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Abstract 

Prostate cancer remains a growing problem for the male population, globally. 

Though there have been clinical advances in recent years, there still remains a 

need to develop drugs that can slow or stop progression beyond the organ-

confined phase to distal aggressive metastases. Using the NCI-60 drug screen 

panel, the novel compound, EL102, was identified as a potent cytotoxin from a 

large screen of small molecule inhibitors. Classified as a toluidine 

sulphonamide, EL102 had displayed strong anti-cancer potential in the range of 

cell types assayed. Among these cell lines were prostate cancer models, PC-3 

and DU145. These cell lines, along with fellow prostate cancer in vitro models 

CWR22, 22Rv1 and LNCaP were investigated further for their response to 

EL102 treatment. A 50 % reduction in cell viability was observed upon EL102 

treatment of the in vitro panel, at a dose range of 20–50 nM. When EL102 was 

administered to CWR22 murine xenograft models, in combination with clinically-

used docetaxel, a significant reduction in the rate of tumour growth was 

observed when compared to mice treated with either drug alone. Importantly, 

body weights remained consistent between the treatment arms, suggesting 

doses were well-tolerated, within this cohort. These data suggest the suitability 

of EL102 as a companion treatment. Separately, this study has determined that 

EL102 is a microtubule destabiliser that induces apoptosis.  

A previous 3D-quantitative structure-activity relationship (QSAR) study of 

toluidine sulphonamides, predicted these compounds directly inhibit hypoxia 

inducible factor 1 alpha (HIF1α). The findings of this document support that 

prediction. Moreover, the current study has detailed a role for EL102 as an 

androgen receptor (AR) antagonist which gives credence to the rationale for 

use as an anti-prostate cancer therapy. In vitro investigations, detailed within 

this study, have also asserted that EL102 has the capacity to overcome 

acquired drug-resistance mechanisms associated with MDR1 and BCRP up-

regulation. Overall, EL102 is a multimodal compound which serves to impede 

prostate cancer cell survival through direct inhibition of important cell survival 

cues. 
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1.1 Prostatic Disease 

1.1.1 The Human Prostate 

The male accessory exocrine gland known as the prostate is a compound 

gland, comprised of a collective of 30–50 tubuloacinar glands bound by a 

fibrous muscular vascularised capsule and is located immediately inferior to 

the bladder, where it surrounds the urethra and urinary duct. The average 

fully developed prostate weighs 20 grams and is often compared to a walnut 

in appearance and size, measuring 2x3x4 cm. Its primary function is the 

production of an alkaline liquid which contributes to 20 % of the total volume 

of semen (Aumüller, 1979; Moore & Dalley, 2006; Steive, 1930). Secondary 

to this, the prostate aids at the point of ejaculation through the contraction of 

its encapsulating fibrous muscular layer which transects the prostatic tissue 

into 4 zones: the peripheral zone (PZ), the anterior zone (AZ), the central 

zone (CZ) and the transition zone (TZ). Each zone maintains a distinct ductal 

system (Kumar & Majumder, 1995; McNeal, 1980). The human prostate is 

unusual in that, outside of the central nervous system, it is the most 

abundant producer of nerve growth factor (NGF) (Murphy et al., 1984). 

  

Figure 1.1 – Sagittal view of the male reproductive system (Lepor, 1999). 
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1.1.2 Prostatitis  

Infection of the prostate can sometimes cause a temporary localised 

inflammation and occurs in men of all ages. This is known as prostatitis (Ritz, 

1983). There are three types of prostatitis: acute bacterial prostatitis, chronic 

bacterial prostatitis and chronic non-bacterial prostatitis (Hua & Schaeffer, 

2004; Persson & Ronquist, 1996). Acute bacterial prostatitis, though rare, is 

considered the most severe, in terms of symptoms, with patients usually 

presenting with acute urinary tract infection and increased urinary frequency 

with urgency. Also, patients often exhibit pyrexia, nausea, vomiting and 

burning sensation when urinating. Acute bacterial prostatitis requires 

immediate intervention, as the condition can lead to bladder infections, 

prostatic abscesses or, in extreme cases, complete urinary obstruction. If 

untreated, the condition can result in low blood pressure, and may be fatal. 

This form of prostatitis is usually treated with intravenous (iv) antibiotics, iv 

analgesics and iv fluids (Lockie, 1981). Often the product of repeated urinary 

tract infections that have spread to the prostate gland, chronic bacterial 

prostatitis is widely thought to be asymptomatic for several years in men 

before manifesting. Though symptoms are similar to acute bacterial 

prostatitis, they are less severe and can fluctuate in intensity. Diagnosis can 

be difficult as bacteria are not readily identified in urine. A 1–3 month course 

of oral antibiotics is the preferred method of treatment. Chronic non-bacterial 

prostatitis or chronic pelvic pain syndrome, as it is also known, is the most 

commonly diagnosed form of prostatitis, accounting for 90 % of incidence 

(Lockie, 1981). Symptoms include urinary and genital pain which can be 

confused with interstitial cystitis. Though bacteria are absent from urine, 

alternate markers of inflammation are detected. Alpha-adrenergic blockers 

and non-steroidal anti-inflammatories (NSAIDs) are given to patients with this 

form of prostatitis as treatment (Dunzendorfer & Feller, 1981; Rivero et al., 

2007). While inflammation of tissues has been implicated in the occurrence 

of many cancer types, it is still presently debated whether prostatitis 

increases the risk of prostate cancer. It is however postulated that exposure 

to environmental factors such as microbes and dietary carcinogens, as well 

as hormonal imbalances could result in prostatic injury and development of 
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chronic inflammation and regenerative signalling lesions. This has been 

termed proliferative inflammatory atrophy (PIA) and may escalate to the 

onset of prostatic intraepithelial neoplasia (PIN) and eventually prostatic 

adenocarcinoma development (De Marzo et al., 2007; Sfanos et al., 2014). 

1.1.3 Benign Prostatic Hyperplasia  

Originating in the transition zone, benign prostatic hyperplasia (BPH) is the 

enlargement of the prostate and is diagnosed through digital rectal exam 

(DRE) owing to the proximity of the gland to the rectal wall, and detection of 

elevated prostate specific antigen (PSA) in blood tests (McNeal, 1978). It 

comes about through the proliferation of epithelial and smooth muscle cells 

in the transition zone and is diagnosed histologically following biopsy 

(Bostwick et al., 1992). The reason for this growth is thought to be 

orchestrated by an adulthood reawakening of embryonic processes owing to 

similarities observed in prostate morphogenesis during embryonic stages 

and prostatic hyperplasia (Lowsley, 1912; McNeal, 1978; Price, 1963). The 

increased mass of the prostate may occur in two ways: the direct obstruction 

of bladder outlet (BOO) and the obstruction of the dynamic phase of the 

prostate through increased smooth musculature (Roehrborn, 2008). Though 

not considered life threatening, the lower urinary tract symptoms (LUTS) 

mentioned can impact considerably on quality of life. LUTS increases with 

age. This, when combined with the fact that population life expectancies are 

on the rise, makes probable that the incidence of these problems is set to 

augment in the coming decades (Verhamme et al., 2002). BPH is normally 

treated with an array of pharmacological options. Alpha blockers such as 

alfuzosin and doxazosin, used singularly or in combination with the 5-alpha-

reductase inhibitors, dutasteride or finasteride are the current options open to 

BPH patients. Anticholinergic agents, also known as muscarinic receptor 

antagonists, such as tolterodine may serve to alleviate the overactive bladder 

symptoms that may coexist in cases of BPH (Bautista et al., 2003; Kaplan et 

al., 2006; MacDonald & Wilt, 2005). A number of surgical measures are 

available in complement of or as alternatives to chemical intervention. These 

include the minimally invasive procedures of transurethral needle ablation 

(TUNA) and transurethral microwave thermotherapy (TUMT) or the more 
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aggressive techniques of open prostatectomy or transurethral resection of 

the prostate (TURP). TUNA is widely regarded as a relatively safe process 

reporting low perioperative complications (such as bleeding) with a low to 

non-existent rate of associated erectile dysfunction (ED). If given the choice 

over a more invasive therapy like open prostatectomy, which is typically 

performed on patients with prostate volumes greater than 80 to 100 ml, 

TUNA may be preferred in terms of post-procedure quality of life (Malaeb et 

al., 2012). It has not been overlooked that there is a strong link between BPH 

and prostate cancer occurrence. In fact, in recent years it has become clear 

that those hospitalised as a result of BPH were twice as likely, to develop 

prostate cancer than age matched individuals, in the general population 

while those who underwent BPH-related surgery were three times more at 

risk of prostate cancer (Orsted & Bojesen, 2013).  

1.1.4 Prostate Cancer Diagnosis and Incidence 

As the second leading cause of cancer-related death in men of the Western 

World, prostate cancer between individuals can be quite diverse in terms of 

symptoms and quality of life (Jemal et al., 2011; WHO, 2014). In Ireland, 

approximately 3000 cases are diagnosed annually with higher incidence 

reported on the west coast (NCRI, 2011). Recent statistical data indicate that 

over 500 deaths occur each year in Ireland as a direct consequence of 

prostate cancer progression (NCRI, 2014). Prostate cancer initially manifests 

itself through discovery of a lump or enlargement upon DRE and/or detection 

of elevated serum levels of PSA following blood tests (Aus et al., 2005). In 

Ireland there is currently no national screening programme for the disease. A 

number of risk factors have been identified with regard to prostate cancer 

however these remain poorly understood. What is known is that age certainly 

plays a significant role in risk with diagnosed cases in those less than 40 

years of age being rare, while 60 % of prostate cancer cases are found in 

those over 65 years of age (Greenlee et al., 2001; Nelson et al., 2003). 

Studies in the United States of America (USA) have found that those of 

African descent were found to be not only more at risk of developing prostate 

cancer but were two times more likely to die from the disease than age 

matched non-Hispanic white counterparts. Also, men of Asian descent or 
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Hispanic/Latino extraction were less inclined to be diagnosed than non-

Hispanic white counterparts. When taken together, these data suggest that 

ethnicity could play a substantial role in terms of risk of prostate cancer 

(Mettlin & Murphy, 1994; Mettlin et al., 1995). A genetic predisposition has 

been put forward as the cause of a subset of prostate cancer incidence as 

men reported to possess inherited mutations in BRCA1 and BRCA2  as well 

as those diagnosed with Lynch syndrome (hereditary non-polyposis 

colorectal cancer (HNPCC)) are deemed higher risk candidates. To fully 

understand these risk factors several studies have been commissioned and 

research is ongoing (Castro et al., 2013; Chang et al., 2014; Tryggvadottir et 

al., 2007).  

Clinicians have endeavoured to anticipate the correct clinical course of action 

with regard to treatment so as to minimise the risk of recurrence, progression 

or threat to patient survival. To that end, methods of risk assessment have 

been developed and are used worldwide to determine optimal individual 

treatment based on risk. One such risk assessment is the D’Amico method 

which utilises tumour size (T-stage) determined upon rectal examination 

(more often, in combination with ultrasound examination), PSA level and 

Gleason score to categorise risk as low, intermediate and high. Table 1.1 

summarises the criteria for these three levels of risk. Though considered an 

effective tool in prostate cancer treatment, D’Amico classification does not 

account for a multitude of other risk factors (D'Amico et al., 1998). To tackle 

these shortcomings, the mathematical models of nomograms and CAPRA 

scoring have been implemented to add to the list of variables when 

assessing risk in prostate cancer therapy. Frequently, clinicians will use a 

series of prognostic nomograms as a way to predict the likelihood of prostate 

cancer metastases. This parallel co-ordinate system was developed by the 

French engineer Philbert Maurice d’Ocagne as a way to replace standard 

Cartesian co-ordinates. As is shown in the example in Figure 1.2 (A), a 

nomogram consists of a series of parallel scales, each representing a 

particular variable. In prostate cancer treatment, nomograms are used in 

prediction of outcome only after the method of intervention has been decided 

upon (Kattan et al., 1998; Kattan et al., 2001; Kattan et al., 2000). CAPRA 
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scoring is a method developed at the University of California, San Francisco, 

by which variables are assigned points which when totalled amount to a 

score on a scale of 1 to 10 (Cooperberg et al., 2006; Cooperberg et al., 

2005). An example of this method can be seen in Figure 1.2 (B). 

Table 1.1 – The D’Amico system of patient risk stratification. 

 Low Intermediate High 

PSA ≤ 10 10–20 > 20 

    

Gleason score ≤ 6 7 > 8 

    

T-stage T 1–2a  T 2b T 2c–3a 

    

 

 



8 
 



9 
 

The most common form of prostate cancer is prostatic adenocarcinoma with 

70 % developing in the PZ and 20 % occurring in the TZ (Chodak et al., 

2015; McNeal, 1969; McNeal, 1978). Early stages of the disease are 

asymptomatic which is why, often, only a more progressed stage is detected. 

Initial symptoms prompting medical intervention include, but are not limited 

to, nocturia, increased frequency of urination, pain upon urination, bone pain 

(in ribs, pelvis and/or spine) and ED (Huggins, 1947). Owing to the large 

number of false positives and false negatives for prostate cancer associated 

with detection through PSA testing, it, alone, is not advised as a diagnostic 

measure and for this reason, biopsies are required (Catalona et al., 1994). 

Biopsy of the prostate can be achieved through transurethral, transrectal or 

transperineal routes with insertion of core biopsy needles (Veenema, 1953). 

The most common method of prostatic tissue collection is transrectal biopsy 

(Grabstald & Elliott, 1953). Tissue is then fixed and stained for microscopic 

examination.  

Gleason scoring is a standard method of histologically-determining the 

aggressiveness of prostate tumours and anticipating the likelihood of 

progression this cancer and patient prognosis. It was devised the 1960’s by 

Dr. Donald Gleason and colleagues at the University of Minnesota (Bailar et 

al., 1966). The scoring system works on a scale of 1–5, with each number 

corresponding to a particular glandular histological pattern and cytological 

appearance. Within the specimens, the two most prominent scores are 

added together, giving the final Gleason score. According to the classic 

method, final scores range from 2–10, where a score of 2 offers the best 

prognosis and 10 represents the worst. Figure 1.3 (A) outlines, 

pictographically, the original criteria of Gleason scoring (Gleason, 1977). 

Clinically, however, more recent advances in histological assessment have 

led to the establishment of global consensus guidelines and practices 

amongst histopathologists as to what determines a Gleason score. Figure 

1.3 (B) shows the most up-to-date schematic of Gleason scores. Cancer 

diagnosis is given at detection of Gleason score ≥ 6 (3 + 3) and patterns 1 

and 2, depicted in Figure 1.3 (A) are never reported owing to a 
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reclassification of such tissues as atypical adenomatous hyperplasia 

(adenosis). 

 

Figure 1.3 – Gleason scoring of prostate adenocarcinomas. (A) Original 

schematic of Gleason scoring (Gleason, 1977). (B) Modern, or modified schematic 

of Gleason scoring (Epstein et al., 2005). 

Like the process of PSA testing, prostatic biopsy also has its limitations. The 

variability of the number of cores collected and the locations within the 

prostate from which cores are obtained have the most profound impact on 

cancer detection rates. Recommendations over the past number of years 

suggest collection of 10–12 core biopsies, incorporating tissues from each of 

the prostatic zones. The use of ultrasound technology has assisted in the 

more precise guiding of biopsy needles by the operator (Bjurlin et al., 2013; 

Sfakianos et al., 2011). Although rates of cancer detection have increased 

through biopsy, entire sections of the prostate remain histologically 

unexplored, following the procedure, giving rise to potential oversight of 

particularly aggressive tumours. Also, transrectal biopsies carry considerable 

risk of causing serious infection, when used. It is for these reasons that much 

research has been carried out to determine less invasive methods of 

diagnosis and to identify more accurate novel diagnostic biomarkers of the 
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disease as well as to develop techniques of genetic typing to distinguish 

those most at risk of developing prostate carcinomas (Haiman et al., 2013; 

Kim & Kislinger, 2013).  

Prostate cancer can be categorised into three main disease states, namely 

organ-confined, locally-advanced and advanced (or metastatic) prostate 

cancer. In its organ-confined state, prostate cancer is found solely within the  

tissues of the four zones of the gland while locally advanced prostate cancer 

sees tumour progression in tissues that are prostate-adjacent, such as the 

seminal vesicles or the bladder, in addition to those of the prostate (Fellows 

et al., 1992). Advanced prostate cancer is defined as the spread, or 

metastasis, of cancer arising in the prostate to distant sites within the body. 

The most common routes of metastasis are to osseous and lymphatic 

tissues (Coffey & Pienta, 1987). A major conduit for the relocation to bone is 

widely believed to be the prostatic venous plexus which connects with the 

internal iliac vein which in turn connects to the vertebral venous plexus 

(Batson, 1940). Distal lymph node metastases result through migration of 

cancer to the pelvic lymph node (Datta et al., 2010). 

1.2 Prostate Cancer Treatment 

1.2.1 Prostatectomy  

Prostatectomy is the process of surgical removal of the prostate gland. 

Partial removal of the prostate in a surgical process known as subtotal 

prostatectomy may only be required in benign circumstances, for example, 

urinary obstruction. Malignant occurrences such as that of prostate cancer 

require the more invasive approach of radical prostatectomy, where the 

whole prostate along with the seminal vesicles and vas deferens are 

removed, together with a small portion of the surrounding normal tissue. 

