simplicity and the relevance of their chosen model to the disease 

processes they aim to investigate. 

Cell lines are particularly suitable for addressing questions relating to events and 

physical interactions underlying fundamental cellular processes (such as growth, 

differentiation, structure and transformation) because they reduce the 

complexity inherent in the in vivo system. The three most widely used prostate 

cancer cell lines (DU-145, PC3 and LNCaP) are derived from brain metastasis, 

spinal and lymph node metastasis respectively, and became available in the late  

1970’s (Webber, Bello & Quader, 1996). Since then the number of available cell 

lines has increased, with the desire to produce lines capable of providing 

representative models for the various stages and molecular phenotypes of 

prostate cancer (for example p53 and AR mutations). Some of these new cell 

lines have later been found to be contaminated with other cells (such as HeLa) or 

derivatives of established (DU-145, PC3 and LNCaP) cell lines, rather than being 
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newly derived lines of prostate origin. This fact highlights the difficulty that has 

been found in producing prostate cancer cell line models (reviewed in Bokhoven 

et al., 2003; Sobel & Sadar, 2005; reviewed in Wu et al., 2013). In vitro work with 

cell lines has been invaluable in delineating many of the molecular pathways 

involved in prostate carcinogenesis and avoids many of the ethical and cost 

restraints which accompany animal work. However, extrapolation from in vitro 

studies to the in vivo situation is often questioned. 

Histologically, cancer cells reside as 3D organoids in a host microenvironment, 

which has been shown to be pivotal to malignant progression of cancer cells 

(Shekhar, Pauley & Heppner, 2003; Chung et al., 2005; Bissell, Rizki & Mian, 

2003; Fidler, 2003). This means that limited information can be gleaned from 2D 

in vitro studies. 3D culture systems for in vitro studies are thought to better 

recapitulate the microenvironment of cells, and therefore can more accurately 

describe the pathophysiology of cancer. A variety of 3D culture methods have 

been developed based on current knowledge of cellular and tissue architecture, 

in efforts to produce the most in vivo-like structures possible (reviewed in Wang 

et al., 2005).  A recent 3D approach in prostate cancer research is ex vivo culture 

of biopsied human tissues, which retains the native tissue architecture, hormone 

responsiveness, and cell-to-cell signalling of the tumour microenvironment in a 

dynamic and manipulable state (Centenera et al., 2013). Ex vivo culture systems 

capture the structural complexity and heterogeneity of human prostate cancers 

in a laboratory setting, making them an important adjunct to current cell-line-

based and animal-based models. In a hierarchical sense these ex vivo human 
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models may fall somewhere just below in vivo models, as they are a 3D model of  

true human prostate cancer, yet lack the immune system of animals or humans.  

Xenograft models, where established tumour lines are propagated into immuno-

deficient mice, have the advantage over cell culture of enabling investigation of 

angiogenesis and metastasis, using human derived cells. The major limitations of  

this model type rests in the advanced stage that these cell lines represent in 

tumourigenesis, and the absence of competent immune-response and 

microenvironment structure where vascular, lymphatic and stromal interactions 

are distorted (Abate-Shen et al., 2008). These limitations have even prompted 

the suggestion that the intermediate nature of xenograft models, between cell 

cultures and ‘true’ mouse cancer models, should result in their re-definition as 

‘animal culture’ (Frese & Tuveson, 2007). Patient-derived xenograft (PDX) 

models, which are xenograft models developed by transplanting human tumours 

into immune-compromised mice, have gained popularity as a more realistic 

preclinical cancer model (Rubio-Viqueira & Hidalgo, 2009; DeRose et al., 2011). 

PDX models have been used for the preclinical investigation of various aspects of  

prostate cancer including angiogenesis, identification of castrate-resistant stem-

like cells, effects of anti-androgen therapies, and interactions between tumour 

cells and the bone microenvironment (Raheem et al., 2011; Gray et al., 2004; 

Toivanen et al., 2013). PDX tumours have been shown to retain the majority of 

key genes expressed in primary tumours (Lin et al., 2014). PDX studies are 

generally accepted as more clinically relevant cell-line derived xenograft studies. 
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Autochthonous animal models of prostate cancer can be divided into the non-

transgenic and transgenic models. Non-human prostate cancer is confined to 

dog and rat models (David et al., 1998). Canines develop spontaneous prostate 

cancer, with bone metastasis, that is histopathologically very similar to humans. 

However, disease is sporadic and incidence not well defined. An average age of 

10 years to diagnosis, cost, ethical issues, along with its sporadic nature make 

this model relatively difficult to use (David et al., 1998; Navone et al., 1998). 

Transgenic mouse models of prostate cancer have several advantages: they can 

be bred quickly, have relatively short progression times, high penetrance, and 

greater metastatic reproducibility over spontaneous and induced models 

(Winter, Cooper & Greenberg, 2003). Two main approaches have been used to 

genetically modify mice for prostate cancer induction. The first links a strong 

prostate-specific promoter to a viral oncogene. The earliest such model utilised 

the rat prostatic steroid binding protein gene promoter fused to the SV40 

(Simian Vacuolating Virus-40) large T-antigen. Male mice from this model 

developed prostatic adenocarcinomas and female mice developed mammary 

tumours, indicating the promoter was sensitive to both male and female sex 

hormones (Maroulakou et al., 1994). A variety of transgenic models of this type 

have followed, utilising promoter elements (such as probasin, human PSA, 

mouse mammary tumour virus, mouse cryptin-2 gene, and fetal globulin Gγ) to 

drive expression of the SV40 oncogenes (reviewed in Shappell et al., 2004; 

Ahmad, Sansom & Leung, 2008; Frese & Tuveson, 2007; Huss, Maddison & 

Greenberg, 2001; Parisotto & Metzger, 2013). The most widely used of these 
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models are the TRAMP and LPB-Tag (LADY) models, which utilise two different 

probasin promoters and SV40 constructs. 

The second transgenic model approach has been via genetic manipulation of 

genes implicated in human prostate cancer; germ-line mutation of tumour 

suppressors, enforced over-expression through fusion with prostate specific 

promoters, or the newer techniques of conditional activation and/or inactivation 

of genes through site specific recombinase activity. These models have targeted 

a large variety of such genes (e.g. Trp53, Rb, Pten, k-Ras, p27, Nkx3.1, c-myc, AR) 

(reviewed in Ahmad, Sansom & Leung, 2008; Shappell et al., 2004; Frese & 

Tuveson, 2007; Parisotto & Metzger, 2013; Wu et al., 2013). 

Although no animal model completely echoes the human disease, the TRAMP 

model is considered to be the most well characterised autochthonous model of 

prostate cancer and has been selected for use in this project (Jeet, 2010) 

The TRAMP model 

The TRAMP mouse model was developed by Greenberg et al. (1995) and is an 

autochthonous prostate cancer model. The TRAMP mouse is able to 

reproducibly recapitulate the staged progression of human prostate cancer. 

TRAMP mice develop prostate cancer with 100% frequency, driven by rising 

androgen levels at the onset of puberty.  

The TRAMP transgene is comprised of an androgen responsive rat probasin (rPB) 

promoter fused to the (SV40) early region containing the small and large T-

antigens (tAg and TAg respectively). Transgene-induced prostate pathology in 
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the TRAMP is driven by the androgen dependent expression of the SV40 early 

genes. The large and small T-antigens have pleiotropic effects both in their 

normal functions in viral transmission and in the oncogenic processes they are 

involved in. TAg is essential for SV40 viral replication; binding the viral origin of 

replication to promote DNA synthesis (Dean et al., 1987). The best understood 

targets of TAg are the retinoblastoma (Rb) family of proteins and the p53 tumour 

suppressor protein (Ali & DeCaprio, 2001; Ahuja, Saenz-Robles & Pipas, 2005). 

Through its interaction with Rb, the large T-antigen contributes to cellular 

proliferation and transformation; Rb preferentially binds and sequesters the 

hypophosphorylated Rb form, and thereby removes the ability of Rb to inhibit Rb 

regulated E2F transcription factor-initiated genes.  

The importance of the tumour suppressor protein p53 is highlighted by both the 

frequency in which it is mutated or inactivated in cancer and the observation 

that it is targeted by many viral oncoproteins (including the large T-antigen) 

(Sankaranarayanan & Chakraborty, 1995; Lilyestrom et al., 2006). The 

transcriptional activity of p53 is modulated by a wide variety of cellular stresses 

and results ultimately in cell cycle arrest, senescence or the instigation of 

programmed cell death (apoptosis) (reviewed in Riley et al., 2008). The large T-

antigen interferes with the action of p53 by directly binding its DNA binding 

domain, leading to silencing of p53’s transcriptional activity but stabilisation of 

the protein, resulting in higher cellular concentrations of p53 (Bargonetti et al., 

1992; Lilyestrom et al., 2006). The p53-TAg interaction also obscures the domain 

involved in formation of p53 tetramers, with each monomer of the hexameric 
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TAg complex binding a single p53 molecule, as depicted in the ribbon diagram of  

the crystal structure (Lilyestrom et al., 2006). 

 Several criticisms can be made of the TRAMP model. Anatomically, the mouse 

and human prostate have key differences; the human prostate is a single 

structure, defined by zones, whereas the mouse (and rat) prostate is comprised 

of 4 distinct lobes (anterior, dorsal, lateral and ventral) (Figure 1-16). At the 

molecular level, inactivation of p53 and of Rb by expression of the SV40 T-

antigens, is the key driver of tumourigenesis in the TRAMP model; however, the 

mutations of the genes encoding these protein, although common during 

prostate cancer progression, are rarely an initiating mutational event in human 

prostate cancer. 

  

Figure 1-16: Comparison of human and mouse prostate anatomy 

Schematic diagram of the human prostate (left) and mouse prostate (right) (taken from A bate-
Shen & Shen, 2002). 

 

Human prostate cancers are frequently found to express neuroendocrine 

markers with about 10% being extensively positive (synaptophysin and 

chromogranin A). However, prostatic neuroendocrine cancers (sometimes called 
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small cell carcinomas) are rare, have very poor prognosis, often present at late 

stage and their appearance has been associated with androgen-deprivation (Yao 

et al., 2009; Zhou, Flesken-Nikitin & Nikitin, 2007). Considerable debate over the 

neuroendocrine features of the TRAMP model, and the model’s relevance to 

clinical disease has taken place over the last 10 years. Initially, the 

neuroendocrine features observed in the TRAMP model were recognised in 

advanced and poorly differentiated tumours and were thought to be a stochastic 

event most strongly associated with these late stage adenocarcinomas; thus, 

mirroring the clinical disease (Andreas et al., 2004; Kaplan-Lefko et al., 2003). 

This shift towards a neuroendocrine phenotype is still recognised with advancing 

stage (Slack-Davis et al., 2009); however, there is now extensive evidence that 

neuroendocrine carcinomas (small cell carcinomas) are the macroscopic tumour 

which is ultimately the lethal phenotype for TRAMP mice. Furthermore, the ce l l s 

of origin for these tumours have been attributed (by some authors) to cells 

which do not arise from androgen-dependent SV40-mediated transformation of 

epithelial cells, undergoing a progression from PIN to adenocarcinomas 

(Chiaverotti et al., 2008; Huss et al., 2007; Slack-Davis et al., 2009). Conversely, it 

was recently reported that neuroendocrine carcinomas only occur in TRAMP 

mice following anti-cancer therapy (castration or docetaxel), a finding they 

attributed to more stringent criteria for neuroendocrine status and the selective 

pressure of these treatments (Yao et al., 2009). In opposition to previous studies, 

it was also concluded that neuroendocrine carcinomas and adenocarcinomas in 

the TRAMP model likely share the same progenitor cell type.  
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Significant progress has been made in delineating the specifics of carcinogenesis 

in the TRAMP model. Further work is needed to determine if the neuroendocrine 

phenotype reflects an inherent difference between mouse and human that 

predisposes the murine prostate to neuroendocrine differentiation and to 

ascertain what role SV40 expression may play in this process (Abate-Shen & 

Shen, 2002). The relevance of the model to human prostate cancer, given the 

SV40 mediated-inactivation of p53 and Rb activity and the limitations this may 

place on translation of work from the TRAMP model to the human disease, also 

requires further investigation. Even with these on-going issues, the TRAMP 

model still represents the most commonly used autochthonous model of 

prostate cancer, and has provided considerable insight into prostate 

carcinogenesis and response to potential therapies. 

For this project an autochthonous model with an intact immune system was 

required to observe the ‘whole-body’ effect of treatments. The TRAMP model 

provides a staged cancer progression, which models the human disease 

progression, is reproducible with little inter-animal variability and high 

penetrance, and is able to reproduce the hormone dependence of human 

prostate cancer (reviewed in Huss, Maddison & Greenberg, 2001; Jeet, 2010; 

Grabowska et al., 2014). 

 

Previous studies on parthenolide in prostate cancer 

In vitro studies into PTL’s anti-tumour mechanism in prostate cancer have shown 

that inhibition of the NF-κB pathway is a common tool for parthenolide to 
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radiosensitise prostate cancer cells (Sun et al., 2010; Sun et al., 2007). Further 

studies have demonstrated that PTL selectively exhibits a radiosensitisation 

effect on prostate cancer cells (PC3) but not on normal prostate epithelial cells 

(Sun et al., 2010; Xu et al., 2013). This radiosensitisation of cancer cells is a 

mechanism which is yet to be thoroughly explored outside of prostate cancer 

cell lines and supports the concept of using the intrinsic differences in the redox 

status of cancer cells and normal cells as targets for selective cancer killing. 

In vivo studies into PTL’s anti-cancer action in prostate cancer are limited, but 

have shown that PTL and DMAPT can significantly reduce prostate tumour 

development in xenograft models (Kawasaki et al., 2009; Sun et al., 2010; Xu et 

al., 2013; Shanmugam et al., 2006; Shanmugam et al., 2010). DMAPT has also 

been shown to significantly enhance radiotherapeutic ability against prostate 

tumours in xenograft mice, in addition to reducing radiation-induced 

mitochondrial damage in healthy prostate and bladder tissues. This indicates the 

ability of PTL and its derivatives to radiosensitise prostate tumour tissues, while 

increasing radioresistance in healthy cells. This thesis is the first to study the 

anti-cancer effects and selective radiosensitisation proterties of PTL in an 

autochthonous model of prostate cancer.  
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Aims and hypotheses 

PTL has been shown to have anti-cancer properties in several cancer models in 

vivo. With respect to prostate cancer, prior work has demonstrated that PTL can 

reduce growth rates and induce cell death in prostate cancer cell lines but does 

not have the same effect on non-cancerous prostate cell lines. PTL has been 

shown to slow tumour development in xenograft models of prostate cancer. In 

order to determine if PTL holds significant promise as a prostate cancer chemo-

preventive, it is important to test PTL in a cancer model where a normal prostate  

develops and then progresses through the different stages of tumorigenesis to 

become a solid tumour, as occurs in human cancer. Examining the effects of PTL 

on tumorigenesis in an autochthonous model of prostate cancer provides this 

continuum of tumour development along with the complex and changing 

tumour microenvironment during the different stages of carcinogenesis.  

1) Aim: To determine if long-term PTL treatment can prevent or slow down 

prostate tumour formation. 

Hypothesis: PTL will increase time to tumour development in The TRAMP 

model of prostate cancer. 

PTL has also been shown to increase the anti-cancer effects of radiotherapy in 

prostate cancer cell lines and in xenograft tumours in immune-compromised 

mice. In a clinical setting, both tumour and normal prostate tissue, as well as 

surrounding normal tissues can be damaged by radiation. The radiomodulating 

effects of PTL have not been examined in a model where both healthy and 

tumour tissues are irradiated at the same time. Cell signalling between irradiated 
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and unirradiated cells and a functioning immune system play key roles in 

radiation-induced damage and DNA repair mechanisms. Examining the selective 

radiosensitisation of PTL in a model of prostate cancer where the prostate is in 

situ and surrounded by normal tissues subject to collateral radiation damage will  

provide important pre-clinical data towards the use of PTL as a radioprotector in 

radiotherapy treatment.  

2) Aim: To determine if PTL acts as a differential radiosensitiser during 

radiotherapy. 

Hypothesis: PTL will increase the tumour kill and reduce damage to 

normal tissues after high dose radiation in the TRAMP model of prostate 

cancer. 
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Chapter 2:  Methods 

Chemical purity 

All chemicals used in the studies described in this thesis were reagent grade 

unless otherwise specified. 

 

Mice 

Ethics approval for this study was obtained from the Flinders University Animal 

Welfare Committee and the SA Pathology/Central Adelaide Local Health 

Network Animal Ethics Committee. Approval for TRAMP mouse studies was also 

obtained from the Flinders University Institutional Biosafety Committee (IBC) in 

accordance with the Australian Gene Technology Regulations, 2001. All 

experimental C57BL/6J mice were purchased from the Australian Animal 

Resources Centre (Perth, Australia). The TRAMP mouse model was originally 

described by Greenberg et. al. (1995). TRAMP mice contain a PB-SV40 TAg 

transgene which uses a probasin promoter which is switched on at puberty in 

the prostate and which induces high grade PIN (prostatic intra-epithelial 

neoplasia) and/or well differentiated prostate cancer by 16 weeks of age. Non-

prostate TRAMP tissues are normal. All experimental TRAMP mice were 

obtained from a breeding colony in the Flinders Medical Centre Animal Facility 

(Bedford Park, South Australia). Clinical records were maintained for all 

experimental mice and a scoring matrix based on observations such as weight 

loss, hunching, ruffled fur and sunken eyes was used to determine when animals 

should be euthanised. All mice were housed in micro-isolator cages with 12 h 
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light/dark cycles. Food (Rat and Mouse Pellets (irradiated), Specialty Feeds, Glen 

Forrest, Australia, Table 2-1) and water were provided ad libitum. 

Table 2-1: Nutritional information for Specialty Feed Rat and Mouse feed stock used in the 
Flinders University Animal Facility 

Nutritional Parameters Specialty feed: Irradiated Rat and 
Mouse Cubes 

Crude Protein 20.0% 
 Crude Fat 4.8% 

Crude Fibre 4.8% 
Digestible Energy 14.0 MJ/kg 

Ingredients 

Wheat 
Barley 
Lupins 

Soya meal 
Fish meal 

Mixed vegetable oils 
Canola oils 

Salt 
Calcium carbonate 

Di-calcium phosphate 
Magnesium oxide 

Vitamin and mineral premix 
 

Maintenance of the TRAMP mouse colony 

TRAMP mice were originally obtained from Prof Wayne Tilley (Adelaide 

University). FVB and C57BL/6J mice for breeding came from breeding colonies in 

the Flinders Medical Centre Animal Facility. TRAMP mice were bred using 

hemizygous female C57BL/6J TRAMP mice (C57BL/6J-Tg(TRAMP)8247Ng) 

crossed to non-transgenic male FVB or C57BL/6J mice: producing both transgenic 

and non-transgenic offspring ((C57BL/6J-Tg(TRAMP)8247Ng × FVB)F1 or 

(C57BL/6J-Tg(TRAMP)8247Ng ×C57BL/6J)F1).  
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Breeding of experimental TRAMP mice 

All experimental transgenic mice used were TRAMP × FVB F1 mice. Breeding of 

TRAMP mice was performed at the Flinders University School of Medicine 

Animal Facility where the mice were bred synchronously. Breeder pairs were 

‘teased’ by placing the male and female in the same cage with physical 

separation for 3 days. On the 4th day the physical barrier was removed and 

breeding pairs were co-caged for 4 days to allow time for mating to occur. 

Females were checked twice daily and removed where a vaginal plug was 

observed. Using this strategy, mice in each cohort were born between 1-4 days 

of each other.  

Screening for the TRAMP transgene 

Mouse ear notches were taken at 4 weeks of age for genotype determination. 

DNA was extracted using an alkaline lysis method. The ear tissue was placed in a 

0.5 mL tube with 75 µL of alkaline lysis buffer (10 mL sterile water, 14 µL of 50% 

sodium hydroxide and 14 µL of 0.5 M EDTA (pH 8)) and then heated to 95°C for 

30 min, before cooling at 4°C for 15 min. Tubes were then briefly pulse 

centrifuged before the addition of 75 µL of 40 mM Tris-HCL and homogenisation 

by pipette. Samples were stored at 4°C. 

The transgenic status of mice was determined by polymerase chain reaction 

(PCR) based on the protocol published by Hurwitz et al. (2001). Briefly, the 

TRAMP transgene was detected using PB-1-For (located in the probasin 

promoter region) and TAg-Rev (located in the SV40 TAg region) primers  

(Appendix B: PCR Primers) to amplify a 600 bp product. The TAg primers will only 



Methods 

65 
 

amplify product if the transgene is in the germline DNA. DNA amplifiability was 

determined by amplification of a 500 bp portion of the mouse β casein (MβC) 

gene using MβC-For and MβC-Rev primers (Appendix B: PCR primers). PCR was 

performed in Platinum Taq buffer (Invitrogen, USA), 25 mM MgCl2, 10 mM dNTP 

(Fisher Biotech, Australia) and 1 U of Platinum Taq DNA polymerase (Invitrogen, 

USA). MβC and TRAMP primers were used at 5 and 10 pmoles/µL respectively. 

The cycling conditions for the PCR were 3 min at 94°C to activate the Platinum 

Taq, 40 cycles of 1 min at 94°C, 2 min at 60°C, 3 min at 72°C, with a final 

extension of 5 min at 72°C. 

Initially a 2% agarose gel and electrophoresis was used to visualise PCR amplicon 

size and hence genotype. Subsequently, the MβC primer set was replaced with 

Mus6 + and Mus6 - (Appendix B: PCR Primers), which amplify a 370 bp region of 

the mouse Ig (immunoglobulin) gene, resulting in an increased size difference 

between the TRAMP-specific amplicon and the control amplicon, allowing 

detection using melt curve analysis. The PCR conditions were altered to include 

10× SYBR® green and Mus6 primers at 100 ng/µL each. At the conclusion of the 

cycling conditions above, the temperature was reduced to 55°C and held for 1 

min, then melt curve analysis was performed at 0.5°C increments up to a 

temperature of 95°C (Qiagen Rotor-Gene Q Thermal Cycler). The negative 

derivative of change in fluorescence was plotted as a function of temperature  to 

discriminate between genotypes. The peak melt temperature for the control Ig 

amplicon is observed at 84°C and the TRAMP specific amplicon at 88°C. Positive 

TRAMP control DNA samples were taken from TRAMP tumour tissue, negative 
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controls were extracted from non-transgenic TRAMP litter-mates and C57BL/6J 

mice. 

 

Administration of parthenolide to mice 

PTL (Sigma-Aldrich, Castle Hill, Australia) was kept in aliquots as a stock solution 

at 100 mg/mL in absolute ethanol (Sigma-Aldrich) and stored at -20°C. On the 

day of treatment, PTL stock was diluted 10-fold to form a slurry solution in sterile 

saline (0.9% Sodium Chloride for Irrigation, Baxter Healthcare, Old Toongabbie, 

Australia). DMAPT (obtained from Dr Peter Crooks, University of Arkansas for 

Medical Sciences, Little Rock, USA) was stored at -20°C. On the day of treatment, 

DMAPT was dissolved at 20 mg/mL in sterile water. C57BL/6J or TRAMP mice 

were physically restrained by hand and gavaged using a 0.5 mL syringe and 20 

Gauge (2.0 mm × 38 mm) straight stainless steel gavage needle. Control animals 

received an identical volume per weight of vehicle controls. 

 

In vivo long-term treatment studies 

For long-term studies, 6 week old male TRAMP mice were treated by oral gavage 

thrice weekly on a continuing basis until palpable tumour detection. 

 

Animal monitoring and detection of palpable prostate tumours 

At the time of treatment mice were assessed visually for general indications of 

well-being and manually for palpable prostate tumours. To assess mice for 

palpable tumours, animals were restrained by hand and the lower abdominal 

region was palpated for masses. Detection of a large palpable mass resulted in 
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the euthanasia of the mouse within 72 h by CO2 asphyxiation. No palpable 

tumours were detected in any non-transgenic litter-mates.  

 

Tissue excision, measurement and blood collection 

The tumour, remaining genitourinary tract (GUT), para-aortic lymph nodes, 

testes, bladder, descending colon (including rectum), spleen, liver, kidneys, lung, 

brain and heart were removed. All tumours, primary prostate and distant 

metastatic, were weighed using benchtop digital scales. All tissues were 

embedded in Tissue-Tek® Optimal Cutting Temperature (OCT) cryoprotectant 

(Sakura® Finetek) and rapidly frozen on dry ice. Tissues were stored at -80°C for 

subsequent analysis. Bone marrow was isolated by flushing a single femur with 2 

mL PBS and dispersing into 2 % (w/v) formaldehyde (Sigma-Aldrich) at 4°C. Blood 

was collected directly into EDTA/Heparin-free tubes (BDMicrotainer®) and 

allowed to coagulate at room temperature for between 1-4 h. The blood was 

centrifuged at 800 g for 15 min and the serum collected. Sera were stored at -

80°C. 

 

In vivo irradiation studies  

For irradiation studies, 16 week old male TRAMP or C57BL/6J mice were treated 

by oral gavage three times over one week and irradiated 24 h after the final 

treatment.  
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Irradiation procedures and dosimetry 

All animal irradiations were performed using either a Varian 600CD Linear 

Accelerator, 6MV X-ray beam, located at the Royal Adelaide Hospital or a 

Precision X-Ray Inc. X-RAD 320 Cabinet irradiator, located at the Flinders 

University School of Medicine Animal Facility. 

For irradiation at the Royal Adelaide Hospital, mice were transported to and 

from the Flinders University School of Medicine Animal Facility inside their usual  

cages, in a climate controlled vehicle. The journey takes approximately 30 min in 

each direction. Mice were restrained in a Perspex holder (0.5 cm thick) designed 

for the purpose, during irradiation, or sham irradiation (described in detail in 

Hooker et al., 2004). Irradiations and dosimetry were performed by Prof. E. 

Bezak (Medical Radiation, School of Health Sciences, University of South 

Australia, Adelaide, South Australia). Irradiation was performed using a Varian 

600CD Linear Accelerator, 6MV X-ray beam, for experiments where mice were 

administered 6 Gy. The dose-rate was 1 Gy/min, FSD (focus to skin distance) of 

100 cm (Build-up 1.2 cm3). Calibrations of dose-output were performed by Prof. 

E. Bezak. The calibration of the Varian 600CD Linear Accelerator was made 

according to the International Atomic Energy Agency’s technical report on 

Absorbed Dose Determination in External Beam Radiotherapy (Series No. 398) 

(2000).  

For irradiation at the Flinders University School of Medicine Animal Facility mice 

were transported to the X-ray room inside their usual cages. Mice were 

restrained in a Perspex holder (0.5 cm thick) designed for the purpose, during 
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irradiation, or sham irradiation. Irradiation was performed using a Precision X-

Ray Inc. X-RAD 320 Cabinet irradiator, for experiments where mice were 

administered 6 Gy or 10 mGy. For 6 Gy irradiation the dose-rate was 2.2 Gy/min, 

with a 300 kV 13 mA beam and FSD of 62 cm. For 10 mGy irradiation the dose-

rate was 16.7 mGy/min, with a 200 kV 1 mA beam and FSD of 62 cm. The dose 

calibration of the orthovoltage 300 kV  X-ray beam produced by the X-RAD 320 

was carried out according to the Institute of Physics and Engineering in Medicine 

and Biology (IPEMB) protocol, and were performed by Dr. T. Rutten (Medical 

Physicist, Royal Adelaide Hospital).  

 

Tissue excision, measurement and prostate micro-dissection  

Following irradiation, mice were euthanised by CO2 asphyxiation at appropriate 

analysis time-points. The prostate, testes, bladder, descending colon (including 

rectum), spleen, liver, and kidneys were removed. The prostate was then 

weighed and photographed. All tissues were embedded in OCT (Tissue-Tek®) 

cryoprotectant and rapidly frozen on dry ice. Tissues were stored at -80°C for 

subsequent analysis. Bone marrow was isolated by flushing a single femur with 2 

mL PBS and dispersing into 2 % (w/v) formaldehyde (Sigma-Aldrich) at 4°C. Prior 

to analysis, the prostate was thawed on ice cold PBS then dissected under a 

microscope into the anterior, ventral and dorsolateral lobes, and immediately re-

embedded in OCT (Tissue-Tek®) cryoprotectant as individual lobes.  
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Ex vivo prostate tissue culture 

Human ethics approval was obtained from the Adelaide University Human Ethics 

Committee and the Southern Adelaide Clinical Human Research Ethics 

Committee.  

Fresh prostate cancer specimens were obtained with written informed consent 

from men undergoing robotic radical prostatectomy at St Andrew’s Hospital, 

Adelaide, through the Australian Prostate Cancer BioResource. A 6 mm core of 

tissue was dissected into 1 mm3 pieces and cultured in triplicate on a pre-soaked 

gelatin sponge (Johnson and Johnson, New Brunswick, NJ) in 24-well plates 

containing 500 µL RPMI 1640 with 10% FBS, antibiotic/antimycotic solution 

(Sigma-Aldrich, St Louis, MO), 0.01 mg/mL hydrocortisone, 0.01 mg/mL insulin 

(Sigma). Tissues were treated by adding vehicle or DMAPT directly into the 

culture medium. Tissues were cultured at 37°C for 48 h then formalin-fixed and 

paraffin embedded before being analysed by immunohistochemistry for the 

proliferative marker Ki67 and apoptosis marker cleaved caspase-3. 

 

Haematoxylin and Eosin staining 

Four micrometre sections of frozen prostate samples were cut on a cryostat 

(Cryocut CM1850 UV, Leica, USA) and mounted on APES  

(3-aminopropyltriethoxysilane) coated slides (Sigma-Aldrich, Castle Hill, 

Australia) (slides were coated according to the protocol described in Appendix C: 

Solutions). Sections were immediately fixed in formal alcohol (1:4 concentrated 

formalin and absolute ethanol) upon cutting and remained in fixative until 

staining. Slides were washed in a bath with running tap water, stained in Harris 
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Haematoxylin (5 min) and washed again in tap water. The haematoxylin was 

differentiated (process of over-staining followed by selective removal of non-

specific stain, to ensure saturation of specific binding) with 1% acid ethanol and 

washed in tap water. Sections were blued (arrest of differentiation (by alkali) 

resulting in change in colour of haematein (oxidised derivative of haematoxyl in)  

to blue hue) using lithium carbonate and washed in tap water before staining 

with eosin (5 sec). Slides were then washed and dehydrated serially in tap water,  

3× ethanol, 2× xylene, before coverslipping with Leica CV Mount (Leica 

Microsystems). 

 

Histopathology grading of TRAMP prostate tissue 

Two non-consecutive sections per animal were taken from OCT embedded 

dorsolateral prostate and stained using haemotoxylin and eosin as described 

above. Slides were coded such that sections from individual mice were scored 

together and that the identifying mouse number and treatment were blinded to 

the scorer.  