Treatment of low to intermediate risk level prostate cancers may be offered 

clinically in the form of radical prostatectomy alone or in combination with 

another treatment such as radiation. Advanced prostate cancer incidence, 

where metastasis is known to have occurred will not present this option of 

treatment. Metastasis is determined by bone scans, magnetic resonance 

imaging (MRI), computed tomography (CT) or more modern imaging 
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techniques such as positron emission tomography (PET). Failure of 

radiotherapy is sometimes cause for removal of the prostate (Bill-Axelson et 

al., 2005). Alterations to prostatic tissues, brought about through 

radiotherapy may present as a complication in the removal of the prostate 

(Walsh et al., 1983). Prostatectomies may be ‘open’ such as suprapubic 

(through incision of the lower abdomen and through the bladder), retropubic 

(through the lower abdomen and through the pubic bone) and transperineal 

(through the perineum) or may be laparoscopic which may be either free-

hand or robot-assisted (Moslemi & Abedin Zadeh, 2010; Walsh, 1988).  

Robot-assisted laparoscopic prostatectomy is a minimally invasive 

advancement which has been carried out with great success in the past 

number of years. It requires a series of small incisions (usually three) to be 

made along the abdomen through which the robotic arms and high resolution 

camera are placed. The operator, a specially trained surgeon, sits a short 

distance from the surgical table and controls the robotic assembly using two 

joysticks, guided by three-dimensional (3D) images projected by the high-

resolution camera. The system is designed to give greater dexterity to the 

surgeon, minimising perioperative complication risk. This procedure shortens 

patient recovery time, reduces postoperative discomfort and pain as well as 

the risk of infection due to surgery (Guillonneau & Vallancien, 2000).        

1.2.2 Radiotherapy 

1.2.2.1 Brachytherapy 

Brachytherapy is a radioactivity-based therapeutic technique that involves 

the surgical introduction of strategically-placed radioactive isotopes within the 

tumours of an array of cancers. It is frequently used in the treatment of 

prostate cancer to much success as evidenced by the reduction in size of 

tumours combined with low impact on a patient’s quality of life. The 

procedure of implantation is minimally invasive and often offered on an 

outpatient basis. It presents reduced side effects compared to those posed 

by either external beam radiation therapy (EBRT) or prostatectomy 

(DeMuelenaere & Sandison, 1976; Lawton et al., 1991). The isotopes or 

‘seeds’, as they are more commonly known, are composed of Iodine-125 
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(125I), palladium-103 (103Pd) and caesium-131 (131Cs) which emit low yield X-

rays to the surrounding tissue. The resulting DNA damage induced by these 

emissions incurs apoptosis in the tumours of the prostate. Seeds are 

implanted using a needle inserted through the perineum and may deliver low 

dose rate (LDR) of 2–12 gray per hour (Gy h-1) or  high dose rate (HDR) of 

>12 Gy h-1 (Ash et al., 2000; Salembier et al., 2007; Wojcieszek & Bialas, 

2012). Brachytherapy may be carried out in combination with chemotherapy 

and/or EBRT. 

1.2.2.2 External Beam Radiation Therapy 

Conventional EBRT is on the decline as modern advancements become 

more widely available. A method of shaping a radiation beam to match the 

3D-conformation of the prostate, and affected surrounding tissues, is used 

frequently in early-stage prostate cancer treatment. This technique is known 

as 3D-conformal radiotherapy (CRT) (Zietman et al., 2005). Intensity-

modulated radiation therapy (IMRT) is another method of EBRT, designed to 

deliver highly conformal dynamic fields to prostate cancer patients. With the 

utility of sophisticated algorithmic software, a highly focused delivery of 

radiation to the intended tumour tissue targets, and not the adjoining normal 

tissues, is achieved (Jaffray et al., 1999). Increasingly, the hypofractionation 

EBRT method of stereotactic body radiation therapy (SBRT) for prostate 

cancer is being offered clinically (Buyyounouski et al., 2010) 

1.2.3 Hormone Therapy  

Androgens are central to prostate morphogenesis during human embryonic 

development and continue to have importance in the maintenance of healthy 

adult prostate function. When adenocarcinoma arises within prostatic tissue, 

androgen receptor signalling is utilised by the affected cells to sustain 

progression of the disease (Huggins & Hodges, 1941). The realisation of this 

fact has prompted the establishment of methods to disrupt this opportunistic 

mechanism of survival. Although an effective method of slowing prostate 

cancer progression, this androgen deprivation therapy (ADT) should be done 

in combination with another treatment such as radiotherapy (Milecki et al., 

2010).  
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1.2.3.1 Androgen Receptor 

The androgen receptor (AR) belongs to the nuclear receptor superfamily and 

more specifically to the subfamily of steroid receptors, NR3 (Consortium, 

1999; Laudet & Gronemeyer, 2002; Robinson-Rechavi et al., 2003). With a 

10 kb mRNA sequence coding for 900–920 amino acids (aa), AR is a large 

protein expressed in most tissues but especially male reproductive tissues, 

female ovarian and uterine tissues as well as the skeletal muscle, adrenal 

and hepatic tissues of both sexes (Bookout et al., 2006). AR can be 

expressed as one of 2 isoforms A or B (Wilson & McPhaul, 1994). AR and 

the other members of the NR3 subfamily (such as mineralocorticoid receptor 

(MR) and progesterone receptor (PR)) share highly-conserved functional 

domains. Two zinc fingers, chelated by 8 out of 9 cysteine residues present, 

comprise the DNA-binding domain (DBD) (Gronemeyer, 1992). 

Secreted androgens enter target cells by passive diffusion. The cytosolic AR 

is held inactive by a heat shock protein (HSP) complex until binding of the 

androgen occurs. This institutes a conformational change in AR causing the 

dissociation of the HSP complex and homodimerisation of the receptor 

before translocation to the nucleus. Within the nucleus, AR carries out its 

transcription factor (TF) role by coactivator-assisted interaction with genomic 

DNA segments termed androgen response elements (AREs). These are 

palindromic repeat sequences, each spaced by one codon (Roy et al., 2001). 

Interaction with these sequences is regulated by the glycine-serine-cysteine-

lysine-valine (GSCKV, aa 577–581) sequence also known as the proximal-

box (P-box) located on the first zinc finger of the DBD. The stability of this 

interaction is believed to be determined by the distal-box (D-box), located on 

the second zinc finger of the DBD. The D-box consists of an alanine-serine-

lysine-asparagine-aspartic acid residue sequence (aa 596–600) (Claessens 

et al., 2008). The D-box, it is widely believed, influences AR 

homodimerisation (Claessens et al., 1996; Umesono & Evans, 1989). 

Determinants of AR nuclear localisation are held within the hinge region 

which houses the carboxyl terminal extension (CTE). The CTE is thought to 

orchestrate the transactivation of the sequence that immediately succeeds 

the second zinc finger. The 4 aa sequence preceding the CTE and within the 
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hinge sequence is known as the T-box. The T-box is essential for DNA 

interaction as deletion studies have shown that this function is abrogated 

(Wilson et al., 1992).   Figure 1.4 summarises the activation of AR and 

shows the structure of the functional domains of AR. 

 

Figure 1.4 – Androgen receptor activation and structure. (A) Schematic of AR 
activation, translocation and dimerization (modified, (Toner, 2008)).(B) Schematic of 
the functional domains of AR with P-box in green, D-box in red and the nuclear 
localisation signal (NLS) in blue (modified, (Claessens et al., 2008)). 
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1.2.3.2 Gonadotropin-Releasing Hormone Agonists and Antagonists 

Testosterone is an androgen produced in the Leydig cells of the testes of 

males and in small amounts in the adrenal glands of males and females 

(Davison & Bell, 2006; Nussey & Whitehead, 2001). Ovarian production of 

minute testosterone quantities has been reported in females (Adashi, 1994). 

Testosterone is a precursor to the three times more potent 

dihydrotestosterone (DHT). The testes, adrenal glands and prostate all 

orchestrate the conversion of testosterone to DHT through the secretion of 

5α-reductase. A reduction of DHT triggers the release of a hormone from the 

hypothalamus, known as the gonadotropin releasing hormone (GnRH) 

which, in turn, effectuates pituitary gland production of luteinising hormone 

(LH). LH stimulates testosterone production by the Leydig cells allowing 

testosterone conversion to DHT (Blackburn & Albert, 1959; Saartok et al., 

1984). GnRH agonists are given to prostate cancer patients at an advanced 

hormone-responsive stage of the disease to disrupt this process of DHT 

synthesis. The agonists, goserelin and buserelin are frequently used in the 

setting of prostate cancer (Nicholson et al., 1980). Administration of these 

agents initially causes a temporary surge in the amount of systemic 

testosterone production which may have deleterious effects. Side effects of 

LH agonists include hypogonadism. An alternate method considered 

clinically for the disruption of this signalling cascade is treatment with GnRH 

antagonists such as degarelix (Doehn et al., 2006). These bind to pituitary 

GnRH receptors instituting a blockade of LH release without the initial 

testosterone surge witnessed with GnRH agonist exposure. The fall in 

testosterone levels is dramatic if the patient is responsive. It is for this reason 

that these antagonists are given to patients requiring immediate intervention. 

A decrease in prostate size is common side effect of treatment with this 

antagonist and responsiveness can be charted through the lowering of PSA 

blood levels (Nicholson et al., 1980). Both GnRH agonists and GnRH 

antagonists though having opposing cellular effects, ultimately have the 

same systemic effect. Together, the effects elicited by GnRH agonist and 

GnRH antagonist regimends, is termed chemical castration. 
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Figure 1.5 – The activities of (A) GnRH agonists and (B) GnRH antagonists 

(modified (Engel & Schally, 2007)).  

1.2.3.3 Hormone-Responsive Anti-Androgen Therapy 

Rather than affecting the release of testosterone, anti-androgens function 

either through the inhibition of androgen synthesis or by blocking the binding 

of androgens to AR which is expressed in abundance in prostate cancer 

cells. Since the discovery of anti-androgens, early last century, much 

research has been conducted into synthesising potent compounds to halt the 

signalling of AR. One class of anti-androgens serve to block the conversion 

of testosterone to DHT through inhibition of 5α-reductase. Finasteride and 

the more potent dutasteride are two clinically-used 5α-reductase inhibitors 

(5-ARIs) in the treatment of prostate cancer that are capable of binding each 
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of the three known 5α-reductase isoenzymes (I, II and III) (Vermeulen et al., 

1989; Yamana et al., 2010). 

Another class of anti-androgens administered during advanced androgen-

responsive prostate cancer treatment are known as AR antagonists. 

Bicalutamide (Casodex or CDX) is one such antagonist that is often given to 

patients undergoing chemical castration and is the next generation treatment 

replacing widely defunct flutamide and nulitamide, two anti-androgens that 

exhibit higher adverse side effects and a shorter extension of life (Kolvenbag 

et al., 1998) .  

Although each of the above methods have proved to be widely effective in 

the control of prostate cancer, it has been shown that following hormone 

deprivation, testosterone mediated production of DHT can be circumvented 

when DHT is synthesised by the catalysis of androstenedione by SRD5A1 to 

5α-androstanedione. 5α-androstanedione can be readily converted to DHT 

(Chang et al., 2011). Furthermore, there progresses a more aggressive form 

of the disease where the effectiveness of each of the above therapies is 

nullified. In response to this problem, medical research has directed its focus 

to developing a means to slow the progression of this castrate-resistant 

prostate cancer (CRPC). In essence, CRPC is prostate cancer which is 

unaffected by or has adapted to ADT. 

1.2.3.4 Castrate-Resistant Anti-Androgen Therapy 

Even more effective than bicalutamide is anti-androgen enzalutamide which 

has only been approved for clinical use in those with CRPC since 2012. 

Enzalutamide is a multifunctional anti-androgen which works to inhibit the 

nuclear translocation of the AR to which it binds (unlike its predecessor) as 

well as disrupting the binding of AR co-activators and AR to DNA binding. It 

has been shown to effectively extend the survival times of those diagnosed 

with castrate-resistant disease (Aragon-Ching, 2014).  

Abiraterone acetate is an anti-androgen approved for use in CRPC patients 

since 2011. Abiraterone is capable of inactivating the conversion potential of 

steroid intermediates to testosterone through the inhibition of key cytochrome 
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P450 enzyme 17-alpha-monooxygenase and results in reduced levels of 

circulating androgen and slower progression of prostate cancer. Abiraterone 

is an analogue of ketoconazole and was developed by a division of the 

Cancer Research Institute, London, UK. This biosynthesis inhibitor has been 

shown to extend the median survival times of patients by several months (de 

Bono et al., 2011).  

Orteronel, also known as TAK-700, is an alternate form of anti-androgen 

which functions to inhibit CYP17A1, an enzyme capable of the catalysis of 

pregnenolone and progesterone to form androgens that are testosterone 

precursors (Jarman et al., 1998). With the aim of approval for the treatment 

of CRPC patients, clinical development for this androgen biosynthesis 

inhibitor ceased in June 2014 following publication of the findings of a phase 

III clinical trial that showed its administration had no positive outcome as 

regards the extension to life of the patient (Saad et al., 2015). 

A novel anti-androgen currently in phase III clinical trials for the treatment of 

CRPC is Galeterone. Initial data indicate this treatment carries out multiple 

anti-androgenic roles as a CYP17A inhibitor, an androgen receptor 

antagonist and initiator of AR degradation (Purushottamachar et al., 2013).  

ARN-509 is another AR-inhibiting compound which is currently undergoing 

phase III clinical trials in patients presenting with CRPC that is non-

metastatic. To date, this drug has proven to be more efficacious than many 

of the other currently-used AR antagonists as evidenced by its superior anti-

tumour effects in murine xenograft models of human CRPC when compared 

to those treated with enzalutamide (Tran et al., 2009). ARN-509 offers a high 

therapeutic index, indicating potential as a combination therapy and upon 

treatment, delivers a lower basal rate of AR activation, nuclear localisation 

and resultant transcriptional activity following ADT failure than bicalutamide, 

over which ARN509 has a 7–10 fold greater AR-binding affinity (Clegg et al., 

2012). 
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1.2.3.5 Surgical Anti-Androgen Therapy 

Orchiectomy, also known as orchidectomy, is the surgical removal of the 

testes. This option, though effective in causing instant withdrawal of 

androgens from the body, has been offered less and less over the decades 

owing to breakthroughs in the above-mentioned anti-androgen therapies 

(Huggins & Hodges, 1941). 

1.2.4 Prostate Cancer Chemotherapy 

1.2.4.1 Paclitaxel 

In the USA, in the 1960’s, the National Cancer Institute (NCI) commissioned 

numerous screening programmes of naturally-derived compounds, as 

potential treatments for cancers. This was a mammoth undertaking and one 

such screen had concluded that crude tree bark extract of the Pacific yew, or 

Taxus brevifolia was shown to have notable activity in tumours of the murine 

variety. It was not until 1971 that a compound, designated alpha-numerically 

as NSC 125973, was definitively identified as the active ingredient of this 

bark extract, by researchers at the Research Triangle Institute, North 

Carolina. Here, it was given the name ‘taxol’ owing to the fact that it had 

been discovered in the plant genus and that the compound possessed an 

abundance of hydroxyl groups, a characteristic of alcohol (Wani et al., 1971). 

There followed a decade of suspension from the development of taxol due, in 

large part, to the lack in ease of obtaining and extracting the compound 

through the method of fractionation used. In this period, taxol’s mechanism of 

action was noted by one group to enable an incessant stabilisation of 

microtubules and thus preventing cell division (Manfredi & Horwitz, 1984; 

Schiff et al., 1979). A fungal endosymbiont of the Pacific yew bark, 

Taxomyces andreanae, was later found culpable for the drug’s production. 

This made possible the commercialisation of taxol which was eventually 

given the generic designation ‘paclitaxel’ (Stierle et al., 1993). Renewed 

interest in the drug was observed in the succeeding years, following a review 

of the nature-derived compound programmes and the dawn of new models 

such as xenografts and newly developed cell lines (Goodman & Walsh, 

2001). It was not until almost two decades after it was first discovered that 
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paclitaxel was entered by the NCI into phase I clinical trials. Some of these 

trials faced closure due to adverse hypersensitivity reactions.  Major 

contributions to managing these side effects were to introduce premedication 

and to switch from periodic administration (infusion) to continuous 24 hour 

(h) regimen infusion (N.C.I., 1991; Weiss et al., 1990). Such refinement of 

protocol as well as the advancements in technology and biological models 

has greatly assisted in the outcomes of subsequent clinical trials for next 

generation taxanes as well as drugs of other classes. 

Evidence for the anti-cancer potential of paclitaxel was further strengthened 

when, in 1989, use of the drug in clinical trials of ovarian patients showed a 

marked (30 %) response in patients, the bulk of whom had become 

apparently resistant to the conventional treatment regimens of platinum 

containing cisplatin and carboplatin. This opened up an entirely new avenue 

of regard for paclitaxel as a circumventor of emerging drug resistance in 

many cancer forms (Holmes et al., 1991; McGuire et al., 1989; Murphy et al., 

1993). The same year of publication of this clinical assessment in ovarian 

cancer patients, the NCI canvassed for applications of interested industrial 

parties to form a partnership in developing mass production of the drug. 

Bristol-Myers Squibb (BMS) was the successful candidates and Cooperative 

Research Development Agreement (CRADA) was drawn up, giving 

exclusivity of data to BMS, allowing them to detect alternate sources and 

rights to New Drug Application (NDA). Some two years later, BMS delivered 

on their agreement, in excess of the amount that had been agreed in the 

CRADA and submitted for NDA. Clinical trials were such a success that 

paclitaxel received Food and Drug Administration (FDA) approval for use in 

patients deemed resistant to conventional clinical treatment (Goodman & 

Walsh, 2001). In 2005, the FDA authorised the first in a new class of drugs 

called nanoparticle albumin bound (NAB) compounds. This drug, called 

Abraxane, was authorised for use in breast cancer patients that are 

unresponsive to conventional therapy. This is paclitaxel bound to albumin. In 

recent years, steps have been taken to evaluate Abraxane treatment for 

patients with metastatic CRPC (mCRPC) (Shepard et al., 2009).  
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1.2.4.2 Docetaxel 

In the mid-1980’s, while the founding member of the clinically significant 

taxane family was enjoying the limelight of clinical investigation, a second 

generation taxane was identified and was slowly gathering attention.  