Sections were simultaneously scored for histopathology grade using the system 

described by Berman-Booty et. al. (2012). Briefly this grading scheme describes a 

method of determining a distribution-adjusted lesion score for which the 

numerical grade determined can be analysed statistically. Firstly the most severe  

histological lesion from seven increasing grade categories is identified, fol lowed 

by an estimation of the lesion’s distribution. The lesion is then assigned to an 

integer of 0-21: based on a score of the severity, ranging from 0-7, and each 
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score categorised as having a distribution of focal (1-3 isolated lesions), multi-

focal (3 or more lesions, up to approximately 30% gland involvement), or diffuse  

(more than 30% gland involvement) (Table 2-2).  Secondly the most common 

histological lesion is identified and assigned a lesion integer of 1-21 in the same 

manner as scoring the most severe lesion. The final PIN grade is obtained by 

adding the scores for the most severe and most common lesions together, eg 

most severe: 18, most common: 12, final grade: 30.   

Table 2-2: Scoring matrix for determination of the adjusted lesion score from the lesion grade  
and distribution 

Lesion grade Distribution Adjusted lesion score 

0 Diffuse 0 
1 Focal 1 
1 Multifocal 2 
1 Diffuse 3 
2 Focal 4 
2 Multifocal 5 
2 Diffuse 6 
3 Focal 7 
3 Multifocal 8 
3 Diffuse 9 
4 Focal 10 
4 Multifocal 11 
4 Diffuse 12 
5 Focal 13 
5 Multifocal 14 
5 Diffuse 15 
6 Focal 16 
6 Multifocal 17 
6 Diffuse 18 
7 Focal 19 
7 Multifocal 20 
7 Diffuse 21 

 

 

 



Methods 

73 
 

Immunofluorescent detection of proteins in frozen tissue sections 

Frozen tissue sections were prepared as described for Haematoxylin and Eosin 

staining, then fixed in 2% formaldehyde (10 min) followed by glycine washes (3 × 

2 min, 0.1 M glycine) to quench unreacted aldehyde groups. Sections were 

washed (3 × 5 min, PBST), permeabilised (1% Triton-X100 in PBS), washed (3 × 5 

min, PBST), and blocked for 1 h at room temperature (5% goat serum + 0.1% 

Tween-20 in PBS) before incubation with a primary antibody (Table 2-3) in 1% 

goat serum overnight at 4°C. Sections were washed in PBST  

(4 × 2 min) and incubated for 1 h at 37°C with a 1/300 dilution of Alexa Fluor® 

488-conjugated goat anti-rabbit antibody (A11008, Invitrogen) in 1% goat serum. 

Sections were then washed in PBST (6 × 2 min) and coverslipped with 

Vectashield® (Vector Laboratories) containing DAPI.  

For staining of TRAMP dorsolateral prostate sections, directly conjugated 

primary antibodies were used. When conjugated primary antibodies were used 

staining occurred as above, however after the primary antibody incubation 

sections were then washed in PBST (6 × 2 min) and coverslipped with 

Vectashield® (Vector Laboratories) containing DAPI. 
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Table 2-3: Primary antibodies and concentrations used in immunofluorescent staining 
protocols 

Target Conc. 
Used Details Company Number 

AR 1/200 Rabbit monoclonal anti-Androgen 
Receptor antibody [EPR1535(2)] Abcam ab133273 

AR 1/100 
Rabbit monoclonal Anti-Androgen 

Receptor antibody [EPR1535(2)] (Alexa 
Fluor® 488) 

Abcam ab194194 

CD31 1/50 Rabbit polyclonal anti-CD31 antibody Abcam ab28364 

Collagen IV 1/100 Rabbit polyclonal anti-Collagen IV 
antibody Abcam ab6586 

Fibronectin 1/100 Rabbit polyclonal anti-fibronectin 
antibody (H-300) 

Santa Cruz 
Technology sc-9068 

Integrin β1 1/100 Rabbit monoclonal anti-Integrin beta 1 
antibody [EPR16895] Abcam ab179471 

Laminin 1/100 Rabbit polyclonal anti-Laminin 
antibody Abcam ab11575 

MMP2 1/100 Rabbit polyclonal anti-MMP2 antibody Abcam ab37150 

NF-κB 1/100 Rabbit monoclonal NF-κB p65 
(D14E12) XP® antibody 

Cell  Signalling 
Technology 8242 

NF-κB 1/100 
Rabbit monoclonal NF-κB p65 (Ser536) 

(93H1) (Alexa Fluor® 488 Conjugate) 
antibody 

Cell  Signalling 
Technology 4886 

SV40 TAg 1/100 Rabbit polyclonal SV40 TAg antibody 
(v-300) 

Santa Cruz 
Technology sc-20800 

γH2AX 1/100 
Rabbit monoclonal phospho-Histone 

H2AX (Ser139) (20E3)(Alexa Fluor® 488 
Conjugate) antibody 

Cell  Signalling 
Technology 9719 

 

 

Dual immunofluorescent detection of protein in frozen tissue sections 

Frozen tissue sections were prepared as described above, including a primary 

antibody and Alexa Fluor® 488-conjugated goat anti-rabbit antibody (A11008, 

Invitrogen). Following secondary antibody incubation, sections were washed in 

PBST (6 x 2 min), permeabilised (1% Triton-X100 in PBS), washed (3 × 5 min, 

PBST), and blocked for 1 h at room temperature (5% goat serum + 0.1% Tween-

20 in PBS) before incubation with a second primary antibody (Table 2-3) in 1% 

goat serum overnight at 4°C. Sections were washed in PBST  

(4 × 2 min) and incubated for 1 h at 37°C with a 1/300 dilution of Alexa Fluor® 

594-conjugated goat anti-mouse antibody (R37117, ThermoFisher) in 1% goat 
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serum. Sections were then washed in PBST (6 × 2 min) and coverslipped with 

Vectashield® (Vector Laboratories) containing DAPI. 

 

Immunofluorescent detection of apoptosis by TUNEL in frozen tissue 
sections  

Staining for apoptosis was carried out using the TUNEL (Terminal 

deoxynucleotidyl transferase dUTP nick end labelling) In Situ Cell Death 

Detection Kit, Fluorescein (Roche). Frozen tissue sections were prepared as 

described for Haematoxylin and Eosin staining, then fixed in 1% formaldehyde 

(30 min) followed by PBS washes (3 × 10 min), permeabilisation (1% Triton-X100, 

1% Sodium Citrate dihydrate in PBS) and PBS washes (3 x 5 min). Sections were 

incubated with TUNEL reaction solution (45 μL TUNEL label solution, 5 μL TUNEL 

enzyme solution) for 1 hour at 37°C, then washed in PBS (3 x 5 min).  Slides were 

then coverslipped with Vectashield® (Vector Laboratories) containing DAPI.  

Positive controls comprised incubating control sections with 100 µL DNase 

solution (262.5 µL water, 16.25 µL 1M Tris, 32.5 µL BSA (10 mg/mL, Sigma-

Aldrich), 13 µL DNase I (75 Kunitz units/mL, Sigma-Aldrich)) for 10 min at room 

temperature immediately prior to TUNEL reaction solution incubation. Negative 

controls comprised sections in a TUNEL reaction mix lacking the TUNEL enzyme 

solution.  

 

Microscopy  

Images of each tissue section were captured with the use of an external 17 

megapixel digital camera (DP73; Olympus, Japan) on a BX63 Automated 
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Fluorescence Microscope (Olympus, Japan) and controlled by CellSens 

Dimensions Software (Olympus, Japan). Both Brightfield (for analysis of TRAMP 

pathology) and fluorescence (for analysis of apoptosis and protein expression) 

images were captured using the same microscope and camera. Images were 

stored as 8-bit TIFF (Tagged Image File Format) files. For TRAMP dorsolateral 

prostate pathology grading, the entire tissue section was imaged using a 20× 

objective lens and stitched together using CellSens Dimensions Software 

(Olympus, Japan) to form one large image. For analysis of spleen and prostate 

sections, 30 random, non-overlapping images (per mouse from two non-

consecutive sections) were taken using a 20× objective lens. For analysis of 

colorectal sections, 50 random, non-overlapping images (per mouse from two 

non-consecutive sections) were taken using a 40× objective lens. Images were 

analysed using custom pipelines (Appendix D: CellProfiler™ pipelines). 

CellProfiler™ analysis pipelines were designed to identify frequency of positive 

cells (for apoptosis and SV40 TAg analysis) or to measure fluorescence intensity 

(for quantitation of protein expression).  

 

Statistical methods 

Statistical analysis of data was performed using GraphPad Prism Statistics 

Version 7.0 (GraphPad Inc, USA). Calculations of power and sample size were 

made using G*Power 3.0.10 (Faul et al., 2007). 

Two-tailed Independent Samples T-tests were used to compare the means of 

two normally distributed groups. Equality of variance was assessed using the 
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Levene’s test and normality by quantile-quantile (Q-Q) plots. Data which was not 

normally distributed or ordinal data, such as adjusted PIN lesion grade (0-42) 

was compared using the Mann-Whitney U-test. To assess the relationship 

between two sets of data, a linear regression and correlation analyses were 

used. For studies of time-to-palpable tumour, Kaplan-Meier analysis was 

performed and a survival plot generated. Distribution differences in  

time-to-palpable tumour between groups were compared using  

log-rank test (Mantel-Cox). Throughout the text and figures, means are given ± 

the standard deviation (SD), unless otherwise stated. All p-values less than 0.05 

were considered significant. 
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Chapter 3:  Selection and development of methods and 

analysis 

Measures of TRAMP prostate development pathology 

Measurement of weight and volume of the structures within the genourinary 

tract (GUT) of the TRAMP mouse are used to reflect differential rates of cancer 

progression. Progression can also be monitored and assessed longitudinally 

using imaging techniques and physical palpation of tumours.  

The protocol outlined by Hurwitz et. al. (2001) was used for the removal and 

micro-dissection of the GUT. The GUT (including the seminiferous vesicles and 

drained bladder) and prostate were weighed. GUT and prostate weights were 

normalized to body weight, given that both body weight and organ weight can 

be influenced by treatment. These measures of mouse and organ weights were 

made using a standard calibrated balance. Variation in this measure can be 

introduced by variation in how the organs are removed and prepared for 

weighing. To limit variation, GUT and prostates were removed and weighed 

immediately following euthanasia, prior to excision of other organs. Micro-

dissection of prostate was performed by a single individual (K. Morel).  

The longitudinal study of tumour development in TRAMP mice can be made 

using in vivo imaging techniques, time-to-palpable tumour and survival itself. In 

vivo imaging of cancer development can be made using a variety of methods 

(ultrasound, MRI, CT scans, bioluminescence) (reviewed in Kaijzel, van der Pluijm 

& Lowik, 2007). These imaging methods require mice to be anestheticised for 

accurate tumour identification and it was decided that for such a long-term 
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study which would require regular imaging of animals, the stress to the animals 

would be significant. In addition, survival as an endpoint was not considered to 

be ethically justified. Therefore, the endpoint of time-to-palpable tumour was 

used to assess tumour progression longitudinally. Time-to-palpable tumour has 

been used extensively in TRAMP studies as a marker of tumour progression, with 

the average interval between palpable tumour and cancer-related death 

measured at 4.1 weeks (± 2.2 weeks) (Hsu et al., 1998). 

 

Prostate pathology analysis methods in the TRAMP model 

Pathology analysis of the TRAMP model has utilised a wide range of 

nomenclature, scoring matrices and methods. Early in the development of the 

TRAMP model a system of pathology scoring was developed analogous to the 

Gleason prostate pathology scoring system, which is the standard clinical 

prostate pathology system (Gingrich et al., 1999; Gleason & Mellinger, 1974). A 

further refined system was developed by Kaplan-Lefko et al. (2003) and is now 

widely used for TRAMP pathology analysis. This system defines the distribution 

of six tiers of pathology grade (normal, PIN, well-differentiated, moderately-

differentiated, poorly differentiated, and phylloides-like lesions). While this 

system offers descriptive definitions and appraisal of pathology extent, it does 

not provide a numerical scoring system to facilitate statistical analysis. The 

development of a semi-quantitative pathology scoring system for the TRAMP 

mouse, amenable to statistical analysis, was made by Suttie at al. (2003). This 

system, where a numerical score is assigned based on lesion distribution and the 

most advanced lesion type observed, yields a distribution-adjusted lesion score 
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amenable to non-parametric statistical analysis. While this method is semi-

quantitative, allowing statistical analysis of tissue grading, it provides a score 

which is only informed by the most severe lesion type and does not consider the 

distribution of lesser, potentially more common, grades of pathology present 

within a sample. A further refined TRAMP pathology grading scheme has been 

most recently published which, acknowledging the advantages of the statistically 

amenable Suttie et al. (2003) grading method, also generates a numerical 

distribution-adjusted lesion score (Berman-Booty et al., 2012). To further refine 

the grading system, the scheme outlined by Berman-Booty et al. (2012) 

incorporates not only the most severe lesion and its distribution but also the 

distribution of the most common lesion, to give a single distribution-adjusted 

lesion score representative of the whole prostate tissue section.  

For this thesis, it was determined that the Berman-Booty et al. (2012) method of 

tissue grading would provide the most informative assessment of TRAMP 

prostate pathology.  

 

Development of image analysis methods 

Platform choice and general approach 

In order to assess endpoints within mouse tissue sections, an objective, 

repeatable and sensitive methodology was sought. Automated computer-

assisted image analysis provides these capacities along with the ability to 

quantitatively, and in a high throughput manner, measure multiple parameters.  
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There are many available image analysis platforms, both proprietary and freely 

available. In determining the system most suitable; cost, user-control and 

minimal computer programming requirements were essential. CellProfiler™ is an 

open-source, freely available image analysis platform designed specifically for 

biologists. Developed at the Broad Institute of MIT and Harvard, the software is 

modular in nature and does not require a detailed knowledge of computer 

programming, although individual modules can be modified and tailored to 

specific functions or the code itself can be accessed and modified. It also offers 

the capacity to integrate with the popular image analysis program ImageJ (NIH). 

Using CellProfiler™, in combination with immunofluorescent techniques, analysis 

pipelines for apoptosis and protein expression analysis were developed. A 

general approach for analysis of fluorescence microscopy images was developed 

here (Figure 3-1) and was adapted for each fluorescence endpoint 

independently.  

As methods were developed, various aspects of the analysis methodology were 

validated and optimised. 
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Figure 3-1: General outline of the approach used for image analysis using 
CellProfiler™ 

The basic CellProfiler™ analysis approach, developed for the measurement of endpoints wi thin 
fluorescent images. For analysis of nuclear localised endpoints the nuclei area identified in step 1 
was used to mask the image containing the endpoint of interest. 

  

Development of an automated analysis for apoptosis within frozen mouse 
tissue sections 

Numerous marker and methods for analysis of apoptosis are available. Methods, 

such as flow cytometry or mRNA expression analysis of apoptosis related genes, 

which are not amenable to in situ analysis, were not considered. Common in situ 

methods for analysis of apoptosis include detection of caspase-3, annexin V and 

nick end labelling. For analysis of apoptosis in mouse tissues, the fluorescein in 

situ cell death detection kit (Roche Diagnostics) was selected for use, given its 

robust nature. This kit utilises the TUNEL reaction in which the Tdt enzyme labels 

the free 3’ hydroxyl termini of DNA (which are present during apoptosis) with 
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fluorescein-labelled dUTPs. Cells undergoing apoptosis were labelled with 

fluorescein and nuclei were counterstained with DAPI (Figure 3-2).  

 
Figure 3-2: Representative TUNEL staining of C57BL/6J spleen following 6 Gy 
irradiation 

Representative false-coloured image of TUNEL staining in C57BL/6J s pleen s ections 6  h a fter 
exposure to 6 Gy X-irradiation. TUNEL staining labels DNA nick-ends with fluorescein (green) and 
nuclei are counterstained with DAPI (blue).  

 

Using CellProfiler™, an analysis method was constructed based on the outline 

given in Figure 3-1, and optimised using archival TRAMP and C57BL/6J spleen 

tissue. The animals used in this optimisation study were 12-16 weeks old and 

received either sham or 6 Gy X-irradiation.   

The first step of the CellProfiler™ pipeline is to detect the nuclei from the DAPI 

image, which was carried out using the Otsu Global thresholding algorithm.  This 

method measures the intensities of the pixels in the whole image and calculates 

a threshold using total mean and variance. Based on this threshold value each 

pixel is set to either 0 or 1 (i.e. background or foreground). While this method of 
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thresholding worked well for images that were mostly covered with cells, it was 

less effective in images with large regions of blank space, such as in non-tumour 

prostate tissues (Figure 3-3). It was determined that where there were limited 

objects in the images, the automatic threshold tended to be calculated as 

unreasonably low, resulting in a haloing effect around positive cell areas and 

false positive regions in the background.  

 
Figure 3-3: Otsu Global-based identification of cell nuclei by CellProfiler™ from 
the DAPI image channel  

A) Representative image of accurate cell identification (A) and poor cell identification (B), where 
many of the cells have a haloing effect and there are false-positive regions in the background 
(white arrows). 

 

To help improve the analysis, a lower limit on the threshold was included in the 

Otsu Global algorithm as a precaution in case the automatically calculated 

threshold is set too low. This lower limit was determined empirically by manually 

measuring the mean pixel intensity of approximately 10,000 cells to identify the 

normal pixel intensity range for all cells (Figure 3-4).  Using this additional 

threshold setting CellProfiler™ identification of nuclei was significantly improved. 



Selection and development of methods and analysis 

85 
 

 
Figure 3-4: Pixel intensity histogram of DAPI-stained nuclei  

The majority of nuclei were determined to have a pixel intensity greater than 0.2. This i ntensity 
was then used to set a CellProfiler™ threshold for more accurate nuclei detection in subsequent 
pipeline analyses.  

 

In this initial study it was also noted that the segmentation of individual nuclei by 

CellProfiler™ varied significantly depending on the tissue type and thickness of 

individual sections.  In spleen tissues and regions of high grade PIN and 

adenocarcinoma in prostate tissues, cells were packed too densely for the 

analysis software to identify individual cells, resulting in an analysed cell count 

significantly lower than the true value. To overcome this issue the segmentation 

of individual nuclei was rejected in favour of identifying total nuclei area and 

total apoptotic area, above a defined pixel intensity threshold. These areas were 

then used to calculate the apoptosis frequency as a percentage of total DAPI 

area. Where required for some analyses, an estimated cell count was calculated 

from the total DAPI pixel area based on mean pixel area of known cell types. 
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Determining the area of TUNEL staining, within the identified nuclei areas was 

also made using the Otsu Global algorithm with a set pixel intensity threshold. As 

with the nuclei identification, thresholds were determined empirically based on 

the staining within an experiment and kept constant through analysis of a single 

experiment. Changing the intensity threshold used to determine TUNEL-posi tive  

area from one set of images to the next has the obvious effect of altering the 

mean area, however the differences between individual animals within each 

experiment remained largely unaffected and different experiments were never 

directly compared without re-staining and imaging of tissues. 

This optimisation finalised the CellProfiler™ apoptosis analysis pipeline (Figure 

3-5) which was subsequently used for analysis of apoptosis in C57BL/6J and 

TRAMP prostate (Figure 3-6) and spleen tissue (Figure 3-7).   

 
Figure 3-5: Outline of optimised analysis of apoptosis from TUNEL-stained 
tissue sections using CellProfiler™   
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Figure 3-6: CellProfiler™ analysis for apoptosis in C57BL/6J dorsolateral 
prostate 

Representative false-coloured image highlighting apoptosis (green) and cell nuclei (blue) i n (A) 
sham and (B) 6 Gy-irradiated C57BL/6J dorsolateral prostate. CellProfiler™ identification of nuclei 
area (red outline) and apoptotic area (yellow outline) in (C) sham and (D) 6 Gy-irradiated 
C57BL/6J dorsolateral prostate. 
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Figure 3-7: CellProfiler™ analysis for apoptosis in C57BL/6J spleen 

Representative false-coloured image highlighting apoptosis (green) and cell nuclei (blue) i n (A) 
sham and (B) 6 Gy-irradiated C57BL/6J spleen. CellProfiler™ identificati on of nuclei a rea (red 
outline) and apoptotic area (yellow outline) in (C) sham and (D) 6 Gy-irradiated C57BL/6J spleen. 
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Following the initial development of an apoptosis pipeline and using the 

optimised analysis method, the number of fields required to reliably determine 

an apoptotic frequency was established. A running mean was established from 

the cumulative frequency of apoptotic area to nuclei area, with successive fields. 

With increasing field number this frequency becomes more stable and 

empirically it was determined that approximately 30 fields at 20 x (objective) 

magnification provided the best representative apoptotic frequency for both 

spleen  and dorsolateral prostate analysis (Figure 3-8). Analysis of fewer than 30 

fields per animal would not be able to provide a representative apoptotic value, 

while using more than 35 fields would not significantly alter the mean frequency.  

 
Figure 3-8: Cumulative apoptotic frequency in C57BL/6J tissues 

Cumulative apoptotic frequencies in un-irradiated and irradiated C57BL/6J (A) spleen and (B) 
dorsolateral prostate tissue sections with increasing fields examined. 
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TUNEL staining in the TRAMP mouse prostate 

While numerous studies have used TUNEL staining to identify apoptotic cells in 

TRAMP prostate tissues, it has recently been reported that widespread false-

positive signal may occur in frozen TRAMP prostate tissues (Lawrence et al., 

2013a). The false-positive signal, which was not observed in prostate tissues of 

non-transgenic litter-mates, co-localised with large SV40 TAg expression and was 

apparent in several different commercially available kits. (Lawrence et al., 

2013a). This staining issue reportedly increases with age in TRAMP mice, with 

false-positive staining observed to be infrequent in young TRAMP mice (6 weeks 

old) but becoming more diffuse in the dorsolateral prostates of older (16 weeks 

old) mice. Given that the tissues examined in this thesis were all to be from mice 

17 weeks of age or older, it was determined that TUNEL staining would be 

inappropriate to use to identify apoptosis in TRAMP prostate sections. 

To confirm the observation that TUNEL staining may result in false positive 

results in TRAMP prostate tissues, several dorsolateral prostate tissue sections 

from TRAMP mice bred for the experiments in this thesis were examined for 

evidence of abnormal staining. False-positive TUNEL staining was observed in a 

large proportion of the TRAMP prostate sections inspected (Figure 3-9A). As was 

also described by Lawrence et al (2013a), this false-positive staining was not 

observed in the prostate tissues of non-transgenic mice (Figure 3-9B). 
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Figure 3-9: False-coloured fluorescence images of false-positive TUNEL staining 
in TRAMP mice 

TUNEL staining in frozen dorsolateral prostate tissues from 17 week old TRAMP mice. Nuclei a re 
counterstained with DAPI (blue) and TUNEL fluorescein signal (green). Fa lse-positive TUNEL 
staining is prevalent in the dorsolateral prostate of (A) TRAMP mice but not in (B) non-transgenic 
l itter-mates. Potential instances of true apoptotic cells in TRAMP prostate a re i ndic ated wi th 
white arrows. 

 

The modified histone variant γH2AX was selected as a potential alternate 

staining method for analysis of apoptosis in TRAMP dorsolateral prostates.  

Histone γH2AX is most widely used as a marker of DNA repair kinetics, however 

it is also known to accompany apoptotic DNA fragmentation (Rogakou et al., 

2000) resulting in pan-nuclei γH2AX staining in cells undergoing apoptosis, which 

is easily identifiable over viable foci containing cells (Simonsson et al., 2008; 

Lawrence et al., 2013a).  

Dual tissue staining using TUNEL and γH2AX was carried out in frozen 

dorsolateral prostate sections from untreated 17 week old TRAMP mice to 

assess the use of γH2AX to identify apoptotic cells in situ. Pan-nuclei γH2AX 

staining allowed clear identification of single apoptotic cells, which co-localised 

with bright TUNEL-stained nuclei, presumed to be instances of specific apoptosis 

amongst the false-positive TUNEL staining (Figure 3-10). Given the specificity of 



Selection and development of methods and analysis 

92 
 

the pan-nuclei γH2AX staining, this was subsequently used for apoptosis analysis 

in TRAMP dorsolateral prostate sections for all experiments throughout this 

thesis.  

High resolution confocal images were used for apoptosis detection using γH2AX; 

images for analysis were taken using a 40x objective lens, using a standard 

epifluorescence microscope. While γH2AX foci were still able to be observed in 

the γH2AX-stained nuclei (particularly in irradiated tissues) (Figure 3-11) this did 

not affect the ability of CellProfiler™ to identify apoptotic cells.   

 
Figure 3-10: Comparison of TUNEL and pan-nuclei γH2AX staining in TRAMP 
dorsolateral prostate tissue. 

False-coloured fluorescence images comparing TUNEL (green) and γH2AX (red) staining i n 17 
week old TRAMP dorsolateral prostate sections, nuclei counter-stained with DAPI (blue). Positive 
apoptotic cells can be observed amongst false-positive TUNEL staining, and co-localise with pan-
nuclei γH2AX staining, creating a bright yellow signal in the pseudo-coloured merged image. 
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Figure 3-11: Apoptosis detection in 6 Gy-irradiated TRAMP mouse prostate by 
pan-nuclei γH2AX staining 

False-coloured imaged of γH2AX (green) stained nuclei (blue). Apoptotic cells a re i ndicated by 
arrows, and small γH2AX foci can be observed in surrounding nuclei. Scale bar 10 μm. 

 

The CellProfiler™ pipeline was modified to eliminate γH2AX signal based on the 

size of the objects detected.  As was the case with estimating upper and lower 

limits on cell pixel intensity, mean cell area was determined by measuring the 

area of approximately 10,000 cells, which allowed a mean range of cell area to 

be established (Figure 3-12). This cell area range was added to the CellProfiler™ 

pipeline during identification of γH2AX-positive objects, eliminating objects 

outside of this area range and only identifying apoptotic cells (Figure 3-13).  
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Figure 3-12: TRAMP prostate cell area histogram of DAPI-stained nuclei  

Most nuclei have a pixel area between 100 and 600 pixel2. This cell area range was then us ed to 
set a CellProfiler™ threshold for more accurate detection of apoptotic nuclei i n the pi peline 
analysis. 

 

 
Figure 3-13: Filtering of cells stained with γH2AX in TRAMP prostate tissue 
sections  

A) γH2AX signal (green) and DAPI stained nuclei (blue). B) Positive γH2AX objects i dentified by 
the CellProfiler™ pipeline including both apoptotic cells (indicated by arrows) and smaller γH2AX 
foci. C) Positive γH2AX objects fi ltered based on size by CellProfiler™ to differentiate a poptotic 
cells (white outline) from γH2AX foci (red outlines) 
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Following analysis of TRAMP prostate tissues using γH2AX, a further 

consideration for optimum apoptosis analysis became apparent. In TRAMP 

dorsolateral tissues stained with a primary antibody and labelled with a 

fluorescent secondary antibody there was significant non-specific staining that 

was present in regions surrounding prostate glands (Figure 3-14).  

 
Figure 3-14: Representative image of non-specific staining present in the 
majority of TRAMP prostate tissues 

In TRAMP prostate tissues stained using a fluorescent secondary antibody, non-specific signal is 
apparent in regions around the prostate glands. Apoptotic cells (examples are indicated by open 
arrows) are still observable amongst the non-specific staining (examples are indicated by c losed 
arrows) but cannot be detected using an automated pipeline analysis. 

 

While the apoptotic cells were still able to be observed amongst the non-specific 

staining, automated analysis was unable to be used for accurate analysis of 

apoptosis. In tissue sections with low apoptotic frequencies these true apoptotic 

cells were able to be counted manually, however this was not possible in 
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irradiated tissue sections where the frequency was significantly increased. To 

overcome this issue, the staining protocol for TRAMP prostate tissues was 

modified to use a primary antibody pre-conjugated to a fluorescent tag. This 

eliminated the need for incubation with a secondary antibody and reduced the 

non-specific staining to almost zero, allowing automated apoptosis analysis with 

the CellProfiler™ pipeline.   

Development of an automated analysis for protein expression  

For further analysis of data from some experiments the quantification of prote in 

expression was required. Many methods of protein expression measurement 

exist, the most common being Western Blotting. However, for these studies 

there was often severely limited tissue available for protein extraction analysis, 

which meant that Western Blotting was not a viable option. Given these 

experiments only required measurement of relative protein expression (changes 

compared to a single control value) rather than absolute quantification of 

protein expression, modified immunofluorescent analysis methods were 

considered to provide relative quantitative data. A modified version of the basic 

CellProfiler™ pipeline (Figure 3-1) was used for quantification of relative prote in 

expression (Figure 3-15). 



Selection and development of methods and analysis 

97 
 

 
Figure 3-15: Outline of optimised method for measurement of total protein 
expression from stained tissue sections using CellProfiler™ 

 

Tissue sections were stained with the primary and secondary antibodies of 

choice and imaged in the same manner as for apoptosis analysis. Nuclei area was 

identified as per the pipeline used for analysis of apoptosis, and the total pixel 

intensity in the image visualising the protein of interest was measured. For 

measurement of nuclear-specific protein expression, the identified nuclei area 

was used to mask the image visualising the protein of interest, ensuring that only 

expression in the nuclei regions was measured, for measurement of non-nuclear 

proteins, this masking step did not occur. The nuclei area was used to estimate a 

nuclei count and a final measurement of fluorescence intensity was calculated 

per nuclei (Figure 3-16). The fluorescence intensity per nuclei in individual tissue 
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sections could then be compared to the intensity of a control tissue to provide a 

fold-change in protein expression (Figure 3-17).  

This method of protein expression quantification is not without its limitations. 

The nature of immunofluorescent staining is that there are slight differences in 

staining and imaging from one experiment to the next. To ensure that this did 

not affect the results, tissue sections from within single experiments were 

imaged at the same time, to limit any fading of fluorescent signal that could 

artificially reduce measurement of fluorescence intensity in the images. If 

analysis of tissues from previously analysed experiments were required to be 

pooled together, the tissue sections were re-stained and imaged to reduce any 

inter-experiment staining variations.  
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Figure 3-16: Representative measurement of nuclear-specific protein 
expression in TRAMP dorsolateral prostate from immunofluorescent images  

(A) False-coloured image depicting AR expression in TRAMP dorsolateral prostate, (B) 
identification of nuclei area from DAPI image, (C) masking of AR-protein image from nuclei area 
and D) final analysis measurements identifying nuclei area occupied, es timated nuclei c ount, 
total AR fluorescence intensity in nuclei regions and AR fluorescence intensity per nuclei. 
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Figure 3-17: Quantification of fold-change in NF-κB protein expression in 
C57BL/6J dorsolateral prostate tissue sections 

Relative quantification of protein expression changes is determined from the fluorescence 
intensity per nuclei calculated by the CellProfiler™ pipeline 
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Chapter 4:  The effect of parthenolide on prostate cancer 

development in TRAMP mice 

In vitro studies have demonstrated that parthenolide has anti-cancer effects on 

leukaemia cells (Dai et al., 2010; Hewamana et al., 2008; Jenkins et al., 2008). 

Parthenolide can preferentially inhibit growth and induce apoptosis of prostate 

cancer cell lines compared to normal prostate cells in vitro (Sun et al., 2010) and 

can inhibit prostate tumour initiating cells in mouse xenografts (Kawasaki et al., 

2009). Despite these promising results, PTL is yet to be tested in a model of 

prostate cancer that more closely follows the human disease, with a non-

compromised immune system, and where tumours develop initially from normal  

tissue in the prostate and subsequently  metastasise to distant sites. Given the 

importance of the immune system and the multiple stages of cancer 

progression, testing PTL in an autochthonous model is an important step 

towards translation of the compound into clinical practice. 

In order to investigate the ability of PTL to slow prostate tumour development in 

an autochthonous mouse model, six week old TRAMP mice, at the time when 

tumour development is starting to be initiated by the SV40-driven transgene, 

were treated thrice weekly with PTL by oral gavage until palpable tumours 

formed.  
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Results 

Breeding of TRAMP mice and determination of transgenic status 

All experimental mice came from time matings as per the previously described 

protocol in Chapter 3, to ensure that all mice were born within four days of each 

other to limit variation between animals. The transgenic status of mice was 

determined by PCR as previously described in Chapter 3.  TRAMP positive mice 

exhibited PCR melt peaks at 84°C and 88°C, whereas TRAMP negative mice only 

exhibited a single peak at 84°C (Figure 4-1). 

 

Figure 4-1: Typical melt curve analysis of TRAMP genotype  

Lower temperature peak (84°C) represents control Ig amplicon melt and the upper, TRAMP 
specific amplicon melt temperature (88°C). Samples include a positive TRAMP control (green), 
negative TRAMP control (red) and a mix of unidentified experimental TRAMP samples.  

  

A selection of non-transgenic litter-mates were kept for the extent of the animal  

studies to provide negative controls to ensure that the TRAMP transgene 

screening was accurate. None of the non-transgenic mice developed prostate 

ºC
65 70 75 80 85 90

6

5

4

3

2

1

0

Temperature (°C)

dF
/d

T



The effect of parthenolide on prostate cancer development in TRAMP mice 

103 
 

tumours (n = 18) and 100% of TRAMP mice (excluding those that were 

euthanised early for ethical reasons) developed prostate tumours (n = 61). 

Time-to-palpable tumour studies in the TRAMP model 

In order to examine the anti-cancer effects of PTL in the TRAMP model, an initial 

time-to-palpable tumour study was undertaken. Male TRAMP mice were 

delivered PTL (40 mg/kg in 10% ethanol/saline vehicle) or an ethanol/saline 

vehicle control three times per week by oral gavage from 6 weeks of age until 

palpable tumour development (up to 37 weeks of age) (Figure 4-2). Mice were 

weighed and assessed for palpable tumours three times per week. 

 

Figure 4-2: Schematic overview of treatment and assessment of mice for in vivo 
time-to-palpable tumour studies 

 

It is reported in the literature that 100% of male TRAMP mice will develop 

palpable prostate tumours with some metastatic spread within 30 – 36 weeks 

(Gingrich et al., 1996; Hsu et al., 1998; Greenberg et al., 1995). In this study our 

data were consistent with this timeframe, with palpable prostate tumours 

detected in the vehicle control treatment group from 19.1 to 37.1 weeks (134 to 

260 days from birth), and a median time-to-palpable tumour of 30 weeks (210 

days from birth). 
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In this study, there was no significant difference observed in the time-to-

palpable tumour between TRAMP mice treated with PTL (in 10% ethanol/saline) 

(171 ± 29.4 days from birth, n = 9) and mice treated with ethanol/saline vehicle 

control (211 ± 43.1 days from birth, n = 9) (p = 0.061, Log-Rank (Mantel-Cox), 

Figure 4-3).  

 

Figure 4-3: Kaplan Meier analysis of time-to-palpable tumour in TRAMP mice 
treated with PTL or vehicle control  

TRAMP mice were treated with PTL (40 mg/kg in 10% ethanol/saline) or ethanol/saline vehic le 
thrice weekly by oral gavage from 6 weeks (42 days) of age, n = 9 per group, p = 0.061, Log-Rank 
(Mantel-Cox).  

 

There was no significant difference in mouse weights at time of palpable tumour 

detection between the TRAMP mice treated with PTL (in 10% ethanol/saline), 

TRAMP mice treated with ethanol/saline vehicle, and untreated non-transgenic 

mice (p = 0.429, one-way ANOVA) (Table 4-1). Non-transgenic mice did not 

develop prostate tumours; therefore, weights were taken at the conclusion of 
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the study rather than at palpable tumour detection. Mice were weighed thrice 

weekly from 6 weeks of age until euthanasia; there was no significant difference 

in mouse growth curves between the treatment groups over the entire course of  

the time-to-palpable tumour study. At the time of tissue excision, prostate 

weight was measured and recorded as a normalised prostate weight (percentage 

of whole mouse weight) (Table 4-1). There was no significant difference in 

TRAMP mouse prostate weight at time of palpable tumour detection between 

mice treated with PTL (in 10% ethanol/saline) or ethanol/saline vehicle (p = 

0.258, Mann-Whitney test). In non-transgenic mice, prostate tumours did not 

develop and therefore normalised prostate weights were significantly less than 

that of TRAMP mice. 

Table 4-1: Mouse and normalised prostate weights at the time of palpable 
tumour detection 

TRAMP status Treatment 
group 

Mean mouse 
weight (g) 

(±1SD) 

Mean normalised 
prostate weighta (%) 

(±1SD) 
n 

Transgenic PTL 36.7 ± 3.1 18.2 ± 3.9 9 

Transgenic Ethanol/saline 38.3 ± 5.4 11.35 ± 10.5 9 

Non-transgenic PTL 36.0 ± 4.5 0.43 ± 0.11 3 

Non-transgenic Ethanol/saline 35.3 ± 6.1 0.60 ± 0.32 3 
 

aNormalised prostate weights are given as a percentage of total mouse weight at time of 
euthanasia. 

 

Although there was no significant difference in time-to-palpable tumour 

between the treatment groups, a significant difference in TRAMP palpable 

tumour phenotype was detected. All mice treated with PTL (in 10% 
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ethanol/saline) developed the typical TRAMP tumour phenotype; a palpable 

prostate tumour with some smaller non-palpable metastatic tumours (Figure 

4-4).  

 

Figure 4-4: Example of typical TRAMP prostate tumour phenotype 

TRAMP (A) prostate tumour, in situ, identified by palpation and (B) non-palpable meta static  
lymph node tumours. Dotted l ines outline the tumour mass, n = 54 

 

In the ethanol/saline vehicle control treatment group, TRAMP mice were initially 

observed to have normal TRAMP tumour phenotypes (as per Figure 4-4); 

however, after 187 days of treatment (229 days since birth), mice started to 

develop large palpable tumours outside of the prostate (Figure 4-5A). Upon 

examination post-euthanasia, it was determined that these mice had very small 

(less than 125 mm3) non-palpable prostate tumours (Figure 4-5B). No tumours, 

primary prostate or distant metastases, were identified in non-transgenic mice. 
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Figure 4-5: Example of the atypical TRAMP prostate tumour phenotype 

Tumour phenotype detected in mice treated with ethanol/saline vehicle (n = 8) and parthenolide 
(in ethanol/saline) (n = 1). (A) Large metastatic tumour, in situ, identified by pa lpation a nd (B) 
non-palpable TRAMP prostate tumour attached to seminal vesicles . Dotted l ines outline the 
tumour mass. 

 

After the completion of the initial time-to-palpable tumour study, DMAPT, a 

water soluble analogue of PTL, became available and a second time-to-palpable 

tumour study was carried out in the same manner as the first. For this second 

study 6 week old TRAMP mice were treated with PTL (40 mg/kg in 10% 

ethanol/saline vehicle), DMAPT (100 mg/kg in sterile water), an ethanol/saline 

vehicle control or a water vehicle control three times per week until palpable 

tumour detection (up to 43 weeks). 
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There was a significant increase in time-to-palpable tumour detection in DMAPT 

treated TRAMP mice (258 ± 24.5 days from birth) compared to water control 

treated mice (218 ± 39.4 days from birth) (p = 0.013, Log-Rank (Mantel-Cox), 

Figure 4-6, Table 4-2). DMAPT increased time-to-palpable tumour detection by 

40 days. The first palpable prostate tumour in the DMAPT-treated mice was 

detected 90 days after tumour onset in the water control-treated group (219 

days from birth compared to 129 days from birth). There was no significant 

difference in time-to-palpable tumour between mice treated with PTL (in 10% 

ethanol/saline) (210.5 ± 48.8 days from birth), mice treated with ethanol/saline 

vehicle (228 ± 35.4 days from birth), and water vehicle treated mice (p = 0.906, 

Log-Rank (Mantel-Cox), Figure 4-6).  

 

Figure 4-6: Kaplan Meier analysis of time-to-palpable tumour in TRAMP mice 
treated with PTL, DMAPT or vehicle controls  
TRAMP mice were treated with PTL (40 mg/kg in 10% ethanol/saline), DMAPT (100 mg/kg), 
ethanol/saline vehicle or water vehicle thrice weekly by oral gavage from 6 weeks of age. n = 12  
per group, p = 0.0164, Log-Rank (Mantel-Cox). 
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In this second time-to-palpable tumour study it was again observed that in 

TRAMP mice treated with ethanol/saline vehicle control, after 191 days of 

treatment (233 days from birth) mice developed palpable tumours at distant 

sites, with small non-palpable prostate tumours discovered upon post-

euthanasia examination. One mouse in the PTL (in 10% ethanol/saline) 

treatment group also developed this abnormal TRAMP tumour phenotype after 

230 days of treatment (272 days from birth). Only the normal TRAMP phenotype 

(palpable primary prostate tumours and smaller distant metastases) was 

observed in the water vehicle and DMAPT treatment groups.  

Table 4-2: Time-to-palpable tumour statistics from PTL and DMAPT TRAMP 
study 

Treatment group Median palpable tumour detection 
time (days from birth) (±1SD) 

n 

PTL (40 mg/kg in 10% ethanol in saline) 210.5 ± 48.8 12 

Vehicle control (10% ethanol in saline) 228 ± 35.4 12 

DMAPT (100 mg/kg in water) 258 ± 24.5 12 

Vehicle control (water) 218 ± 39.4 12 

 

At the time of palpable tumour detection there was no significant difference in 

mouse weights between the PTL (in 10% ethanol/saline), ethanol saline vehicle ,  

DMAPT (in water) or water vehicle treatment groups (p = 0.537, one-way 

ANOVA, Table 4-3). There was also no significant difference in mouse weights 

between the different treatment groups over the course of the time-to-palpable  

tumour study. 

 



The effect of parthenolide on prostate cancer development in TRAMP mice 

110 
 

Table 4-3: Mouse and normalised prostate weights at the time of palpable 
tumour detection 

TRAMP status Treatment group 
Mean mouse 

weight 

(g) (±1SD) 

Mean normalised 
prostate weighta 

(%) (±1SD) 
n 

Transgenic PTL (40 mg/kg in 10% 
ethanol in saline) 

38.1 ± 3.5  16.5 ± 6.2 12 

Transgenic Vehicle control (10% 
ethanol in saline) 34.5 ± 6.2  12.4 ± 8.8 12 

Transgenic DMAPT (100 mg/kg in 
water) 36.1 ± 4.3 16.7 ± 1.6 12 

Transgenic Vehicle control 
(water) 

35.2 ± 7.3 15.5 ± 4.3 12 

Non-transgenic Untreated 33.7 ± 6.4 0.37 ± 0.23 12 
 

aNormalised prostate weights are given as a percentage of total mouse weight at time of 
euthanasia. 

 

The PTL (in ethanol/saline) and ethanol/saline vehicle treatment groups from the 

two time-to-palpable tumour studies were subsequently pooled and analysed 

together (Figure 4-7,  

Table 4-4). The median time-to-palpable tumour in the pooled PTL (in 10% 

ethanol/saline) and ethanol/saline vehicle treatment groups was 180 days and 

219.5 days respectively, and did not differ significantly from baseline (water 

vehicle) palpable tumour detection time (p = 0.425, Log-Rank (Mantel-Cox)), as 

was also observed in the individual time-to-palpable tumour studies. Between 

the two separate studies, the only significant difference was the time-to-

palpable tumour curves between the ethanol/saline vehicle and PTL (in 

ethanol/saline) treatment groups. In the first study, although there was no 
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significant difference in median time-to-palpable tumour, there was a 

reasonable gap between the Kaplan Meier curves of the two groups (Figure 4-3) .  

In the second study, there was again no difference between the median time-to-

palpable tumour between the two groups, however the curves are much closer 

together (Figure 4-6). This difference in the curves is likely to be due to the 

palpation methods used to detect tumours in the TRAMP mice. In the initial 

study, expecting only palpable tumours to develop in the prostate, palpation of 

mice was initially carried out on the lower abdominal area of the mice. This 

meant that large metastatic tumours were not detected in the mice until they 

reached quite a large size and could be identified visibly. In the second study, in 

expectation of tumours outside of the prostate, the mice were palpated all over 

their bodies to ensure that tumours were identified in a timely manner. This 

change in palpation technique is likely to have helped to detect distant site 

palpable tumours in the ethanol/saline vehicle treatment group at a slightly 

earlier time point than in the initial study. All subsequent analysis of tissues from 

these two time-to-palpable tumour studies has been carried out using data from 

the combined studies. 
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Figure 4-7: Kaplan Meier analysis of the combined time-to-palpable tumour 
TRAMP studies 

n = 12-21 per group, p = 0.0013, Log-Rank (Mantel-Cox). 

 

Table 4-4: Survival statistics from the combined TRAMP time-to-palpable 
tumour studies 

Treatment group Median palpable tumour detection 
time (days from birth) (±1SD) n 

PTL (40 mg/kg in 10% ethanol in saline) 180 ± 42.8 21 

Vehicle control (10% ethanol in saline) 219.5 ± 38.1 21 

DMAPT (100 mg/kg in water) 258 ± 24.5 12 

Vehicle control (water) 218 ± 39.4 12 

 

Ethanol and PTL/DMAPT-induced changes to TRAMP tumour burden 

Given the unexpected differences in TRAMP tumour phenotypes identified in the 

time-to-palpable tumour studies, a more detailed examination of the differences 

between tumours identified in the different treatment groups was undertaken.   



The effect of parthenolide on prostate cancer development in TRAMP mice 

113 
 

As previously described, a change in the tumour phenotype of TRAMP mice was 

observed in the ethanol/saline vehicle-treated group after 187 days of treatment 

(229 days from birth), where large palpable metastatic tumours (Figure 4-5A) 

became the first tumours detected in mice. During post euthanasia examination, 

small non-palpable prostate tumours (Figure 4-5B) were discovered in all mice 

with palpable metastatic tumours. The small non-palpable prostate tumours 

consisted of both adenocarcinoma and PIN tissue, while the phenotypically large 

palpable prostate tumours were almost entirely adenocarcinoma (Figure 4-8A). 

This abnormal metastatic tumour phenotype was also observed in one PTL (in 

10% ethanol/saline)-treated mouse, after 230 days of treatment (272 days from 

birth).  

The large palpable metastatic tumours identified at distant sites were analysed 

immunohistochemically for SV40 TAg to confirm prostatic origin (Figure 4-9). In 

all cases SV40 TAg staining in tumour tissue confirmed prostatic origin (n = 9) 

(Table 4-5); healthy spleen tissues in these mice were negative for SV40 TAg. 

After 212 days of treatment, one mouse treated with ethanol/saline vehicle died 

suddenly. Necropsy identified a thoracic tumour in the chest cavity of the 

animal, which was deemed the cause of the death. Immunohistochemical 

analysis of the tumour showed positive SV40 TAg staining, confirming that this 

was a metastatic tumour of prostatic origin. Early in the study (≤ 72 days of 

treatment) two mice developed small tumours outside of the prostate; however, 

the tumours were not positive for SV40 TAg (Table 4-5). These mice were 

censored from the Kaplan Meier time-to-palpable tumour analysis. 
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Figure 4-8: Representative TRAMP tissue pathology in palpable and non-
palpable prostate tumours  

Representative images of H&E staining in large palpable prostate tumours (A) and non-palpable 
prostate tumours (B) identified in TRAMP mice. Palpable prostate tumours c onsist of a l most 
entirely adenocarcinoma, while small non-palpable tumours are a mixture of a denocarcinoma 
and PIN tissue (regions of adenocarcinoma in the non-palpable prostate tumour  a re outlined 
with a dashed line). Scale bar 500 μm. 
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Figure 4-9: SV40 TAg staining in tumour and normal TRAMP tissues  

Representative false-coloured images of TRAMP tissues stained for SV40 TAg (green) a nd DAPI  
(blue) to confirm prostatic origin in (A) primary prostate tumour, (B) palpable meta s tatic l iver  
tumour, (C) metastatic kidney tumour and (D) normal spleen control tissue. Scale bar 50 μm. 
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Table 4-5: SV40 TAg status of tumours identified in TRAMP mice without 
palpable primary prostate tumours  

Treatment 
group 

Treatment 
length 
(days) 

Cause of euthanasia 
SV40 
tumour 
status 

EtOH/saline 54 Rapid weight loss - brain tumour Negative 

DMAPT 72 Small palpable tumour – thoracic lymph 
node Negative 

EtOH/saline 187 Palpable tumour - liver  Positive 

EtOH/saline 191 Palpable tumour - liver Positive 

EtOH/saline 193 Palpable tumour - liver  Positive 

EtOH/saline 198 Palpable tumour - kidney  Positive 

EtOH/saline 200 Palpable tumour - seminal vesicle Positive 

EtOH/saline 205 Palpable tumour - liver  Positive 

EtOH/saline 212 Sudden death – thoracic tumour  Positive 

EtOH/saline 217 Palpable tumour - liver  Positive 

EtOH/saline 218 Palpable tumour – peri-aortic lymph node  Positive 

PTL 224 Palpable tumour - liver Positive 

 

All macroscopic tumours were excised from the mice and weighed prior to tissue 

embedding. As was the case for prostate weight, metastatic tumour burden was 

normalised to total mouse weight and has been presented as a normalised 

percentage of total mouse weight (Figure 4-10). At the time of palpable tumour 

detection, primary prostate tumour burden was not significantly different 

between water vehicle (15.5% ± 4.34), DMAPT (16.7% ± 1.62) and PTL in 

ethanol/saline (17.3% ± 5.16) treatment groups (Figure 4-10A). Although the 

ethanol/saline vehicle treatment group did not have a significantly reduced 

mean primary prostate tumour burden (12.8% ± 9.3) compared to the water 
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vehicle control (p = 0.137, Mann-Whitney test), there was a proportion of mice 

with clearly reduced primary tumour burden.  TRAMP primary prostate tumour 

burden in ethanol/saline vehicle treated mice was significantly lower than in the 

PTL in ethanol/saline treatment group (p = 0.0057, Mann-Whitney test). 

Metastatic tumour burden was significantly increased in ethanol/saline vehicle 

control treated mice (8.03% ± 8.71) compared to all other treatment groups; 

water vehicle (1.12% ± 0.61, p = 0.0043), PTL in ethanol/saline (1.61% ± 1.74, p = 

0.012), DMAPT (0.81% ± 0.32, p = 0.0001) (Mann-Whitney test) (Figure 4-10B). 

Metastatic burden in PTL in ethanol/saline and DMAPT treatment groups did not 

significantly differ from water vehicle-treated mice (p = 0.16). Despite the 

differences in tumour phenotypes, there was no significant difference in mean 

total tumour burden between the treatment groups (Figure 4-10C, one-way 

ANOVA, p = 0.074); water vehicle (16.5% ± 4.53), DMAPT (17.5% ± 1.67), 

ethanol/saline vehicle (21.5% ± 4.65) and PTL in ethanol/saline (19.1% ± 4.42).  

Time-to-palpable tumour in the TRAMP mice varied significantly in all treatment 

groups, with a difference of 180 days between the first and last palpable 

tumours detected. Both primary prostate tumour burden and metastatic tumour 

burden within each mouse at the time of euthanasia are plotted for comparison 

on the same graph in Figure 4-11. There was no significant difference in primary 

prostate or metastatic tumour burdens with increasing treatment time in water 

vehicle, DMAPT and PTL (in ethanol/saline) treatment groups, with the exception 

of the final mouse in the PTL (in ethanol/saline) treatment group which 

developed a palpable metastatic tumour. However, the pattern of primary 
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prostate vs metastatic tumour burdens in ethanol/saline vehicle treated mice 

clearly highlights the sudden change that occurs in tumour phenotype after 

approximately 180 days of treatment with ethanol/saline vehicle (Figure 4-11C). 

 

Figure 4-10: Tumour burdens as a percentage of total weight in TRAMP mice  

Tumour burden in TRAMP mice treated with water vehicle (H2O/V), 100 mg/kg DMAPT, 10% 
ethanol/saline vehicle (Eth/V), or 40 mg/kg PTL (in ethanol/saline). (A) Primary prostate tumour 
burden, (B) metastatic tumour burden, and (C) total tumour burden across all treatment groups. 
*p < 0.05, n = 11-20 mice per treatment group. 
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Figure 4-11: Individual TRAMP mouse tumour burdens at time of euthanasia.  

Paired primary prostate tumour burden ( ) and metastatic tumour burden ( ) for each individual 
mouse, normalised to individual mouse weight, in TRAMP mice treated with (A) wa ter  vehicle 
(H2O/V), (B) 100 mg/kg DMAPT, (C) 10% ethanol/saline (Eth/V), or (D) 40 mg/kg PTL (in 
ethanol/saline). For each mouse, both the primary prostate tumour burden and metastatic 
tumour burden have been plotted at the same treatment time on the x-axis (which wa s at the 
time of euthanasia). *p < 0.05, n = 11-20 mice per treatment group 

 

Primary prostate tumours were stained for AR in order to investigate potential 

changes in AR expression due to the ethanol/saline vehicle that may result in a 

shift to a pro-metastatic phenotype in the TRAMP mice. Immunoreactivity of AR 

in the primary TRAMP prostate tumours was significantly lower than that of 

TRAMP prostate tissues with moderate to high grade PIN, and did not 

significantly differ from the negative control (Figure 4-12). SV40 TAg expression 

A) H2O/V                                    B) DMAPT

C) Eth/V                                     B) PTL                            

Primary prostate tumour burden
Metastatic tumour burden
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was examined in TRAMP primary prostate tumours as a potential surrogate 

marker of AR expression, however the variation within treatment groups was 

high and no significant difference was observed (Figure 4-13). 

 

Figure 4-12: Comparison of AR staining in untreated TRAMP prostate tumour 
and PIN tissues 

Representative false-coloured images of AR staining in (A) primary prostate tumour ti ssue a nd 
(B) moderate grade PIN tissue, in TRAMP mice. (C) Mean fluorescence intensity per cell  
measured in untreated TRAMP mice, comparing immunoreactivity in primary prostate tumours, 
moderate grade PIN tissue and negative control (secondary antibody only), n = 6, * p < 0.05. 
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Figure 4-13: Fold changes in SV40 TAg expression in treated TRAMP primary 
prostate tumours 

(A) Fold changes in expression (from water vehicle (H2O/V)) in primary tumours from TRAMP 

mice treated with water vehicle, 10% ethanol/saline vehicle (Eth/V), 40 mg/kg PTL (in 

ethanol/saline), or 100 mg/kg DMAPT, n = 9-10 mice per treatment group. Representative fa lse-

coloured images of (B) positive SV40 TAg staining and (B) negative control staining i n TRAMP 

primary prostate tumours. 

 

While none of the TRAMP mice developed abnormal palpable metastatic 

tumours in the lung, it is a well described site of metastasis in the TRAMP model 

(Hsu et al., 1998; Hurwitz et al., 2001; Gingrich et al., 1996). Lung tissues were 

sectioned, stained using routine H&E protocols, and examined microscopically 

for evidence of metastatic spread. It was immediately apparent that there were 

significant differences in the extent of metastatic spread to the lungs of TRAMP 
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mice in different treatment groups (Figure 4-14). Lung tissues were subsequently 

analysed for SV40 TAg to confirm that the metastases were of prostatic origin 

and to quantify microscopic metastatic lesions within the lung sections (Figure 

4-15) 

 

Figure 4-14: Metastatic lesions in the TRAMP lung 

Representative images of (A) high, (B) moderate and (C) low levels of metastatic lesions in whole 

TRAMP lung tissues stained with haematoxylin. Metastatic lesions contain more densely pa cked 

cells and can be identified as dark blue-stained regions in the tissue section. 
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Figure 4-15: Identification of microscopic metastatic lesions in TRAMP lung by 
SV40 TAg staining 

Consecutive sections of TRAMP lung tissue containing microscopic metastases identified by H&E 

staining (A) and confirmed by immunofluorescent staining for SV40 TAg (B). Most metastatic cells 

are present as larger lesions, however there are some single metastatic c ells ( identified wi th 

arrows) present in the tissue sections. Scale bar 50 μm 

 

 

A

B
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In the images of SV40 TAg stained lung tissue, microscopic metastatic lesions 

were identified as clusters of 10 or more metastatic cells. The number of 

microscopic metastatic lesions in ethanol/saline vehicle-treated mice (9.93 

lesions ± 7.2 per mm2) was significantly increased compared to baseline levels in 

water vehicle-treated mice (1.47 ± 1.29 lesions per mm2) (574% increase, p = 

0.001) (Figure 4-16). PTL (in ethanol/saline) treatment significantly reduced 

metastatic lung lesions (0.78 ± 1.09 lesions per mm2) compared to the 

ethanol/saline vehicle-treatment group (92.1% reduction, p = 0.0002). 

Treatment with DMAPT significantly reduced the number of metastatic lung 

lesions (0.077 ± 0.12 lesions per mm2) compared to the water vehicle treatment 

group (94.8% reduction, p = 0.0004) and 60% of DMAPT-treated mice had no 

identified metastatic lesions.        
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Figure 4-16: Microscopic metastatic lesions in TRAMP lung tissues  

Metastatic lung lesions (clusters of ≥ 10 metastatic cells) per mm2 in TRAMP mice trea ted wi th 
water vehicle (H2O/V), 100 mg/kg DMAPT, 10% ethanol/saline vehicle (Eth/V), and 40 mg/kg PTL 
(in ethanol/saline), * p < 0.05, n = 10. 
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Modulation of pro-metastatic pathways by ethanol and PTL/DMAPT in TRAMP 

primary tumours 

In addition to examining the changes to TRAMP tumour burden induced by the 

different treatment groups, analysis of primary prostate tumours from all 

treatment groups was undertaken to investigate pathways that may result in a 

more aggressive metastatic tumour phenotype. A panel of five proteins (collagen 

IV, fibronectin, laminin, MMP2 and integrin β1), all of which are known to be 

important for the metastatic process, were analysed for changes in expression. 

Primary prostate tumour sections were analysed for protein expression using 

immunofluorescence, with fluorescence intensity per nuclei used as a marker of  

expression. In the primary prostate tumours of ethanol/saline vehicle-treated 

TRAMP mice, expression of collagen IV (Figure 4-17), fibronectin (Figure 4-18), 

laminin (Figure 4-19), MMP2 (Figure 4-20) and integrin β1 (Figure 4-21) were 

significantly increased above baseline (water vehicle-treated) levels (collagen IV: 

1.65 fold increase, p = 0.015; fibronectin: 1.31 fold increase, p = 0.016; laminin: 

1.49 fold increase, p = 0.023; MMP2: 2.05 fold increase, p = 0.045; integrin β1: 

1.66 fold increase, p = 0.009). PTL treatment returned collagen IV, laminin, 

MMP2 and integrin β1 expression to baseline levels (p < 0.05), compared to 

ethanol control-treated mice. In DMAPT-treated mice, expression of laminin and 

MMP2 was significantly reduced in primary prostate tumours compared to 

baseline levels (laminin: 0.52 fold reduction, p = 0.031; MMP2: 0.49 fold 

reduction, p = 0.015) (Figure 4-19 and Figure 4-20). 
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Figure 4-17: Fold changes in collagen IV protein expression in treated TRAMP 
primary prostate tumours 

(A) Fold changes in expression (from water vehicle (H2O/V)) in tumours from TRAMP mice 
treated with 10% ethanol/saline vehicle (Eth/V), 40 mg/kg PTL (in ethanol/saline) or 100 mg/kg 
DMAPT. *p < 0.05, n = 9-17 mice per treatment group. Representative images of (B) positive 
control and (C) negative control staining in TRAMP primary prostate tumours. 
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Figure 4-18: Fold changes in fibronectin protein expression in treated TRAMP 
primary prostate tumours 
(A) Fold changes in expression (from water vehicle (H2O/V)) in tumours from TRAMP mice 
treated with 10% ethanol/saline vehicle (Eth/V), 40 mg/kg PTL (in ethanol/saline) or 100 mg/kg 
DMAPT. *p < 0.05, n = 9-17 mice per treatment group. Representative images of (B) positive 
control and (C) negative control staining in TRAMP primary prostate tumours. 
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Figure 4-19: Fold changes in laminin protein expression in treated TRAMP 
primary prostate tumours 
(A) Fold changes in expression (from water vehicle (H2O/V)) in tumours from TRAMP mice 
treated with 10% ethanol/saline vehicle (Eth/V), 40 mg/kg PTL (in ethanol/saline) or 100 mg/kg 
DMAPT. *p < 0.05, n = 9-17 mice per treatment group. Representative images of (B) positive 
control and (C) negative control staining in TRAMP primary prostate tumours. 
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Figure 4-20: Fold changes in MMP2 protein expression in treated TRAMP 
primary prostate tumours 

(A) Fold changes in expression (from water vehicle (H2O/V)) in tumours from TRAMP mice 
treated with 10% ethanol/saline vehicle (Eth/V), 40 mg/kg PTL (in ethanol/saline) or 100 mg/kg 
DMAPT. *p < 0.05, n = 9-17 mice per treatment group. Representative images of (B) positive 
control and (C) negative control staining in TRAMP primary prostate tumours. 
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Figure 4-21: Fold changes in Integrin ß1 protein expression in treated TRAMP 
primary prostate tumours 

(A) Fold changes in expression (from water vehicle (H2O/V)) in tumours from TRAMP mice 
treated with 10% ethanol/saline vehicle (Eth/V), 40 mg/kg PTL (in ethanol/saline) or 100 mg/kg 
DMAPT. *p < 0.05, n = 9-17 mice per treatment group. Representative images of (B) positive 
control and (C) negative control staining in TRAMP primary prostate tumours. 
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In primary prostate tumours, collagen IV staining showed strong expression in 

the basement membrane of vessels (Figure 4-22). This collagen IV staining 

identifies a very different, fragmented structure to that of the vascular basement 

membrane in primary prostate tumours of the ethanol vehicle-treated TRAMP 

mice (Figure 4-22C), compared to the structure of the vascular basement 

membrane in other treatment groups. 