Discovered and developed by French-based company Rhône-Poulenc Rorer 

(which through a series of mergers is now part of Sanofi), this compound 

known as Taxotere, or its generic name, docetaxel was patented as (i) a new 

compound and (ii) the first semisynthetic paclitaxel derived from a non-

cytotoxic precursor compound 10-deacetyl baccatin III which is found in 

extract of the needles of Taxus baccata (English or European yew) (Collin et 

al., 1989a; Collin et al., 1989b). The relative brevity of docetaxel’s preclinical 

testing phase was due mainly to the abundance of the renewable source of 

the drug and showed great promise in murine models of colon 

adenocarcinomas. Also, docetaxel seemed to be more potent than its 

predecessor paclitaxel, when equivalent toxic doses were compared 

between the two agents in the B16 melanoma model (Bissery et al., 1991). 

The extent of docetaxel’s preclinical testing meant that there need only be a 

4 year wait between submission of the patents and entering into phase I 

clinical trials. Neutropenia, the dose-limiting toxicity of paclitaxel, was also 

observed upon docetaxel administration. 

In 1992, an array of phase II clinical trials was undertaken with a selection of 

US phase II clinical trials facilitated by the signing of a CRADA between the 

NCI and Rhône-Poulenc Rorer (Burris et al., 1993; Extra et al., 1993; Pazdur 

et al., 1992). In the 5 year period of 2000–2005, docetaxel had been 

approved by the FDA for therapeutic use in advanced-stage cancers of the 

lung, breast and prostate. Over the next 5 years, docetaxel was also proven 

to lengthen survival times of patients diagnosed with certain types of 

stomach and head and neck cancers, when used in combination with the 

mainstay chemotherapeutics. In more recent years, the use of docetaxel in 

combination with prednisone treatment has been proven to be modestly 

more advantageous than the previously used DNA-intercalating compound 

mitoxantrone-prednisone combinational chemotherapy in late stage prostate 

cancer (Petrylak et al., 2004; Tannock et al., 2004). Docetaxel-prednisone 
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has since become the first line chemotherapy choice for advanced stage 

CRPC. Phase III clinical trial, Chemohormonal Therapy versus Androgen 

Ablation Randomized Trial for Extensive Disease in Prostate Cancer 

(CHAARTED), shows early indications of significantly increased overall 

survival of patients treated with docetaxel during ADT when compared with 

those who are not. There are also emerging data suggesting there is a 

pronounced elongation of the time to diagnosis of castrate resistant cancers 

in those offered this novel sequence of treatment versus classical androgen 

ablation (Sweeney & Chamberlain, 2015). 

1.2.4.3 Cabazitaxel 

Despite the success of the above-mentioned taxanes, there is still a 

mechanism in cancer cells that can make drug resistance possible. The 

efflux protein pumps (described further in 1.2.5.1) often bind, with high 

affinity, to both drugs. It is for this reason that investigators at Sanofi began 

looking for alternate taxanes that do not succumb so readily to these 

modulators of resistance. From a panel of semi-synthetic compounds derived 

from the European yew, one which  demonstrated the most reduced efflux 

resistance potential was  XRP6258 (RPR 116258A), more commonly known 

by its generic name cabazitaxel. Initial phase I clinical trials, looking at the 

effects of this drug in advanced cancers, were brought to completion in mid 

to late 2000’s, with the treatment appearing to show high grade activity in 

patients with advanced prostate cancer. From here, the drug progressed with 

relative ease through phase II and phase III trials, when compared with the 

progress of its predecessor taxanes. Cabazitaxel was seen to be effective in 

the treatment of advanced-stage patients who were unresponsive to 

docetaxel treatment. FDA approval for the use of cabazitaxel in patients who 

experienced resurgence following failure of hormone deprivation therapy 

came in 2010. Clinically, this new combination is becoming more prevalent. It 

should be noted, however, despite its effectiveness at circumventing classic 

taxane resistance, the toxicity of this next generation drug, in the form of 

neutropenia is still a common side effect. Also, eventual resistance to 

cabazitaxel is almost certain to occur (Sanofi-Aventis, 2010). It is a common 

consideration, therefore, that there exists a need for the establishment of 
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companion compounds to mute these side effects whilst improving desired 

efficacy.  

Cabazitaxel is currently undergoing phase I clinical trials in combination of 

next generation drugs such as abiraterone acetate. FDA approval for 

abiraterone in combination with prednisone, for use in those with mCRPC 

and who had not received prior docetaxel constituent chemotherapy was 

issued in 2011. This approval was expanded in 2012 to include all patients 

who had previously received chemotherapy. Significant improvements in 

quality of life for the patient were noted upon administration of this drug. One 

of the aims of current clinical trials, which are being co-ordinated by Sanofi, 

is to determine the efficacy of combining these two agents in anti-tumour 

activity with regard to PSA levels. Another purpose of these trials is to 

establish a guide as to the maximum tolerated doses and also dose limiting 

toxicities associated with treatment with both drugs.  

1.2.4.4 Mitoxantrone 

Up until the approval of docetaxel as the first line chemotherapeutic 

treatment for advanced prostate cancer, mitoxantrone, in combination with 

prednisone treatment, was the only approved option (Tannock et al., 1996). 

Mitoxantrone belongs to the anthracenedione class of drugs and has 

antineoplastic properties. Although it does not elongate patient survival 

times, it has been shown to improve quality of life through a reduction in pain 

levels. Mitoxantrone is structurally similar to the anthracycline class of drugs 

which have also been used in the treatment of prostate cancer (Moore et al., 

1994). 

1.2.4.5 Anthracyclines 

Anthracyclines function by their intercalation of RNA and DNA which stalls 

replication within the rapidly multiplying cancerous cells and brings about 

apoptosis. Anthracyclines have also been shown to inhibit topoisomerase II 

and are responsible for DNA damage through their generation of free oxygen 

radicals. As mentioned previously, the anthracyclines share structural 

similarities with that of the antracenediones which have been shown to be 

less toxic (Minotti et al., 2004). Doxorubicin is one anthracycline which alone 
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may exhibit a significant palliative effect, but has minimal overall activity in 

the reduction of CRPC progression (Gewirtz, 1999). In one study, weekly iv 

dose of 20 mg m2 doxorubicin generated objective radiological responses in 

15 % of CRPC patients. Moreover, during a phase II clinical trial of a cohort 

of 35 prostate cancer patients, doxorubicin was examined in combination 

with an elevating dose regimen of cyclophosphamide. From the cohort, 15 

patients presented with considerable disease advance. Of these 15, 5 

patients evidenced a significant response to treatment while 16 individuals 

out of the whole sample group, representing 46 %, exhibited a more than 50 

% reduction in their levels of PSA. While the combined regimens were well-

tolerated, grade 4 neutropenia occurred in a third of participants and some 

reported pyretic neutropenia (Small et al., 1996). An analogue of doxorubicin, 

known as epirubicin, has been shown to have equal effectiveness as a 

second line therapy when compared to its predecessor but with a reduction 

in the adverse systemic toxicity (Hernes et al., 1997). Patients with 

metastatic CRPC exhibited improvements to quality of life as well as survival 

upon weekly treatments of epirubicin (Culine et al., 1998). 

1.2.4.6 Estramustine  

Although previously widely used, this compound has been withdrawn from 

the national standard treatment plans for prostate cancer in Ireland, Norway 

and Australia (Bissinger et al., 2013). It is, however, still used palliatively in 

the management of metastatic CRPC sufferers in the USA and in the UK, as 

a final effort of treatment of those who are unresponsive to alternative 

chemotherapeutic approaches (deKernion & Lindner, 1984). This compound 

is classed as a nitrogen-mustard which was derived from the oestrogen 

estradiol, meaning that it binds cells expressing oestrogen receptor (ER) and 

indiscriminately alkylates DNA (Tew, 1983; Tew et al., 1983). Estramustine 

has shown some success in combined treatment with doxorubicin in 

reducing PSA levels significantly (Culine et al., 1998). 

1.2.5 Chemoresistance in Prostate Cancer 

In spite of the successes of the chemotherapeutics mentioned here, none of 

these agents has proven to be curative. Instead, the disease is kept more 
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indolent until cancer cells develop mechanisms to overcome the toxic 

potential of treatment regimens.  

1.2.5.1 Multidrug Efflux Protein Pumps 

In the 1970’s research began to focus on understanding the mechanisms by 

which cancer cells become endowed with resistances to a variety of 

differently acting compounds following serial treatment of cultures with just 

one. To start with, actinomycin D was noted to induce cellular resistance to a 

range of compounds including anthracyclines, antibiotics and vinca alkaloids 

(Biedler & Riehm, 1970). The ATP-dependent drug efflux pump, P-

glycoprotein (P-gp), also referred to as MDR1, was discovered to be the 

causative protein for this resistance. This transmembrane protein binds to 

and transports over 300 known agents out of the cell (Chen et al., 2012; 

Wang et al., 2011). Upon cellular resistance to the taxanes, as noted in 

1.2.4.2, MDR1 is upregulated (Bellamy, 1996). Pregnane X receptor (PXR) 

(Breier et al., 2013), thyroid hormone receptor (TR) (Nishio et al., 2005; 

Saeki et al., 2011), peroxisome proliferator activator receptors (PPARs) 

(Apostoli & Nicol, 2012), vitamin D receptor (VDR) (Durk et al., 2012) and 

constitutive androstane receptor (CAR) (Wang et al., 2010) are all known 

MDR1 gene transcriptional regulators.      

Another efflux protein identified as a mediator of drug resistance is the breast 

cancer resistance protein (BCRP). This is structurally related to MDR1 and, 

like MDR1, is a member of the ATP-binding cassette (ABC) protein family. 

BCRP is upregulated upon chemotherapeutic treatment and is responsible 

for ridding cancer cells of a diversity of cytotoxins, promoting progression of 

the disease (Doyle et al., 1998; Janvilisri et al., 2003). The promoter regions 

of BCRP contain hypoxia response elements (HRE) as well as oestrogen 

response elements (ERE) suggesting heavy transcriptional regulation by 

interaction with activated ER and HIF1α (Benderra et al., 2004; 

Krishnamurthy et al., 2004). 

A third subset of ABC proteins exist in the form of the multidrug resistance-

associated protein (MRP) subfamily. The best characterised of these is 

MRP1 although other members include MRP-2, -3, -4, -5, -6, -7 and -8. Both 
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MDR1 and MRP1 have shared substrates, with MRP1 displaying a higher 

range of diverse binding, making its overexpression a common attribute of 

chemoresistant cancers (Lee et al., 1998; Munoz et al., 2007; Sullivan et al., 

1998).  

1.2.5.2 AR-Mediated Chemoresistance 

The normal function of activated AR is to recruit transcriptional coactivators 

to help carry out its role in cell dynamics. This process is hijacked in the 

onset of prostate cancer, as abnormal expression of these coactivators leads 

to deregulated transcriptional activation and institutes a bypass of anti-

androgen techniques. Lysine specific demethylase-1 (LSD1) is one such 

signalling molecule whose aberrant activities have been well-documented, 

particularly in its role in potentiating hormone responsive prostate cancer and 

CRPC. It serves to demethylate histone marks that would otherwise repress 

AR transcriptional activities (Kahl et al., 2006; Metzger et al., 2005).  During 

ADT, prostate cancer cells develop mechanisms to overcome the reduction 

in available androgen. Overexpression of AR, mutations with constitutively 

activate AR and intracrine biosynthesis of androgens through increased local 

enzymatic activity and substrate supply are methods employed by many of 

these tissue types in navigating ADT (Eisermann et al., 2013; Koivisto et al., 

1997; Montgomery et al., 2008). Such challenges of researchers have 

encouraged the development of more potent anti-androgens, as described 

previously (1.2.3), which have greatly improved the treatment of CRPC. 

Mutations in β-tubulin expressed by cancer cells, incur a resistance to 

taxanes as well as other tubulin disrupting chemotherapies. As emerging 

evidence suggest that the actions of these drugs may serve to disrupt 

microtubule routed AR translocation, overcoming such activities may be 

doubly adverse to cancer progression (Darshan et al., 2011; Zhu et al., 

2010). Also of interest is the apparent induction of multidrug resistance-

associated proteins (MRPs) by AR which may be beneficial to generation of 

CRPC (Ho et al., 2008). 
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1.2.5.3 Chemoresistance through Proliferation and Survival Pathways 

Differences in the regulated activation of multiple receptor tyrosine kinase 

pathways have been extensively researched for the roles they play in the 

development of chemoresistance in CRPC (Seruga et al., 2011). Androgen-

mediated regulation of the activities of epidermal growth factor (EGF) and 

vascular endothelial growth factor (VEGF), the signalling of their receptors, 

EGFR and VEGFR, the mTOR pathway and MAPK/ERK signalling is 

contingent on hypoxia inducible factor 1 alpha (HIF1α) activation (Boddy et 

al., 2005). In fact HIF1α activation has been shown to favour the progression 

of metastasis in CRPC. Following a withdrawal of androgens during ADT, 

increased secretion of VEGF-C directly upregulates BAG-1L, a known 

enhancer of AR translocation and thus cell survival (Rinaldo et al., 2007). 

Insulin-like growth factor 1 (IGF1) and transforming growth factor beta 

(TGFβ) show evidence of contributions to chemoresistant states of prostate 

cancer during ADT, through modified expression patterns (Nickerson et al., 

2001; Pollak, 2001; Pollak et al., 1998; Zhu & Kyprianou, 2005). This 

contrasts with the activities of nuclear factor kappa B (NFκB), interleukin-6 

(IL-6) and Hedgehog signalling pathways which have been shown to 

reinstate sensitivities to taxane treatment (Domingo-Domenech et al., 2006; 

Mimeault et al., 2007). 

1.2.5.4 Chemoresistance Conferred by Cancer Stem Cells 

It has been widely reported that populations of interstitial adult stem cells that 

normally facilitate the function and repair of prostatic tissue may be co-opted 

to influence the progression and spread of prostate cancer (Marcinkiewicz et 

al., 2012). These are known as cancer stem cells (CSCs). Two classically 

held theories as to the origins of such stem cells suggest either that stem 

cells arising in normal tissues transform following manipulation by mutation 

or epigenetic factors, or that these stem cells are produced by cancer cells 

themselves (Goldstein et al., 2008; Leong et al., 2008; Mani et al., 2008; 

Richardson et al., 2004). In any case, the ability of CSCs to repair 

chemotherapeutic damage to tumours, make this cell type an obstacle in the 

treatment of CRPC. Moreover, as CSCs are AR negative their population 
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remain unaffected by ADT (Oldridge et al., 2012). CSCs also have been 

found to express elevated levels of an array of drug efflux proteins such as 

MDR1 and BCRP (Frame & Maitland, 2011). Analysis of taxane-resistant 

sub-populations of CSCs, using microarrays, has determined a more 

pronounced expression of the pro-tumorigenic Oct4 gene (Frame & Maitland, 

2011; Linn et al., 2010).     

1.3 Recent Clinical Advances in Prostate Cancer  

1.3.1 Sipuleucel-T 

This method of prostate cancer-specific immunotherapy has been heralded 

as a major breakthrough in the personalized treatment of prostate cancer 

patients. According to IMPACT phase III clinical trials, this immunostimulant 

has the potential to lengthen median survival time by 4.1 months 

(Schellhammer et al., 2013). Approved in 2010 by the FDA for use in 

metastatic CRPC patients that are asymptomatic, sipuleucel-T works by, 

following leukapheresis, incubating a sample of a patient’s dendritic cells 

with, a two part complex containing the  antigen specific to the majority (95 

%) of prostate cancer cells known as prostatic acid phosphatase (PAP). This 

PAP is fused to an immunogenic cytokine known as granulocyte-

macrophage colony stimulating factor (GM-CSF) which, altogether, forms an 

activated blood product APC8015. It is this product which is re-administered 

to the patient’s body as the sipuleucel-T treatment. As a result of this, an 

immune response is generated against PAP-presenting cancer cells. 

Typically sipuleucel-T is administered three times over 6 weeks (Kantoff et 

al., 2010). As this immunotherapeutic strategy is the first to be approved in 

prostate cancer, the ongoing research into identification of alternate prostate 

cancer biomarkers makes possible the development of similar acting 

treatments. Current phase III trials are examining the use of sipuleucel-T in 

combination with other methods of tackling prostate cancer clinically (Chang, 

2007; Graff & Chamberlain, 2015). 

1.3.2 Radium-223 

Although the use of radium is not a novel technique in treating cancer, 

radium-223 (223Ra) is the generic designation of what was formerly known as 
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Alpharadin and which is now marketed under the name Xofigo, offers an 

alternate treatment option to CRPC patients with osseous metastases, in 

place of strontium-89 (89Sr). 89Sr is a beta-ray (β-ray) emitter with a half-life 

(t1/2) of over 40 days. 223Ra, on the other hand, emits ~95 % alpha-rays (α-

rays) with a t1/2 of 11.4 days meaning that it emits at a shorter distance and 

for a shorter time, reducing negative impact on surrounding non-targeted 

tissues (Pinto & Cruz, 2012). Owing to its structural similarity to calcium, 
223Ra is readily absorbed by osseous tissue (Bruland et al., 2006; Henriksen 

et al., 2002; Nilsson et al., 2005). An increase in the survival times of patients 

undergoing this treatment in phase II and phase III clinical trials paved the 

way for an expedited FDA approval in 2013 (Sartor et al., 2014).       

1.3.3 HIF1 Inhibitors 

HIF1 belongs to the aryl hydrocarbon receptor nuclear PER-translocator 

(ARNT)-SIM (PAS) protein subfamily and is a basic helix loop helix (bHLH) 

heterodimeric TF composed of both α- and β- subunits. HIF1 is crucial to 

mammalian life as demonstrated by the murine perinatal lethality upon HIF1 

deletion. It is a TF of variable function in vivo but its most obvious function is 

that it is a cell’s first respondent to a fall in environmental oxygen (hypoxia) 

(Semenza & Wang, 1992; Shweiki et al., 1992; Wang et al., 1995). HIF1α in 

normoxic conditions is hydroxylated post-translationally at the proline 

residues 402 and 564 by prolyl hydroxylase which leaves the subunit in its 

inert phase and bound by the von Hippel Lindau (VHL) component of 

ubiquitin ligase E3, an interaction which brings on rapid proteolysis (Iwai et 

al., 1999; Maxwell et al., 1999; Yu et al., 2001). Secondary to this proline 

hydrolysis is that of asparagine residue 803 by factor inhibiting HIF (FIH) 

(Hewitson et al., 2002; Kallio et al., 1999). Stabilisation and nuclear 

translocation of HIF1α is brought about by a reduction in both hydroxylases 

in response to hypoxic conditions. It is within the nucleus that HIF1α 

heterodimerises with HIF1β (Ivan et al., 2001; Jaakkola et al., 2001). When 

this occurs the dimer can interact with the promoter regions of a large 

number of genes at specific points called hypoxia response elements 

(HREs). Such interactions have widespread and profound effects on a great 

many cellular functions such as metabolic cues, angiogenesis and 
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proliferation, to name a few (Wenger, 2002) . Given the prowess of this TF in 

effectuating cellular survival at low oxygen levels and its utility on a broad 

range of cell dynamics, it is not surprising that HIF1α has a clear role to play 

in the progression of numerous cancer types (Semenza, 2003; Zhong et al., 

1999). It is for this reason that the protein has been the focus of many 

researchers, globally as a therapeutic target in the progression of cancer 

(Folkman, 2007; Pouyssegur et al., 2006). 

 

Figure 1.6 – Basic schematic of HIF1α activities (Rezvani et al., 2011). 

1.3.3.1 Heteroaryl and Aromatic HIF1-Inhibitory Agents 

A test panel of small molecules containing 1-chloro-N-pyridin-3-ylacetamide 

analysed in HRE-transfected glioma cell line U251 demonstrated a specificity 

index of more than 20 when assayed (Kumar et al., 2009). Drawing on this 

result a related analogue, P2630, was synthesised. Considerable HIF1α 

inhibition (IC50 500 nM) was associated with exposure of this next generation 

compound in hypoxia (1 % O2) which was investigated for its anti-

proliferative potential in a panel of cancer cell lines including prostate cancer 

cell lines DU145 and PC-3, ovarian cancer model Ovcar-3, colorectal cancer 

cell line, HCT116 and the pancreatic cancer model Panc-1, using the 3H 

thymidine incorporation assay. In addition, the same assay was carried out 

on noncancerous in vitro models of MRC-5 and WI-38. Of the panel and with 

an IC50 of 1 μM, PC-3 exhibited the most pronounced loss of proliferation 
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while the least was noted in the noncancerous MRC-5 and WI-38 with 

respective IC50s of over 10 μM and 6.5 μM. Further in vivo analysis with a 

PC-3 xenograft over 19 days with a twice daily regimen 50 mg kg-1 

determined a substantial reduction in tumour growth when compared to the 

control arm. Importantly, the dosages were well tolerated as evidenced by 

the lack of significant weight loss compared to the control (Yewalkar et al., 

2010). 

Thalidomide is an aromatic compound with proven efficacy in the treatment 

of cancer and has been approved for the treatment of multiple myeloma. 

Following HUVEC assays, thalidomide analogues, like their predecessor, 

exhibited inhibition of angiogenesis. Furthermore, at a concentration of 10 

μM, PC-3 cells showed ~80–90 % reduction in HIF1α expression. This result 

suggests a potential role for such compounds in treating prostate cancer 

(Noguchi et al., 2005).  

Lonidamide an example of an indazole-3-carboxylic acid derivative capable 

of the inhibition of nuclear and whole cell HIF1α expression in AR-positive 

and AR-negative cell lines LNCaP and PC-3 at a dose range of 100–600 μM, 

with 400 μM abolishing expression entirely (Jian-Xin et al., 2006). Other 

studies have suggested that analogues of this compound could be more 

efficacious in this respect (Grugni et al., 2006). 

1.3.3.2 Steroidal HIF1 Inhibitors 

A panel of 1, 3, 5 (10)-estratrienes demonstrate considerably potent 

inhibition of angiogenesis and HIF1α protein expression, amongst other 

features (Laderoute et al., 2006). The strongest effect of these compounds 

was witnessed by treatment of in vitro analysis of metastatic prostate cancer 

cell line PC-3 and MDA-MB-231 cell with candidate SR-16388. Notably, the 

compound did not affect the viability of RAW264.7, a macrophage cell line 

controlling for a ‘normal’ or noncancerous phenotype. Additionally, a 50 % 

reduction in tumour growth of PC-3 murine xenograft models, when treated 

with a 30 mg kg-1 SR-16388 concentration, was witnessed upon comparison 

with untreated controls. Testing the estratriene in combination with 7.5 mg 

kg-1 clinically used chemotherapeutic paclitaxel within this model revealed 
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that 10 mg kg-1 SR-16388 had a much greater impact on the growth of 

tumour growth Further in vitro investigations revealed that apart from its role 

as an inhibitor of HIF1α, SR-16388 binds to oestrogen related receptor alpha 

(ERRα), disrupting its action at transcriptional levels while having no effect 

on the activities of ERRβ or ERRγ. This suggests a dual role for the 

compound (Duellman et al., 2010).    

1.3.3.3 RNA Antagonists  

The messenger RNA (mRNA) of HIF1α can be directly bound by the novel 

RNA antagonist EZN-2968 thus preventing the translation of HIF1α protein. 

In vitro examinations of the effects on prostate cancer and glioblastoma 

HIF1α levels following EZN-2968 treatment have determined the IC50 range 

of between 1 and 5 nM resulting in considerable cell viability reduction. 

Significant reductions in tumour volumes were also observed in DU145 

xenograft models upon this antagonist’s administration. Moreover, in a phase 

I clinical trial of patients with advanced malignancies that had previously 

undergone chemotherapy, EZN-2968 doses were well tolerated. One of the 

drawbacks of this antagonist, however, is that it cannot be administered 

orally (Greenberger et al., 2008).  

1.3.3.4 mTOR Inhibitors 

Rapamycin is an extensively reported inhibitor of the mTOR pathway and 

has proven efficacious in the treatment of Kaposi’s sarcoma, attributed to 

renal transplantation, as well as the treatment of a subset of lymphomas 

(Roy et al., 2013). The mTOR pathway is known to facilitate the upregulation 

of HIF1α protein levels in normoxic conditions in response to growth factor 

signalling. mTOR-directed HIF1α translation is a well-documented response 

to the loss of PTEN in numerous cancer cell types including those of the 

prostate (Majumder et al., 2004). It stands to reason, therefore, that inhibition 

of the mTOR pathway presents a therapeutic benefit (Jiang et al., 2001).   

1.3.3.5 Hsp90 Inhibitors 

The antibiotic geldanamycin (GA) is a benzoquinone ansamysin which, 

through competition of binding to the adenosine triphosphate (ATP)-binding 
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sites of the target proteins of the chaperone heat shock protein 90 (Hsp90), 

marks them for proteasome degradation. In vitro examination has 

determined that GA has the ability to institute the described protein clearance 

of HIF1α in prostate cancer cell lines LNCaP and PC-3 under both normoxia 

and hypoxia in a VHL-free manner (Mabjeesh et al., 2002). 

1.3.3.6 Non-Steroidal Anti-Inflammatory Drugs 

The non-selective non-steroidal anti-inflammatory drug ibuprofen has 

demonstrated HIF1α and HIF2α inhibition in the prostate cell lines DU145 

and PC-3 as well as a decrease in the angiogenic potential as demonstrated 

by a loss of VEGF expression (Palayoor et al., 2003). 

1.3.3.7 Chetomin 

Anti-microbial agent chetomin is a metabolic product of fungus Chaetomium 

and is responsible for the disruption of p300-HIF1α interaction which 

disallows hypoxia-mediated transcription. Its potency in tumour reduction has 

been shown in PC-3 and HCT116 xenograft models (Kung et al., 2004). 

1.4 Toluidine Sulphonamides  

Owing chiefly to the existing literature which suggests that aryl-sulphonamide 

molecules have a pre-disposition towards inhibiting the activities of key 

cytochrome P450 enzyme CYP2C9, it was first believed that toluidine 

sulphonamides made for poor therapeutic agents. Not until initiation of 

extensive 3-dimensional quantitative structural activity relationship (3D-

QSAR) analysis, having exhausted 2D-QSAR methods, were compounds of 

this class discovered to have influence over HIF1 activity. Suggested 

structural modifications in a subset of this series, specifically, through a 

methoxy substitution in the sulfonylphenyl fragment at the 4-position 

combined with a further substitution of toluidine ring members with a 

methoxy moiety, resulted in elevated HIF1 interaction while CYP2C9 

inhibition was abolished. The importance in maintaining systemic CYP2C9 

activity lies in its role in the clearance of endogenous materials such as 

arachidonic acid as well as exogenous compounds such as warfarin (Miners 

& Birkett, 1998; Rettie & Jones, 2005; Williams et al., 2003). This paved the 
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way for the synthesis of a wide range of similar candidates for testing. In 

spite of this, very little is known about the biological effects of toluidine 

sulphonamides which have been patented and researched exclusively by 

Elara Pharmaceuticals and associate research collaborators (Alonso et al., 

2012).  

1.4.1 ELR510444 

A member of a subset of toluidine sulphonamides classed as thiophenes, 

ELR510444 was investigated for its potential as an inhibitor of HIF1α. During 

in vitro investigation, the drug showed strong microtubule disrupting 

capability. This, upon further examination, led to the assertion that the drug is 

also an anti-angiogenic compound. Sulforhodamine B (SRB) cell viability 

assays conducted in melanoma cell line MDA-MB-435 and 2H-11 which is a 

tumour endothelial cell line, determined IC50s of 9.0 nM (±  0.5) and 11.7 (± 

0.4)  nM, while breast cancer cell line MDA-MB-231 generated a higher IC50 

value of 30.9 ± 2.3 nM. In a cell free assay, ELR510444 was not shown to be 

a substrate for MDR1-mediated drug resistance. Furthermore, the anti-

vascular activities of this compound were seen to mimic the effects of 

microtubule-disrupting combretastatin A4, suggesting a similar mode of 

activity (Risinger et al., 2011). In a follow up study using renal cell carcinoma 

cell lines RCC4, 786-O, A498, Caki-1, Caki-2, and Achn, ELR510444 

inhibited HIF1α and HIF2α which, in turn, resulted in a downregulation of 

VEGF. This drop in VEGF expression levels was observed in tumour tissues 

of A498 and 786-O xenografts which may explain the significant reduction in 

tumour volume observed upon ELR510444 dosing (Carew et al., 2012).  

 

Figure 1.7 – Chemical structure of ELR510444 (Carew et al., 2012).  
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1.4.2 ELR510552 (EL102) 

Identified from the NCI-60 human cancer cell line screen, ELR510552 or 

EL102, as it is abbreviated, showed efficacy in significantly reducing the 

proliferative potential of an array of cancer cell types (Monks et al., 1991; 

Shoemaker, 2006). Figure 1.8 (A) shows the chemical structure of EL102 

which is similar to ELR510444. Amongst the cell lines assayed, and that 

displayed a high response to EL102 doses, were cancer cell lines of the 

prostate, breast, lung, ovary, skin, colon, kidney, blood and CNS. The results 

of the follow-up dose response curves (5 concentrations of EL102) can be 

seen in Figure 1.8 (B) (Unpublished data). Further analysis of the effects of 

EL102 was carried out at Elara Pharmaceuticals GMBH, Heidelberg, 

Germany in collaboration with the Prostate Cancer Institute, Galway. This 

thesis outlines the data obtained from these investigations. 
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Figure 1.8 – Preliminary EL102 data. (A) Chemical structure of EL510552 (EL102) 

(Toner et al., 2013). Dose response curves in logarithmic scale of the top NCI-60 

selected respondents to a screen of 10 μM EL102 (B) ovarian, (C) breast, (D) colon, 

(E) leukaemia, (F) melanoma, (G) CNS cancer, (H) non-small cell lung cancer, (I) 

renal cancer and (J) prostate cancer (Unpublished, (Schultes & Lewis, 2009)). 
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Immediately following the first mention of a laboratory item, both, the 

manufacturer and the catalogue code (denoted by a preceding hash symbol 

(#)), are provided in parentheses. A list of the contact details for the local 

Irish national distributors or suppliers of these manufacturers can be found at 

the end of this chapter (Table 2.4).  

2.1 Cell Culture 

2.1.1 Cell Lines 

The cell lines of CWR22, 22Rv1, PC-3, DU145 and LNCaP were obtained 

from the American Type Culture Collection (ATCC). Access to work with 

DLKP, DLKPA, DLKP-Mitox and DLKP-Mitox-BCRP was kindly granted by 

Prof. Martin Clynes (National Institute of Cellular Biotechnology, Dublin City 

University). Table 2.1 summarises general cell line information. 

Table 2.1 – Cell Lines. 

Cell Line Organ/Disease Source 
Doubling 

Time (h) 
Comments Reference 

CWR22 
Prostate 

Carcinoma 
Prostate 35–40 

AR Positive, 

Androgen 

Sensitive 

(Pretlow et 

al., 1993) 

22Rv1 

(ATCC 

#CRL-

2505) 

Prostate 

Carcinoma 

Prostate 

(Progeny of 

CWR22) 

35–40 

AR Positive, 

Weak 

Androgen 

Sensitivity 

(Sramkoski 

et al., 1999) 

PC-3 

(ATCC 

#CRL-

1435) 

Prostatic 

Adenocarcinoma 

Bone 

Metastasis 
24–30 

AR Negative, 

Androgen 

Insensitive 

(Kaighn et 

al., 1978) 

DU145 

(ATCC 

#HTB-81) 

Prostate 

Carcinoma 

Brain 

Metastasis 
20–30 

AR Negative, 

Androgen 

Insensitive 

(Stone et al., 

1978) 

LNCaP 

(ATCC 

#CRL-

1740) 

Prostate 

Carcinoma 

Lymph 

Node 

Metastasis 

30–40  

AR Positive, 

Androgen 

Sensitive 

(Horoszewicz 

et al., 1980) 
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DLKP 
Lung Squamous 

Carcinoma 
Lung 30–40 

Poorly 

Differentiated 

(Clynes et 

al., 1992) 

DLKP-A 
Lung Squamous 

Carcinoma 

Lung 

(Progeny of 

DLKP) 

30–40 

Doxorubicin-

Selected, 

MDR1 up-

regulated 

(Clynes et 

al., 1992) 

DLKP-

Mitox 

Lung Squamous 

Carcinoma 

Lung 

(Progeny of 

DLKP) 

30–40 

Anoikis-

resistant, 

Mitoxantrone

-Selected 

(Murphy et 

al., 2007) 

DLKP-

Mitox-

BCRP 

Lung Squamous 

Carcinoma 

Lung 

(Progeny of 

DLKP-

Mitox) 

30–40 

Anoikis-

resistant, 

Mitoxantrone

-Selected, 

BCRP Up-

regualted 

(Murphy et 

al., 2007). 

Note: All cell lines were authenticated by LGC Logistics and were mycoplasma-free. 

2.1.2 Culture Conditions 

CWR22, 22Rv1 and LNCaP were maintained in RPMI 1640 (Sigma-Aldrich, 

#R8758). The DU145 cell line was maintained in minimum essential medium 

alpha (MEMα) (Gibco, Life Technologies #22561-021) and the PC-3 cell line 

was cultured in F12 HAMS medium (Gibco, Life Technologies #21765-029). 

In each instance, culture medium was supplemented with 10 % Fetal Bovine 

Serum (FBS) (Sigma-Aldrich, #F7524) which had, before use, been heat 

inactivated at 56 degrees Celsius (˚C) for 30 minutes (min), and 1 X Anti-

mycotic/Anti-biotic (Gibco, Life Technologies #15240062). For androgen 

deprivation studies, cells were maintained in phenol red-free (PRF) RPMI 

(Gibco, Life Technologies #32404014), supplemented with 10 % charcoal-

stripped foetal bovine serum (CS-FBS) (Gibco, Life Technologies 

#12676029), 10 mM HEPES buffer (Gibco, Life Technologies #15630056), 1 

X Anti-mycotic/Anti-biotic, 1 X Glutamax (Gibco, Life Technologies 

#35050038), 1 X sodium pyruvate (NaPyr) (Gibco, Life Technologies 

#11360039). Each of these adherent cell lines were cultured in T-75 cm3 

(Sarstedt #83.1813.302) or T-175 cm3 (Sarstedt #83.1812.302) cell culture 

flasks until 60–80 % confluent at which point, the medium was withdrawn 
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and the monolayer was rinsed with Dulbecco’s modified phosphate buffered 

saline (dPBS) (Sigma-Aldrich #D8537). The monolayer was then trypsinised 

in 0.05 % EDTA trypsin (Gibco, Life Technologies #25300054) for 5–10 min 

at 37 ˚C. To stop trypsinisation, an equal volume of 10 % FBS-containing 

medium was added to the trypsinised cell suspension. The suspension was 

centrifuged at 200 x g in sterile a 15 ml tube (Sarstedt #62.554.001) or 50 ml 

tube (Sarstedt #62.559.001). The resulting cell pellet was re-suspended in 

the appropriate medium and cell counting was performed using a 

haemocytometer (Fisher Scientific #12342168), if necessary. Otherwise, 

cells were returned to culture in optimum conditions and medium, in 

accordance with cell data sheet instructions (Appendix I). Each of the cell 

lines cultured were authenticated and confirmed mycoplasma-free by LGC 

Logistics. In experiments requiring the culture of cells (DU145 and PC-3) in 

hypoxia, culture dishes were seeded as described above and placed in a 

humidified Hypoxic Glove Box (Coy Lab Products # 8375065) set to 37 ˚C, 5 

% CO2 and 1 % O2.   