 

Figure 4-22: Collagen IV staining around vessels in treated TRAMP primary 
tumours 

Representative vascular staining in tumours from TRAMP mice treated with (A) PTL (40 mg/kg i n 
10% ethanol/saline), (B) DMAPT (100 mg/kg in water), (C) ethanol/saline vehicle a nd (D) wa ter 
vehicle 3 x per week until  palpable tumour detection. Collagen IV staining in the ethanol 
treatment groups demonstrates a more fragmented and less rigid vascular basement membrane 
structure (representative regions indicated with arrows) compared to the other treatment 
groups. 
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To check if the collagen IV staining was identifying vascular areas only, dual 

staining was carried out with CD31 to identify vessels within tissue sections 

(Figure 4-23). Co-localisation of collagen IV and CD31 within tissue sections of 

primary prostate tumours revealed that while a large portion of the collagen IV 

staining was localised within the vessel walls, there was no co-localisation with 

CD31 in the more fragmented regions typically observed in the tumours of 

ethanol/saline vehicle-treated mice. This may indicate there is some level of 

ethanol-induced breakdown or fragmentation of collagen in primary prostate 

tumours, which is likely to allow greater escape of tumour cells and ultimately 

invasion to distant sites. 

CD31 staining was also used to measure vascular area within the TRAMP 

prostate tumours. Vascular area was measured as the percentage of CD31-

positve area in the total nuclei area (Figure 4-24). Vascular area in the primary 

prostate tumours was significantly higher in mice treated with the ethanol/saline 

vehicle (8.3 ± 3.7 %) compared to all other treatment groups (5.3 ± 2.4 %, 4.7 ± 

1.6 % and 4.4 ± 2.6 %, in water vehicle, PTL and DMAPT treatment groups 

respectively, p < 0.05) (Figure 4-25) 
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Figure 4-23: Co-localisation of collagen IV and CD31 in treated TRAMP prostate 
tumour vasculature  

Representative images of co-localisation of vascular markers in TRAMP primary prostate tumours 
treated with 10% ethanol/saline vehicle 3 x weekly until palpable tumour formation. (A) Collagen 
IV, (B) CD31, (C) DAPI, and (D) false-coloured merged image with collagen IV (green), CD31 (red) 
and DAPI (blue), representative instances of fragmented regions of collagen IV-only 
immunoreactivity marked by white arrows. Scale bar 50 μm. 
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Figure 4-24: Identification of CD31-positive area in TRAMP primary prostate 
tumours 

(A) Representative images of false-coloured images of CD31 (green) immunoreactive regions and 
DAPI-stained nuclei (blue) within treated TRAMP primary prostate tumours. (B) Cel lProfiler  
identification of CD31-positive area (red outlines), which was used to calculate vascular area as a  
percentage of total nuclei area.  

 

Figure 4-25: Percentage of vascular area in treated TRAMP primary prostate 
tumours 

Vascular area (as a percentage of total nuclei area) in primary tumours from TRAMP mice treated 
with water vehicle (H2O/V), ethanol/saline vehicle (Eth/V), 40 mg/kg PTL (in etha nol/saline) or  
100 mg/kg DMAPT. *p < 0.05, n = 9-10 mice per treatment group.  
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Anti-cancer effects of DMAPT in prostate tumour explants  

Human prostate tumour explant culture studies were undertaken in order to 

further examine the anti-cancer effects in a model that more closely 

recapitulates the genetic heterogeneity of human disease. 

Fresh prostate cancer specimens were cut into small tissue pieces and cultured 

in triplicate on a pre-soaked gelatin sponge in the presence or absence of 

DMAPT (6 μM, 12 μM or 24 μM) for 48h. The tissues were then analysed by 

immunohistochemistry for the proliferative marker Ki-67 and apoptosis marker 

cleaved caspase-3. The culturing and immunohistochemical staining of prostate 

tumour tissues was carried out in collaboration with Associate Professor Lisa 

Butler and the Prostate Cancer Research Group at the South Australian Health 

and Medical Research Institute (Adelaide, South Australia). Analysis of stained 

tissue sections was carried out at Flinders University. 

There was no significant difference in proliferation between the water vehicle 

(2.68 ± 1.5 %), 6 μM DMAPT (1.39 ± 0.69 %), 12 μM DMAPT (1.08 ± 0.86 %) and 

24 μM DMAPT (1.68 ± 0.71 %) treatment groups; however, there was a trend 

towards decreased proliferation in the DMAPT-treatment groups (Figure 4-26C). 

There was also no significant difference in apoptosis between tissues treated 

with water vehicle (1.95% ± 1.1), 6 μM DMAPT (4.06% ± 2.3), 12 μM DMAPT 

(4.15% ± 2.4) or 24 μM DMAPT (2.52% ± 1.8), but again there was a trend 

towards increased apoptosis with DMAPT treatment (Figure 4-27C). The most 

pronounced changes in apoptosis and proliferation were observed before and 

after culturing of the explant tissues in the absence of DMAPT (Figure 4-28 and 
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Figure 4-29 respectively). Ki-67 staining was notably reduced (47.8 % reduction, 

p = 0.065, Figure 4-26C) and cleaved caspase-3 staining was increased (5961.5 % 

increase, p = 0.028, Figure 4-27C) in explant tissues after 48 hours of culturing. In 

addition to changes in proliferation and apoptosis before and after tissue 

culturing, there was an observable difference in tissue structure with a clear loss 

of glandular structure in the prostate tissue sections after 48 hours of culturing. 

This loss of structure made differentiating normal tissue from regions of prostate  

tumour tissue difficult at times.  
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Figure 4-26: Proliferation in treated human prostate tumour explant tissue 
sections 

Representative images of (A) high and (B) low Ki-67 staining in treated human prosta te tumour 
explant tissues. (C) Percentage of proliferation (Ki67 positive cells) from total prostate epithelial 
cells in explant tissue sections, with analysis carried out pr ior to c ulturing, or  after  48 h of 
treatment with sterile water, 6 μM, 12 μM or 24 μM DMAPT,  n = 8. 
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Figure 4-27: Apoptosis in treated human prostate tumour explant tissue 
sections 

Representative images of (A) high and (B) low cleaved caspase-3 s taining in treated human 
prostate tumour explant tissues.  (C) Percentage of apoptosis (cleaved caspase-3 positi ve c ells)  
from total prostate epithelial cells in explant tissue sections, with analysis c arr ied out pr ior to 
culturing, or after 48 h of treatment with sterile water, 6 μM, 12 μM or 24 μM DMAPT,  n = 4. 

A                                             B

C



The effect of parthenolide on prostate cancer development in TRAMP mice 

140 
 

 

Figure 4-28: Ki-67 staining in human prostate tumour explant tissue sections 
before and after culturing 

Representative images of Ki-67 staining in untreated human prostate tumour explant ti ssue 
sections (A) before culturing and (B) after 48 h of culturing. After culturing, tumour s tructure is 
significantly altered and Ki-67-positive cells are reduced. 
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Figure 4-29: Cleaved caspase-3 staining in human prostate tumour explant 
tissue sections before and after culturing 

Representative images of cleaved caspase-3 staining in untreated human prostate tumour 
explant tissue sections (A) before culturing and (B) after 48 h of culturing. After culturing, tumour 
structure is significantly altered and cleaved caspase-3-positive cells are increased. 
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Discussion 

The aim of these experiments was to study the ability of PTL and DMAPT to slow 

tumour growth in an autochthonous model of prostate cancer. Of the two drugs, 

only DMAPT significantly delayed time-to-palpable tumour in the TRAMP model .  

PTL, which was delivered in a 10% ethanol/saline vehicle, did not slow tumour 

development in TRAMP mice compared to vehicle control treatment groups. This 

inability to significantly alter tumour latency may be due to low plasma 

concentration of PTL compared to DMAPT. The poor solubility of PTL restricts 

dosing of mice to a maximum of 40 mg/kg, providing a maximum plasma 

concentration of less than 1 μM, which is well below ideal therapeutic plasma 

concentrations of 5-10 μM (Sweeney et al., 2005), while DMAPT dosed at 100 

mg/kg results in a maximum plasma concentration above 10 μM (Guzman et al., 

2007). While the dosing restrictions of PTL may help to explain a reduced anti-

cancer effect compared to DMAPT, it was surprising that no significant 

difference in time-to-palpable tumour compared to vehicle controls was 

observed, especially given the significant decrease (27% reduction) in xenograft 

tumour growth observed by Kawasaki et al. (2009) using 40 mg/kg of PTL in an 

ethanol/saline vehicle. This suggests that there are other factors playing a role in 

the lack of response than just dosing concentration alone. Additionally, it was 

found that the ethanol/saline vehicle induced NF-κB expression, potentially 

counteracting one of the main mechanisms of action of PTL and DMAPT. Analysis 

of primary prostate tumours and liver tissues from this study found that NF-κB 

expression was upregulated in the ethanol/saline vehicle control group 

compared to the water vehicle treatment group (E. Solly, Flinders University, 
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personal communication). High doses of alcohol have previously been reported 

to upregulate NF-κB expression in vitro and in vivo in a number of tissue types, 

including normal and tumour cells (Hsiang et al., 2007; Nanji et al., 1999; Banan 

et al., 2007), and consistently higher levels of NF-κB and VEGF have been 

reported in the liver of heavy drinkers (Wang et al., 2015; Hill et al., 2000). The 

results of this TRAMP study suggest for the first time that even low levels of 

ethanol are able to promote activation of NF-κB over time. This pro-

inflammatory effect induced by low doses of ethanol may be masking the abi l i ty 

of PTL to slow prostate tumour development, making it difficult to judge the 

efficacy of PTL as a cancer preventive. In the xenograft study by Kawasaki et al. 

(2009) tumour development was significantly faster than was observed in 

TRAMP mice. The xenograft mice started with rapidly growing PC3-derived 

tumours, and mice were only treated for up to 106 days, compared to 252 days 

of treatment in the TRAMP mice. The results from the TRAMP studies indicate 

that the ethanol driven increase in NF-κB expression in primary prostate tumours 

increased with administration time (E. Solly, Flinders University, personal 

communication), with expression levels rising above those of water vehicle-

treated mice after approximately 170 days of treatment. Therefore, it is possible  

that xenograft animals may not have been treated for sufficient time to produce 

an ethanol-induced increase in NF-κB, which could counteract the anti-cancer 

effects of PTL. An additional major difference between the Kawasaki et al. (2009)  

study and the present study is the immune status of the mice used. The pro-NF-

κB effect of ethanol might be more pronounced in the presence of a fully 

functioning immune system in TRAMP mice, compared to immunodeficient 
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NOD/SCID mice used in the Kawasaki et. al. (2009) study. Members of the NF-κB 

transcription factor family play a critical role in innate immunity (reviewed in Dev 

et al., 2011; Baeuerle & Henkel, 1994) and therefore small changes in NF-κB 

activation may be less pronounced in immune-suppressed animals. Given the 

frequent use of ethanol as a vehicle in many drug studies, the pro-NF-κB effect 

of chronic low doses of ethanol requires further investigation, as it may be 

causing confounding effects in other studies. 

Unexpectedly, it was observed that the long-term administration of low doses of  

ethanol (approximately 36 μL of pure ethanol per mouse per week) to TRAMP 

mice resulted in a significant change in tumour phenotype, from small to large 

aggressive metastases and from large to very small primary prostate tumours in 

approximately half of the ethanol/saline vehicle-treated mice. Metastatic burden 

was significantly increased in the ethanol/saline vehicle treatment group, 

compared to all other treatment groups. This ethanol-induced shift to a pro-

metastatic tumour phenotype was observed in both of the two separate long-

term in vivo studies. There is limited evidence that ethanol can increase or 

decrease cancer incidence depending on the tumour and again the mechanisms 

are still largely unknown (reviewed in Meadows & Zhang, 2015). The large 

majority of in vivo animal studies have investigated the relationship between 

high doses of ethanol and cancer incidence, rather than lower chronic doses of 

ethanol used in this study. A small number of studies in non-tumour murine 

models have examined the effect of low chronic doses of ethanol (approximately 

40 to 800 μL pure ethanol per mouse per day delivered orally for 8 to 65 weeks) 
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(Anderson, 1988; Anderson et al., 1992; Hackney, Engelman & Good, 1992; 

Kristiansen, Clemmensen & Meyer, 1990; Zariwala, Lalitha & Bhide, 1991). No 

increase in tumour incidence was observed in these studies. In this thesis, the 

non-transgenic control mice that were administered ethanol/saline orally did not 

develop tumours, which is consistent the current literature. Also, there is 

epidemiological evidence that suggests that regular low to moderate alcohol 

consumption may actually reduce prostate cancer risk (Schoonen et al., 2005). 

The TRAMP results suggest that low chronic doses of ethanol are able to 

modulate the metastatic process in developing tumours but do not substantially 

increase spontaneous tumour development, which may explain why 

epidemiological studies found no association between low and moderate alcohol  

consumption and prostate cancer risk. 

In the case of prostate cancer specifically, a few studies in humans have shown a 

potential association between heavy alcohol consumption and high-risk 

metastatic prostate cancer (Dennis & Hayes, 2001; Fillmore et al., 2009; Gong et 

al., 2009), and in vivo, there is evidence that high in utero exposure to ethanol 

increases the risk of prostate cancer incidence in male rats (Murugan et al., 

2013; Sarkar, 2015).  There are no published studies that have specifically 

investigated the effects of ethanol in the TRAMP model. Ethanol is commonly 

used as a vehicle for in vivo drug studies, but no TRAMP studies in the literature 

have used similar levels of ethanol administration to that used here. One study 

used low doses of ethanol administered as part of the vehicle control group in a 

long-term treatment protocol (Jung-Hynes et al., 2011), where TRAMP mice 
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received approximately 90 to 120 μL of 100% ethanol per mouse per day in 

drinking water for up to 18 weeks. This administration resulted in no reported 

change in TRAMP tumour phenotype or metastatic incidence. While this study 

may seem to contradict the results outlined in this thesis, one major difference 

between the two studies is the age of the mice at the start of ethanol 

administration. Here, TRAMP mice were administered ethanol from 6 weeks of 

age, while Jung-Hynes et al. (2011) started treatment from 16 weeks of age. At 

16 weeks of age, prostate tissue in TRAMP mice will have progressed to contain 

moderate levels of PIN, with the occasional mouse showing signs of high grade 

PIN and prostatic adenocarcinoma (Gingrich et al., 1996; Gingrich et al., 1999). 

Potentially the administration of ethanol is required from the very early stages of 

prostate tumorigenesis to result in such a pronounced metastatic effect. 

Unfortunately, investigating this hypothesis was not possible during the time 

constraints of this thesis, as tissues from the long-term TRAMP studies were 

taken at the time of palpable tumour detection, which was as long as 34 weeks 

later than the estimated start of primary tumour initiation. By the time TRAMP 

primary tumours are able to be identified by palpation, many of the key tumour 

initiating proteins, such as AR, are unable to be easily detected in the tissue. 

Ideally, studies with low dose ethanol in TRAMP mice could be carried out where 

molecular changes to tissues are examined at several time-points over the 

course of tumour development. The results presented here are the first to 

demonstrate such a pronounced aggressive pro-metastatic effect in TRAMP mice 

without significant primary prostate tumour development. There has been one 

reported instance of ‘tumour-free’ metastasis in the absence of ethanol in 
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C57BL/6/TRAMP mice (Gelman et al., 2014). In that study a small number of 

mice, 30 weeks of age or older and with PIN-stage prostate tissue developed 

pulmonary metastatic lesions, suggesting that, at least in some cases, prostate 

metastases can derive from rare, aggressive cells that disseminate early. The 

metastatic lesions reported by Gelman et al. (2014) did not result in large 

palpable tumours, however the results indicate that TRAMP prostate tumour 

cells have the potential to escape very early in the tumorigenic process. The 

chronic pro-inflammatory effect of ethanol administration observed in the 

TRAMP studies presented in this thesis suggests that ethanol is increasing the 

ability of these early disseminating cells to escape and spread to distant sites.  

In addition to promoting the development of large palpable metastatic tumours, 

the ethanol/saline vehicle treatment induced pulmonary metastatic lesions in 

TRAMP mice, further indicating significant upregulation of tumour spread 

throughout the body. Little is known about the role of ethanol in EMT and 

metastasis, however, it has been shown that acetaldehyde, the primary 

metabolite of ethanol, is associated with invasive potential by inducing 

expression of the matrix metalloproteinase, MMP9, via NF-kB and AP1 in human 

hepatocellular carcinoma cells (Hsiang et al., 2007). MMPs, particularly MMP2 

and MMP9, play key roles in metastatic processes in many tumour types. In 

prostate cancer, increased expression of MMP2 is often reported in high Gleason 

grade tumours (Still et al., 2000; Wood et al., 1997; Murray et al., 2012), and 

expression in serum has been positively correlated with increased lymph node 

and bone metastasis, and poor clinical outcomes (Gohji et al., 1998; Murray et 
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al., 2012). MMP2 has also been reported to play a role in ethanol induced breast 

cancer cell invasion (Aye et al., 2004). In the TRAMP studies described here, 

expression of MMP2 in primary prostate tumours was significantly increased in 

the ethanol/saline vehicle treatment group, compared to the water vehicle 

treatment group, with the greatest expression observed in the small non-

palpable tumours, where palpable aggressive metastatic tumours were present. 

Like NF-kB, MMP2 is known to play a key role in the modulation of inflammation 

(reviewed in Parks, Wilson & Lopez-Boado, 2004).  

Activated MMP-2 is capable of degrading type IV collagen, the most abundant 

component of the basement membrane. Degradation of the basement 

membrane is an essential step for the metastatic progression of most cancers, 

including prostate cancer. Interestingly, the ethanol/saline vehicle treatment 

increased expression of collagen IV in primary TRAMP tumours, which was not 

expected given the significant upregulation of MMP2 in the tissues. However, it 

was observed that collagen IV expression strongly co-localised with blood vessel  

regions within tumour sections. This is not unusual, as it has been reported that 

almost 100% of vascular surfaces in tumours stain positive for collagen IV (Baluk 

et al., 2003). As protein expression in immunofluorescently stained tumour 

sections was normalised to the tissue area examined, it was determined that the 

increased collagen IV expression was reflective of the increased vascularisation 

present in the primary tumours of TRAMP mice treated with ethanol/saline 

vehicle. This increased vascularisation in primary tumours where aggressive 

metastasis was observed, agrees with reports in the literature that ethanol can 
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induce NF-κB and VEGF expression in tumours (Wang et al., 2015), both of which 

play critical roles in tumour angiogenesis (Sakurai & Kudo, 2011). In addition to 

highlighting the increased vascularisation of primary tumours in the 

ethanol/saline vehicle-treated mice, the collagen IV staining identified regions of  

the vascular basement membrane that were irregular in thickness, had multiple 

fragmented layers, and invaded into the tumour. All of these features are 

consistent with the unstable or dynamic nature of tumour vessels (Baluk et al., 

2003; Nagy et al., 2009). This increased degradation of vascular basement 

membrane is known to increase the leakiness of tumours and hence the 

possibility of tumour cells to escape and disseminate to other sites of the body 

(Kelley et al., 2014; Kleinman et al., 2001; Hida et al., 1994). These results 

suggest that ethanol is playing an inflammatory role in the breakdown of 

vascular basement membranes, this may allow cells to escape the primary 

tumour earlier and travel to distant sites to metastasise. 

In addition to promoting collagen breakdown in the vascular basement 

membrane, one of the major functions of MMP2 in cancer progression is its role 

in ECM degradation, which allows dissemination of cancer cells from the primary 

tumour to distant sites throughout the body. Integrins and focal adhesion 

molecules can act as bridges for interactions between cells and the ECM, 

potentially facilitating the escape of tumour cells to distant sites (Ganguly et al., 

2013; Fornaro, Manes & Languino, 2001). There has been one report (Schaffert, 

Sorrell & Tuma, 2001) which showed selective increases in integrin subunits and 

integrin signalling in hepatocytes after chronic ethanol administration but the 
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role of integrins in ethanol associated cancer has not been studied. Levels of β1 

integrins are known to be increased in prostate cancer cells in primary prostate 

cancer with lymph node and bone metastases, suggesting that β1 integrin 

activation occurs in metastatic progression of prostate cancer (Lee et al., 2013; 

Sottnik et al., 2013). In TRAMP primary prostate tumours, expression of β1 

integrin was increased in ethanol/saline vehicle-treated mice compared to water 

vehicle mice. As was the case with MMP2 expression, the greatest expression 

was observed in the small non-palpable primary tumours of mice that developed 

palpable metastases. Given that β1 integrin is a key transmembrane receptor for 

the ECM ligands fibronectin and laminin, it was not surprising that expression of 

these proteins was also upregulated in the primary prostate tumours of the 

ethanol/saline vehicle-treated TRAMP mice. Adhesion to the ECM is an 

important initial step for cancer cell invasion and metastasis, and high doses of 

ethanol have previously been shown to induce expression of fibronectin and 

laminin in a number of cell types and subsequently promote greater focal 

adhesion to the ECM (Xu et al., 2010; Roman et al., 2005). Additionally, 

fibronectin has been shown to induce expression of MMP2 in prostate cancer 

cells, which promotes ECM degradation and tumour inflammation (Moroz et al., 

2013). The pro-metastatic ECM pathways are complex and the multi-directional 

nature of the signalling pathways makes it difficult to identify which specific 

molecules are directly targeted by external stimuli; however, it is clear from the 

analysis of TRAMP primary prostate tumours that low chronic doses of ethanol 

are able to alter ECM signalling to upregulate tumour escape and invasion. 
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The pro-inflammatory and pro-metastatic effects of chronic low doses of ethanol  

did not promote spontaneous tumour development and metastasis in normal 

mice. However, the number of mice studied was only small (n = 18) and, given 

the low frequency of spontaneous tumours in C57BL/6J mice, a very large 

number of mice would need to be studied to determine if ethanol at such low 

doses was playing a role. It is still to be determined if the pro-metastatic effects 

of ethanol observed here are specific to the TRAMP model. There are no studies 

in the literature suggesting that ethanol may be interfering with expression of 

the TRAMP transgene.  There is some evidence that ethanol may inhibit AR 

(Chung, 1990), which is key to the promotion of TRAMP tumorigenesis. In poorly 

differentiated prostate tumours of TRAMP mice at palpable tumour stage, AR 

expression becomes heterogeneous, weak or absent (Kaplan-Lefko et al. 2003; 

Gingrich et al. 1999), which is suggested to be due to AR mutations that 

spontaneously arise in late stage TRAMP tumours and are not detected by 

commercial AR antibodies (Kaplan-Lefko et al. 2003). Unfortunately this meant 

that AR was not informative in the tumour tissues examined here. Ideally, future  

studies would include the effects of ethanol in younger TRAMP mice to 

determine if ethanol is altering expression of AR, and hence expression of the 

TRAMP transgene, during early initiation of cancer, as well as repeating the 

experiments performed here in other mouse models of prostate cancer to 

establish if the effect is TRAMP specific. If the pro-metastatic effect is not 

specific to the TRAMP model, it may be that while low to moderate alcohol 

consumption in the wider population is not a risk factor for the development of 

prostate cancer, it may be a risk factor for metastatic disease in men 
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predisposed to develop prostate cancer. Potentially epidemiological studies 

could be designed to examine the relationship between alcohol consumption 

and metastatic disease in men with a family history of prostate cancer. 

Interestingly, mice that were part of the PTL treatment group received the same 

volume of ethanol as the ethanol/saline vehicle-treated mice but did not display 

the same metastatic phenotype observed in the ethanol vehicle treatment 

groups, with the exception of one mouse in the PTL treatment group which 

displayed a palpable metastatic liver tumour after 208 days of treatment (the 

longest treatment time of the group). PTL also reduced micrometastases in 

TRAMP lungs to that of baseline levels and inhibited the upregulation of proteins 

involved in metastatic escape and spread in primary prostate tumours. 

Expression of laminin, collagen IV, MMP2 and integrin β1 were all significantly 

reduced in the primary prostate tumours of PTL-treated TRAMP mice, compared 

to the ethanol/saline vehicle-treated mice. This highlights the fact that, although 

administration of PTL (in ethanol/saline) was unable to slow time-to-palpable 

tumour in TRAMP mice, PTL still had a significant anti-metastatic effect. In future  

studies, it would be informative to examine the effects of long-term 

administration of DMAPT in an ethanol/saline vehicle in TRAMP mice, to 

determine if ethanol also reduces the ability of DMAPT to slow prostate tumour 

development. Potentially the greater bioavailability of DMAPT (in ethanol/saline) 

would result in reduced prostate tumour development compared to PTL (in 

ethanol/saline), but the pro-NF-κB effect of the ethanol/saline vehicle would 

limit the anti-cancer response to DMAPT compared to DMAPT in water. 
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There have been two previous in vivo studies investigating the ability of DMAPT 

to slow prostate tumour growth, both in xenograft models (Xu et al., 2013; 

Shanmugam et al., 2010), however, the nature of xenograft models means that 

previous in vivo studies have tended to examine the therapeutic ability of PTL 

and DMAPT, rather than their chemo-preventive potential. Short-term 

treatment (IP once daily for five days) of 10 mg/kg DMAPT was unable to 

significantly reduce growth of PC3 tumours in NCRNU (nu/nu) male mice (Xu et 

al., 2013). Longer-term treatment (oral gavage once daily for up to 88 days) of 

100 mg/kg DMAPT significantly reduced PC3 tumour volume by 75% 

(Shanmugam et al., 2010). While this level of tumour impairment is impressive, 

the experiments were carried out in female athymic mice. Given the important 

role of androgen in prostate cancer, these results in female mice may be less 

representative of the human male cancer. In the studies presented in this thesis,  

long-term treatment (oral gavage thrice weekly for up to 259 days) of 100 mg/kg 

DMAPT (delivered in a water vehicle) was able to significantly delay prostate 

tumour development in male TRAMP mice, extending time to palpable prostate 

tumour detection by more than 41 days. This represents a 20% time delay in 

tumour development compared to water control-treated mice, and is the first 

study to show that DMAPT delays tumour onset in an autochthonous model of 

prostate cancer, supporting the use of DMAPT as a cancer preventive. Effective 

chemoprevention with other compounds in the TRAMP model has previously 

been shown to translate successfully into patient outcomes. For example, daily 

oral dosing of TRAMP mice with green tea polyphenols was shown to increase 

tumour free survival by 52% and identified that administration of green tea 
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polyphenols might be beneficial in the early stages of prostate cell 

transformation but not once tumours were already established (Gupta et al., 

2001). Subsequently, a clinical trial was carried out with men identified with pre-

malignant high grade PIN lesions. Daily oral treatment with green tea 

polyphenols for one year resulted in a reduction in prostate cancer diagnosis 

(from 53% to 11%) (Brausi, Rizzi & Bettuzzi, 2008; Bettuzzi et al., 2006). The 

reduction in tumour growth observed with thrice weekly DMAPT treatment was 

less pronounced than that of the daily green tea polyphenol treatment in TRAMP 

mice. Both DMAPT and green tea have low toxicity, therefore a daily oral dosing 

regimen of DMAPT is possible and may provide a greater delay in tumour 

development than was observed in the thrice weekly dosing studies presented in 

this thesis. In other cancer types the reported efficacy of DMAPT as a chemo-

therapeutic against tumour growth differs significantly. In bladder, breast and 

lung cancer models, 40-100 mg/kg DMAPT reportedly limits tumour growth by 

35-63% (Shanmugam et al., 2011; D'Anneo et al., 2013; Vegeler et al., 2007), 

whereas in acute myeloid leukaemia and pancreatic tumour models 40-100 

mg/kg DMAPT has been unable to significantly alter tumour growth (Yip-

Schneider et al., 2008; Hassane et al., 2010). This suggests that, although the 

anti-cancer mechanisms of DMAPT are common to many cancer types, the 

chemotherapeutic response can differ between tumour types. Further studies 

are required to examine the chemo-preventive ability of DMAPT in other cancer 

types.  
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DMAPT significantly reduced metastasis in the lungs of TRAMP mice below that 

of baseline level. In 60% of mice studied, there was no evidence of metastatic 

spread to the lungs when DMAPT was administered. This is the first description 

of a DMAPT-induced reduction in metastatic prostate cancer, and is on par with 

some of the most pronounced anti-metastatic effects reported in TRAMP mice 

(Raina et al., 2008; Singh et al., 2008). Previous xenograft breast cancer studies 

have reported a 36% and 66% reduction in lung metastasis following daily 

treatment with PTL (40 mg/kg) (Sweeney et al., 2005) and DMAPT (50 mg/kg) 

(D'Anneo et al., 2013) respectively. Here lung metastasis was almost completely 

inhibited (95% reduction) in the TRAMP model following thrice weekly treatment 

with DMAPT (100 mg/kg). Further investigation is required to study the 

metastatic spread of TRAMP prostate tumours to tissues other than lung (such 

as liver, kidney and spleen), as it is highly likely that DMAPT has also reduced 

metastasis at other distant sites. DMAPT also significantly reduced expression of  

MMP2 and laminin in primary prostate tumours compared to that of water-

vehicle treated mice, both of which are heavily implicated in tumour invasion 

and metastasis in a variety of tumour types, including prostate cancer 

(Shaverdashvili et al., 2014; Mendes, Kim & Stoica, 2005; Mendes et al., 2007; 

Kawaguchi, 2016).  

In addition to studying the anti-cancer effect of DMAPT in vivo, a small study was 

started using a human prostate tumour explant model. While the results from 

this initial study look promising, the ability to study the anti-proliferative and 

pro-apoptotic effects of DMAPT were hindered by significantly lower than 
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expected baseline levels of proliferation in the tissues following culture. The 

expected frequency of positive Ki67 of approximately 15-40%, which is normally 

observed in the cultured prostate tumours (Armstrong et al., 2016), was not 

seen in the studies carried out for this thesis. The percentage of proliferation in 

epithelial cells of control-treated tissues was only 2.7%, approximately 6 to 15-

fold lower than levels cited in the literature. The lower than expected 

proliferation frequency was determined to be due to a change in culture media 

that was used for these experiments, compared to previous studies (M. 

Centenera, personal communication). Changing back to the previously used 

culture media resulted in a higher level of baseline proliferation in cultured 

tumour tissues, however there was limited time to carry out repeat experiments 

with DMAPT. This unfortunately limited the ability to observe strong anti-

proliferative effects as a result of DMAPT treatment in the human tissues. Both 

PTL and DMAPT have been shown to illicit strong anti-proliferative and pro-

apoptotic effects in a variety of cancer cell lines at concentrations of 5-25 μM 

(Shanmugam et al., 2011; Song et al., 2014; Carlisi et al., 2011; D'Anneo et al., 

2013), therefore it seems likely that in future human prostate explant culture 

studies, DMAPT will demonstrate some ability to reduce proliferation and 

increase apoptosis and that the responses may be correlated with clinical 

molecular markers.  

Given that the most life-threatening aspects of the oncogenic process are 

invasion and metastasis, these data highlight the potential for DMAPT as a 

promising novel therapeutic in prostate cancer, due to its ability to slow down 

prostate cancer development and its potent anti-metastatic properties. The 
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mechanisms involved in the anti-cancer effect of DMAPT are not specific to 

prostate cancer and therefore it seems likely that DMAPT may also be a useful 

therapeutic for other cancers, particularly those where metastatic disease is 

common.  
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Chapter 5:  Modulation of radiosensitivity by parthenolide 

and low dose radiation 

Radiotherapy is widely used in cancer treatment, however the benefits can be 

limited by radiation-induced damage to neighbouring healthy tissues. Previous 

literature has demonstrated that PTL is able to selectively enhance 

radiosensitivity of prostate cancer cells with reduced damage to normal prostate  

epithelial cells in vitro (Sun et al., 2010; Xu et al., 2013; Sun et al., 2007). In vivo, 

PTL has been shown to radiosensitise human prostate cancer PC3 cell derived 

tumours in nude mice (Xu et al., 2013), however, these abilities are yet to be 

demonstrated in autochthonous models of prostate cancer.  During 

radiotherapy, patients are not only exposed to high therapeutic doses of 

radiation but can also receive low doses of radiation during CT imaging 

protocols. Such exposures are becoming increasingly common with the use of 

image guided radiotherapy. Low doses of radiation, like PTL, have been shown to 

induce an adaptive response to protect healthy tissues from subsequent high 

dose radiation-induced damage. The mechanism of low dose radiation-induced 

radioprotection occurs via different pathways than PTL. Therefore, the 

combination of PTL and low dose radiation has the potential to be utilised to 

improve radiotherapy by killing more tumour cells and less normal cells. 

Here, the effects of PTL and low dose radiation on healthy and tumour tissue 

radiosensitivity in the TRAMP model have been examined. Experiments were 

carried out according to the protocols outlined in Figure 5-1. 
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Figure 5-1: Schematic overview of treatment and irradiation protocols for in 
vivo studies  

Overview of short term (A) high dose and (B) low dose (B) radiotherapy studies, and (C) temporal 
high dose radiotherapy studies.  

 

Results 

Parthenolide protects healthy tissues from radiation damage when delivered 

alone or in combination with a conditioning low dose of radiation 

In preliminary experiments, C57BL/6J and TRAMP mice were treated as per the 

protocol described in Figure 5-1A to determine if PTL could protect from 

apoptosis induced by a high dose of radiation in normal tissues, and to 

determine if normal tissues responded differently in the different strains of 

mice. Across all experiments baseline apoptosis frequency in normal tissues did 

not differ significantly between C57BL/6J and TRAMP strains (n = 12-26); mean 

baseline apoptosis frequency in both mouse strains was 0.0041 (± 0.0023 SD) in 



Modulation of radiosensitivity by parthenolide and low dose radiation 

160 
 

normal dorsolateral prostate, and 0.0074 (± 0.0036 SD) in normal spleen, with 

mean baseline of 0.53 (± 0.17 SD) apoptotic cells per crypt in normal colorectal 

tissues. When analysed 6 hours after exposure to 6 Gy, the mean apoptosis 

frequency increased 31-fold to 0.13 (± 0.035 SD) in normal dorsolateral prostate 

(n = 23), and 29-fold to 0.21 (± 0.027 SD) in normal spleen (n = 67), with mean 

apoptotic cells per crypt increasing 11-fold to 5.81 (± 0.54 SD) in normal 

colorectal tissue of C57BL/6J mice (n = 67). PTL (40 mg/kg) induced a partial 

protection from 6 Gy radiation-induced apoptosis in normal C57BL/6J 

dorsolateral prostate (34.5% reduction, p = 0.002), and spleen (17.3% reduction, 

p = 0.041) tissues and in normal TRAMP spleen tissues (31.4% reduction, p = 

0.01) 6 hours post-irradiation (Figure 5-2). Radiation-induced apoptosis was not 

significantly reduced by PTL in normal colorectal tissues of either mouse strain.  

C57BL/6J mice were treated as per the protocol described in Figure 5-1B to 

determine if a 10 mGy conditioning dose of radiation could add to PTL-induced 

reduction of apoptosis following 6 Gy in normal tissues (Figure 5-3). A dose of 10 

mGy alone induced a significant increase in apoptosis (489.5% increase, p = 

0.017) in spleen (Figure 5-3B); but not in prostate or colorectal tissues (Figure 

5-3A and 5-3C) when analysed 9 hours post-irradiation. In the absence of PTL, 

the 10 mGy conditioning dose induced a radio-adaptive response when delivered 

3 hours before a 6 Gy high dose in the dorsolateral prostate (28.4% reduction in 

apoptosis, p = 0.045), compared to the sham conditioning dose plus 6 Gy 

exposure (Figure 5-3A). There was also a trend towards an adaptive response in 

normal spleen tissue (15.8% reduction in apoptosis, p = 0.084) (Figure 5-3B). PTL 
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decreased apoptosis in sham treated dorsolateral prostate (28.7 % reduction, p = 

0.048) and  reduced 6 Gy-induced apoptosis in the presence and absence of a 10 

mGy conditioning dose in spleen and prostate (p < 0.05), however a 10 mGy 

dose did not significantly add to PTL-induced protection from apoptosis (p > 

0.05).  
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Figure 5-2: Apoptosis in normal C57BL/6J and TRAMP tissues following 
treatment with PTL and 6 Gy X-radiation exposure  

Mean apoptosis (±1SD) in normal C57BL/6 (A) dorsolateral prostate, and normal C57BL/6J a nd 
TRAMP (B) spleen and (C) colorectal tissues following 3x 40 mg/kg PTL (in 10% ethanol/saline) or  
ethanol/saline vehicle control (Eth/V) treatments over 1 week, with exposure to 6 Gy whole body 
X-irradiation 24 h after the final treatment.  *p < 0.05, n = 5-15. 
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Figure 5-3: Apoptosis in normal C57BL/6J tissues following treatment with PTL 
and combinations of sham, 10 mGy and 6 Gy X-radiation exposure 

Mean apoptosis (±1SD) in normal C57BL/6 mouse (A) dorsolateral prostate, (B) s pleen a nd (C) 
colorectal tissue following 3x 40 mg/kg PTL (in ethanol/saline) or 10% etha nol/saline vehi cle 
control (Eth/V) treatments over 1 week, with combinations of exposure to sham, 10 mGy a nd 6  
Gy whole body X-irradiation 24 h after the final PTL treatment. *p < 0.05, n = 6. 
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Comparison of radioprotection using PTL and DMAPT 

Midway through the experiments for this thesis DMAPT, a PTL analogue with 

increased solubility and bioavailability, was made available for use in these 

studies. The efficacy of DMAPT as a radioprotector of healthy tissues was 

compared with PTL in C57BL/6J mice (Figure 5-4). DMAPT (100 mg/kg) 

significantly increased radioprotection from 6 Gy induced apoptosis in healthy 

C57BL/6J mouse dorsolateral prostate (71.7% reduction, p = 0.026), spleen 

(48.2% reduction, p = 0.0001) and colorectal tissues (38.0% reduction, p = 

0.0002) (Figure 5-4), compared to the radioprotection provided by PTL (40 

mg/kg) (dorsolateral prostate: 41.4% reduction, p = 0.045; spleen: 29.5% 

reduction, p = 0.011; colorectal:  15.7% reduction, p = 0.0674). Compared to PTL, 

DMAPT increased radioprotection in dorsolateral prostate, spleen and colorectal  

tissues by a further 1.6 – 2.4 fold. 
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Figure 5-4: Comparison of apoptosis levels in normal C57BL/6J tissues following 
treatment with PTL or DMAPT and 6 Gy X-radiation exposure 

Mean apoptosis (±1SD) in C57BL/6J mouse (A) dorsolateral prostate, (B) spleen and (C) colorectal 
tissues following 3x 40 mg/kg PTL (in ethanol/saline), 100 mg/kg DMAPT, 10% ethanol/saline 
vehicle control (Eth/V) or water vehicle control (H2O/V) treatments over 1 week, fol lowed by 6  
Gy whole body X-irradiation 24 h after the final drug treatment, *p < 0.05, n = 6. 
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In order to compare the radio-protective effects of PTL and DMAPT with NF-κB 

expression, protein expression was measured in dorsolateral prostate tissues 

from C57BL/6J mice treated with PTL (in ethanol/saline), DMAPT and respective 

vehicle controls.  A large proportion of NF-κB staining in the dorsolateral 

prostate tissues was cytoplasmic, however some staining was present in the 

nuclei (Figure 5-5). Activation of the NF-κB pathway triggers proteasomal IκB 

degradation and enables active NF-κB transcription factor subunits to 

translocate to the nucleus and induce target gene expression. Therefore, NF-κB 

expression in the dorsolateral prostate tissues was only measured within nuclei 

areas (identified by DAPI staining) to capture changes in active NF-κB expression. 

Expression was measured as mean pixel intensity per nuclei, and has been 

represented as a fold-change in expression from the water vehicle mean (Figure  

5-6). There was no significant difference in dorsolateral prostate NF-κB 

expression between the water vehicle and ethanol/saline vehicle treatment 

groups (p = 0.89). PTL (in ethanol/saline) did not significantly alter NF-κB 

expression compared to the water or ethanol/saline vehicle controls (p = 0.26), 

however there was a trend towards decreased expression compared to both 

vehicle control treatment groups (0.73 fold-change in NF-κB expression 

compared to water vehicle). Mice treated with DMAPT had significantly reduced 

NF-κB expression in dorsolateral prostate tissues compared to those treated 

with water vehicle (p = 0.013) and ethanol/saline vehicle (p = 0.0063).  



Modulation of radiosensitivity by parthenolide and low dose radiation 

167 
 

 

Figure 5-5: NF-κB staining in C57BL/6J dorsolateral prostate tissues 

Representative images of NF-κB staining in C57BL/6J dorsolateral prostate tissues. Individual 
images of DAPI staining (A) and NF-κB staining (B), and false-coloured merged image (C) with NF-
κB (green) and DAPI (blue). Scale bar 50 μm. 
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Figure 5-6: Fold changes in NF-κB protein expression in treated C57BL/6J 
dorsolateral prostate 

Fold changes in expression (from water vehicle) in dorsolateral prostate tissues from C57BL/6J 
mice treated with 10% ethanol/saline vehicle (Eth/V), 40 mg/kg PTL (in ethanol/saline), water 
vehicle (H2O/V) or 100 mg/kg DMAPT, *p < 0.05, n = 6 mice per treatment group.  
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DMAPT radioprotects healthy tissues while sensitising prostate tumour tissue 
to radiation induced damage  

To examine the effect of DMAPT and low dose radiation on healthy and tumour 

tissue radiosensitivity, TRAMP mice were treated as per the protocol described 

in Figure 5-1B. TRAMP mice were treated with DMAPT and 6 Gy X-irradiation in 

the presence or absence of a 10 mGy conditioning dose (Figure 5-7). In the 

absence of DMAPT, a 10 mGy conditioning dose delivered 3 hours prior to the 

high dose reduced 6 Gy-induced apoptosis in normal TRAMP spleen (13.6 % 

reduction, p = 0.047) (Figure 5-7B), compared to animals that received a sham 

conditioning dose. In normal TRAMP spleen and colorectal tissues, DMAPT 

reduced 6 Gy-induced apoptosis in the presence and absence of a 10 mGy 

conditioning dose, compared to vehicle control-treated mice (Figure 5-7B and 

Figure 5-7C). In the TRAMP model, most prostates are in the mid-stages of 

tumour development by 16 weeks of age. Across all experiments (n = 26 mice), 

mean apoptosis frequency in TRAMP dorsolateral prostate was 0.012 (± 0.0046 

SD) at baseline and increased 11-fold to 0.1344 (± 0.053 SD) following 6 Gy 

exposure (n = 51 mice). DMAPT increased radiation-induced apoptosis in TRAMP 

prostate tissues in the absence and presence of a 10 mGy conditioning dose 

(81.9% increase, p = 0.02; 135.0% increase, p = 0.0024 respectively) (Figure 

5-7A). In the absence of DMAPT, there was no significant difference in apoptosis 

in TRAMP prostate PIN tissue with or without a 10 mGy conditioning dose. 
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Figure 5-7: Apoptosis in normal and tumour TRAMP tissues following 
treatment with DMAPT and combinations of sham, 10 mGy and 6 Gy X-
radiation exposure 

Mean apoptosis (±1SD) in TRAMP (A) dorsolateral prostate, (B) spleen and (C) colorectal ti ssues 
following 3x 100 mg/kg DMAPT or water vehicle control (H2O/V) treatments over 1 week, 
followed by sham, 10 mGy or 6 Gy whole body X-irradiation (alone or in combination) 24 h a fter 
the final DMAPT treatment. Error bars 1SD, *p < 0.05, n = 11-14. 
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Differential radiosensitisation from DMAPT in TRAMP tissues persists beyond 

the initial phase of apoptosis 

In temporal studies, TRAMP mice were treated as per the protocol described in 

Figure 5-1C. In the absence of radiation, apoptosis in spleen, colorectal and 

dorsolateral prostate tissue was not significantly different between treatment 

groups and did not significantly alter across the different time points (p > 0.05, 

ANOVA with Turkey’s multiple comparisons test) (Figure 5-8). In TRAMP 

dorsolateral prostate (Figure 5-8A), significant augmentation of 6 Gy-induced 

apoptosis was observed in the DMAPT treated mice at 6 hours post-irradiation 

(119.4 % increase, p = 0.0018) compared to vehicle-treated mice. An increase in 

apoptosis was still present 18 hours later in the DMAPT-treated group (107.2 % 

increase, p = 0.048) and apoptosis levels returned to baseline frequency by 72 

hours. In colorectal tissues (Figure 5-8B), a reduction in 6 Gy-induced apoptosis 

was observed 6 and 24 hours post-irradiation (34.6% reduction, p = 0.0034 and 

55.6% reduction, p = 0.0002) respectively compared to the vehicle control-

treated mice. By 72 hours, apoptosis returned to baseline levels.  
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Figure 5-8: Temporal changes in apoptosis in normal and tumour TRAMP 
tissues following treatment with DMAPT and 6 Gy X-radiation exposure 

Mean apoptosis (±1SD) in TRAMP (A) dorsolateral prostate, (B) colorectal tissues and (C) spleen 
following 3x 100 mg/kg DMAPT or water vehicle control (H2O/V) treatments over 1  week, wi th 
exposure to a 6 Gy or sham irradiation, and tissues analysed at 6, 24 and 72 h post-irradiation. *p 
< 0.05, n = 5-15. 
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In TRAMP spleen (Figure 5-8C), radioprotection was observed in DMAPT treated 

mice 6 hours (40.1% reduction, p = 0.021) and 72 hours (64.3% reduction, p = 

0.0001) post-irradiation. The apoptosis observed at 6 hours was largely follicular 

in both the DMAPT and vehicle control-treated groups exposed to 6 Gy, and had 

returned to baseline levels by 24 hours. At 72 hours there was an increase in 

apoptosis in the 6 Gy vehicle-treated mice, but not in DMAPT treated mice. In 

vehicle control-treated spleens, this second wave of apoptosis was again largely 

follicular (Figure 5-9), however, apoptosis in DMAPT-treated spleen was mostly 

observed in extra-follicular red pulp regions. 

 

Figure 5-9: Apoptosis in TRAMP spleen tissue 6, 24 and 72 h after irradiation 

Representative false-coloured images of fluorescently labelled apoptotic (TUNEL) cells in healthy 
spleen from TRAMP mice treated with 100 mg/kg DMAPT or water vehicle control (H2O/V) prior 
to 6 Gy radiation, at 6, 24 and 72 h post-irradiation.  
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Enhanced radiosensitivity of TRAMP prostate tumour tissue by DMAPT is 

greater with increasing PIN grade 

TRAMP dorsolateral prostates were scored for PIN grade using the method 

proposed by Berman-Booty et al (2012). This method assigns tissues a score 

based on both the most common lesions and the most severe lesions. By 17 

weeks of age, the majority of TRAMP dorsolateral prostate tissues have 

developed moderate to high grade PIN (Figure 5-10).  

 

Figure 5-10: Representative morphology of TRAMP dosolaterale prostate lobes  

(A) Low grade PIN, with a few areas of hyperplastic epithelium projecting i nto the l umen; (B) 
moderate grade PIN, with more prominent proliferations into the lumen; and (C) high grade PIN, 
where there is a mass of proliferating epithelial cells completely fi lling the gland (haema toxylin 
stain, 40x magnification, scale bar 50 μm).  
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When TRAMP mice were treated with PTL and 6 Gy, as per the protocol in Figure 

5-1A, there was no overall significant increase in mean radiation-induced 

apoptosis in dorsolateral prostate of PTL-treated group compared to the vehicle 

control group (Figure 5-11A). However, there was a significant correlation 

between the amount of apoptosis induced by PTL in the presence of 6 Gy and 

increasing PIN grade (R2 = 0.4037, p = 0.015) (Figure 5-11B). There was no 

significant correlation in apoptosis with increasing PIN grade (R2 = 0.0104, p = 

0.77) in the vehicle treated group. There was no significant difference in the 

distribution of individual mouse PIN grades between mice treated with PTL (18.4 

± 7.6) and mice treated with ethanol/saline vehicle control (17.8 ± 7.1) (p = 0.90) 

(Figure 5-12). 

 

Figure 5-11: Dorsolateral prostate apoptosis frequency vs PIN grade in TRAMP 
mice treated with PTL 

(A) Mean apoptosis (±1SD) in irradiated TRAMP dorsolateral prostates following 3x 40 mg/kg PTL 
(in ethanol/saline) (Eth/V) or 10% ethanol/saline vehicle control (Eth/V) treatment over 1  week, 
*p < 0.05, n = 12-14. (B) Apoptosis in dorsolateral prostate tissue from trea ted TRAMP mi ce 
plotted against PIN tumour grade.  
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Figure 5-12: PIN lesion grade distribution in PTL-treated TRAMP tissues 

Distribution of PIN lesion grade scores of individual TRAMP mice treated with 40  mg/kg PTL or  
10% ethanol/saline vehicle control (Eth/V), n = 12-14. 

 

When mice were treated with DMAPT and 6 Gy, as per the protocol in Figure 

5-1A, radiation-induced apoptosis doubled in dorsolateral prostates of DMAPT-

treated TRAMP mice compared to those of vehicle control-treated mice (101.3 % 

increase, p = 0.039) (Figure 5-13A). TRAMP dorsolateral prostates with high 

grade PIN development were preferentially sensitised to radiation-induced 

apoptosis when mice were pre-treated with DMAPT (R2 = 0.7909, p = 0.0001), 

while tissues with lower grades of PIN displayed the same apoptosis frequency 

as those of vehicle control-treated TRAMP mice (R2 = 0.0242, p = 0.3) (Figure 

5-13B). There was no significant difference in the distribution of PIN grade of 

dorsolateral prostate of mice from the DMAPT (18.2 ± 5.7) and water vehicle 

(15.5 ± 5.0) treatment groups (p = 0.21) (Figure 5-14). 
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Figure 5-13: Dorsolateral prostate apoptosis frequency vs PIN grade in TRAMP 
mice treated with DMAPT 

(A) Mean apoptosis (±1SD) in irradiated TRAMP dorsolateral prostates following 3x  100  mg/kg 
DMAPT or water vehicle control (H2O/V) treatment over 1 week, *p < 0.05, n = 13-14. (B) 
Apoptosis in dorsolateral prostate tissue from treated TRAMP plotted against PIN tumour grade.  

 

 

Figure 5-14: PIN lesion grade distribution in DMAPT-treated TRAMP tissues 

Distribution of PIN lesion grade scores of individual TRAMP mice treated with 100 mg/kg DMAPT 
or water vehicle control (H2O/V), n = 13-14 
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Discussion 

A major limiting factor of radiotherapy is normal tissue toxicity. Prostate cancer 

radiotherapy can result in short-term side effects including colorectal injury 

which can induce diarrhoea and bleeding, while the long-term effects may 

include incontinence, impotence and infertility. In vivo, DMAPT has been shown 

to selectively radiosensitise human prostate cancer PC3 cell derived tumours in 

nude mice (Xu et al., 2013). Here, PTL and DMAPT were investigated to 

determine their ability to simultaneously protect normal tissues and sensitise 

prostate tumour tissues to radiation-induced cell death in TRAMP mice, which 

have an intact immune system and where the tumour progression within the 

prostate more closely mimics human prostate cancer progression. In these 

studies the simultaneous protection of normal tissues and radiosensitisation of 

TRAMP prostate tumour tissues to 6 Gy irradiation was observed, demonstrating 

the potential for DMAPT to be a therapeutic for prostate cancer, not only to 

decrease radiotherapy side effects but potentially to increase cure rate.  

Significant radiosensitivity was observed in TRAMP dorsolateral prostate with 

moderate to high grade PIN lesions, with DMAPT doubling the frequency of 

radiation-induced apoptosis in these tissues. Although the TRAMP mice used 

here were born within 4 days of each other, TRAMP prostate tumour 

development progresses at different rates between individual mice, and there  i s 

a relatively wide range of PIN development between animals. This results in 

large variation in apoptosis frequency between animals, however it allows the 

effects of PTL to be observed in different stages of TRAMP prostate tumour 
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development. Both PTL and DMAPT preferentially increased radiosensitivity in 

tissues with higher grade PIN, compared to tissues with lower grades of PIN 

(based on lesion severity) with DMAPT showing a stronger correlation, possibly 

due to the higher tissue exposure with DMAPT compared to PTL. High oxidative 

stress levels are a hallmark of prostate cancer, and ROS levels are particularly 

elevated in aggressive prostate tumours compared to localised disease (Freitas 

et al., 2012; Oberley et al., 2000). Oxidative stress has been shown to increase 

with increasing PIN grade in TRAMP mice (Tam et al., 2006). PTL/DMAPT may be 

having the greatest effect in higher PIN grade tissue due to the presence of 

higher ROS-levels. PIN grade in the TRAMP model does not directly correlate 

with Gleason grading of human prostate cancer, however the enhanced 

radiosensitisation of high grade TRAMP PIN tissue may be an indicator that 

DMAPT could be highly effective in high grade Gleason tumours and potentially 

for targeted treatment of metastatic prostate cancer, which often occurs from 

high grade Gleason tumours and is incurable (Humphrey, 2004).  

Not only did PTL and DMAPT enhance radiation induced apoptosis in TRAMP 

prostate tumour tissue, but they also protected from high dose radiation-

induced apoptosis in normal  tissues with DMAPT showing superior protection in 

normal prostate, spleen and colorectal tissue. Radioprotection in healthy tissues 

and radiosensitisation in tumour tissues correlated with decreased NF-κB 

expression, with greater inhibition of NF-κB in DMAPT-treated tissues, compared 

to PTL. It was surprising that the response observed in DMAPT-treated mice was 

not more pronounced given both the increased bioavailability of DMAPT and 
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that a 2.5-fold higher concentration of DMAPT was used here compared to PTL.  

The maximum PTL dose of 40 mg/kg, can only achieve a plasma concentration of 

below 1 μM (Sweeney et al., 2005), whereas DMAPT dosed at 100 mg/kg results 

in a maximum plasma concentration above 10 μM (Guzman et al., 2007). 

Although the increased dose of DMAPT did not result in a proportionately 

greater increase in radioprotection, it still provided a greater therapeutic effect 

than PTL. The ideal plasma concentration for maximum radioprotection may be 

somewhere between 1 and 10 μM. These results along with the increased 

bioavailability of DMAPT suggest that DMAPT could be a useful clinical tool for 

alleviating radiotherapy induced damage to normal tissue, while radiosensitising 

tumour tissue. Amifostine is the only radioprotector currently approved for 

protection of normal tissues during radiotherapy (for treatment of head and 

neck cancers) (Kouvaris, Kouloulias & Vlahos, 2007), however the effects of the 

drug are short-lived. More than 90% of amifostine is cleared within 6 minutes of 

administration and it has been shown that if radiotherapy is delivered more than 

30 minutes after amifostine is administered, there may be little clinical benefit 

(Buentzel et al., 2006). The reported levels of radioprotection in response to 

amifostine if delivered within the restrictive timeframe (Ormsby et al., 2014; 

Buentzel et al., 2006; Cassatt et al., 2003) are similar to the results presented 

here with DMAPT, however DMAPT may be a more convienient radioprotector 

for clinical use, as here it has been shown that DMAPT can be delivered at least 

24 hours before X-ray exposure. There have also been reported problems with 

amifostine-induced toxicity and lack of differential radiosensitivity between 

normal and tumour tissue (Cassatt et al., 2003; Gu et al., 2014), whereas DMAPT 



Modulation of radiosensitivity by parthenolide and low dose radiation 

181 
 

has been shown to be highly tolerated with minimal side effects in human 

clinical studies (Curry et al., 2004; Pareek et al., 2011). The DMAPT-induced 

protection lasted up to 24 hours post-irradiation in normal colorectal tissues and 

to 72 hours in normal spleen. If these effects can be replicated in a clinical 

setting it may allow particularly vulnerable tissues to be spared from damage 

while having the added benefit of increasing tumour killing efficacy. Further in 

vivo analysis of late stage radiation damage to rectum and bladder, such as 

fibrosis, would help to determine whether long-term protection of these 

particularly vulnerable tissues is possible using DMAPT. Long term studies would 

also allow observation of tumour progression following DMAPT treatment and 

high-dose radiation.  

In all experiments, endogenous apoptosis frequencies observed in TRAMP and 

C57BL/6J prostate, spleen and colorectal tissues were all in the range previously 

described in the literature (Lawrence et al., 2013b; Ormsby et al., 2014; West et 

al., 2009). In the absence of radiation, PTL and DMAPT did not modulate 

endogenous apoptosis in the normal tissues except for in one experiment with 

PTL where a significant reduction in apoptosis was observed in the dorsolateral 

prostate of C57BL/6J mice, but not in spleen or colon, 30 hours after the final 

drug treatment was delivered. PTL may be protecting a small number of cells 

which would normally proceed to apoptosis by inducing antioxidant responses. 

Given that apoptosis is a normal homeostatic mechanism that acts to maintain 

healthy cell populations, the clinical significance of this reduction below baseline  

apoptosis frequency is unclear. The same dose of PTL that was delivered to 



Modulation of radiosensitivity by parthenolide and low dose radiation 

182 
 

C57BL/6J mice in this study has previously been delivered to NOD/SCID mice 

thrice weekly for up to 106 days without any reported negative health effects 

that could be attributed to a reduction in apoptosis (Kawasaki et al., 2009). 

There were also no non-tumour effects from PTL (thrice weekly treatment for up 

to 224 days) observed in long-term mouse studies carried out for this thesis. 

Further studies are required to determine if PTL is actually protecting from 

endogenous apoptosis, as it would have been expected that DMAPT would 

induce a similar or superior reduction in apoptosis, and this was not observed in 

the experiments here.  

In addition to high therapeutic radiation doses, low doses of radiation are 

commonly received by patients prior to and during radiotherapy in the form of 

imaging CT scans.  Low conditioning doses of radiation in the dose range of 

imaging CT scans have been shown to induce protection from effects of 

subsequent high doses of radiation for a wide range of biological endpoints 

including apoptosis in vivo (Ito et al., 2007; Okazaki, Ootsuyama & Norimura, 

2007; Yu, Liu & Ju, 2010). There was a general trend towards greater 

radioprotection in normal tissues that received PTL/DMAPT in combination with 

a 10 mGy dose of X-rays 3 hours prior to the 6 Gy dose compared to those that 

received PTL/DMAPT prior to 6 Gy alone. Although the magnitude of 

PTL/DMAPT-induced radioprotection from 6 Gy-induced apoptosis was greater 

when mice were also exposed to 10 mGy, there was no significant difference in 

apoptosis frequency in tissues of mice treated with PTL/DMAPT and 6 Gy in the 

presence or absence of 10 mGy. If there is an additive protective effect, it is 
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small. In the absence of PTL/DMAPT, a 10 mGy dose induced a radioadaptive 

response in normal prostate and spleen in some experiments, with trends 

towards an adaptive response in others. Similar adaptive responses for apoptosis 

have been described in a number of mouse studies (Ito et al., 2007; Okazaki, 

Ootsuyama & Norimura, 2007; Yu, Liu & Ju, 2010). Here, a dose of 10 mGy alone 

induced a significant increase in apoptosis in C57BL/6J spleen but not in TRAMP 

spleen, although in both cases 10 mGy induced a protection from high dose 

radiation induced apoptosis, indicating a radioadaptive response. There has only 

been one previous report of increased apoptosis after exposure to 10 mGy alone 

and that was at 6 hours after in utero exposure of C57BL/6 embryos (Saha et al., 

2014).   

Beneficial radioadaptive effects in normal tissues in the context of radiotherapy 

have been well described in the literature, however there are very few studies 

describing tumour responses to low dose radiation. Recently radioadaptive 

protection of tumours has been reported in vivo (Grdina et al., 2013). If low 

doses of radiation induce a radioadaptive response in tumours, the efficacy of 

radiotherapy could be compromised in an image guided radiotherapy scenario. 

Here, a 10 mGy dose of X-irradiation did not induce an adaptive response in 

TRAMP prostate PIN tissue, nor did the low conditioning dose affect the ability of 

DMAPT to radiosensitise the TRAMP prostate PIN tissue. Further studies are 

required to determine if the radiation doses and timing of the conditioning 

image dose and the radiotherapy dose play a role in the ability to radioprotect 

tumour tissue. Transgene-induced prostate pathology in the TRAMP model is 
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driven by androgen dependent expression of SV40, which contains the large and 

small T-antigens. The large T-antigen in the transgene interferes with the action 

of p53 by directly binding its DNA binding domain, silencing p53’s transcriptional  

activity (Greenberg et al., 1995). The radioadaptive response is known to be p53-

dependant (Okazaki, Ootsuyama & Norimura, 2007) and therefore may not be 

observable in TRAMP prostate tissues. Adaptive response studies in a model 

with functioning p53 are required to determine if PTL/DMAPT can counteract 

any potential radioadaptive responses in tumours which possess functional p53.  

In order to ensure that the DMAPT-induced radioprotection from apoptosis 

observed 6 hours post-irradiation in normal tissues was not simply due to a delay 

in radiation-induced apoptosis, temporal studies were performed on TRAMP 

mice treated with DMAPT and 6 Gy X-irradiation.  There was no delayed 

induction of apoptosis in DMAPT-treated spleen and colorectal tissue where 

protection compared to control-treated mice was not observed, and 

radioprotection was maintained up to 24 hours in colorectal tissue and 72 hours 

in spleen. This suggests that DMAPT is providing protection via reduced 

apoptosis in the normal tissues, rather than delaying the apoptotic response. In 

normal TRAMP spleen, by 24 hours post-irradiation, apoptotic frequency was 

reduced to almost baseline levels both in the presence and absence of DMAPT. 

Unexpectedly, a second wave of apoptosis was observed at 72 hours post-

irradiation in the vehicle control mice, which was significantly inhibited in the 

DMAPT-treated mice. There are reports in the literature of delayed waves of 

radiation-induced apoptosis without significant investigation into the underlying 
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mechanism; however several reports are correlated with reduced p53 

expression within tissues (Komarova et al., 2000; Vavrova et al., 2003). 