2.2 Cell Viability and Apoptosis Analysis 

Cytotoxicity assays were carried out to determine the dose range of the 

various compounds for use in experimentation. Resazurin (Sigma-Aldrich 

#199303)(also sold commercially as Alamar Blue) based assays were first 

utilised to determine the IC50 values for EL102, docetaxel (Sigma-Aldrich 

#01885), paclitaxel (Sigma-Aldrich #T7191) and doxorubicin (Sigma-Aldrich 

#D1515) in 4 cell lines 22Rv1, CWR22, PC-3 and DU145. These results 

were later confirmed by sulforhodamine B (SRB) solution (Sigma-Aldrich 

#S1402) based assays. It should be noted that although routinely referred to 

as “cell viability assays”, resazurin based assays are more accurately a 

measure of cellular reductase activity meaning it is difficult to discriminate 

between whether the cells are senescent, arrested or dead. Similarly, SRB 

assays measure cellular protein content and cannot differentiate between the 

different cell states at time of elution of fixed culture. Protocols were followed, 

as outlined below. 
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2.2.1 Resazurin-Based Assays 

Cells were trypsinised and re-suspended in fresh medium at a density of 2 x 

104 cells/ml. 100 μl of cell suspension was seeded to each well of a Cell+ 96-

well plate (Sarstedt #83.1835.300) and cultured overnight in 5 % CO2 at 37 

°C. Varying concentrations of dimethyl sulfoxide (DMSO) (Sigma-Aldrich 

#D2650) diluted docetaxel, paclitaxel, EL102 (Elara Pharmaceuticals), water 

soluble doxorubicin hydrochloride and controls of water only and DMSO only, 

were added to replicate wells (n=8) and incubated at 37 °C in 5 % CO2 for a 

further 72 h. After the 72 h incubation, 40 μl of 560 μM resazurin (Sigma-

Aldrich #199303) reconstituted in Hanks’ Balanced Salt solution (HBSS) 

(Sigma-Aldrich #H6648) was added to each well and incubated for 3 h at 37 

°C. Plates were read using the dual-beam Cytofluor 4000 fluorimeter (filters 

used were for excitation, 530/25 and for emission 620/40). A percentage (%) 

survival curve was calculated based on these values and the IC50 was 

determined using the untreated control cultures as reference comparison for 

uninhibited (100 %) growth. Error was presented at ± the percentage 

coefficient variance (% CV). All cytotoxicity assays were performed at least 3 

times with representative results shown. 

2.2.2 Sulforhodamine B-Based Assays 

The relevant amounts of compound (EL102, docetaxel, etc.) were preloaded 

into a v-bottomed well Sterilin 96-well plate (Fisher Scientific 11309163) 

using the Janus Automated Workstation (Perkin-Elmer). Cells were 

trypsinised, counted and dispensed into 96-well Cell+ plates, containing 

compounds at varying concentrations, at a cell density of 1.9 x 104 cells per 

well. Cells were cultured for 72 h at 37 °C in a 5 % CO2 incubator. 

Separately, 3 rows of a non-drug treated 96-well plate were seeded with the 

same cell density. After a 2–4 h incubation at 37 °C, 5 % CO2, to allow for 

attachment of cells, 100 μl of fixative, cold 10 % trichloroacetic acid (TCA) 

(Sigma-Aldrich #T0699) was added to the wells and left to incubate at 4 °C 

for 30 min. Wells were then submerged in distilled water and tapped dry 4 

times, to ensure complete removal of TCA. The plate was left to air dry. This 

plate served as “day zero” plate. The 72 h incubated drug-treated plates 
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were fixed in the same way. All plates were subsequently stained with 0.057 

% SRB w/v in 1 % acetic acid for 30 min and washed four times with 1 % 

acetic acid, to remove excess stain. Plates were allowed to air dry. Stain was 

eluted by addition of 10 mM Tris base (Sigma-Aldrich #T6066) solution to the 

wells followed by a 30 min room temperature (RT) incubation. Plates were 

read at 531 nm using a Victor X5 Multilabel plate reader (Perkin-Elmer).  

Mean optical density (OD) values of Day 0 plates were subtracted from those 

of sample plates. A percentage viability curve was calculated based on these 

values and the IC50 was determined. Error was presented at ± % CV. Each 

cytotoxicity assay was repeated at least thrice with representative results 

shown.  

2.2.3 Toxicity in Multi-Drug-Resistant Cell Lines  

Cells were trypsinised  and resuspended in fresh, complete medium at a 

density of  2 x 104 cells/ml. 100 μl of cell suspension was seeded into each 

well of a 96-well plate and cultured overnight in 5 % CO2 at 37 °C. Varying 

concentrations of EL102 were added in replicate (n=8) and incubated at 37 

°C for a further 72 h. Following incubation, medium was removed from each 

well which was then washed twice with 100 μl dPBS. Having aspirated the 

last of the dPBS, 100 μl of freshly prepared phosphatase substrate (10 mM 

p-nitrophenol phosphate in 0.1 M sodium acetate (Sigma-Aldrich #N7653-

100ML), 0.1 % Triton X-100, pH 5.5) was added to each well. Plates were 

incubated in the dark at 37 °C for 2 h. The enzymatic reaction was stopped 

by the addition of 50 μl of 1 M NaOH (Sigma-Aldrich #S5881) to each well. 

The plates were read on a dual beam plate reader at 405 nm with a 

reference wavelength of 620 nm. A percentage viability curve was calculated 

based on these values and the IC50 was determined. Error was presented at 

± % CV. All cytotoxicity assays were conducted in triplicate with 

representative data shown. 
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2.2.4 DEVD Caspase 3/7 Activation Assay 

Each cell line was seeded at a density of 1 x 106 cells into individual T-25 

flasks (Sarstedt #83.1810.302). Cells were incubated overnight to allow cell 

attachment to the flask. Cells were then treated with 1, 10 and 100 nM 

EL102 or vehicle (DMSO). 24 h following treatment, the entire contents of 

each flask was harvested. Cell scrapers (Sarstedt #83.183) were used to 

mechanically detach cells from the base of the flask. The contents of each 

flask were transferred to individual 15 ml tubes and centrifuged at 350 x g at 

4 °C for 5 min. The supernatant was removed and the pellet was re-

suspended in 1 ml dPBS. The contents were centrifuged again at 350 x g for 

5 min at 4 °C. The supernatant was discarded and the pellet was re-

suspended in 110 μl of lysis buffer (50 mM HEPES pH 7.2; 5 mM EGTA 

(Sigma-Aldrich #E3889); 10 mM KCl (Sigma-Aldrich #60128); 2 mM MgCl2 

(Sigma-Aldrich #M8266); 2 mM DTT (Sigma-Aldrich #D0632); 1.6 mM 

CHAPS (Sigma-Aldrich #C9426). Lysates were then stored at -80 °C if not 

used immediately. 90 μl of each supernatant was transferred to a 96-well 

microtest plate (Sarstedt #82.1581.501) for apoptosis measurement, while 

the remaining 20 μl of sample was retained for protein quantification using 

the Pierce BCA (bicinchoninic acid) Protein Assay Kit (Fisher Scientific 

#23227) in accordance with manufacturer’s instructions.  To each of the 

sample containing wells, an equal volume (90 μl) of caspase3 substrate (N-

acetyl-Asp-Glu-Val-Asp-7 amino trifluoromethyl coumarin or ‘Ac-DEVD-AFC’ 

(BD Pharminogen #556574)) containing buffer (50 mM HEPES pH 7.2; 5 mM 

EGTA; 10 mM KCl; 2 mM MgCl2; 2 mM DTT; 40 μM Ac-DEVD-AFC) was 

added. The release of AFC over 120 min was measured using Cytofluor 

4400 at 37 °C (excitation 400 nm, emission 508 nm), after which, the 

caspase3-like levels were normalised to total protein concentration.  Activity 

was expressed as arbitrary fluorescent units (AFU) per minute per mg of 

protein. 
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2.2.5 Sub-G1 and Cell Cycle Analysis 

Cells were seeded at a density of 1.3 x 105 cells per well in a final volume of 

2 ml per well in a 6-well Cell+ culture plate (Sarstedt #83.1839.300) and left 

to attach overnight at 37 ˚C in a 5 % CO2 incubator. Cells were treated with 1 

ml of medium spiked with appropriate concentrations of EL102, docetaxel or 

both. Following treatments, plates were returned to the incubator for 24, 48 

and 72 h. The medium from each well’s liquid fraction was transferred to 

labelled 15 ml tubes. Remaining attached cells were gently washed with 300 

ml HBSS at RT. These washings were retained and added to the medium in 

the appropriate labelled 15 ml tubes. Cells were trypsinised with 750 ml 

trypsin-EDTA for 5 min at 37 ˚C. Trypsinisation was stopped by re-addition of 

1 ml of medium from the appropriate well of origin. Cell suspensions were 

combined with the medium in the appropriate 15 ml tubes, and cell pellets 

were collected by centrifugation at 1000 x g at 4 ˚C for 5 min using soft 

acceleration. The supernatant was removed and the cell pellets were placed 

on ice. Pellets were re-suspended in 500 μl ice-cold dPBS and transferred to 

labelled 1.5 ml tubes (Sarstedt #72.706.200). Cell pellets were again 

recovered following centrifugation at 4 ˚C for 5 min at 1000 x g and 

supernatant was discarded. Cells were re-suspended in 150 μl dPBS. A 

volume of 350 μl ice-cold 100 % ethanol (Sigma-Aldrich #E7023) was added 

drop-wise to the cell suspension while vortexing, to avoid clumping. Cells 

were incubated on ice for 30 min. Following overnight storage at 20˚C, cells 

were then centrifuged at 1000 x g for 5 min using soft acceleration. Each 

pellet was washed in 500 μl dPBS and suspension was centrifuged at 1000 x 

g for 5 min using soft acceleration, after which supernatant was removed. 

Each cell pellet was resuspended in propidium iodide, PI/RNAse staining 

buffer (BD Pharmingen, #550825). Sample suspensions were incubated in 

the dark for 15–20 min and measured by flow cytometry on BD FACSCanto 

II (BD Biosciences), channel PE. Logarithmic and linear regression was 

performed as needed for sub-G1 and cell cycle analyses. Flow cytometric 

analyses were conducted using Cyflogic software (CyFlo Ltd, Turku, 

Finland). 
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2.2.6 Analysis of PARP-Cleavage 

PARP-cleavage is an indicator of apoptosis. Cells were seeded in 10 cm3 

Cell+ dishes (Sarstedt #83.1802.003) at a cell density of 1 x 106 per dish, 

and treated with the relevant doses of DMSO, EL102 and docetaxel for 24 

and 48 h.  After incubation, total cell protein was harvested, quantified and 

analysed by Western blot, as described in sections 2.3.2 and 2.3.3.  

2.3 Protein Analysis 

2.3.1 Antibodies 

Table 2.2 – List of antibodies. 

Antibody 
Host/ 

Isotype 
Company Product # Applications Dilution 

Anti-PARP 
Rabbit 

pAb 
Cell Signaling 9542 

WB (in 5 % 

Milk-TBS-

Tween 0.1 %) 

1:1000 

Anti-AR 

(PG-21) 

Rabbit 

pAb 
Millipore 06-680 

WB (in 3 % 

Milk-TBS) 
1:500 

ICC (in 5 % 

FBS-PBS-0.1 

% Tx-100) 

1:200 

Anti-HIF1α 

(Discontinued) 

Rabbit 

pAb 
Cell Signaling 07-628 

WB (in 5 % 

Milk-TBS) 
1:1000 

Anti-HIF1α 
Rabbit 

pAb 

Novus 

Biologicals 
NB100-479 

WB (in 5 % 

Milk-TBS) 
1:2000 

ICC (in 5 % 

FBS-PBS-0.1 

% Tx-100) 

1:200 

Anti-β-Actin 
Mouse 

mAb 
Pierce MA1-91399 

WB (in 5 % 

Milk-TBS-

Tween 0.1 %) 

1:200000 

Anti-PSA 
Mouse 

mAb 
R&D Systems MAB1344 

WB (in 5 % 

Milk-TBS-

Tween 0.1 %) 

1:2000 

Anti-CXCR4 
Mouse 

mAb 
R&D Systems 

MAB171-

100 

WB (in 5 % 

Milk-TBS-

Tween 0.1 %) 

1:1000 
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Anti-β-tubulin 
Rabbit 

pAb 
Abcam AB6046 

ICC (in 5 % 

FBS-PBS-0.1 

% Tx-100) 

1:200 

Anti-PCNA 
Mouse 

mAb 
Santa-Cruz SC-56 

WB (in 5 % 

Milk-TBS-

Tween 0.1 %) 

1:1000 

Anti-Acetylated 

Tubulin 

Mouse 

mAb 
Sigma-Aldrich T6793 

ICC (in 5 % 

FBS-PBS-0.1 

% Tx-100) 

1:200 

IRDye 680LT 

Anti-Mouse IgG 

Goat 

pAB 
LI-COR 926-68020 

WB (in 5 % 

Milk-TBS) 
1:20000 

IRDye 800CW 

Anti-Rabbit IgG 

Goat 

pAB 
LI-COR 926-32211 

WB (in 5 % 

Milk-TBS) 
1:20000 

Rhodamine 

Red-X-

AffiniPure Fab 

Fragment 

Goat 

pAb 

Jackson 

Immuno-

research 

Laboratories 

115-297-

020 

ICC (in 5 % 

FBS-PBS-0.1 

% Tx-100) 

1:50 

Alexa Fluor 647 
Donkey 

pAb 
Invitrogen A-31573 

ICC (in 5 % 

FBS-PBS-0.1 

% Tx-100) 

1:200 

Alexa Fluor 488 
Goat 

pAb 
Invitrogen A-11001 

ICC (in 5 % 

FBS-PBS-0.1 

% Tx-100) 

1:200 

 

2.3.2 Protein Isolation and Quantification  

Cells were seeded at a density of 1–2 x 106 cells per 10 cm3 dish or 1–2 x 

105 cells per well of a 6-well Cell+ tissue culture plate and cultured in 

optimum conditions, to allow for attachment before necessary treatments 

were carried out. As was the case for most of those harvested for protein 

analysis, cells were rinsed twice with cold dPBS and lysed directly on the 

dish/place with (10 cm3 dish, 300 μl; 50 μl per well, 6-well plate) cold RIPA 

buffer (Thermo Scientific Pierce #89900) supplemented with protease 

inhibitor cocktail (Thermo Scientific Pierce, #78410 or #12841640) and 

scraped, using a cell lifter (Corning #3008) or a cell scraper (Sarstedt 

#83.1830), to the bottom of the well/plate and transferred to a 1.5 ml tube. 

Tubes were then centrifuged at 12000 x g for 15 min at 4 °C. The resulting 



48 
 

supernatant was collected and stored at –20 °C, short-term, or -80 ˚C, long-

term. When required for further analysis by Western blot, extracted protein 

was quantified using a BCA kit. To do this, a standard curve, such as the 

example in Figure 2.1, was generated through the serial dilution of 2 mg ml-1 

bovine serum albumin (BSA) (Sigma-Aldrich #A3059) as follows: 

Vial 
Volume of Water 

(μl) 

Standard Stock Volume 

(μl) 

Final BSA 

Concentration  

(μg ml-1) 

A 0 300 from 2 mg ml-1 2000 

B 125 375 from 2 mg ml-1 1500 

C 325 325 from 2 mg ml-1 1000 

D 175 175 from vial B 750 

E 325 325 from vial C 500 

F 325 325 from vial E 250 

G 325 325 from vial F 125 

H 400 100 from vial G 25 

I 400 0 (BLANK) 

 

 

Figure 2.1 – Typical protein standard curve in BCA protein quantification. 
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The amount of working reagent (WR) required for the BCA was determined 

as follows: 

(no. of standards + no. of samples)*(2 replicates)*(200 μl WR) = Total required WR 

A 50:1 ratio of BCA Reagent A:Reagent B was used to make up the WR. 25 

μl of each of the standards as well as 25 μl of a 1 in 5 dilution of the each of 

the samples was added to duplicate wells of a 96-well microplate. 200 μl of 

the WR was added to each well. The plate was then covered and incubated 

in a 37 ˚C oven for 30 min. The plate was brought to RT and read in a plate 

reader at 550 nm. Using the standard curve as a reference, sample protein 

concentrations could be determined. 

2.3.3 Western Blot Analysis 

A combination of pre-cast 10 % Bis-Tris Protein Gels, 1.5 mm, 10-well 

(Novex®, Life Technologies #NP0315) and 15-well (Novex, Life 

Technologies #NP0316), and in-house cast 15-well 10 % or 12 % Tris-

glycine gels were used for the separation of proteins through sodium dodecyl 

sulphate (SDS) polyacrylamide gel electrophoresis (PAGE). Following 

loading, precast gels were run at 200 Volts (V) in the XCell SureLock™ Mini-

Cell Electrophoresis System (Novex®, Life Technologies #EI0001).  