Komarova et. al. (2000) showed that in γ-irradiated spleen, DNA-damage-

induced apoptosis begins in regions with high levels of p53 mRNA expression, 

while a slower induction of radiation-induced apoptosis was observed in regions 

with lower p53 mRNA expression.  Regardless of the underlying mechanism of 

action, our results indicate that DMAPT protects normal tissues from a late 

induction of apoptosis.  Importantly, in TRAMP dorsolateral prostate DMAPT-

induced radiosensitisation was observed up to 24 hours post-irradiation, with 

apoptosis levels returning to baseline frequency by 72 hours. This demonstrates 

that the radiosensitising effects of DMAPT last for a significant period of time 

post-irradiation, which is likely to prove useful in a clinical setting if 

radiosensitisation of tumours continues to occur up to 24 hours after a 

radiotherapy dose has been delivered.  

In the present study, single whole body doses of radiation were used as a proof-

of-principle to determine the potential of PTL/DMAPT as a radioprotector of 

normal cells whilst radiosensitising tumour cells. In future studies, the role of 

DMAPT as a radioprotector during multiple fractionated radiation doses targeted 

to the region of the tumour should be investigated to closely mirror current 

clinical radiotherapy protocols for prostate cancer.   
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Chapter 6:  Summary and Conclusions 

The purpose of the work described in this thesis was to perform pre-clinical 

studies to determine the ability of PTL and DMAPT to both slow prostate tumour 

growth and to increase prostate tumour radiosensitivity while protecting normal  

tissues during radiotherapy; thus providing a potential non-toxic therapeutic that 

could act as both a chemo-preventive and a differential radiosensitiser.  

 

Parthenolide and prostate cancer development in the TRAMP model 

Despite intensive investment in improving early detection, prostate cancer often 

escapes timely detection and, while there has been a slow decline in the number 

of prostate cancer-related deaths over the last decade, mortality remains 

relatively high (AIHW & AACR, 2014). Health care costs of prostate cancer, both 

to the individual and to the wider community, result in a significant financial 

burden that is only expected to grow with an aging population (Cronin et al., 

2016; Stone et al., 2005; Mariotto et al., 2011). Even in cases of successful 

therapy, the treatment is associated with long-term and pervasive side-effects 

on patients, and resistance to therapy can develop over time (Kroon et al., 2016; 

Antonarakis et al., 2014). A proactive alternative to treating prostate cancer is to 

prevent or delay its occurrence and progression prior to symptomatic 

malignancy. This may serve to help address the issues of growing healthcare 

costs and increasing number of patients. This type of chemo-preventive 

approach would ideally utilise well-tolerated and inexpensive agents to inhibit 

cancer initiation or earliest dysfunction in initiated cells to reduce the risk of 
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cancer development in otherwise healthy individuals, or to treat individuals with 

a premalignant or latent disease to stop disease progression (Vemana et al., 

2014; Sandhu et al., 2013). Prostate cancer is a disease that is highly suited to 

chemoprevention for many reasons. Carcinogenesis in the prostate is considered 

to be the result of a protracted multistep molecular process affecting numerous 

pathways (Mazaris & Tsiotras, 2013; Corn, 2012; Gonzalgo & Isaacs, 2003). This 

molecular pathogenesis may result in precursor lesions such as atypical small 

acinar proliferation and PIN lesions, which can develop many years before the 

detection of cancer and can often represent  well-defined, potentially high-risk 

target populations that would benefit from primary chemoprevention (Epstein & 

Herawi, 2006). In addition to a prolonged molecular pathway of carcinogenesis, 

prostate cancer has a protracted latent disease state, as well as an increasing 

incidence with age (Sakr et al., 1996; Powell et al., 2010; Stamatiou et al., 2006). 

Such a long latency period between the development of prostate cancer and its 

eventual clinical manifestation makes it a prime target for chemoprevention. 

While some candidate therapies for prostate cancer chemoprevention have 

been trialled in humans, most notably finasteride (McConnell et al., 1998; 

Thompson et al., 2003), dutasteride (Andriole et al., 2010) and selenium (Clark et 

al., 1998; Klein et al., 2011), results have been mixed and positive clinical 

outcomes have been limited. Green tea, which has shown promise as a chemo-

preventive in TRAMP mice and in a small scale human trial, is still currently 

undergoing large scale confirmatory clinical trials (Brausi, Rizzi & Bettuzzi, 2008). 

New approaches to prostate cancer chemo-prevention are therefore still 

required.  
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PTL has been shown to be well tolerated clinically and has been studied in vivo in 

xenograft models of a wide variety of cancer types (Y. Liu et al., 2008; D'Anneo et 

al., 2013; Kim et al., 2013; S.L. Kim et al., 2012; Gao, Zhang & Guo, 2010; 

Shanmugam et al., 2011; Vegeler et al., 2007). Prostate tumour development 

during treatment with PTL has only been investigated in three in vivo studies, all 

using xenograft mice (Kawasaki et al., 2009; Shanmugam et al., 2010; 

Shanmugam et al., 2006). These studies were all based on the chemo-

therapeutic potential of PTL and confirmed the ability of PTL to slow, but not 

completely inhibit, prostate tumour growth.  

To examine the chemo-preventive potential of PTL, TRAMP mice were treated 

with PTL or DMAPT until palpable tumours developed. PTL, which was delivered 

in a 10% ethanol in saline vehicle, did not slow prostate cancer development in 

the TRAMP model. It was determined that the low doses of ethanol from the 

vehicle control were inducing NF-κB and counteracting the anti-cancer effect of 

PTL. Contrary to the results of the experiments carried out for this thesis, the 

Kawasaki et al. (2009) study, which used immunocompromised NOD/SCID mice, 

showed that PTL, also delivered in a 10% ethanol/saline vehicle, was able to 

significantly delay prostate tumour development by 27%. In the xenograft 

model, the same volume of ethanol did not have the same counteractive effect 

on PTL, which may be due to interactions with the immune system in the TRAMP 

mice or due to the length of treatment time, which was significantly less in the 

NOD/SCID study. This difference in tumour development between studies in 
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xenograft and TRAMP mice highlights the need to run studies in more than one 

type of in vivo model before moving into clinical trials. 

DMAPT is the most commonly used water soluble PTL derivative. In the studies 

presented in this thesis, TRAMP mice were treated with DMAPT (dissolved in 

water), or PTL (in an ethanol/saline vehicle). Unlike PTL, long-term treatment of 

DMAPT (delivered in a water vehicle) was able to significantly delay TRAMP 

prostate tumour development compared to control mice. This is the first report 

that DMAPT delays tumour onset and progression in an autochthonous model of 

prostate cancer, indicating that it shows significant promise as a prostate cancer 

preventive. This is a particularly impressive result given that the TRAMP model i s 

considered a rapid and aggressive model of prostate carcinogenesis (Grabowska 

et al., 2014). These results demonstrate the potential clinical benefit of DMAPT 

as a prostate cancer chemo-preventive further supporting translation of DMAPT 

into human clinical trials.   

 

Parthenolide and metastasis in the TRAMP model 

DMAPT not only slowed prostate tumour growth in the TRAMP model, but the 

data presented in this thesis clearly demonstrate an additional strong anti-

metastatic ability. For the overwhelming majority of cancer patients, a diagnosis 

of metastatic disease indicates terminal illness. Although cancer death rates 

have declined, for the most part patients with metastatic disease have not 

benefited greatly from therapeutic improvements. Despite the clear need for 

anti-metastatic therapies, the most recent attempts to target metastatic 
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pathways in prostate cancer have provided mixed results. One particularly 

disappointing set of compounds have been the SRC inhibitors dasatinib and 

saracatinib (Parsons & Parsons, 2004; Summy & Gallick, 2003). On the basis of 

highly positive pre-clinical data in cell lines (Nam et al., 2005; Lee et al., 2004) 

and nude mouse models (Park et al., 2008; Yang et al., 2010; Koreckij et al., 

2009), SRC inhibition was anticipated to be a highly potent anti-metastatic 

therapeutic target for prostate cancer. However, in patients with refractory 

disease, dasatinib failed as a single anti-metastatic agent (Twardowski et al., 

2013; Yu et al., 2011; Yu et al., 2009) and did not increase overall survival when 

combined with docetaxel (Araujo, Trudel & Paliwal, 2013). Not only does this 

highlight the need for novel anti-metastatic therapies, but it again shows the 

need to test these therapies in tumour models that more closely recapitulate the 

complexities of the human disease, such as autochthonous animal models and 

human tissue culture models, prior to commencing trials in humans. 

The results in this thesis provide the first evidence that DMAPT reduces prostate  

cancer metastasis in vivo. Here, administration of DMAPT to TRAMP mice 

reduced metastatic lesions in the lung compared to a water vehicle control, and 

significantly reduced expression of pro-metastatic proteins, MMP2 and laminin 

in primary prostate tumours. MMP2 is a well-established mediator of tumour 

invasion and metastasis by breaking down connective tissue barriers (Lokeshwar, 

1999). Inhibition of MMP2 is known to result in reduced prostate cancer 

metastasis, not only by reducing the capability of cancer cells to escape but also 

to lodge and grow at a distant site (Chen et al., 2015; Shay, Lynch & Fingleton, 
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2015). By systematically targeting pro-inflammatory and pro-metastatic 

pathways, DMAPT is able to significantly reduce invasive disease. Given the 

current difficulty of treating metastatic prostate cancer, DMAPT may be able to 

improve disease survival by reducing metastatic spread. Because changes in 

MMP2 and laminin are not specific to prostate cancer, there is the possibility for 

DMAPT to be used to limit metastatic spread in other cancer types as well. This is 

supported by reports in the literature of anti-metastatic activity of DMAPT and 

PTL in other tumour models, including breast (D'Anneo et al., 2013; Burnett et 

al., 2015), bone, pancreas (Yip-Schneider et al., 2008; Yip-Schneider et al., 2013b; 

Yip-Schneider et al., 2013a), and lung cancer (Song et al., 2014; Shanmugam et 

al., 2011). 

 

Ethanol and metastasis in the TRAMP model 

An unexpected observation of this study was that TRAMP mice receiving the 10% 

ethanol in saline vehicle developed a highly aggressive form of metastatic 

prostate cancer, which was only apparent after almost 200 days of treatment. In 

these animals, metastatic tumours were identified by palpation, while primary 

prostate tumours were small and tissues had only partially progressed to 

adenocarcinoma. Metastatic lesions develop at distant sites from disseminating 

cancer cells that can progress to tumour masses immediately or can remain 

dormant (Sosa, Bragado & Aguirre-Ghiso, 2014). Metastasis-initiating cells are 

most commonly thought to originate from a subpopulation present in fully 

progressed, invasive tumours. However, it has recently been reported that early 
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dissemination of metastatic cells can occur in breast cancer before any apparent 

primary tumour masses are detected (Hosseini et al., 2016; Harper et al., 2016). 

This early dissemination of metastatic cells has previously been reported once in 

the TRAMP model (Gelman et al., 2014). The results presented in this thesis 

provide the first description of ethanol-induced aggressive metastatic tumours 

originating from TRAMP prostate tumour cells that are likely to have spread 

during the early stages of primary tumour development.  

There is strong evidence that chronic alcohol use increases the risk of cancers of 

the mouth, pharynx, larynx, oesophagus, bowel, liver and breast and the risk is 

related to amount of consumption (WCRF, 2007); however, there is very little 

evidence that implicates ethanol as a risk factor in prostate cancer (reviewed in 

Meadows & Zhang, 2015). Many of these pro-cancer associations are based on 

moderate to heavy drinking. It is not clear that chronic lower alcohol 

consumption is a risk factor, but given the large proportion of the population 

that consumes alcohol on a regular basis, it is essential to understand the role of 

low chronic ethanol consumption in carcinogenesis. The exact mechanism by 

which ethanol increases cancer risk is not known, however alcohol consumption 

affects many aspects of the innate and adaptive immune system which play a 

role in tumour formation (reviewed in Molina et al., 2010). Analysis of primary 

prostate tumour tissues from the TRAMP mice in the present study identified a 

significant increase in NF-κB expression with increasing administration time in 

TRAMP mice treated with the 10% ethanol in saline vehicle, which was not 

observed in the PTL (in ethanol/saline) treatment group (E. Solly, Flinders 
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University, personal communication). This observation is supported by reports in 

the literature of increased NF-κB signalling and metastatic spread following 

ethanol exposure in several cancer types (Wang et al., 2015) and may explain 

why PTL, which inhibits NF-κB, was such a potent inhibitor of the aggressive 

metastatic phenotype observed in the TRAMP mice. The link between 

inflammation and cancer is well documented (Mantovani et al., 2008; Coussens 

& Werb, 2002). Several inflammatory diseases, including inflammatory bowel 

disease, increase the risk of cancer. Conversely, in tumours that are 

epidemiologically unrelated to overt inflammatory conditions (such as breast 

cancer), the activation of oncogenes can orchestrate the production of 

inflammatory molecules and the recruitment of inflammatory cells. In the 

tumour microenvironment, inflammatory cells and molecules influence almost 

every aspect of carcinogenesis, especially the ability of tumour cells to 

metastasise (Mantovani et al., 2008). The pro-NF-κB effect of chronic low doses 

of ethanol was almost entirely counteracted by PTL, which acts primarily to 

inhibit the NF-κB signalling pathway as well as to reduce pro-metastatic 

signalling of integrins and extra-cellular matrix proteins.  

There is significant evidence that AR expression may also play a role in prostate 

cancer metastasis (Levesque et al., 2009; Feng et al., 2016; Y.N. Liu et al., 2008). 

Unfortunately, the constraints of a time-to-palpable tumour study and the 

nature of the AR expression in the TRAMP model, whereby AR expression is 

almost entirely reduced in adenocarcinoma tissue compared to PIN tissue, made 

it difficult to assess the effect of low chronic doses of ethanol on AR signalling in 
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primary tumour and metastasis development. Ideally this long-term TRAMP 

study would be repeated with tissues taken for examination and analysis at 

various time-points throughout tumour development, rather than only at 

palpable tumour time. The molecular changes in the prostate that result in 

increased invasion and slowing of primary tumour growth are likely to occur 

when both high grade PIN and some adenocarcinoma tissue are present 

simultaneously, and would be the best time to pinpoint the cardinal changes 

that lead to differences in palpable tumour phenotypes. 

It is not known if low dose ethanol administration is pro-metastatic in the 

TRAMP model alone, or if it is a true risk factor for human prostate cancer.  To 

help clarify this effect, similar animal studies will need to be carried out using 

alternate models of prostate cancer, where tumours develop at different rates 

and tumorigenesis is driven by different molecular mechanisms. If it eventuates 

that this is a TRAMP-specific effect, these data will be an important 

consideration for prostate cancer studies using the TRAMP model. As many 

drugs are dissolved in ethanol prior to administration for in vivo studies, it will be 

important to recognise that using such a vehicle for an extended period of time 

in TRAMP mice will have a pro-inflammatory effect and may result in increased 

metastasis. While this may be considered a drawback, this pro-metastatic effect 

may also provide a unique opportunity to study aggressive metastatic prostate 

cancer in vivo. If the pro-metastatic effect of chronic low doses of ethanol is not 

limited to the TRAMP model, the implications for human cancer may be highly 

significant. The doses of ethanol used in this study (1.2 mL/kg/week) were in the 
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range of the average alcohol consumption per capita in Australia (0.93 – 2.5 

mL/kg/week, based on an average population weight of 75 kg) (Livingston & 

Dietze, 2016; ABS, 2015). Given that these doses of alcohol are regularly 

consumed by the general public, and epidemiology studies have not identi f ied a 

significant risk for such low doses, it seems unlikely that consuming this volume 

of alcohol alone would be enough to induce such a pronounced pro-metastatic 

response. TRAMP mice are predisposed to tumour development and 

tumorigenesis is being driven at a fast pace in the animals (Greenberg et al., 

1995; Gingrich et al., 1999; Gingrich et al., 1996), while prostate cancer in most 

men is generally considered a slow developing disease. The difference in rate  of  

disease progression between TRAMP and human prostate carcinogenesis may be 

one reason why a low dose of ethanol has such a pronounced effect in the 

animals. This raises the question of whether low doses of ethanol may increase 

risk of metastatic disease in men predisposed to prostate cancer or the small 

number of men that present with a more rapid prostate cancer onset. A major 

barrier to prostate cancer survival is the progression to metastatic disease, 

therefore understanding the role that low doses of ethanol may play in 

metastatic disease could help to improve overall prostate cancer survival rates. 

 

Parthenolide and high dose radiation in the TRAMP model 

The results presented in this thesis show that DMAPT holds significant promise 

for use in conjunction with radiotherapy for prostate cancer. External beam 

radiotherapy is delivered to approximately 48% of cancer patients at least once 
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during their cancer treatment (Barton et al., 2014). Prostate cancer has been 

recorded as the principal diagnosis for one-quarter of all men who receive 

radiotherapy (AIHW, 2016). Prostate cancer radiotherapy, while effective at 

ablating cancer cells in many cases, can result in short-term side effects, 

including colorectal injury which can induce diarrhoea and bleeding, and long-

term side effects, including incontinence, impotence and infertility. In these 

studies both PTL and DMAPT were shown to protect healthy tissues from 

damage while sensitising prostate tumour tissues to radiation-induced apoptosis 

in TRAMP mice. As was observed in the time-to-palpable tumour studies, the 

increased water solubility and bioavailability of DMAPT makes it the drug of 

choice for clinical use as an adjunct to prostate cancer radiotherapy. 

Men with localised low to moderate-risk prostate cancer who are treated with 

external-beam radiotherapy have overall survival rates above 90% (Heidenreich 

et al., 2014; Strom et al., 2014). Despite the high success of radiotherapy for 

localised disease, normal tissue toxicity still occurs and remains a limiting factor 

in the treatment of prostate cancer. The close proximity of the bladder, urethra, 

testis, colon and rectum to the prostate makes these organs particularly 

vulnerable to side-scatter radiation resulting in long-term side-effects. 

Approximately 10% of patients experience urinary and bowel problems including 

urinary incontinence and faecal urgency, bloody stools and rectal pain up to two 

years after treatment and nearly 40% of patients have ongoing sexual 

dysfunction (Sanda et al., 2008). These symptoms persist for many years and 

adversely impact the quality of life of the many patients who survive after 
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treatment (Resnick et al., 2013; Yeoh et al., 2012). Based on the intimate 

relationship between prostate tumours, normal prostate and surrounding tissues 

and surrounding critical structures it is unlikely that technological advances 

alone will be able to completely limit damage to healthy tissues. Chemical 

radioprotectors that can be administered systemically to protect healthy tissues 

on a molecular level appear likely to be the best option for further reducing 

normal tissue damage and limiting side effects. Rectal sucralfate is the only 

radioprotector to have been evaluated in a double-blind placebo-controlled 

study for prostate cancer but was not found to be effective (O'Brien et al., 2002). 

Not only has DMAPT been shown to be an effective radioprotector of healthy 

colorectal tissue in vivo, it also sensitises tumour cells, particular promoting cell 

death in more advanced prostate tumour tissue. DMAPT has previously been 

shown to be highly tolerated with minimal side effects clinically and the 

experimental results of studies for this thesis have shown that beneficial effects 

of DMAPT can be observed when the drug is administered 24 hours prior to high 

dose radiation exposure, which allows more flexibility around drug dosing prior 

to radiotherapy. For high-grade localised prostate tumours, there is reduced 

therapeutic benefit from radiotherapy as a monotherapy and reportedly overall 

survival may even decrease following radiation treatment compared to other 

therapies (Degroot et al., 2013; Hoffman et al., 2013). In a number of clinical 

trials, external beam radiotherapy (in the ranges of 65–70 Gy) for high-risk 

localised disease resulted in 10-year failure rates greater than 75% (Bolla et al., 

2010; Pilepich et al., 2005; Horwitz et al., 2008). While monotherapy provides a 

low success rate, radiotherapy combined with adjuvant chemotherapy, such as 
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docetaxel, has shown significant benefit in increasing 5-year survival estimates in 

patients with high-grade localised prostate tumours (Heidenreich et al., 2014; 

Kibel et al., 2007; Marshall et al., 2014). Unfortunately, these therapeutic 

benefits often come with added normal tissue toxicity. The low toxicity of 

DMAPT, as well as the ability to selectively target higher grade prostate tumour 

tissue in TRAMP mice, indicate that there may be a significant use for the drug in 

combination with radiotherapy to improve cure rates for these high-risk tumours 

without the toxicity of currently used adjuvant therapies. 

Additionally, there may be a role for DMAPT to play following radiotherapy, to 

limit relapse or metastatic spread. Biopsy-proven relapse of local disease 

following radiotherapy is reported in 19-65% of patients (Zelefsky et al., 1998; 

Nilsson, Norlen & Widmark, 2004), due in part to intrinsic resistance of a 

proportion of tumour cells to conventional radiotherapy doses. Tumour 

recurrence following localised prostate cancer treatment often indicates an 

increased risk of metastatic spread, and therefore therapeutic options must 

carefully balance the onset of metastatic disease with avoidance of 

overtreatment (Zietman et al., 2005; Kolodziej, 2014). DMAPT has been 

demonstrated as a potent anti-metastatic agent with low toxicity, therefore 

continued systemic administration of the drug after completion of a course of 

radiation therapy may preventive relapse or limit metastatic spread, thus 

increasing overall cure rates.  
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Parthenolide and low dose radiation in the TRAMP model 

Prostate cancer patients receiving IGRT, receive both high and low doses of 

radiation during their treatment. Radiotherapy is commonly delivered in daily 

fractions after the tumour is imaged by a low dose CT scan just prior to the 

therapeutic dose to better target the tumour and to spare normal tissues. Low 

‘conditioning’ doses of radiation are known to result in reduced genetic damage 

in normal cells, decreased tumour incidence and increased tumour latency (Day 

et al., 2006; Mitchel et al., 2003; Olivieri, Bodycote & Wolff, 1984). The exact 

mechanism of the radio-adaptive response is not fully understood, but it is 

known that p53, ROS, NFĸB and MnSOD play a role, all of which are known to be 

modulated by PTL. This implies that PTL may act like a chemical form of the low 

dose radio-adaptive response.  Although the protection induced by PTL and low 

dose radiation might be similar, it is likely that the exact mechanism by which it 

occurs is different, due to the p53-dependent nature of the radio-adaptive 

response and the p53-independence of PTL (Ahmed & Li, 2008; Grdina et al., 

2015; Lall et al., 2014; Tang & Loke, 2015). The results presented in this thesis 

indicate that PTL and low dose radiation may be able to be combined to provide 

additive protection in healthy tissues. Here the time between the low priming 

dose (10 mGy) and the high challenge dose (6 Gy) was chosen as 3 hours, as 

adaptive responses have been observed for a wide range of biological endpoints 

within this time period. The timing between radiation doses has been used here  

as a proof-of-principle, however in the clinic there is only a very small window of  

time (less than 5 mins) between a CT scan dose and a therapeutic dose. Adaptive 

responses usually require a time interval of at least 30 minutes between the low 
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dose and the high dose, but have are known to last  up to 24 hours after the low 

conditioning dose is delivered (Mitchel et al., 2002; Blankenbecler, 2010). 

Therefore, although a CT scan is unlikely to protect from the therapeutic dose 

delivered a few minutes later in a radiotherapy scenario, it is possible that the 

effects of the low dose will last until the following day when a second high 

therapeutic dose is delivered during a fractionated dosing protocol, and where a 

reduction in damage might be observed. Here no significant additive protection 

from apoptosis was observed where PTL/DMAPT and a single dose of 10 mGy 

were delivered prior to a single dose of 6 Gy, however, this does not mean that a 

radioadaptive response has not played a role. If PTL/DMAPT and a low dose of 

radiation were to be delivered prior to multiple fractionated higher doses 

delivered over a number of days, there may be cumulative additive protection 

that is not observable after a single dose alone.  

The low dose radio-adaptive response has conventionally been considered to 

only be active in normal cells and that tumour cells are no longer responsive to 

low adapting doses of radiation, however, it has been demonstrated that low 

doses of radiation can elicit an adaptive response in tumour cells as well 

involving increased expression of survivin, an apoptosis inhibiting protein 

(Grdina et al., 2013). This creates an issue for IGRT where the image dose may be 

protecting tumour tissue and therefore having a significant effect on clinical 

outcomes. In contrast, it has been shown that PTL suppresses survivin in cancer 

cell lines (Kim et al., 2010), which suggests that while PTL/DMAPT may induce 

low dose radiation-like protection in healthy tissues, the same protection does 
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not occur in tumour tissues. Furthermore, PTL/DMAPT may be able to 

counteract tumour protection induced by low dose radiation, given its potent 

ability to radiosensitise tumour tissues. Although the studies presented in this 

thesis did not observe low dose radiation-induced tumour protection, this may 

be partly due to the timing between low and high doses, or the lack of p53 in 

TRAMP prostate tumours, which is known to be important for the low dose 

adaptive response. Further studies in p53-positive prostate tumour models are 

likely to be required to fully elucidate this effect. 

 

Parthenolide as a multistage and broad-range cancer therapy 

One of the significant benefits of DMAPT as a cancer therapeutic is that the 

mechanisms involved in the anti-cancer and radiation modulating effects of the 

compound (NF-κB inhibition, JAK/STAT inhibition and oxidative stress 

modulation) are not limited to prostate cancer (Kansanen et al., 2013; Leinonen 

et al., 2014; Taguchi, Motohashi & Yamamoto, 2011). NF-kB transcription factors 

play a crucial role in oncogenesis (Staudt, 2010), and are aberrantly activated in 

a wide range of human cancers, which promotes survival and malignancy by 

upregulating anti-apoptotic genes (Staudt, 2010; DiDonato, Mercurio & Karin, 

2012). In numerous cancer-derived cell lines or in a primary tumours, STATs, 

especially STAT-3, are persistently tyrosine phosphorylated (Bromberg, 2002), 

and constitutive activation of STATs is common in a variety of cancer types, 

including leukaemia, multiple myeloma, breast cancer, prostate cancer, and 

colorectal cancer (Endo, Toyota & Imai, 2004; Sheen-Chen et al., 2007; Ferrajoli 
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et al., 2006; Tam et al., 2007).  High levels of ROS are known to cause significant 

damage to cell structures and functions and may induce somatic mutations and 

neoplastic transformation (Khandrika et al., 2009; Fang, Seki & Maeda, 2009). 

Cancer initiation and progression of multiple cancer types has been linked to 

oxidative stress by increasing DNA mutations or inducing DNA damage, genome 

instability, and cell proliferation (Visconti & Grieco, 2009). The ability of DMAPT 

to target a variety of pathways common to many types of cancer makes it a 

promising candidate for cancer prevention and treatment in a wide range of 

cancers.  

In conclusion, the results presented here provide strong pre-clinical evidence 

that DMAPT significantly slows prostate tumour development and is a potent 

anti-metastatic agent. When delivered prior to radiation, DMAPT was able to 

reduce cell death in healthy cells during radiotherapy while also increasing 

prostate cancer killing particularly in more advanced pathology stages of 

prostate cancer, providing the potential to increase cure rates. Analysis of 

primary prostate tumours identified important molecules involved in the 

mechanism of DMAPT’s selective anti-cancer mechanisms, which support the 

potentially broader application of DMAPT for a number of different cancer types. 

Also, this is the first report of induction of an aggressive metastatic TRAMP 

mouse phenotype following chronic low doses of ethanol, which sets the 

groundwork for future investigations to determine the role of ethanol in early 

dissemination of prostate cancer cells and development of distant metastases.  
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Appendix A: Summary of in vivo PTL cancer studies 
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Appendix B: PCR Primers 

PB-1-For: 5’- CCG GTG GAC CGG AAG CTT CCA CAA GTG CAT -3’ 

TAg-Rev: 5’- CTC CTT TCA AGA CCT AGA AGG TCC A -3’ 

MβC-For: 5’- GAT GTG CTC CAG GCT AAA GTT -3’ 

MβC-Rev: 5’- AGA AAC GGA ATG TTG TGG GAG T -3’ 

Mus6 +: 5’- GTT CTA GAC ATT GGT TCT ACT C -3’ 

Mus6 -: 5’- CAC CTA TTC CAT GTT GCA ACT TC -3’ 
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Appendix C: Solutions 

PBS 

0.1 M phosphate buffered saline (PBS) solution was prepared by adding 80 g of 

NaCl, 2 g of KCl, 14.4 g of Na2HPO4, and 2.4 g of KH2PO4 to 1 litre of Milli-Q 

water, and adjusting pH to 7.4  at 25°C 

0.1M PBS was diluted 1:10 in Milli-Q water for use in immunohistochemistry. 

Final concentration when diluted: NaCl 0.137 M: KCl 0.0027 M: Na2HPO4 0.0101 

M: KH2PO4 0.00176 M.  

High salt PBS 

High salt PBS was prepared by the addition of 0.4 moles of NaCl per litre of PBS 

Aqueous formaldehyde preparation 

Stock formaldehyde fixative (4%) was prepared by heating PBS to 57°C on a 

heating block, 4 g of paraformaldehyde per litre was added and dissolved by 

stirring. Fixative was stored at 4°C and diluted for use as needed, 

Tris-HCl 

1 M Tris-HCl solution was prepared by adding 121.1 g of Tris base to 800 ml of 

Milli-Q water, and adding concentrated HCl to adjust the pH to 7.4 at 25°C. 1 M 

Tris-HCl solution was diluted as required in  Milli-Q water. 

APES coated slides 

2% (v/v) aminopropylethoxysialne (APES) in absolute ethanol was prepared. 

Glass sliders were immersed for 10 s, rinsed for 10 s in absolute ethanol, rinsed 

for 10 s in running tap water, and then sensed for 10 s in distilled water before 

drying at 37°C overnight. 
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Appendix D: CellProfiler™ pipelines 

All CellProfiler™ pipelines were performed using Python based CellProfiler™ 

version 2.2.0. (Carpenter et al., 2006) 

Table A-0-1: CellProfiler™ pipeline for the analysis of apoptosis in spleen, by area of total DAPI 
staining occupied by TUNEL-positive cells in fluorescence images 

Order Module Parameters Input 
  Input modules     
1 Images Filter images? Images only 
        
2 Metadata Extract metadata? Yes 
    Metadata extraction method Extract from file/folder 

names 
    Metadata source File name 
        
    Extract metadata from All  images 
        
3 NamesAndTypes Assign a name to Image matching rules 
        
    Fi le does contain _C0001.tif 
    Name to assign these images DAPI 
    Select the image type Greyscale image 
    Set intensity range from Image metadata 
        
    Fi le does contain _C0002.tif 
    Name to assign these images Alexa488 
    Select the image type Greyscale image 
    Set intensity range from Image metadata 
        
  Analysis modules    

 4 GreyToColor Select a color scheme  RGB 
    Select image to be colored red  Leave this blank 
    Select image to be colored green Alexa488 
    Select image to be colored blue DAPI 
    Name the output image MergedColour  
    Relative weight for the green 

image  1 

    Relative weight for the blue image  1 
        

 5 IdentifyPrimary 
Objects  

Select the input image DAPI  

  
  

Name the primary objects to be 
identified 

Nuclei  

    Typical diameter of objects, in pixel 
units (Min,Max) 

10-30  
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    Discard objects outside of the 
diameter range? 

No 

    Discard objects touching the 
border of the image? 