2.3.3.1 In-House Gel/Wet Transfer Methodology 

Gels were cast in-house and run through use of materials of the Mini-

PROTEAN® Tetra Handcast System (Bio-Rad #165-8000FC) combining Tris 

(0.5 M pH 6.8, 1.5 M pH8.8) dH2O, acrylamide/Bis-acrylamide 30 % solution 

(Sigma-Aldrich #A3699), freshly hydrated 10 % ammonium persulfate (APS) 

(Sigma-Aldrich #A3678), 10 % SDS (Sigma-Aldrich #L3771) and N,N,N′,N′-

Tetramethylethylenediamine (TEMED) (Sigma-Aldrich #T9281) at the 

following volumes: 
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10 % Resolving (Lower) Gel 1 Gel 

dH2O (ml) 4.2 

Acrylamide/Bis-acrylamide, 30 % solution (ml) 3.3 

Lower/1.5 M Tris pH 8.8 (ml) 2.5 

10 % SDS (μl) 100 

10 % APS (μl) 50 

TEMED (μl) 5 

OR 

12 % Resolving (Lower) Gel 1 Gel 

dH2O (ml) 3.5 

Acrylamide/Bis-acrylamide, 30 % solution (ml) 4 

Lower/1.5 M Tris pH 8.8 (ml) 2.5 

10 % SDS (μl) 100 

10 % APS (μl) 50 

TEMED (μl) 5 

A glass gel casting cell was set up, consisting of a clean, dry glass plate 

(Bio-Rad #165-3308), 1.5 mm glass spacer (Bio-Rad #165-3312) that were 

held together in a casting frame (Bio-Rad #165-3304) and a casting stand 

(Bio-Rad #165-3303). Approximately 7 ml of the above mentioned solution 

(resolving gel) was transferred to this apparatus, immediately after the 

addition of the TEMED. A volume of 500 μl dH2O was added to the surface 

of the solution to prevent drying. Following the setting or polymerisation of 

the lower gels (~1 h), the surface liquid was decanted and the following 

stacking or loading gel was cast by mixing the following volumes:    

4 % Loading (Upper) Gel 2 Gel 

dH2O (ml) 6.1 

Acrylamide/Bis-acrylamide, 30 % solution (ml) 1.4 

Upper/0.5 M Tris pH 6.8 (ml) 2.5 

10 % SDS (μl) 100 

10 % APS (μl) 75 

TEMED (μl) 20 
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Immediately after the addition of TEMED, the 4 % solution was transferred to 

the remainder of the glass chamber. A 10 or 15 tooth PAGE comb was 

inserted into this still-liquid solution and allowed to set for approximately 1 h. 

The displaced gel overflow after comb insertion was mopped up with a piece 

of tissue paper. Running buffer was made up as follows: 

1 X Running Buffer (1L) Volume (ml) 

*10 X Tris-glycine 200 

 10 % SDS (μl) 20 

 dH2O 1780 

(* A 1 L stock of 10 X Tris-glycine : 30 g Tris, 144 g glycine and up to 1 L of dH2O)  

These in-house gels, along with holders were removed from the casting cell 

and placed on the electrode assembly which was placed into the gel tank. 

The inner- and outer- chambers of the electrode assembly were filled with 

the running buffer. Gel combs were withdrawn from the loading gel. 3 μl pre-

stained SeeBlue Plus2 protein standard (Invitrogen, Life Technologies 

#LC5925) was loaded to the first well of the gel. This served as a molecular 

weight standard comparison for samples detected following western blot. 

Subsequent wells were filled with up to 50 μg of protein samples. The 

electrode assembly was connected to a power supply via the repositioned 

tank lid. A current of 100–200 V for 1–2 h was sufficient for migration of the 

lower molecular weight proteins to the end of the gel. For each of the in-

house gels, a wet transfer was performed. This was done by means of a Mini 

Trans-Blot Module (Bio-Rad #170-3935). In brief, following electrophoresis, 

the gel, was removed from the glass spacer and placed in a dish containing 

cold transfer buffer (For 2 L: 200 ml 10 X Tris-glycine, 1.4 L dH2O and 400 ml 

methanol (Sigma-Aldrich #10675112). The black coloured side of the opened 

gel holder cassette was submerged and laid flat against the bottom of the 

transfer buffer container. In the following order, a stack was made upwards, 

atop the black-coloured side of the cassette: a pre-soaked fibre pad, wet filter 

card (Whatman, GE Healthcare #3030-861), the pre-equilibrated gel, a wet 

nitrocellulose membrane (Amersham Protran, GE Healthcare #10600004), a 

wet filter card and a pre-soaked fibre pad. Keeping this stack submerged in 
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the transfer buffer, air bubbles were rolled out of the stack as these disrupt 

the transfer of protein from the gel to the membrane. The cassette was 

closed and placed in the 2 cassette transfer module. The transfer module 

was placed in the buffer tanked which was filled with pre-chilled transfer 

buffer and moved to 4 ˚C. A magnetic stirring bar was placed at the bottom of 

the tank and the module’s electrodes were connected to a power supply via 

the tank lid. The tank was placed atop an active magnetic stirring unit. A 

constant current of 40-50 mA was maintained overnight for protein transfer to 

occur.  

2.3.3.2 Precast Gel/Dry Transfer Methodology 

The iBlot® 7 min, gel dry transfer system was used for the transfer of protein 

from the precast gels via iBlot gel transfer stacks (Life Technologies 

#IB3010-02 or #IB3010-01) to an integrated PVDF membrane.  

2.3.3.3 Detection of Proteins 

The relative expression of specific proteins transferred to either membrane 

was detected through use of the appropriate primary and secondary 

antibodies listed in Table 2.2. Antibodies were diluted (Table 2.2) in 3 % or 5 

% skimmed milk (Sigma-Aldrich #70166) reconstituted in 1 X Tris-buffered 

saline (TBS) (25 mM Tris; 3 mM potassium chloride (KCl); 68.5 mM sodium 

chloride (NaCl) (Sigma-Aldrich #S3014) (pH8) with preservative 0.05 % 

sodium azide (Sigma-Aldrich #S2002) and with or without 0.1 % Tween 

(Sigma-Aldrich #P1379). Following either 1 h of RT blocking or overnight at 4 

˚C blocking of the membrane in 3 % or 5 % skimmed milk in TBS, the 

antibody dilution was added to the transfer membrane (Nitrocellulose/PVDF) 

and rocked overnight at 4 °C. Primary antibodies against endogenously 

expressed controls were used to confirm uniform protein loading. Following 

incubation with primary antibody, the antibody solution was decanted to a 

pre-labelled tube and stored at 4˚C, short-term or -20 ˚C, long-term. Diluted 

antibodies were re-used no more than twice. Blots were then washed three 

times for 3–5 min in TBST. The appropriate secondary antibodies used 

against each of the primary antibodies used, were detected using the LI-
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COR ODYSSEY CLx imaging system. A complete list of primary and 

secondary antibody information is shown in Table 2.2. 

2.3.4 Cellular Fractionation of Proteins 

Cells were seeded at a density of 1 x 106 per 10 cm3 tissue culture dish and 

cultured in optimum conditions, to allow for attachment before necessary 

treatments were carried out. After the required incubation time, cells were 

carefully washed twice in 1 ml pre-chilled dPBS. Cold dPBS/1 mM EDTA 

was added to the culture dish. Cells were scraped in this buffer and pelleted 

by a 5 min centrifugation at 3,000 rpm at 4 ˚C. Supernatant was discarded 

and the pellet was re-suspended in 200 μl Harvest Buffer (10 mM HEPES pH 

7.9, 50 mM NaCl, 0.5 M sucrose, 0.1 mM EDTA, 0.5 % Triton X-100, with the 

following freshly-added on the day of fractionation: 1 mM DTT, 10 mM 

sodium pyrophosphate, 100 mM sodium fluoride, 17.5 mM β-

glycerophosphate and 1 X protease inhibitor cocktail III (Fisher Scientific 

#12841640)) and left to incubate on ice for 5 min. The cell suspension was 

spun at 220 x g for 10 min. The resulting supernatant and pellet were both 

retained and the supernatant was placed in a fresh tube and centrifuged at 

17000 x g for a further 20 min before transferring to another 1.5 ml tube for 

storage at -80 ˚C. This supernatant contained the membranous and cytosolic 

fraction of the cellular protein. The pellet retained from the previous 

centrifugation step, contained the crude extract of nuclear proteins and 

required a re-suspension and washing in 500 μl of Buffer A (10 mM HEPES 

pH7.9, 10 mM KCl, 0.1 mM EDTA, 0.1 mM EGTA and with 1 mM DTT and 1 

X protease inhibitor cocktail III freshly-added on the day of fractionation). 

After another 10 min 4 ˚C centrifugation at 220 x g, the supernatant was 

discarded, while the pellet was dislodged with 200 μl of Buffer C (10 mM 

HEPES pH7.9, 10 mM KCl, 0.1 mM EDTA, 0.1 mM EGTA 0.1 % IGEPAL 

CA-630 (Sigma-Aldrich #I8896) and 1 mM DTT and 1 X protease inhibitor 

cocktail III freshly added on the day of fractionation). At 4 ˚C, the contents 

were initially vortexed for 5 min at high speed to ensure complete 

dislodgement of the pellet. There followed a 10 min vortex at medium speed, 

also at 4 ˚C. The suspension was then centrifuged at 4 ˚C, for 20 min at 

17,000 x g. The resulting supernatant was retained and frozen at -80 ˚C. 



54 
 

Both cytosolic and nuclear fractions were quantified by BCA and analysed by 

Western blot, as previously described. 

2.3.5 Immunocytochemistry 

2.3.5.1 Cell Fixation  

Coverslips were sterilised in 100 % ethanol, and rinsed twice with sterile 

dPBS. If necessary for the individual cell type, to assist attachment, 

coverslips were coated in sterile poly-L-lysine (Sigma-Aldrich #P4707), and 

allowed to air-dry in a sterile biosafety cabinet. The coverslips were then 

inserted to the base of each well of a 6-well plate. Cells were trypsinised as 

previously mentioned and seeded at a density of 1 x 105 per well and 

allowed overnight attachment at 37 ˚C, in a 5 % CO2 incubator. Cell 

treatments were carried out and at the relevant time-points, cell fixation was 

achieved by (A) 10 min incubation in ice-cold methanol at -20 ˚C or (B) 2 % 

paraformaldehyde (PFA) (Agar Scientific #AGR1026) at RT for 15 min. In the 

instance of androgen deprivation and using the LNCaP cell line, cells had to 

first be seeded in complete optimum RPMI 1640 for 24 h, followed by a 72 h 

incubation in replacement complete PRF RPMI. For hypoxia experiments, 

DU145 cells were allowed overnight attachment in normoxic (20 % O2) 

conditions before plates were moved to hypoxic (1 % O2) conditions for the 

allotted time periods.  

2.3.5.2 Immunostaining 

For immunostaining of intracellular proteins it was at first necessary to 

permeabilise cells. While cell fixation had initiated this, incubation of the 

coverslip-mounted fixed cells were twice incubated in dPBS/Triton X-100 (0.1 

%) for 3 min. Cells were blocked for 30 min with 5 % FBS/dPBS/Triton X-100 

(0.1 %). Fresh blocking solution was used for the appropriate dilution of 

primary antibodies (Table 2.2). This solution was added to the coverslips 

which were incubated at RT for 1 h in a water-filled staining tray (Slideshow, 

Jilks Plastics # 6844-30BL).  Following incubation, coverslips underwent 3 

washes in dPBS. In blocking solution appropriate dilutions of secondary 

fluorescent conjugated antibodies specific for the primary antibodies were 

made. These were added to the coverslips and incubated at RT for 1 h in the 
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water-filled staining tray which was protected from light. Coverslips 

underwent 3 further washes in dPBS. Coverslips were counterstained with 

mounting medium Slow Fade Gold anti-fade reagent (Life Technologies 

S36936) supplemented with 0.5 mg ml-1 4,6-diamidino-2-phenylindole 

dihydrochloride (DAPI) (Sigma-Aldrich #D8417) diluted 1 : 100 and 

coverslips were fixed to slides using nail varnish. Staining was imaged using 

Delta Vision Core Imaging System C0607 with SoftWoRx software (Applied 

Precision, Issaquah, WA, USA) or the Olympus BX51 Upright Fluorescent 

Microscope with Improvision Optigrid System and Improvision Volocity Software. 

Final image analysis was conducted using FIJI software (General Public 

Licence v2).  

2.3.6 HIF1 TransAM ELISA 

HIF1 TransAM ELISA was carried out as per manufacturer’s instructions. 

Briefly, nuclear protein extraction of EL102-treated hypoxic and normoxic 

PC-3 cells was performed as described in 2.3.3. Protein concentration was 

determined by BCA (2.3.2). Each nuclear extract was diluted to 25 μg per 

well and added to individual wells of the 8-well strips which were pre-coated 

in complete binding buffer. 10 μg of positive control (HELA + CoCl2) was 

added to separate wells. Wells were covered and incubated with mild 

agitation, on a rocking platform, for 1 h. After the incubation, wells were each 

washed 3 times with 200 μl wash buffer. A 1:500 dilution of the provided 

HIF1 antibody was made in antibody binding buffer and 100 μl of the 

antibody dilution was added to each well. The wells were covered and 

incubated, undisturbed at RT for 1 h. Each well underwent 3 washes with 

200 μl wash buffer. 100 μl of provided HRP-conjugated (pre-diluted 1:1000 in 

antibody binding buffer) was added each well. Wells were again covered and 

incubated undisturbed at RT for 1 h. Developing solution was brought to RT. 

Wells were washed 4 times with 200 μl wash buffer. 100μl RT developing 

solution was added to each of the wells and protected from light for 8–12 min 

RT incubation. 100 μl stop solution was added to each well and the 

absorbance values of contents was read within 5 min at 450 nm with 

reference wavelength 655 nm using a spectrophotometer. 
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2.4 Genetic Analysis 

2.4.1 Plasmid Preparation 

Reporter gene assays to test the androgen receptor response were carried 

out using the constructs MMTV-luc (de Ruiter et al., 1995) and PSA-407E-luc 

(Zhang et al., 1997). These plasmids were generously gifted by Prof. Daniel 

E. Frigo, Center for Nuclear Receptors and Cell Signaling, University of 

Houston, Texas. The pCMV-β-gal plasmid (Clontech) was generously 

donated by Dr. Jill McMahon, National Centre for Biomedical Engineering 

Science, NUI Galway. 

2.4.1.1 Bacterial Transformation 

Each plasmid was delivered to the lab in a 1.5 ml tube suspended in a few ml 

of RT water. Before opening, tubes were spun to save any droplets that may 

have formed around the tube cap from being lost. Sub-cloning Efficiency™ 

DH5α™ Competent Cells (Invitrogen, Life Technologies #18265-017) were 

transformed as per supplier’s instructions. Briefly, one vial of competent cells 

was thawed on ice and an aliquot of 50 μl of cells was added to individual 

tubes for each transformation. Any unused cells were frozen in a dry ice 

ethanol bath for 5 min before being returned to the -80 ˚C freezer for storage. 

1μl of each of the plasmid suspensions was added to the cells which were 

gently mixed by swirling or tapping. One of the tubes had no DNA added, as 

a control. Tubes were left to incubate on ice for 30 min. During this 

incubation a heating block (Fisher Scientific #11751637) was set to 42 ˚C 

and tubes were then placed in this for a heat shock of 20 sec before 

returning to ice for a further 2 min. 950 μl of pre-warmed SOC medium 

(Invitrogen, Life Technologies #15544-034) was added to each of the tubes 

which were shaken at 225 rpm at 37 ˚C for 1 h. For each of the 

transformations, both a 50 μl and a 150 μl volume of transformed culture 

suspension was spread across the surface of individual pre-warmed 100 μg 

ml-1 ampicillin ( LB agar (Fisher Scientific #10081163) nutrient petri-dishes 

(Sarstedt #82.1472) using an L-shaped spreader (Fisher Scientific 

#11836191). (Note: In this instance, each of the plasmids, used, conferred 

ampicillin resistance). Plates were placed in a 37 ˚C oven for 30 min with the 
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lid-side-up, and were then inverted for overnight culture. Control cultures 

introduced to selective plates did not produce visible colonies whereas the 

opposite was true for those that were transformed. Although positive for 

ampicillin resistance, confirmation of successful transformation was only 

achieved through subsequent purification of the plasmids and through 

visualisation by electrophoresis of linearized DNA, the product of restriction 

digest. An isolated colony was picked from each of the plates and a sample 

was taken using a 10 μl pipette tip which was ejected into a 15 ml tube to 

inoculate a 4 ml volume of 100 μg ml-1 ampicillin (Sigma-Aldrich #A9518) 

containing (pre-autoclave sterilised) LB Broth Miller (Fisher Scientific 

#10113293). These cultures were shaken at 225 rpm overnight at 37 ˚C after 

which the medium became murky due to the increase in optical density of 

proliferating bacterial cells. The inoculating tip was removed and each the 

culture was pelleted by centrifugation at 200 x g for 5 min at 4 ˚C. At this 

point the pellet could have been stored at -20 ˚C until need for plasmid 

purification.   

2.4.1.2 Miniprep  

The Qiagen QIAprep Spin Miniprep Kit (Qiagen #27104) was used for this 

initial purification of the plasmid. Before starting, RNAse A was added to 

Buffer P1 and if the pellets were frozen, the were left to thaw at RT for 20 

min. 250 μl Buffer P1 was added to the tubes to re-suspend the pellets. This 

suspension was transferred to 1.5 ml tubes which were vortexed until cell 

clumps had been dissolved. 250 μl Buffer P2 was added to each suspension 

and inverted six times to allow for adequate mixing. 350 μl of Buffer N3 was 

added and immediately mixed by six further inversions of tubes. This action 

turned the liquid cloudy. The samples were spun for 10 min at 17900 x g. 

The supernatant was retained and applied to QIAprep spin columns by 

decanting or pipetting while the pellet was discarded. The supernatants were 

passed through the spin columns by centrifugation at 1000 x g for 60 sec. 

The flow-through was discarded. The columns were washed through addition 

of 750 μl Buffer PE to the spin column and centrifugation at 1000 x g for 60 

sec. The flow-through was again discarded and the column was centrifuged 

for an extra 60 sec. The spin column was then placed in a fresh 1.5 ml tube. 
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50 μl of Buffer EB (10 mM Tris-Cl, pH 8.5) was added to the centre of the 

spin column and allowed to sit at RT for 1 min. After this brief incubation, the 

spin column in the 1.5 ml tube was spun at 1000 x g for 1 min. The 

concentration of the plasmid DNA eluted was determined by nanodrop 

measurement. 

2.4.1.3 Restriction Digest 

In order to linearize the circular plasmids, a restriction digest was carried out. 

In this instance the endonuclease enzyme selected for all four plasmids was 

BamHI-HF ™ (New England BioLabs #R3136S). The following was added to 

each 30 μl digestion reaction: 

Reagent Volume (μl) 

1 μg Circular DNA plasmid  X 

10 X Buffer 3 

Restriction Enzyme (BamHI-HF) 1 

Molecular Grade dH2O Up to 10 μl 

The above was added to a 1.5 ml tube and contents were mixed through 

pipetting up and down a couple of times. The tube was paced in a 37 ˚C 

heating block for 1 h. A 0.8 % agarose (Sigma-Aldrich #A9539) gel was 

made by adding 0.4 g of agarose to a flat bottomed flask of 50 μl 1 X TAE 

(diluted from 10 X TAE: 48.4g Tris, 11.4 ml glacial acetic acid, 3.7 g EDTA 

and the remainder of the 1 L stock was comprised of dH2O) and heated in a 

microwave until the agarose has gone fully into solution. The contents were 

allowed to cool slightly before adding 5 μl of 10000 X Gel Red Nucleic Acid 

Gel Stain (VWR #730-2958). This was then poured into the gel casting 

portion of the comb-containing Mini-Sub Cell GT Cell (Bio-Rad #164-0300) 

and left at RT for 30 min to solidify. The gel was immersed in 1 X TAE the gel 

tank with the gel oriented with the wells closest to the negative end. 5 μl of 6 

X gel loading dye (New England BioLabs #B7024S) was added to the 

product of the restriction digest. 5 μl of 1 kilobase (kb) pre-stained DNA 

ladder (New England BioLabs #N0468S) was added to the first lane’s well, 

while the subsequent wells were loaded with 18 μl of the samples. With the 

gel loaded, the lid was returned to the electrophoresis tank and electrodes 
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were connected to the power supply set to 110 V for 1–1.5 h, until the pinkish 

red band had migrated 80–90 % the length of the gel (Figure 2.1). The power 

supply was terminated and electrodes were disconnected. The gel was 

removed from the tank and placed in a gel imager (Bio-Rad #170-9460), 

where lanes were imaged in red channel. Referring to the plasmid maps, 

anticipated excision and band size confirm the identities of the purified 

plasmids.  

2.4.1.4 Making Glycerol DH5α Stocks 

Before proceeding to Maxiprep purification of plasmids for transfection, 

glycerol stocks of plasmid-positive colonies were made. Sample cells were 

taken from the same colonies selected for Miniprep purification in the same 

way. This time 5 ml of selective medium was inoculated prior to 37 ˚C 

incubated 225 rpm shaking for 5 h. At 5 h, six 800 μl volumes of the growing 

cultures were pipetted in sterile 1.8 ml cryovials (Sarstedt #72.380.004). 200 

μl of pre-autoclaved 80 % glycerol was added to each of these vials which 

were briefly mixed by vortexing. The vials were stored at -80 ˚C. When 

needed, the vial was taken out of the freezer, but not thawed, and a sterile tip 

was touched to the surface of the contents then ejected into 5 ml of selective 

(100 μg ml-1 ampicillin) medium.  

2.4.1.5 Maxiprep 

High purity, high yield plasmids were purified using the EndoFree Plasmid 

Maxi Kit (Qiagen #12362). A colony was selected from a glycerol stock, as 

mentioned, previously. A starter culture of 5 ml was shaken for 5 h at 37 ˚C 

before 300 μl of the culture was diluted into the larger volume 120 ml of fresh 

and sterile, similarly selective, LB broth medium in a pre-autoclaved 500 ml 

flat bottomed flask and shaken overnight in the same conditions. 100 ml of 

the culture was spun at 6000 x g for 15 min at 4 ˚C and the resulting cell 

pellet could be stored at -20 ˚C until a later time, if necessary. Proceeding, 

10 ml Buffer P1 (with RNAse added) was used to re-suspend the pellet. An 

equal volume of Buffer P2 was added and mixed by vigorous inversion 6 

times and incubated at RT for 5 min. During this incubation a screw cap is 

placed onto the outlet nozzle of a QIAfilter Maxi Cartridge and placed in a 
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standing 50 ml tube. 10 ml of pre-chilled Buffer P3 was added to the lysate 

and mixed through vigorous inversion 6 times. Immediately after mixing, the 

suspension was poured into the barrel of the QIAfilter Cartridge and left 

undisturbed at RT for 10 min. Following the incubation, the cap was removed 

from the Cartridge outlet and returned to the receiving 50 ml, as a plunger is 

gently fitted to the top of the Cartridge barrel. The plunger is gently but 

persistently lowered into the column until all 25 ml of the lysate had passed 

into the 50 ml tube. A 120 μl aliquot was taken from this and labelled ‘sample 

1’ for quality control purposes. 2.5 ml of Buffer ER was added to the flow-

through of the column and mixed through 10 tube inversions before 30 min 

incubation on ice. During this incubation, a QIAGEN-tip 500 was equilibrated 

through application of 10 ml Buffer QBT to the column which was allowed to 

flow through by gravity to the receiving 50 ml tube. When flow-through 

ceased, the 50 ml tube was emptied. Fresh from its 30 min on-ice incubation, 

the lysate was decanted into the QIAGEN-tip. 120 μl of the flow-through was 

retained and labelled ‘sample 2’ for quality control purposes. The QIAGEN-

tip was washed twice with Buffer QC and each time, 120 μl of the flow-

through was retained only to be combined and labelled ‘sample 3’ for quality 

control purposes. DNA was eluted by 15 ml Buffer QN. A 50 μl aliquot of this 

eluate was retained and labelled ‘sample 4’ for quality control purposes. DNA 

precipitation was carried out through addition of 10.5 ml RT isopropanol to 

the elution. This was immediately mixed and centrifuged at 5000 x g for 1 h 

at 4 ˚C. The supernatant was discarded by careful decanting so as not 

disturb the pellet which was washed with 5 ml endotoxin-free 70 % ethanol 

and spun again for 1 h at 5000 x g. The supernatant was again carefully 

discarded and the pellet was allowed to air-dry for about 8 min before it was 

re-suspended in Buffer TE. Note: over-drying can make re-suspension 

difficult. The concentration of DNA was determined through use of a 

nanodrop (Thermo Scientific #ND-2000).  
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2.4.2 Transient Transfections 

LNCaP and PC-3 cells were seeded at densities of 5 x 104 cells per well and 

1 x 104 cells per well, respectively of individual Cellbind 24-well plates 

(Corning #3337). The cells were cultured for 24 h in a 37 ˚C, 5 % CO2 

incubator in respective optimum media (RPMI 1640 and F12 Hams) to allow 

attachment. These media were withdrawn and replaced with phenol red free 

(PRF) RPMI medium (supplemented with 10 mM HEPES buffer; 1 X 

Glutamax; 1 X sodium pyruvate (NaPyr); 1 X Anti-mycotic Antibiotic ; 10 % 

charcoal stripped FBS) and left to culture for a further 24 h in a 37 ˚C 5 % 

CO2 incubator. On day 3, transient transfection was carried out. To do this, a 

1:20 Lipofectin reagent (Invitrogen, Life Technologies #18292011) : OPTI-

MEM (Gibco, Life Technologies #11058021) mixture was made and 

incubated at 37 ˚C for 45 min. A 2-3 μg stock of plasmid DNA, containing the 

reporter genes, was made up in OPTI-MEM with 81 ng per 100 ng 

transfection to be used. Exhausted PRF medium was carefully aspirated 

from each of the wells of the 24-well plates. Cells were briefly and carefully 

rinsed with 200 μl OPTI-MEM which was then withdrawn and carefully 

replaced with 400 μl fresh OPTI-MEM per well. The DNA dilutions in OPTI-

MEM were combined with 325 μl of pre-incubated Lipofectin : OPTI-MEM 

mix and vortexed briefly. This solution was incubated at RT for 15 min. 50 μl 

of Lipofectin : OPTI-MEM : DNA was carefully added to each well of the 24-

well plate already containing 400 μl OPTI-MEM per well. These plates were 

incubated for 3–5 h, after which the transfection mix was withdrawn and cells 

were carefully rinsed with 200 μl dPBS. 900 μl of fresh complete PRF RPMI 

was added to each well and incubated in a 37 ˚C, 5 % CO2 incubator for 24 

h. Incubation with or without hormones, and in the presence or absence of 

EL102 or bicalutamide (Sigma-Aldrich #B9061) was carried out over 24 h in 

a 37 ˚C 5 % CO2 incubator with each condition conducted in triplicate. At this 

time-point, cells were lysed and analysed through reporter gene assays. 
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2.4.3 Reporter Gene Assays  

2.4.3.1 Cell lysis 

Cells were transiently transfected, as described previously (2.4.2), and 

treated with drug concentrations simultaneous with vehicle ethanol or 1nM 

methyltrienolone (R1881)(Sigma-Aldrich #R0908) for 24 h. 5 X Luciferase 

Cell Culture Lysis Buffer (Promega #E1500) was diluted to 1 X concentration 

in water and brought to RT. To each well of the 24-well plate, 65 μl of 1 X 

lysis buffer was added and complete coverage of the monolayer was 

ensured by rocking the plates back and forth. (At this point, plates may be 

stored at -80 degrees C.) This lysate was used to directly measure the 

luciferase and -galactosidase levels of the cells following the treatment 

conditions. This was done by way of luciferase (Promega) and CPRG assays 

(G-Biosciences), respectively.    

2.4.3.2 CPRG Assay 

Reagents from the Beta-galactosidase Assay kit (G-Biosciences #786-651) 

were used to carry out this assay. Firstly, anhydrous substrate chlorophenol 

red- β-D-galactopyranoside (CPRG) was reconstituted to 25 X by the 

addition of 550 μl CPRG Assay Reaction Buffer which was then briefly 

vortexed to ensure adequate mixing. Next, the 25 X CPRG was diluted to 1 X 

in water. To obtain the amount of 1 X needed to conduct 100 reactions, all 

550 μl of the 25 X substrate was added to 13.5 ml water. Individual 25 μl 

samples of the 65 μl cell lysate, prepared as described previously, were 

added to each well of black-walled, clear-bottomed 96-well plate (Corning 

#3603). (Note: Sufficient time was allowed for lysates to thaw if stored at -20 

˚C). A note was made of the time of addition when 125 μl 1 X CPRG reagent 

were added to each sample-containing well of the 96-well plate. The plate 

was wrapped in aluminium foil and incubated at 37 ˚C with readings being 

taken from 30 min or up to 72 h (until a colour change occurs). A plate reader 

capable of readings at wavelengths 570–595 nm, was used to detect the 

colour changes over time. This data serves as a normalizing factor for 

transfection.  
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2.4.3.3 Luciferase Assay 

Reagents, specifically 5 X Lysis Buffer, Luciferase Assay Substrate (luciferin) 

and Luciferase Assay Buffer were obtained from the Luciferase Reporter 

Assay system (Promega #E1500). The 5 X Lysis Buffer was used in the lysis 

of cells for both CPRG and luciferase assays. Luciferin was reconstituted by 

addition of 10 ml Luciferase Assay Buffer. Note: Exposure of reconstituted 

luciferin to both light and multiple freeze-thaw cycles was avoided. Another 

25 μl of each cell lysate was added to individual wells of a black-walled, 

clear-bottomed 96-well plate. 95 μl of luciferin was added to each of the 

wells. Plates must be read instantly in a plate reader capable of 2 sec 

measures of luminescence. The results were normalised through dividing by 

the corresponding CPRG sample reads. With each condition hese data, 

known as relative light units (RLU), were averaged and represented 

graphically (with error being expressed as ± standard error of the mean 

(SEM)). 

2.4.4 Total RNA Isolation 

Cells were seeded at a density of 1–2 x 106 and cultured in 10 cm3 tissue 

culture dishes and treated as necessary for the relevant time period in a 37 

˚C, 5 % CO2 incubator. Next, cells were taken from the incubator, medium 

was removed and cells were washed twice in 1 ml of cold dPBS. After the 

dPBS had been removed, 1 ml of cold Tri-Reagent (Sigma-Aldrich # T9424) 

was added to each of the plates. This was done in a fume hood. Complete 

coverage of the monolayer was achieved by rocking the plates back and 

forth. The contents of the dish were homogenised through repeated pipetting 

up and down before moving to pre-labelled 1.5 ml tubes on ice. These can 

be stored for up to 1 month at -80 ˚C. Harvests were left at RT for 5 min to 

ensure complete dissociation of nucleoprotein complexes. 200 μl of 

chloroform was added to the harvest solution and shaken vigorously for 15 

sec. Tubes were allowed to stand undisturbed for 15 min at RT. Tubes were 

moved to a refrigerated centrifuge and spun at 4 ˚C for 15 min at 12000 x g. 

The resulting upper aqueous phase of each tube was transferred to fresh, 

pre-labelled 1.5 ml tubes along with 500 μl RT isopropanol (Sigma-Aldrich 

#I9516). This was mixed through several inversions of the tube and 
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incubated at RT for 10 min before moving to -20 ˚C overnight. Tubes were 

again removed to the 4 ˚C centrifuge and spun at 12000 x g for 10 min. The 

resulting supernatant was carefully removed so as not to disturb the pellet 

which was washed in 1 ml 70 % ethanol. After a brief vortex, tubes were 

centrifuged at 7500 x g for 5 min at 4 ˚C. The supernatant was again 

removed carefully and the RNA pellet was allowed to air-dry for 5–10 min at 

RT. Note: Over-drying the pellet makes its re-suspension difficult. The RNA 

pellet was re-suspended in 50 μl DEPC water and mixed by repeat pipetting. 

The RNA was quantified by nanodrop. Samples with an A260/A280 ratio of 

RNA >1.7 were stored at -80 ˚C.   

2.4.5 cDNA Synthesis 

To synthesise complementary DNA (cDNA) from each of the samples of total 

RNA containing messenger RNA (mRNA), a reverse transcription 

polymerase chain reaction (RT-PCR) was carried out. The Tetro cDNA 

Synthesis Kit (Bioline, Meridian Life Science #BIO-65043) was used. Each 

20 μl reaction contained the following: 

Reagent Volume (μl) 

1 μg Total RNA X 

5 X RT Buffer 4 

Primer: Oligo (dT)18 1 

10 m dNTP Mix 1 

Tetro Reverse Transcriptase (200 u μl-1) 1 

DEPC Treated water up to 20 μl 

The above contents were gently mixed in a 0.2 ml PCR tube (Eppendorf 

#0030124359) by repeated pipetting and then placed in a thermal cycler, 

which was programmed, for 1 cycle, to heat the tubes to 45 ˚C for 30 min 

followed by 85 ˚C for 5 min, to inactivate the enzyme. The reaction tube was 

held at 4 ˚C. The reaction was stored at -20 ˚C until ready to proceed with 

quantitative PCR (qPCR). Note: A common control for this reaction is to take 

a sample of pooled RNA and carry out the reaction above replacing the 

transcriptase with RNAse-free water. 
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2.4.6 qPCR 

With the cDNA synthesised, as described previously, qPCR was used to 

determine the relative expression of specific genes between samples 

normalised by the expression of an endogenously expressed gene, in this 

case, 36B4. qPCR was carried out using a 96-Microwell Thermofast qPCR 

plate (Abgene, Thermo Scientific #AB-1900) and a SensiFAST™ SYBR Hi-

ROX Kit (Bioline, Meridian Life Science #BIO-92005). Each well contained a 

13 μl reaction with the following constituents: 

Reagent Volume (μl)

Sample cDNA Template 0.2 

Forward Primer (10 μM) 0.5 

Reverse Primer (10 μM) 0.5 

2 X SensiFAST SYBR Hi-Rox Mix 6.5 

Molecular-Grade dH2O 5.3 

 13 

Following addition of the above constituents to each of the wells, the PCR 

plate was sealed with an adhesive optically clear seal (Abgene, Thermo 

Scientific #AB1170) and pulse-spun at 300 x g for 30 sec. The plate was 

then placed in a StepOnePlus™ Real-Time PCR System (Applied 

Biosystems #4376600).The following cycling protocol was used for all PCR 

Reactions unless otherwise indicated: STEP1: One cycle at 95 ˚C for 5 min. 