No 

    Threshold strategy Global 
    Thresholding method Otsu 
    Two-class or three-class 

thresholding? 
Three classes 

    Minimize the weighted variance od 
the entropy 

Weighted variance 

  
  

Assign pixels in the middle intensity 
class to the foreground or the 
background? 

Foreground 

  
  

Select the smoothing method for 
thresholding 

Automatic 

    Threshold correction factor 1 
    Lower and upper bounds on 

threshold 
0.2-1.0 

    Method to distinguish clumped 
objects 

Intensity 

    Method to draw dividing lines 
between clumped objects 

Intensity 

    Automatically calculate size of 
smoothing fi lter for declumping 

Yes 

  
  

Automatically calculate minimum 
allowed distance between local 
maxima 

Yes 

    Speed up by using lower-resolution 
image to find local maxima 

Yes 

    Retain outlines of the identified 
objects 

Yes 

    Name the outline image NucleiOutlines 
    Fi l l holes in identified objects? No 
  

  
Handling of objects if excessive 
number of objects identified 

Continue 

        
6 IdentifyPrimary 

Objects  
Select the input image Alexa488 

    Name the primary objects to be 
identified 

TUNEL 

    Typical diameter of objects, in pixel 
units (Min,Max) 

10-30  

    Discard objects outside of the 
diameter range? 

Yes 

    Discard objects touching the 
border of the image? 

No 

    Threshold strategy Global 
    Thresholding method Otsu 
    Two-class or three-class 

thresholding? 
Three classes 

    Minimize the weighted variance od 
the entropy 

Weighted variance 
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Assign pixels in the middle intensity 
class to the foreground or the 
background? 

Background 

    Select the smoothing method for 
thresholding 

Automatic 

    Threshold correction factor 1 
    Lower and upper bounds on 

threshold 
0.1-1.0 

    Method to distinguish clumped 
objects 

Intensity 

  
  

Method to draw dividing lines 
between clumped objects 

Intensity 

  
  

Automatically calculate size of 
smoothing fi lter for declumping 

Yes 

  
  

Automatically calculate minimum 
allowed distance between local 
maxima 

Yes 

    Speed up by using lower-resolution 
image to find local maxima 

Yes 

    Retain outlines of the identified 
objects 

Yes 

    Name the outline image TUNELOutlines 
    Fi l l holes in identified objects? No 
    Handling of objects if excessive 

number of objects identified 
Continue 

        
7 MeasureImageArea 

Occupied 
Measure the area occupied in a 
binary image, or in objects? 

Objects 

    Select objects to measure Nuclei 
    Retain a binary image of the object 

regions? 
No 

       
    Measure the area occupied in a 

binary image, or in objects? 
Objects 

    Select objects to measure TUNEL 
    Retain a binary image of the object 

regions? 
No 

       
8 OverlayOutlines Display outlines on a blank image? No 
    Select image on which to display 

outlines 
MergedColour 

    Name the output image ColourOverlay 
    Outline display mode Color 
    Width of outlines 1 
       
    Select outlines to display NucleiOutlines 
    Select outline color Red 
       
    Select outlines to display TUNELOutlines 
    Select outline color Yellow 
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9 SaveImages Select the type of image to save Image 
    Select the image to save MergedColour 
    Select method for constructing fi le 

names 
From image fi lename 

    Select image name for fi le prefix DAPI 
    Append a suffix to the image file 

name? 
Yes 

    Text to append to the image name _MergedColour 
    Saved fi le format tif 
    Image bit depth 8 
    Output fi le location Same folder as image 
    Overwrite existing files without 

warning? 
No 

    When to save Every cycle 
    Rescale the images? No 
    Select colormap gray 
    Record the fi le and path 

information to the saved image? 
No 

    Create subfolders in the output 
folder? 

No 

        
10 SaveImages Select the type of image to save Image 

    Select the image to save ColourOverlay 
    Select method for constructing fi le 

names 
From image fi lename 

    Select image name for fi le prefix DAPI 
    Append a suffix to the image file 

name? 
Yes 

    Text to append to the image name _ColourOverlay 
    Saved fi le format tif 
    Image bit depth 8 
    Output fi le location Same folder as image 
    Overwrite existing files without 

warning? 
No 

    When to save Every cycle 
    Rescale the images? No 
    Select colormap gray 
  

  
Record the fi le and path 
information to the saved image? 

No 

    Create subfolders in the output 
foler? 

No 

        
11 ExportTo 

Spreadsheet 
Select the column delimiter  Comma (",") 

    Output fi le location Default Output Folder 
    Add image metadata columns to 

your object data fi le? 
No 

    Limit output to a size that is 
allowed in Excel? 

No 

    Representation of Nan/Inf? NaN 
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    Select the measurements to export No 
    Calculate the per-image mean 

values for object measurements? 
No 

    Calculate the per-image median 
values for object measurements? 

No 

    Calculate the per-image standard 
deviation values for object 
measurements? 

No 

    Create a GenePattern GCT fi le? No 
    Export all measurement types? Yes 
        

 

Table A-0-2: CellProfiler™ pipeline for the measurement of nuclear protein expression in 
fluorescence images 

Order Module Parameters Input 
  Input modules     
1 Images Filter images? Images only 
        
2 Metadata Extract metadata? Yes 
    Metadata extraction method Extract from file/folder 

names 
    Metadata source File name 
        
    Extract metadata from All  images 
        
3 NamesAndTypes Assign a name to Image matching rules 
        
    Fi le does contain _C0001.tif 
    Name to assign these images DAPI 
    Select the image type Greyscale image 
    Set intensity range from Image metadata 
        
    Fi le does contain _C0002.tif 
    Name to assign these images Alexa488 
    Select the image type Greyscale image 
    Set intensity range from Image metadata 
        
  Analysis modules    

 4 GreyToColor Select a color scheme  RGB 
    Select image to be colored red  Leave this blank 
    Select image to be colored green Alexa488 
    Select image to be colored blue DAPI 
    Name the output image MergedColour  
    Relative weight for the green 

image  1 

    Relative weight for the blue image  1 
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 5 IdentifyPrimary 

Objects  
Select the input image DAPI  

  
  

Name the primary objects to be 
identified 

Nuclei  

    Typical diameter of objects, in pixel 
units (Min,Max) 

10-30  

    Discard objects outside of the 
diameter range? 

No 

    Discard objects touching the 
border of the image? 

No 

    Threshold strategy Global 
    Thresholding method Otsu 
    Two-class or three-class 

thresholding? 
Three classes 

    Minimize the weighted variance od 
the entropy 

Weighted variance 

  
  

Assign pixels in the middle intensity 
class to the foreground or the 
background? 

Foreground 

  
  

Select the smoothing method for 
thresholding 

Automatic 

    Threshold correction factor 1 
    Lower and upper bounds on 

threshold 
0.2-1.0 

    Method to distinguish clumped 
objects 

Intensity 

    Method to draw dividing lines 
between clumped objects 

Intensity 

    Automatically calculate size of 
smoothing fi lter for declumping 

Yes 

  
  

Automatically calculate minimum 
allowed distance between local 
maxima 

Yes 

    Speed up by using lower-resolution 
image to find local maxima 

Yes 

    Retain outlines of the identified 
objects 

Yes 

    Name the outline image NucleiOutlines 
    Fi l l holes in identified objects? No 
  

  
Handling of objects if excessive 
number of objects identified 

Continue 

        
6 MeasureImageArea 

Occupied 
Measure the area occupied in a 
binary image, or in objects? 

Objects 

    Select objects to measure Nuclei 
    Retain a binary image of the object 

regions? 
No 

7 MeasureObject 
Intensity 

Select an image to measure 
Select objects to measure 

Alexa488 
Nuclei 
 

8 OverlayOutlines Display outlines on a blank image? No 
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    Select image on which to display 
outlines 

MergedColour 

    Name the output image ColourOverlay 
    Outline display mode Color 
    Width of outlines 1 
       
    Select outlines to display NucleiOutlines 
    Select outline color Red 
      
9 SaveImages Select the type of image to save Image 
    Select the image to save MergedColour 
    Select method for constructing fi le 

names 
From image fi lename 

    Select image name for fi le prefix DAPI 
    Append a suffix to the image file 

name? 
Yes 

    Text to append to the image name _MergedColour 
    Saved fi le format tif 
    Image bit depth 8 
    Output fi le location Same folder as image 
    Overwrite existing files without 

warning? 
No 

    When to save Every cycle 
    Rescale the images? No 
    Select colormap gray 
    Record the fi le and path 

information to the saved image? 
No 

    Create subfolders in the output 
folder? 

No 

        
10 SaveImages Select the type of image to save Image 

    Select the image to save ColourOverlay 
    Select method for constructing fi le 

names 
From image fi lename 

    Select image name for fi le prefix DAPI 
    Append a suffix to the image file 

name? 
Yes 

    Text to append to the image name _ColourOverlay 
    Saved fi le format tif 
    Image bit depth 8 
    Output fi le location Same folder as image 
    Overwrite existing files without 

warning? 
No 

    When to save Every cycle 
    Rescale the images? No 
    Select colormap gray 
    Record the fi le and path 

information to the saved image? 
No 

    Create subfolders in the output 
folder? 

No 
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11 ExportTo 

Spreadsheet 
Select the column delimiter  Comma (",") 

    Output fi le location Default Output Folder 
    Add image metadata columns to 

your object data fi le? 
No 

    Limit output to a size that is 
allowed in Excel? 

No 

    Representation of Nan/Inf? NaN 

    Select the measurements to export No 
    Calculate the per-image mean 

values for object measurements? 
No 

    Calculate the per-image median 
values for object measurements? 

No 

    Calculate the per-image standard 
deviation values for object 
measurements? 

No 

    Create a GenePattern GCT fi le? No 

    Export all measurement types? Yes 

        

 

Table A-0-3: CellProfiler™ pipeline for the measurement of total protein expression in 
fluorescence images 

Order Module Parameters Input 
  Input modules     
1 Images Filter images? Images only 
        
2 Metadata Extract metadata? Yes 
    Metadata extraction method Extract from file/folder 

names 
    Metadata source File name 
        
    Extract metadata from All  images 
        
3 NamesAndTypes Assign a name to Image matching rules 
        
    Fi le does contain _C0001.tif 
    Name to assign these images DAPI 
    Select the image type Greyscale image 
    Set intensity range from Image metadata 
        
    Fi le does contain _C0002.tif 
    Name to assign these images Alexa488 
    Select the image type Greyscale image 
    Set intensity range from Image metadata 
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  Analysis modules    

 4 GreyToColor Select a color scheme  RGB 
    Select image to be colored red  Leave this blank 
    Select image to be colored green Alexa488 
    Select image to be colored blue DAPI 
    Name the output image MergedColour  
    Relative weight for the green 

image  1 

    Relative weight for the blue image  1 
        

 5 IdentifyPrimary 
Objects  

Select the input image DAPI  

    Name the primary objects to be 
identified 

Nuclei  

    Typical diameter of objects, in pixel 
units (Min,Max) 

10-30  

    Discard objects outside of the 
diameter range? 

No 

    Discard objects touching the 
border of the image? 

No 

    Threshold strategy Global 
    Thresholding method Otsu 
    Two-class or three-class 

thresholding? 
Three classes 

    Minimize the weighted variance od 
the entropy 

Weighted variance 

  
  

Assign pixels in the middle intensity 
class to the foreground or the 
background? 

Foreground 

  
  

Select the smoothing method for 
thresholding 

Automatic 

    Threshold correction factor 1 
    Lower and upper bounds on 

threshold 
0.2-1.0 

    Method to distinguish clumped 
objects 

Intensity 

    Method to draw dividing lines 
between clumped objects 

Intensity 

    Automatically calculate size of 
smoothing fi lter for declumping 

Yes 

  
  

Automatically calculate minimum 
allowed distance between local 
maxima 

Yes 

  
  

Speed up by using lower-resolution 
image to find local maxima 

Yes 

    Retain outlines of the identified 
objects 

Yes 

    Name the outline image NucleiOutlines 
    Fi l l holes in identified objects? No 
  

  
Handling of objects if excessive 
number of objects identified 

Continue 
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6 MeasureImageArea 

Occupied 
Measure the area occupied in a 
binary image, or in objects? 

Objects 

    Select objects to measure Nuclei 
    Retain a binary image of the object 

regions? 
No 

7 MeasureImage 
Intensity 

Select an image to measure 
 

Alexa488 
 

8 OverlayOutlines Display outlines on a blank image? No 

    Select image on which to display 
outlines 

MergedColour 

    Name the output image ColourOverlay 
    Outline display mode Color 
    Width of outlines 1 
       
    Select outlines to display NucleiOutlines 
    Select outline color Red 
      
9 SaveImages Select the type of image to save Image 
    Select the image to save MergedColour 
    Select method for constructing fi le 

names 
From image fi lename 

    Select image name for fi le prefix DAPI 
    Append a suffix to the image file 

name? 
Yes 

    Text to append to the image name _MergedColour 
    Saved fi le format tif 
    Image bit depth 8 
    Output fi le location Same folder as image 
    Overwrite existing files without 

warning? 
No 

    When to save Every cycle 
    Rescale the images? No 
    Select colormap gray 
    Record the fi le and path 

information to the saved image? 
No 

    Create subfolders in the output 
folder? 

No 

        
10 SaveImages Select the type of image to save Image 

    Select the image to save ColourOverlay 
    Select method for constructing fi le 

names 
From image fi lename 

    Select image name for fi le prefix DAPI 
    Append a suffix to the image file 

name? 
Yes 

    Text to append to the image name _ColourOverlay 
    Saved fi le format tif 
    Image bit depth 8 
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    Output fi le location Same folder as image 
    Overwrite existing files without 

warning? 
No 

    When to save Every cycle 
    Rescale the images? No 
    Select colormap gray 
    Record the fi le and path 

information to the saved image? 
No 

    Create subfolders in the output 
folder? 

No 

        
11 ExportTo 

Spreadsheet 
Select the column delimiter  Comma (",") 

    Output fi le location Default Output Folder 
    Add image metadata columns to 

your object data fi le? 
No 

    Limit output to a size that is 
allowed in Excel? 

No 

    Representation of Nan/Inf? NaN 

    Select the measurements to export No 
    Calculate the per-image mean 

values for object measurements? 
No 

    Calculate the per-image median 
values for object measurements? 

No 

    Calculate the per-image standard 
deviation values for object 
measurements? 

No 

    Create a GenePattern GCT fi le? No 

    Export all measurement types? Yes 

        

 

Table A-0-4: CellProfiler™ pipeline for the measurement of vascular area in fluorescence 
images 

Order Module Parameters Input 
  Input modules     
1 Images Filter images? Images only 
        
2 Metadata Extract metadata? Yes 
    Metadata extraction method Extract from file/folder 

names 
    Metadata source File name 
        
    Extract metadata from All  images 
        
3 NamesAndTypes Assign a name to Image matching rules 
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    Fi le does contain _C0001.tif 
    Name to assign these images DAPI 
    Select the image type Greyscale image 
    Set intensity range from Image metadata 
        
    Fi le does contain _C0002.tif 
    Name to assign these images Alexa488 
    Select the image type Greyscale image 
    Set intensity range from Image metadata 
        
  Analysis modules    

 4 GreyToColor Select a color scheme  RGB 
    Select image to be colored red  Leave this blank 
    Select image to be colored green Alexa488 
    Select image to be colored blue DAPI 
    Name the output image MergedColour  
    Relative weight for the green 

image  1 

    Relative weight for the blue image  1 
        

 5 IdentifyPrimary 
Objects  

Select the input image DAPI  

    Name the primary objects to be 
identified 

Nuclei  

    Typical diameter of objects, in pixel 
units (Min,Max) 

10-30  

    Discard objects outside of the 
diameter range? 

No 

  
  

Discard objects touching the 
border of the image? 

No 

    Threshold strategy Global 
    Thresholding method Otsu 
    Two-class or three-class 

thresholding? 
Three classes 

  
  

Minimize the weighted variance od 
the entropy 

Weighted variance 

  
  

Assign pixels in the middle intensity 
class to the foreground or the 
background? 

Foreground 

    Select the smoothing method for 
thresholding 

Automatic 

    Threshold correction factor 1 
    Lower and upper bounds on 

threshold 
0.2-1.0 

    Method to distinguish clumped 
objects 

Intensity 

    Method to draw dividing lines 
between clumped objects 

Intensity 

    Automatically calculate size of 
smoothing fi lter for declumping 

Yes 
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Automatically calculate minimum 
allowed distance between local 
maxima 

Yes 

    Speed up by using lower-resolution 
image to find local maxima 

Yes 

    Retain outlines of the identified 
objects 

Yes 

    Name the outline image NucleiOutlines 
    Fi l l holes in identified objects? No 
    Handling of objects if excessive 

number of objects identified 
Continue 

        
6 MeasureImageArea 

Occupied 
Measure the area occupied in a 
binary image, or in objects? 

Objects 

    Select objects to measure Nuclei 
    Retain a binary image of the object 

regions? 
No 

7 IdentifyPrimary 
Objects  

Select the input image Alexa488  

  
  

Name the primary objects to be 
identified 

Vessels 

  
  

Typical diameter of objects, in pixel 
units (Min,Max) 

10-200  

  
  

Discard objects outside of the 
diameter range? 

No 

    Discard objects touching the 
border of the image? 

No 

    Threshold strategy Global 
    Thresholding method Otsu 
    Two-class or three-class 

thresholding? 
Two classes 

    Minimize the weighted variance od 
the entropy 

Weighted variance 

    Select the smoothing method for 
thresholding 

Automatic 

    Threshold correction factor 1 
    Lower and upper bounds on 

threshold 
0.0-1.0 

    Method to distinguish clumped 
objects 

Intensity 

    Method to draw dividing lines 
between clumped objects 

Intensity 

  
  

Automatically calculate size of 
smoothing fi lter for declumping 

Yes 

  
  

Automatically calculate minimum 
allowed distance between local 
maxima 

Yes 

    Speed up by using lower-resolution 
image to find local maxima 

Yes 

    Retain outlines of the identified 
objects 

Yes 

    Name the outline image VesselsOutlines 
    Fi l l holes in identified objects? No 



Appendix D: CellProfiler™ pipelines 

221 
 

    Handling of objects if excessive 
number of objects identified 

Continue 

        
8 MeasureImageArea 

Occupied 
Measure the area occupied in a 
binary image, or in objects? 

Objects 

    Select objects to measure Vessels 
    Retain a binary image of the object 

regions? 
No 

9 OverlayOutlines Display outlines on a blank image? No 

    Select image on which to display 
outlines 

MergedColour 

    Name the output image ColourOverlay 
    Outline display mode Color 
    Width of outlines 1 
       
    Select outlines to display NucleiOutlines 
    Select outline color Yellow 
  

  

 
Select outlines to display 
Select outline color 
 

 
VesselsOutlines 
Red 

10 SaveImages Select the type of image to save Image 
    Select the image to save MergedColour 
    Select method for constructing fi le 

names 
From image fi lename 

    Select image name for fi le prefix DAPI 
    Append a suffix to the image file 

name? 
Yes 

    Text to append to the image name _MergedColour 
    Saved fi le format tif 
    Image bit depth 8 
    Output fi le location Same folder as image 
    Overwrite existing files without 

warning? 
No 

    When to save Every cycle 
    Rescale the images? No 
    Select colormap gray 
    Record the fi le and path 

information to the saved image? 
No 

    Create subfolders in the output 
folder? 

No 

        
11 SaveImages Select the type of image to save Image 

    Select the image to save ColourOverlay 
    Select method for constructing fi le 

names 
From image fi lename 

    Select image name for fi le prefix DAPI 
    Append a suffix to the image file 

name? 
Yes 

    Text to append to the image name _ColourOverlay 
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    Saved fi le format tif 
    Image bit depth 8 
    Output fi le location Same folder as image 
    Overwrite existing files without 

warning? 
No 

    When to save Every cycle 
    Rescale the images? No 
    Select colormap gray 
    Record the fi le and path 

information to the saved image? 
No 

    Create subfolders in the output 
folder? 

No 

        
11 ExportTo 

Spreadsheet 
Select the column delimiter  Comma (",") 

    Output fi le location Default Output Folder 
    Add image metadata columns to 

your object data fi le? 
No 

    Limit output to a size that is 
allowed in Excel? 

No 

    Representation of Nan/Inf? NaN 

    Select the measurements to export No 
    Calculate the per-image mean 

values for object measurements? 
No 

    Calculate the per-image median 
values for object measurements? 

No 

    Calculate the per-image standard 
deviation values for object 
measurements? 

No 

    Create a GenePattern GCT fi le? No 

    Export all measurement types? Yes 
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Morel, K. L., Ormsby, R. J., Bezak, E., Sweeney, C. J. and
Sykes, P. J. Parthenolide Selectively Sensitizes Prostate Tumor
Tissue to Radiotherapy while Protecting Healthy Tissues In
Vivo. Radiat. Res. 187, 501–512 (2017).

Radiotherapy is widely used in cancer treatment, however
the benefits can be limited by radiation-induced damage to
neighboring normal tissues. Parthenolide (PTL) exhibits anti-
inflammatory and anti-tumor properties and selectively
induces radiosensitivity in prostate cancer cell lines, while
protecting primary prostate epithelial cell lines from radia-
tion-induced damage. Low doses of radiation have also been
shown to protect from subsequent high-dose-radiation-
induced apoptosis as well as DNA damage. These properties
of PTL and low-dose radiation could be used to improve
radiotherapy by killing more tumor cells and less normal
cells. Sixteen-week-old male Transgenic Adenocarcinoma of
the Mouse Prostate (TRAMP) and C57BL/6J mice were
treated with PTL (40 mg/kg), dimethylaminoparthenolide
(DMAPT, a PTL analogue with increased bioavailability)
(100 mg/kg), or vehicle control three times over one week
prior to combinations of low (10 mGy) and high (6 Gy) doses
of whole-body X-irradiation. Tissues were analyzed for
apoptosis at a range of time points up to 72 h postirradiation.
Both PTL and DMAPT protected normal tissues, but not
prostate tumor tissues, from a significant proportion of high-
dose-radiation-induced apoptosis. DMAPT provided superior
protection compared to PTL in normal dorsolateral prostate
(71.7% reduction, P ¼ 0.026), spleen (48.2% reduction, P ¼
0.0001) and colorectal tissue (38.0% reduction, P ¼ 0.0002),
and doubled radiation-induced apoptosis in TRAMP prostate
tumor tissue (101.3% increase, P ¼ 0.039). Both drugs
induced the greatest radiosensitivity in TRAMP prostate
tissue in areas with higher grade prostatic intraepithelial
neoplasia (PIN) lesions. A 10 mGy dose delivered 3 h prior to
a 6 Gy dose induced a radioadaptive apoptosis response in
normal C57Bl/6J prostate (28.4% reduction, P ¼ 0.045) and
normal TRAMP spleen (13.6% reduction, P ¼ 0.047),
however the low-dose-adaptive radioprotection did not
significantly add to the PTL/DMAPT-induced protection in

normal tissues, nor did it affect tumor kill. These results
support the use of the more bioavailable DMAPT and low-
dose radiation, alone or in combination as useful radiopro-
tectors of normal tissues to alleviate radiotherapy-induced
side-effects in patients. The enhanced radiosensitisation in
prostate tissues displaying high-grade PIN suggests that
DMAPT also holds promise for targeted therapy of advanced
prostate cancer, which may go on to become metastatic. The
redox mechanisms involved in the differential radioprotec-
tion observed here suggest that increased radiotherapy
efficacy by DMAPT is more broadly applicable to a range
of cancer types. � 2017 by Radiation Research Society

INTRODUCTION

Radiotherapy is widely used in cancer treatment.
Although current radiotherapy protocols can be highly
effective, not all cancer cells may be killed, and damage to
surrounding normal tissue is common. Damage to normal
tissue can result in short and long-term complications (1,
2). Prostate irradiation can cause rectal damage leading to
pain or bleeding in the short term, while the long-term
effects may include incontinence and impotence. Signif-
icant research has been expended identifying potential
radioprotector molecules to reduce the short and long-term
effects of radiotherapy including amifostine (3, 4), Tempol
(5), N-acetylcysteine (6, 7), MnSOD (8) and antioxidant
vitamins (9, 10) all of which are involved in free radical
scavenging, modulation of DNA repair, apoptosis and the
immune system. Results of efficacy have been mixed, with
problems of toxicity and lack of differential radiosensitiv-
ity between normal and tumor tissue. New radioprotectors
that sensitize tumor tissue at the same time as protecting
normal tissue would be ideal, thus increasing cancer kill
rate and reducing unwanted side effects to normal tissue.
Increasing evidence demonstrates that certain mild pro-
oxidant compounds derived from natural herbal medicines
might enhance radiotherapy by modulating the redox state
of cancer cells to high pro-oxidant levels (11, 12). One
such compound is Parthenolide (PTL), a major active
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ingredient derived from the traditional anti-inflammatory
medicinal plant feverfew (Tanacetum parthenium) which
belongs to the family of sesquiterpene lactones containing
an a-methylene-c-lactone moiety and an epoxide group
(13). In addition to its anti-inflammatory effect, PTL has
been shown to be highly toxic in a variety of cancer cell
lines (14–18). Mechanistically, PTL has been shown to
increase apoptosis in cancer cells through inhibition of
multiple pro-survival pathways, such as NF-jB and PI3K-
AKT (11, 19). One of the most interesting discoveries
about PTL’s anti-cancer mechanism has been its ability to
increase radiosensitivity in tumor tissues while at the same
time protecting normal cells from radiation effects. PTL
can preferentially inhibit growth and induce apoptosis of
prostate cancer cell lines compared to normal prostate cells
in vitro and can inhibit prostate tumor initiating cells in
mouse xenografts (20). Recently this differential radiopro-
tection was shown to be mediated by a novel redox
mediated modification of KEAP1 (Kelch-like ECH-
associated protein 1) and Nrf2 [Nuclear factor (erythroid-
derived 2)-like 2] (18). PTL activates NADPH oxidase in
prostate cancer cell lines but not in normal cells, thus
mediating intense oxidative stress in prostate cancer cells
by increasing reactive oxidative species (ROS) generation
and decreasing antioxidant defense capacity (17). Because
prostate cancer cells are under higher endogenous levels of
oxidative stress it is hypothesized that additional exposure
to the ROS induced by PTL pushes cancer cells toward
death, whereas normal cells maintain redox homeostasis
through KEAP1/Nrf2 mediated adaptive oxidative re-
sponses. These results demonstrate that PTL has the
potential to reduce the radiation-induced side-effects of
radiotherapy while killing more tumor cells and facilitating
increased radiation doses in radiotherapy.

During radiotherapy, patients are not only exposed to high
therapeutic doses of radiation but can also receive low doses
of radiation during CT imaging protocols. This is becoming
increasingly common with the use of image guided
radiotherapy. Low doses of radiation (generally below 100
mGy) given before a high dose are known to ‘‘condition’’
cells resulting in protection from a proportion of the high-
dose-induced damage. This has been termed the radio-
adaptive response [reviewed in (21, 22)]. The conditioning
dose can result in reduced genetic damage (23, 24) and
apoptosis (25–27) in normal cells, decreased tumor
incidence and increased tumor latency (28–30) compared
to the effects of the high dose alone. The exact mechanism
of the radio-adaptive response is not fully understood, but it
is known that p53 (31), ROS (31, 32), NF+B (33, 34),
MnSOD (35) and several pathways in the immune system
(36, 37) play important roles. This raises the possibility that
image doses of radiation, which are usually less than 100
mGy may therefore act as a radioprotector of normal tissue.
The low-dose radio-adaptive response has conventionally
been considered to only be active in normal cells and that
tumor cells are no longer responsive to low ‘adapting’ doses

of radiation (38), however, it has been recently demonstrat-
ed that low doses of radiation can elicit an adaptive response
in tumor cells as well involving increased expression of
survivin, an apoptosis inhibiting protein (39). Importantly, it
has been shown that PTL suppresses survivin (40). The
timing between the image and radiotherapy dose is likely to
be important in the ability of the image dose to protect
tumor cells. This creates a dilemma for image-guided
radiotherapy where the image dose may be protecting
normal tissue and may therefore be reducing damaging side
effects to normal tissue but at the same time be protecting
the tumor and therefore reducing the efficacy of radiother-
apy. Here we investigated if a low dose of radiation, in the
range of conventional imaging doses, could contribute to
protecting normal and tumor tissue from high-dose-induced
damage, in the presence and absence of PTL and a more
bioavailable analogue of PTL, dimethylaminoparthenolide
(DMAPT) (41).

PTL has not previously been studied in mice with a
normal immune system which is important for the
radioadaptive response or in an autochthanous cancer model
which more closely approximates cancer formation and
progression in humans. The autochthanous TRansgenic
Adenocarcinoma of the Mouse Prostate (TRAMP) model of
prostate cancer (42) was used as a proof-of-principle to test
whether intrinsic differences in cellular redox conditions
can be used to kill tumor cells while protecting healthy cells
from unwanted side effects of radiation in vivo.

MATERIALS AND METHODS

Preparation and Storage of PTL

PTL (Sigma-Aldrich, Castle Hill, Australia) was kept as a stock
solution at 100 mg/mL in absolute ethanol and stored at –208C. On the
day of treatment, PTL stock was diluted tenfold to form a slurry in
saline (0.9% Sodium Chloride for Irrigation, Baxter Healthcare, Old
Toongabbie, Australia). DMAPT was obtained from Dr. Peter Crooks
(University of Arkansas for Medical Sciences, Little Rock, AR) and
stored at –208C. On the day of treatment, DMAPT was dissolved at 20
mg/mL in sterile water.

Mice

Ethics approval for this study was obtained from the Flinders
University Animal Welfare Committee and the SA Pathology/Central
Adelaide Local Health Network Animal Ethics Committee.

C57BL/6J mice were purchased from the Australian Animal
Resources Centre (Perth, Australia). The TRAMP mouse model was
originally described by Greenberg et al. (42). TRAMP mice contain a
PB-SV40 Tag transgene that uses a probasin promoter, which is
switched on at puberty in the prostate and induces high grade PIN
(prostatic intraepithelial neoplasia) and or well differentiated prostate
cancer by 16 weeks of age. Nonprostate TRAMP tissues are normal.
The male TRAMP mice used in this study were bred using
hemizygous female C57BL/6J TRAMP mice (C57BL/ 6J-
Tg(TRAMP)8247Ng) crossed to nontransgenic male FVB mice,
producing both transgenic and nontransgenic F1 offspring (C57BL/6J-
Tg (TRAMP)8247Ng 9 FVB). The transgenic status of mice was
determined by polymerase chain reaction (PCR) using the previously
published protocol by Hurwitz et al. (30). Mice were housed in micro-
isolator cages with 12 h light/dark cycles. Food [Rat and Mouse
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Pellets (irradiated), Specialty Feeds, Glen Forrest, Australia] and water
were provided ad libitum. All TRAMP mice came from timed matings
and were born within 4 days of each other to limit variability in tumor
formation.

Treatment with Parthenolide/DMAPT and Radiation

All studies were performed on 16-week-old C57BL/6J or TRAMP
mice. At this age TRAMP mice are in early stages of prostate tumor
development and most prostate tissues have moderate to high levels of
PIN. Mice were administered 40 mg/kg of PTL, 100 mg/kg DMAPT
or vehicle controls (10% ethanol in saline or sterile water,
respectively) by oral gavage 33 per week for one week. A dose of
100 mg/kg of DMAPT was selected as it is the highest safe dose tested
in vivo (43). Due to the low solubility of PTL a dose of 100 mg/kg was
deemed unfeasible for this study; therefore, 40 mg/kg was selected due
to previous in vivo use (20). Twenty-four h after the final PTL or
DMAPT treatment, mice were exposed to whole-body X irradiation.
Mice were restrained in individual compartments of a 6-mm thick
Perspex holder during the irradiation. Mice received either 6 Gy alone
(Fig. 1A and C), 10 mGy followed by 6 Gy irradiation, sham
irradiation followed by 6 Gy, or 10 mGy followed by sham irradiation,
with a 3 h interval between irradiations (Fig. 1B). Irradiation was
performed using either a 6 MV X-ray beam from a Varian 600CD
Linear Accelerator (Varian Medical Systems, Inc., Palo Alto, CA) or
300 kV X-ray beam from a X-RAD 320 Cabinet irradiator (Precision
X-Ray Inc., North Branford, CT) for experiments where mice were
administered 6 Gy. Irradiation with 10 mGy was carried out using the
X-RAD 320 Cabinet irradiator. The dose calibration of the Varian
600CD Linear Accelerator was made according to the International
Atomic Energy Agency’s technical report on Absorbed Dose
Determination in External Beam Radiotherapy (series no. 398) (44).
The dose calibration of the orthovoltage 300 kV X-ray beam produced
by the X-RAD 320 was performed according to the Institute of
Physics and Engineering in Medicine and Biology (IPEMB) protocol

(45, 46). Control sham-irradiated mice underwent the same procedures
as irradiated mice; however, the X-ray machines were not turned on.
At the appropriate time point after X irradiation, mice were euthanized
using CO2 asphyxiation. At necropsy, full tissue panels were taken
from all mice and snap frozen on dry ice in OCT cryoprotectant
medium (Tissue-tek, Japan). Prior to analysis, prostates were thawed
and micro-dissected in ice cold phosphate buffered saline (PBS), then
immediately re-embedded in OCT. Tissues were stored at –808C until
required for analysis.

Immunohistochemistry

Frozen prostate sections (4 lm) were cut and mounted on APES-
treated (3-aminopropyltriethoxysilane) (Sigma-Aldrich) glass slides.
The TUNEL protocol was performed using the In Situ Cell Death
Detection Fluorescein Kit (Roche Diagnostics, Germany) according
to the manufacturer’s instructions. Sections were dried overnight at
room temperature after sectioning, fixed in 1% formaldehyde (in
PBS) for 30 min, and permeabilised (1% Triton-X100/1% sodium
citrate in PBS) for 10 min before application of TUNEL reagents
diluted to 50% with TUNEL dilution buffer. DNase I-treated (Sigma-
Aldrich) sections with label solution only (Tdt enzyme omitted) or
complete TUNEL solution were used for negative and positive
controls, respectively. DNase I-untreated sections were also
incubated with label solution only, as a negative control. Slides
were mounted with Vectashieldt (Vector Laboratories) with DAPI
(40,6-diamidino-2-phenylindole) and stored in the dark at 48C.
Gamma-H2AX was used as a surrogate marker for apoptosis in
TRAMP prostate tissue due to high-nonspecific staining using
TUNEL as described by Lawrence et al. (47). For detection of c-
H2AX, frozen sections were prepared, fixed and permeabilized as
described above, then blocked for 1 h at room temperature [5% goat
serum (Sigma-Aldrich) þ 0.1% Tween-20 in PBS]. Sections were
incubated with mouse anti-c-H2AX antibody conjugated to Alexa
Fluort 488 (9719, Cell Signaling) at a 1/100 dilution in 1% goat

FIG. 1. Schematic overview of the PTL/DMAPT treatment and irradiation protocols. In all experiments mice
received 3 doses of PTL or DMAPT on day 1, 4 and 7, and were irradiated 24 h after the last dose. Panel A:
TRAMP and C57BL/6J mice received either a 6 Gy dose or sham irradiation and analysis was performed 6 h
postirradiation. Panel B: TRAMP and C57BL/6J mice received either a 10 mGy dose or sham irradiation,
followed by a 6 Gy dose or sham irradiation 3 h later, and tissues were analyzed 6 h postirradiation. Panel C:
TRAMP mice received a 6 Gy dose or sham irradiation and analysis was performed at 6, 24 or 72 h
postirradiation.
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serum overnight at 48C. Sections were then washed in PBST (6 3 2
min) and mounted as described above. Routine hematoxylin and
eosin staining was carried out on frozen tissue sections to study
prostate tissue morphology. In addition to studying prostate tissues,
colorectal tissues were selected as a normal tissue for analysis given
the importance of protecting the rectum and colon during prostate
cancer therapy; the spleen was selected as an additional normal tissue
due to its role in immune function and because the radioadaptive
response has been well studied in spleen.

Image Acquisition, Processing and Analysis

Immunofluorescent images from each tissue section were captured
with the use of an external digital camera (DP73; Olympus) on a
BX63 Automated Fluorescent Microscope (Olympus). Thirty random
fields were taken per tissue section at 203 (spleen) and 403 (colorectal
and dorsolateral prostate) magnification. Images were analyzed by
CellProfilere software to detect the number of total nuclei and
apoptotic cells. In dorsolateral prostate and colorectal tissue sections
CellProfiler software identified and counted individual cells from
fluorescent images. For analysis of dorsolateral prostate, 30 random
nonoverlapping microscope fields were analyzed to obtain a stable
mean apoptotic frequency in epithelial cells. Stromal cells were not
included in this analysis. For spleen, 30 random nonoverlapping
microscope fields were analyzed to obtain a stable mean apoptotic
frequency. Due to the density of cells in the spleen, cell counts were
estimated from total cell area and apoptotic frequency measured for all
spleen cells. For colorectal analysis, 50 intact crypts were counted to
identify a mean number of apoptotic cells per crypt. Only epithelial
cells were analyzed by this method. Statistical analyses used Graph
Pad version 7 software with a significance of P , 0.05 used in all
analyses. For comparison of two treatment groups, data were first
tested for normality using a D’Agostino-Pearson test and equality of
variance using an F test; when data was normally distributed with
equal variance between groups a t test was used for analysis, where
data was non-normally distributed a Mann-Whitney test was used. To
assess the relationship between two sets of data, a linear regression
analysis was used.

RESULTS

Parthenolide Protects Normal Tissues from Radiation-
Induced Damage when Delivered Alone or In Combination
with a Conditioning Low Dose of Radiation

C57BL/6J and TRAMP mice were treated as per the
protocol described in Fig. 1A to determine if PTL could
protect from apoptosis induced by a high dose of radiation
in normal tissues, and to determine if normal tissues
responded differently in the different strains of mice. Across
all experiments baseline apoptosis frequency in normal
tissues did not differ significantly between C57BL/6J and
TRAMP strains (n ¼ 12–26); mean baseline apoptosis
frequency in both mouse strains was 0.0041 (6 0.0023 SD)
in normal dorsolateral prostate, and 0.0074 (6 0.0036 SD)
in normal spleen, with mean baseline of 0.53 (6 0.17 SD)
apoptotic cells per crypt in normal colorectal tissues. When
analyzed 6 h after exposure to 6 Gy, the mean apoptosis
frequency increased 31-fold to 0.13 (6 0.035 SD) in normal
dorsolateral prostate (n¼ 23), and 29-fold to 0.21 (6 0.027
SD) in normal spleen (n¼67), with mean apoptotic cells per
crypt increasing 11-fold to 5.81 (6 0.54 SD) in normal
colorectal tissue of C57BL/6J mice (n ¼ 67). PTL (40 mg/
kg) induced a partial protection from 6 Gy radiation-
induced apoptosis in normal C57BL/6J dorsolateral prostate
(34.5% reduction, P¼ 0.002), and spleen (17.3% reduction,
P ¼ 0.041) tissues and in normal TRAMP spleen tissues
(31.4% reduction, P ¼ 0.01) 6 h postirradiation (Fig. 2).
Radiation-induced apoptosis was not significantly reduced
by PTL in normal colorectal tissues of either mouse strain.

C57BL/6J mice were treated as per the protocol described
in Fig. 1B to determine if a 10 mGy-conditioning dose of

FIG. 2. Mean apoptosis (61 SD) in (panel A) normal C57BL/6J dorsolateral prostate, and normal C57BL/6J
and TRAMP (panel B) spleen and (panel C) colorectal tissue after 33 40 mg/kg PTL or vehicle control
treatments over 1 week, with exposure to 6 Gy whole-body X irradiation 24 h after the final treatment, with
analysis at 6 h postirradiation. *P , 0.05, n ¼ 5–15.
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radiation could add to PTL-induced reduction of apoptosis
in normal tissues after 6 Gy (Fig. 3). A dose of 10 mGy
alone induced a significant increase in apoptosis (489.5%
increase, P¼ 0.017) in spleen (Fig. 3B); but not in prostate
or colorectal tissues (Fig. 3A and C) when analyzed 9 h
postirradiation. In the absence of PTL, the 10 mGy-
conditioning dose induced a radio-adaptive response when
delivered 3 h before a 6 Gy high dose in the dorsolateral
prostate (28.4% reduction in apoptosis, P ¼ 0.045),
compared to the sham-conditioning dose plus 6 Gy
exposure (Fig. 3A). There was also a trend towards an
adaptive response in normal spleen tissue (15.8% reduction
in apoptosis, P¼ 0.084) (Fig. 3B). PTL decreased apoptosis
in sham-treated dorsolateral prostate (28.7% reduction, P¼
0.048) and reduced 6 Gy-induced apoptosis in the presence
and absence of a 10 mGy-conditioning dose in spleen and
prostate (P , 0.05), however a 10 mGy dose did not
significantly add to PTL-induced protection from apoptosis
(P . 0.05).

Comparison of Radioprotection using PTL and DMAPT

The efficacy of DMAPT (a PTL analogue with increased
solubility and bioavailability) was compared with PTL in
C57BL/6J mice using the protocol shown in Fig. 1A.
DMAPT increased the magnitude of radioprotection from 6
Gy-induced apoptosis in normal C57BL/6J mouse dorso-
lateral prostate (71.7% reduction, P¼ 0.026), spleen (48.2%
reduction, P ¼ 0.0001) and colorectal tissues (38.0%
reduction, P ¼ 0.0002), compared to the radioprotection
provided by PTL (dorsolateral prostate: 41.4% reduction, P
¼ 0.045; spleen: 29.5% reduction, P ¼ 0.011; colorectal:
15.7% reduction, P ¼ 0.067) (Fig. 4). Compared to PTL,
DMAPT increased radioprotection in dorsolateral prostate,
spleen and colorectal tissues by a further 1.6–2.4-fold.

DMAPT Radioprotects Normal Tissues while Sensitizing
Tumors to Radiation-Induced Damage

TRAMP mice were treated as per the protocol shown in
Fig. 1B. TRAMP mice were treated with DMAPT and X
irradiated with 6 Gy in the presence or absence of a 10
mGy-conditioning dose (Fig. 5). In the absence of DMAPT,
a 10 mGy-conditioning dose delivered 3 h prior to the high-
dose-reduced 6 Gy-induced apoptosis in normal TRAMP
spleen (13.6% reduction, P¼ 0.047) (Fig. 5B), compared to
animals that received a sham-conditioning dose. In normal
TRAMP spleen and colorectal tissues, DMAPT reduced 6
Gy-induced apoptosis in the presence and absence of a 10
mGy conditioning dose, compared to vehicle-control-
treated mice (Fig. 5B and C). In the TRAMP model, most
prostates are in the mid-stages of tumor development by 16
weeks of age. Across all experiments (n ¼ 26 mice), mean
apoptosis frequency in TRAMP dorsolateral prostate was
0.012 (6 0.0046 SD) at baseline and increased 11-fold to
0.1344 (6 0.053 SD) after 6 Gy irradiation (n¼ 51 mice).
DMAPT increased radiation-induced apoptosis in TRAMP
prostate tissues in the absence and presence of a 10 mGy
conditioning dose (81.9% increase, P ¼ 0.02; 135.0%
increase, P¼ 0.0024, respectively) (Fig. 5A). In the absence
of DMAPT, there was no significant difference in apoptosis
in TRAMP prostate PIN tissue with or without a 10 mGy
conditioning dose.

Differential Radiosensitization from DMAPT in TRAMP
Tissues Persists beyond the Initial Phase of Apoptosis

In temporal studies, TRAMP mice were treated as per the
protocol described in Fig. 1C. In the absence of radiation,
apoptosis in spleen, colorectal and dorsolateral prostate
tissue was not significantly different between treatment

FIG. 3. Mean apoptosis (61 SD) in normal C57BL/6J mouse (panel A) dorsolateral prostate, (panel B) spleen
and (panel C) colorectal tissue after 33 40 mg/kg PTL or vehicle control treatments over 1 week, with
combinations of exposure to sham, 10 mGy and 6 Gy whole-body X irradiation 24 h after the final PTL
treatment, with analysis at 6 h postirradiation. *P , 0.05, n ¼ 6.

PARTHENOLIDE AS A DIFFERENTIAL RADIOSENSITISER FOR PROSTATE CANCER 505



groups and did not significantly alter across the different
time points (P . 0.05, ANOVA with Turkey’s multiple
comparisons test) (Fig. 6). In TRAMP dorsolateral prostate
(Fig. 6A), significant augmentation of 6 Gy-induced
apoptosis was observed in the DMAPT treated mice at 6
h postirradiation (119.4% increase, P ¼ 0.0018) compared
to vehicle-treated mice. An increase in apoptosis was still
present 18 hours later in the DMAPT-treated group (107.2%
increase, P ¼ 0.048) and apoptosis levels returned to
baseline frequency by 72 h. In colorectal tissues (Fig. 6B), a
reduction in 6 Gy-induced apoptosis was observed 6 and 24
h postirradiation (34.6% reduction, P ¼ 0.0034 and 55.6%
reduction, P ¼ 0.0002), respectively, compared to the
vehicle-control-treated mice. By 72 h, apoptosis returned to
baseline levels. In TRAMP spleen (Fig. 6C-i), radioprotec-
tion was observed in DMAPT treated mice 6 h (40.1%

reduction, P ¼ 0.021) and 72 h (64.3% reduction, P ¼
0.0001) postirradiation. The apoptosis observed at 6 h was

largely follicular in both the DMAPT and vehicle-control-

treated groups exposed to 6 Gy, and had returned to baseline

levels by 24 h. At 72 h there was an increase in apoptosis in

the 6 Gy-vehicle-treated mice, but not in DMAPT-treated

mice. In vehicle-control-treated spleens, this second wave of

apoptosis was again largely follicular (Fig. 6C-ii), however

apoptosis in DMAPT-treated spleen was mostly observed in

extra-follicular red pulp regions.

Enhanced Radiosensitivity of TRAMP Prostate Tumor
Tissue by DMAPT is Greater with Increasing PIN grade

TRAMP dorsolateral prostates were scored for PIN grade

using the method proposed by Berman-Booty et al. (48)

FIG. 5. Mean apoptosis (61 SD) in TRAMP (panel A) dorsolateral prostate, (panel B) spleen and (panel C)
colorectal tissues after 33 100 mg/kg DMAPT or vehicle-control treatments over 1 week, after sham, 10 mGy or
6 Gy whole-body X irradiation (alone or in combination) 24 h after the final DMAPT treatment, with analysis at
6 h postirradiation. *P , 0.05, n ¼ 11–14.

FIG. 4. Mean apoptosis (61 SD) in C57BL/6J mouse (panel A) dorsolateral prostate, (panel B) spleen and
(panel C) colorectal tissues after 33 40 mg/kg PTL, 100 mg/kg DMAPT or vehicle-control treatments over 1
week, after 6 Gy whole-body X-irradiation 24 h after the final drug treatment, with analysis at 6 h
postirradiation. *P , 0.05, n ¼ 6.
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(Fig. 7A–C). This method assigns tissues a score based on
both the most common lesions and the most severe lesions.
In TRAMP dorsolateral prostate tissues most tissues have
developed moderate to high-grade PIN. Although there was
no significant increase in apoptosis in the PTL group
compared to the vehicle-control group (Fig 7D), there was a
significant correlation between the amount of apoptosis
induced by PTL in the presence of 6 Gy irradiation and
increasing PIN grade (R2 ¼ 0.4037, P ¼ 0.015) (Fig. 7E).
There was no significant correlation in apoptosis with
increasing PIN grade (R2¼ 0.0104, P¼ 0.77) in the vehicle-
treated group. Radiation-induced apoptosis doubled in
dorsolateral prostates of TRAMP mice when they were
treated with the more bioavailable DMAPT (101.3%
increase, P ¼ 0.039) (Fig. 7F). As was the case with PTL,
TRAMP dorsolateral prostates with high-grade PIN devel-
opment were preferentially sensitized to radiation-induced
apoptosis when mice were pre-treated with DMAPT (R2 ¼
0.7909, P¼ 0.0001), while tissues with lower grades of PIN
displayed the same apoptosis frequency as those of vehicle
control-treated TRAMP mice (R2 ¼ 0.0242, P ¼ 0.3) (Fig.
7G).

DISCUSSION

A major limiting factor of radiotherapy is normal tissue

toxicity. Prostate cancer radiotherapy can result in short-

term side effects including colorectal injury which can

induce diarrhea and bleeding, while the long-term effects

may include incontinence, impotence and infertility. Here

we investigated the ability of the naturally occurring anti-

inflammatory compound, PTL and the water soluble PTL

analogue, DMAPT, to protect normal tissues and sensitize

prostate tumor tissues to radiation-induced apoptosis.

Previous studies have shown that the increased hydrophi-

licity of DMAPT provides greater bioavailability compared

with PTL (41, 43) and that DMAPT exerts anti-cancer

effects in several cancer types in vivo (43, 49–52). The

increased bioavailability of DMAPT makes it the drug of

choice for future human clinical trials. In vivo, DMAPT has

been shown to selectively radiosensitize human prostate

cancer PC3 cell derived tumors in nude mice (18); however,

these preclinical investigations have been limited to

xenograft studies using immune compromised animals.

Studying the TRAMP model here with an intact immune

FIG. 6. Mean apoptosis (61 SD) in TRAMP (panel A) dorsolateral prostate, (panel B) colorectal and (panel
C-i) spleen tissues after 33 100 mg/kg DMAPT treatments over 1 week, with exposure to a 6 Gy or sham
irradiation, and tissues analyzed at 6, 24 and 72 h postirradiation. *P , 0.05, n¼ 5-15. Panel C-ii: Fluorescently
labeled apoptotic (TUNEL) cells in normal TRAMP spleen at 6, 24 and 72 h postirradiation. Scale bars 50 lm.
At 6 h postirradiation the apoptosis was largely identified in the follicles in both DMAPT and vehicle control
treatment groups; at 72 h, the majority of apoptosis in vehicle-control-treated spleen was still in follicular
regions, however apoptosis in DMAPT-treated spleen was mostly observed in extra-follicular red pulp regions.
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system and where the tumor progression within the prostate
more closely mimics human prostate cancer progression
provides the opportunity to gain a better understanding of
the therapeutic efficacy of PTL. In this study, we observed
simultaneous protection of normal tissues and radiosensiti-
zation of TRAMP prostate tumor tissues to 6 Gy irradiation,
demonstrating the potential for DMAPT to be a therapeutic
for prostate cancer, not only to decrease radiotherapy side
effects but potentially to increase cure rate.

Significant radiosensitivity was observed in TRAMP
dorsolateral prostate with moderate to high-grade PIN
lesions, with DMAPT doubling the frequency of radia-
tion-induced apoptosis in these tissues. Although the
TRAMP mice used were born within 4 days of each other,
TRAMP prostate tumor development progresses at different
rates between individual mice, and there is a relatively wide
range of PIN development between animals. This results in
large variation in apoptosis frequency between animals,
however it allows the effects of PTL to be observed in
different stages of TRAMP prostate tumor development.
Both PTL and DMAPT preferentially increased radiosen-
sitivity in tissues with higher grade PIN, compared to tissues
with lower grades of PIN (based on lesion severity) with
DMAPT showing a stronger correlation, possibly due to the
higher tissue exposure with DMAPT compared to PTL.
High-oxidative-stress levels are a hallmark of prostate
cancer, and ROS levels are particularly elevated in
aggressive prostate tumors compared to localized disease

(53, 54). Oxidative stress has been shown to increase with
increasing PIN grade in TRAMP mice (55) and our data
suggests that PTL/DMAPT may have the greatest effect in
the presence of higher ROS levels. PIN grade in the
TRAMP model does not directly correlate with Gleason
grading of human prostate cancer, however the enhanced
radiosensitization of high-grade-TRAMP PIN tissue may be
an indicator that DMAPT could be highly effective in high-
grade Gleason tumors and potentially for targeted treatment
of metastatic prostate cancer, which often occurs from high-
grade Gleason tumors and is incurable (56).

While PTL and DMAPT enhanced radiation-induced
apoptosis in TRAMP prostate tumor tissue they also
protected from high-dose-radiation-induced apoptosis in
normal tissues with DMAPT showing superior protection in
normal prostate, spleen and colorectal tissue. It was
surprising that the response observed in DMAPT-treated
mice was not more pronounced given both the increased
bioavailability of DMAPT and that a 2.5-fold higher
concentration of DMAPT was used here compared to
PTL. The poor solubility of PTL restricts dosing of mice to
a maximum of 40 mg/kg, providing a maximum plasma
concentration of less than 1 lM, which is well below ideal
therapeutic plasma concentrations of 5–10 lM (57).
DMAPT dosed at 100 mg/kg results in a maximum plasma
concentration above 10 lM (43). Although the increased
dose of DMAPT did not result in a proportionately greater
increase in radioprotection, it still provided a greater

FIG. 7. Representative morphology of TRAMP-dosolaterale-prostate lobes. Panel A: Low-grade PIN, with a
few short papillary proliferations of hyperplastic epithelium projecting into the lumen; panel B: moderate-grade
PIN, with more prominent papillary proliferations of hyperplastic epithelial cells that project into the lumen; and
panel C: high-grade PIN, where the mass of proliferating epithelial cells form a cribriform pattern completely
filling the lumen of the gland. Haematoxylin stain, 403 magnification, scale bars 50 lm. Mean apoptosis (61
SD) in irradiated-TRAMP-dorsolateral prostates after (panel D) 33 40 mg/kg PTL or vehicle control treatments
over 1 week, or (panel F) 3 3 100 mg/kg DMAPT or vehicle control. *P , 0.05, n ¼ 11–15. Apoptosis in
dorsolateral prostate tissue from TRAMP mice treated with (panel E) PTL or (panel G) DMAPT plotted against
PIN tumor grade. TRAMP tissues scored using the method described by Berman-Booty et al. (48)
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therapeutic effect than PTL. The ideal plasma concentration
for maximum radioprotection may be somewhere between 1
and 10 lM. These results suggest that DMAPT could be a
useful clinical tool for alleviating radiotherapy induced
damage to normal tissue, while radiosensitizing tumor
tissue. Amifostine is the only radioprotector currently
approved for protection of normal tissues during radiother-
apy (for treatment of head and neck cancers) (58), however
the effects of the drug are short lived. More than 90% of
amifostine is cleared within 6 min of administration and it
has been shown that if radiotherapy is delivered more than
30 min after amifostine is administered, there may be little
clinical benefit (59). The reported levels of radioprotection
in response to amifostine if delivered within the restrictive
timeframe (59–61) are similar to our results with DMAPT,
however DMAPT may be a more appropriate radioprotector
for clinical use, as here we show that DMAPT can be
delivered at least 24 h before X-ray exposure. There have
also been reported problems with amifostine-induced
toxicity and lack of differential radiosensitivity between
normal and tumor tissue (61, 62), whereas DMAPT has
been shown to be highly tolerated with minimal side effects
in human clinical studies (63, 64). The DMAPT-induced
protection lasted up to 24 h postirradiation in normal
colorectal tissues and to 72 h in normal spleen. If these
effects can be replicated in a clinical setting it may allow
particularly vulnerable tissues to be spared from damage
while having the added benefit of increasing tumor killing
efficacy. Further in vivo analysis of late-stage-radiation
damage to rectum and bladder, such as fibrosis, would help
to determine whether long-term protection of these
particularly vulnerable tissues is possible using DMAPT.
Long-term studies would also allow observation of tumor
progression after DMAPT treatment and high-dose irradi-
ation.

In all experiments, endogenous apoptosis frequencies
observed in TRAMP and C57BL/6J prostate, spleen and
colorectal tissues were all in the range described in the
literature (60, 65, 66). In the absence of radiation, PTL and
DMAPT did not modulate endogenous apoptosis in the
normal tissues except for in one experiment with PTL where
a significant reduction in apoptosis was observed in the
dorsolateral prostate of C57BL/6J mice, but not in spleen or
colon, 30 h after the final drug treatment was delivered. PTL
may be protecting a small number of cells, which would
normally proceed to apoptosis by inducing antioxidant
responses. Given that apoptosis is a normal homeostatic
mechanism that acts to maintain healthy cell populations,
the clinical significance of this reduction below baseline
apoptosis frequency is unclear. The same dose of PTL that
was delivered to C57BL/6J mice in this study has
previously been delivered to NOD/SCID mice thrice weekly
for up to 106 days without any reported negative health
effects (20). Further studies are required to determine if PTL
is reducing endogenous apoptosis, as it would have been
expected that DMAPT would induce a similar or superior

reduction, and this was not observed in the experiments
here.

In addition to high-therapeutic-radiation doses, low doses
of radiation are commonly received by patients prior to and
during radiotherapy in the form of imaging CT scans. Low-
conditioning doses of radiation in the dose range of imaging
CT scans have been shown to induce protection from effects
of subsequent high doses of radiation for a wide range of
biological endpoints including apoptosis in vivo (25–27). In
the absence of PTL/DMAPT, a 10 mGy-dose induced a
radioadaptive response in normal prostate and spleen in
some experiments, with trends towards an adaptive response
in others. A dose of 10 mGy alone induced a significant
increase in apoptosis in C57BL/6J spleen but not in
TRAMP spleen, although in both cases 10 mGy induced a
protection from high-dose-radiation-induced apoptosis,
indicating a radioadaptive response. There has only been
one previous report of increased apoptosis after exposure to
10 mGy alone and that was at 6 h after in utero exposure of
C57BL/6 embryos (67). When 10 mGy was combined with
PTL/DMAPT, the magnitude of radioprotection from 6 Gy-
induced apoptosis was greater. However, 10 mGy did not
result in a significant difference in apoptosis frequency in
the presence of PTL/DMAPT and 6 Gy. If there is an
additive protective effect, it is small.

Beneficial radioadaptive effects in normal tissues in the
context of radiotherapy have been well described in the
literature, however there are very few studies describing
tumor responses to low-dose radiation. Recently radioadap-
tive protection of tumors has been reported in vivo (39). If
low doses of radiation induce a radioadaptive response in
tumors, the efficacy of radiotherapy could be compromised
in an image guided radiotherapy scenario. Here, a 10 mGy
dose of X-irradiation did not induce an adaptive response in
TRAMP prostate PIN tissue, nor did the low-conditioning
dose affect the ability of DMAPT to radiosensitize the
TRAMP prostate PIN tissue. Further studies are required to
determine if the radiation doses and timing of the
conditioning image dose and the radiotherapy dose play a
role in the ability to radioprotect tumor tissue. Transgene-
induced prostate pathology in the TRAMP model is driven
by androgen dependent expression of SV40, which contains
the large and small T-antigens. The large T-antigen in the
transgene interferes with the action of p53 by directly
binding its DNA binding domain, silencing p53’s transcrip-
tional activity (42). The radioadaptive response is known to
be p53 dependent (26) and therefore may not be observable
in TRAMP prostate tissues. Adaptive response studies in a
model with functioning p53 are required to determine if
PTL/DMAPT can counteract any potential radioadaptive
responses in tumors which possess functional p53.

To ensure that the DMAPT-induced radioprotection from
apoptosis observed 6 h postirradiation in normal tissues was
not simply due to a delay in radiation-induced apoptosis,
temporal studies were performed on TRAMP mice treated
with DMAPT and 6 Gy of X radiation. There was no
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delayed induction of apoptosis in DMAPT-treated spleen
and colorectal tissue where protection compared to control-
treated mice was not observed, and radioprotection was
maintained up to 24 h in colorectal tissue and 72 h in spleen.

This suggests that DMAPT is providing protection in the
normal tissues, rather than delaying the apoptotic response.
In normal TRAMP spleen, by 24 h postirradiation, apoptotic
frequency was reduced to almost baseline levels both in the
presence and absence of DMAPT. Unexpectedly, a second

wave of apoptosis was observed at 72 h postirradiation in
the vehicle-control mice, which was significantly inhibited
in the DMAPT-treated mice. There are reports in the
literature of delayed waves of radiation-induced apoptosis
without significant investigation into the underlying mech-

anism; however several reports are correlated with reduced
p53 expression within tissues (68, 69). Komarova et al. (68)
showed that in gamma-irradiated spleen, DNA-damage-
induced apoptosis begins in regions with high levels of p53
mRNA expression, while a slower induction of radiation-

induced apoptosis was observed in regions with lower p53
mRNA expression. Regardless of the underlying mecha-
nism of action, our results indicate that DMAPT protects
normal tissues from a late induction of apoptosis.
Importantly, in TRAMP dorsolateral prostate DMAPT-

induced radiosensitisation was observed up to 24 h
postirradiation, with apoptosis levels returning to baseline
frequency by 72 h. This demonstrates that the radiosensi-
tizing effects of DMAPT lasts for a significant period of
time postirradiation, which is likely to prove useful in a

clinical setting if radiosensitization of tumors continues to
occur up to 24 h after a radiotherapy dose has been
delivered.

In the current study, we used single whole-body doses of
radiation as a proof of principle to determine the potential of
PTL/DMAPT as a radioprotector of normal cells whilst
radiosensitizing tumor cells. Future studies using multiple

fractionated doses targeted to the region of the tumor will
more closely mirror current clinical radiotherapy protocols
for prostate cancer.

In summary, we have shown that DMAPT holds
significant promise for use in conjunction with radiotherapy
for prostate cancer. DMAPT reduced the level of radiation-

induced apoptosis observed in normal tissues of C57BL/6J
and TRAMP mice while doubling the efficacy of tumor cell
killing. DMAPT preferentially radiosensitized regions of
high-PIN grade within TRAMP prostates; this suggests that
DMAPT may be particularly able to target regions of higher

oxidative stress, as is often observed in high-grade-
metastatic prostate cancers. We have also shown that low
doses of radiation may be able to augment the radioprotec-
tive effects of DMAPT in normal tissues. Radiotherapy is
used to treat a wide range of different cancers. The redox
pathways involved in the action of DMAPT are not specific

to prostate cancer (70–72) and therefore there is also the
potential to utilize DMAPT as a differential radioprotector

in conjunction with radiotherapy for other cancer types, as
well as prostate cancer.
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