STEP2: This was followed by 40 cycles of 95 ˚C for 30 sec, 60 ˚C for 30 sec 

and 72 ˚C for 30 sec. STEP3: A final cycle of 72 ˚C for 7 min followed. Step4: 

A melt curve was generated from 70–90 ˚C to detect the presence of primer 

dimers or other transcripts. Each cDNA sample was run in triplicate and 

normalized to levels of 36B4 with error represented as ± SD. The average Ct 

was calculated for the gene of interest and for the normalizing gene. The 

∆CT (Ct gene of interest – Ct normaliser) was calculated. From this the 2-

∆∆ct could be determined and the levels of gene expression calculated 

compared to control cells. Each qPCR was performed at least 3 times with 

representative data shown. 
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2.4.7 Primers 

Primers were purchased from Sigma-Aldrich and were delivered lyophilised. 

These were reconstituted in molecular grade dH2O to a master concentration 

of 100 μM and stored at -20 ˚C. 10 μM working stocks were made by making 

a 1 in 10 dilution. The sequences for each of the primers used can be found 

in Table 2.3. Where possible, primers were designed to span exon-intron 

boundaries so as to reduce genomic DNA amplification. Each instance a 

primer set was used for the first time, a standard curve was generated with a 

1 in 5 serial dilution of pooled cDNA (dilution series: 1.0, 0.2, 0.04, and 

0.008). This was done to determine the percentage amplification efficiencies 

(% amplification Efficiency = (10 (-1/slope)) x -1 x 100) of the individual primer 

sets. Each primer set’s sequences and % efficiency is shown in Table 2.3. 

Table 2.3 – List of qPCR primers. 

Primer Sequence 
% 

Efficiency 

AR 
Forward: 5’-GAATTCCTGTGCATGAAAGCA-3’ 

99 
Reverse: 5’-CGAAGTTCATCAAAGAATTTTTGATT-3’ 

CXCR4 
Forward: 5’-TGGCCTTATCCTGCCTGGTAT-3’ 

93 
Reverse: 5’-AGGAGTCGATGCTGATCCCAA-3’ 

36B4 
Forward: 5’-GGACATGTTGCTGGCCAATAA-3’ 

98 
Reverse: 5’-GGGCCCGAGACCAGTGTT-3’ 

LDHA 
Forward: 5’-CACCATGATTAAGGGTCTTTAC-3’ 

108 
Reverse: 5’-AGGTCTGAGATTCCATTCTG-3’ 

GLUT1 
Forward: 5’-GACGGGTCGCCTCATGCTGG-3’ 

92 
Reverse: 5’-GCGGTGGACCCATGTCTGGT-3’ 
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2.5 Cell Migration Assays 

Migration assays were performed using the Real Time Cell Analyser or 

RTCA (ACEA). In brief, 1 x 106 LNCaP cells were seeded to 10 cm3 tissue 

culture dishes and allowed to attach by culturing undisturbed in optimum 

conditions for 24 h. Cells were then deprived of androgens for 72 h by 

withdrawal of RPMI 1640 and replacement with complete PRF RPMI 

(outlined in section 2.1.2). After the 72 h period, cells were trypsinised as 

described previously, with the 10 % serum-containing PRF RPMI stopping 

the reaction. The cell pellet was washed by re-suspension in 10 ml serum-

free PRF RPMI (SFM), re-pelleted by centrifugation at 200 x g and seeded in 

SFM to the top chamber of a CIM-16 plate. SFM was added to each of the 

lower chambers with one of the following conditions: no chemoattractant, 10 

% normal FBS or 100 ng μl-1 of CXCL12 (SDF1α). Any additional treatments 

with chemotherapeutic agents to be performed in the top chamber were 

initially added to the bottom chamber so as not to introduce an unwanted 

gradient between both chambers. After a 30 min equilibration period to allow 

the cells to settle to the bottom of the upper chamber, the CIM-Plate 16 was 

inserted into the RTCA docks and cell migration was measured in real-time 

with the level of impedance to an electrical current, the measure of the rate 

at which cells migrated from top chamber to bottom over a period of 48 h. 

2.6 Murine Xenograft Models  

CWR22 tumours were taken from an in vivo passage, cut into small 

fragments and transplanted subcutaneously (SC) into the flank of 48 nude 

mice. At day 13, when the tumours were palpable, mice were randomised 

into 10 groups with 8 mice each and treatment initiated. The groups included: 

(A) vehicle (10 % DMSO, 10 % cremophor, aqua per os (po), (B) intravenous 

(iv) docetaxel 12 mg kg−1, (C) EL102 12 mg kg−1 po (0700 hours and 1700 

hours daily), (D) EL102 15 mg kg−1 po (E) docetaxel 12 mg kg−1 iv and 

EL102 12 mg kg−1 po and (F) docetaxel 12 mg kg−1 iv and EL102 15 mg kg−1 

po. The injection volume was 5 ml kg−1. The different tumour groups were 

sacrificed on separate days for ethical reasons (large tumours). Tumour 
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diameter of the SC tumour, and mouse body weights were measured twice a 

week with a calliper. Tumour volumes were calculated according to:  

V = (length × (width)2/2. 

Tumour xenograft models were performed at EPO Experimental 

Pharmacology and Oncology, Berlin-Buch GMBH, Germany. These studies 

were performed under the approval A0452/08 (Landesamt für Gesundheit 

und Sozaiales, Berlin). The study was performed according to the German 

Animal Protection Law and the UICCR, 2010. 

2.7 Preliminary Methodology: Elara Pharmaceuticals Findings  

2.7.1 Proteomic Analysis of HIF1α Activity 

For the preliminary analysis of cellular HIF1α protein expression following 

EL102 treatments, Elara Pharmaceuticals commissioned a basic proteomic 

investigation at Hypoxium Ltd (Cambridge, UK). Here, HCT116 cells were 

seeded at a density of 5 x 106 cells per well to 6-well plates and allowed to 

adhere overnight under normoxia. The 3 mM stock of DMSO diluted EL102 

was further diluted to give final concentrations of 100 and 500 nM, while 

control wells were treated with vehicle DMSO. The DMSO content was 

constant across the wells. EL102 and vehicle treatments were incubated with 

the cells for 4 h at 37 ˚C and 5 % CO2 in a humidified atmosphere under 

normoxia (21 % O2) or hypoxia (1 % O2). Cells were harvested and lysed on 

ice. Protein concentrations were calculated by BCA assay and equal 

amounts of protein (20 μg) were resolved by SDS-PAGE electrophoresis. 

Following Western transfer, membranes were blocked and then probed for 

HIF1α (BD Transduction Laboratories #610958), 1:1000, and β-actin (Sigma-

Aldrich #A5441), 1:750000, overnight at 4 ˚C. (Antibodies were both diluted 

in 5 % x/v non-fat dry milk, 1 X TBS, 0.1 % Tween-20.) Detection was carried 

out using HRP-conjugated secondary antibodies, incubation with ECL-Plus 

and exposure to film. Film exposures were scanned to provide an electronic 

copy.   
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2.7.2 Binding Assays 

2.7.2.1 Kinase-Binding Screen 

A kinase inhibitor screen known as KINOMEscan™ (DiscoveRx Corporation, 

San Diego, California, USA.) was carried out on 442 DNA-labelled kinases 

(some of which were common mutant variants) to assay EL102 and as a 

control, the EL102 diluent, DMSO. KINOMEscan™, which is based on a 

competition binding assay, quantitatively measured the ability of EL102 to 

compete with an immobilized, active-site directed ligand. The assay was 

performed by combining three components: DNA-tagged kinase; immobilized 

ligand; and EL102. The ability of EL102 to compete with the immobilized 

ligand was measured by qPCR of the DNA tag. For most assays, kinase-

tagged T7 phage strains were grown in parallel in 24-well blocks in an 

Escherichia coli (E.coli) host derived from the BL21 strain. E.coli were grown 

to log-phase and infected with T7 phage from a frozen stock (multiplicity of 

infection = 0.4) and incubated with shaking at 32 °C until lysis (90–150 min). 

The lysates were centrifuged (6000 x g) and filtered (0.2 μm) to remove cell 

debris. The remaining kinases were produced in HEK-293 cells and 

subsequently tagged with DNA for qPCR detection. Streptavidin-coated 

magnetic beads were treated with biotinylated small molecule ligands for 30 

min at RT to generate affinity resins for kinase assays. The ligand-affixed 

beads were blocked with excess biotin and washed with blocking buffer (SEA 

BLOCK (Thermo Scientific, Pierce # 37527), 1 % BSA, 0.05 % Tween 20, 1 

mM DTT) to remove unbound ligand and to reduce non-specific phage 

binding. Binding reactions were assembled by combining kinases, ligand-

affixed affinity beads, and test compounds (EL102 and DMSO) in 1 X binding 

buffer (20 % SeaBlock, 0.17 X dPBS, 0.05 % Tween 20, 6 mM DTT). 1 μM 

EL102 (and equal volume DMSO) were prepared as 40 X stocks in 100 % 

DMSO and directly diluted into the assay. All reactions were performed in 

polypropylene 384-well plates in a final volume of 0.04 ml. The assay plates 

were incubated at RT with shaking for 1 h and the affinity beads were 

washed with wash buffer (1 X dPBS, 0.05 % Tween 20). The beads were 

then re-suspended in elution buffer (1 X dPBS, 0.05 % Tween 20, 0.5 μM 

non-biotinylated affinity ligand) and incubated at RT with shaking for 30 min. 
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The kinase concentration in the eluates was measured by qPCR. Results for 

primary screen binding interactions were reported as percentage control, 

where lower numbers indicate stronger hits. In the current study, a 

percentage control ≤ 65 was deemed significant.  

     

% Control = 

Test Compound Signal – Positive Control Signal 

x 100 Negative Control Signal – Positive Control 

Signal 

 

2.7.2.2 In Vitro Pharmacology: Diversity Profile 

Elara Pharmaceuticals commissioned an investigation of the effects of 

EL102 by various in vitro receptor binding assays which were carried out at 

Cerep (Celle l’Evescault, France). The binding of 71 specific radio-labelled 

ligands to cognate receptors was measured by scintillation counting. In each 

experiment, the respective reference compound was tested concurrently with 

1 μM EL102 and data were compared with historical values determined by 

Cerep. Results that had shown an inhibition, of higher than 50 %, were 

deemed to represent significant effects of the test compound (EL102). 50 % 

was considered the most common cut-off value for further investigation 

(determination of IC50 or EC50 values from concentration response curves). 

Here, EL102 concentrations used were 0 nM (DMSO), 10 nM, 100 nM, 300 

nM, 1 μM and 3 μM. The specific ligand binding to the receptors was defined 

as the difference between total binding and the non-specific binding 

determined in the presence of an excess of unlabelled ligand. The results 

were expressed as a percentage of control specific binding ((measured 

specific binding/control specific binding) x 100)) obtained in the presence of 

EL102. The IC50 values (concentration of half the maximal inhibition of 

control specific binding) and Hill coefficients (nH) were determined by non-

linear regression analysis of the competition curves generated by the mean 

replicate values using Hill equation curve fitting (Y = D + [(A – D)/(1 + 

(C/C50)nH)], where Y = specific values binding, D = minimum specific 

binding, A = maximum specific binding, C = compound concentration, C50 = 
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IC50 and nH = slope factor). This analysis was performed using a software 

package developed at Cerep (Hill Software) and validated by comparison 

with data generated by the commercially available software SigmaPlot® 4.0 

for Windows® (© 1997 by SPSS Inc.). The inhibition constants (Ki) were 

calculated using the Cheng Prusoff equation (Ki = IC50/(1+(L/KD)), where L = 

concentration of radioligand in the assay, and KD = affinity of the radioligand 

for the receptor). A scatchard plot is used to determine the Kd.  

2.8 Statistical Analysis 

All values are presented as the mean with error presented at either ± 

standard deviation (SD) of the mean of n or ± SEM, where n ≥ 3. Data sets 

were tested for significance using the One-Way ANOVA (non-parametric) 

and Tukey post-hoc test between-group comparison. A power (p) level of p ≤ 

0.01 or 0.05 was considered statistically significant. These statistical 

analyses were used unless otherwise stated. Graphical data was generated, 

using software packages GraphPad Prism5.04 and Microsoft Excel 2010. 
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2.9 Suppliers and Distributors 

Table 2.4: Supplier and distributor information. 

Distributor: Supplier: 

Sigma-Aldrich Ireland, Vale Road, Arklow, 

Co. Wicklow, Ireland. 
Sigma-Aldrich, Corning 

Bio-Sciences Ireland, 3, Charlemont 

Terrace, Crofton Rd, Dun Laoghaire, Co. 

Dublin, Ireland. 

Gibco, Invitrogen, Novex 

VWR Ireland, Orion Business Park, North 

West Business Park, Ballycoolin, Dublin, 

Ireland. 

G-Biosciences, Sterilin, GE Helathcare-

Biosciences 

Sarstedt Ltd, Sinnottstown Lane, Drinagh, 

Co. Wexford, Ireland. 
Sarstedt 

Merck Millipore Ireland Tullagreen, 

Carrigtwohill, Co. Cork, Ireland. 
Merck-Millipore 

Fisher Scientific Ireland Ltd, Suite 3, Plaza 

212, Blanchardstown Corporate Park 2, 

Ballycoolin, Dublin, Ireland. 

Thermo Scientific, Pierce, Abgene 

Medical Supply Company Ireland, 

Damastown Green, Fingal, Dublin, Ireland. 
BioLine, Meridian Life Science 

Peprotech Peprotech 

Qiagen, Skelton House, Lloyd Street North, 

Manchester M15 6SH, UK. 
Qiagen 

Abcam, 330 Cambridge Science Park 

Cambridge, CB4 0FL, UK. 
Abcam 

MyBio Ltd., Annfield House, Dunbell, 

Kilkenny, Ireland. 
Promega 

Tebu-Bio Ltd, Unit 7, Flag Business 

Exchange, Vicarage Farm Road, 

Peterborough, Cambridgeshire, 

PE1 5TX, UK. 

Cytoskeleton 

Brennan & Co., Unit 61, Birch Avenue, 

Stillorgan Industrial Park, Stillorgan, Co. 

Dublin, Ireland. 

New England BioLabs 

Roche Diagnostics, Charles Avenue, 

Burgess Hill, West Sussex, RH15 9RY, UK. 
ACEA 

BD Biosciences, Edmund Halley Road - 

Oxford Science Park, OX4 4DQ, Oxford, 

UK. 

BD PharMingen 
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R&D Systems Europe Ltd, 19 Barton Lane, 

Abingdon OX14 3NB, Oxford, UK. 
R&D systems, Novus Biologicals 

Cambridge Bioscience Ltd., Munro House, 

Trafalgar Way, Bar Hill, Cambridge CB23 

8SQ, UK. 

ACEA 

Fannin House, South County Business 

Park, Leopardstown, Dublin 18, Ireland. 
Bio-Rad 

Elektron Technology UK Ltd, Unit 7, M11 

Business Link, Parsonage Lane, Stansted, 

Essex, CM24 8GF, UK. 

Agar Scientific 

Laboratory Instruments and Supplies, 

Pamaron House, Ballybin Road, Co. Meath, 

Ireland. 

Laboratory Instruments and Supplies 

Jackson ImmunoResearch Europe Ltd, Unit 

7, Acorn Business Centre, Newmarket,  

Suffolk, CB8 7SY, UK. 

Jackson ImmunoResearch Laboratories 

Cell Signaling Technology Europe, B.V., 

Schuttersveld 2, 2316 ZA, Leiden, The 

Netherlands. 

Cell Signaling 

Wolf Laboratories Ltd., Colenso House, 1 

Deans Lane, Pocklington, YORK, YO42 

2PX, UK. 

Coy Lab Products. 

Jilks Plastics 31 Trowers Way, Redhill RH1 

2LH, UK. 
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Chapter 3: 

 

Analysis of the Cytotoxic 
Profile of EL102 in a  

Panel of Prostate Cancer 
Cell Lines 

 

 

 
With the exception of Figure 3.4 (A) and (B) and associated 

commentary, all data in Chapter 3 was published in the 
British Journal of Cancer. 

(Toner et al., 2013) (See Appendix II)
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3.1 Introduction 

Prostate cancer is the second most common cancer diagnosed in men 

globally, accounting for 13.6 % of all cancer cases in men worldwide in 2008 

(http://globocan.iarc.fr). In the United States, the National Cancer Institute 

(NCI) estimates that 241,740 men were diagnosed with, and 28,170 men 

died of, cancer of the prostate in 2012 (http://seer.cancer.gov). Several 

choices exist for the treatment of early prostate cancer, including radical 

prostatectomy, external beam radiation and prostate brachytherapy, and all 

have similar outcomes (Peinemann et al., 2011). Despite advances in 

primary treatment of prostate cancer, in a subset of patients, the disease 

progresses and distant metastases develop. While these patients can initially 

be treated with androgen ablation therapies, eventually their cancer will 

become hormone refractory and they will succumb to their illness. In the mid-

2000s, introduction of taxane-based therapies improved the outcomes of 

mCRPC patients, extending survival by several months. The taxane family, 

which includes paclitaxel, docetaxel and the newly approved cabazitaxel, are 

natural or semi-synthetic plant derivatives that are widely used in the 

treatment of mCRPC (see section 1.2.4). Their mechanisms of action have 

been widely reported (Jackson et al., 2007; Rowinsky et al., 1990) and have 

been shown to act as mitosis arresting agents (Douros & Suffness, 1981; 

Wani et al., 1971). The dynamic ability of a cell to assemble and disassemble 

the architecture of the microtubules from and to tubulin components, 

respectively, is curtailed greatly by the introduction of taxanes (Manfredi & 

Horwitz, 1984). Phase III trials have demonstrated that docetaxel–

estramustine combinations can confer median survival advantage of ∼3 

months compared with the standard mitoxantrone–prednisone combination 

(Berthold et al., 2008; Petrylak et al., 2004). Since 2010, an additional six 

drugs have been approved for use in patients with mCRPC. These include 

drugs targeting androgen receptor activity (abiraterone acetate and 

enzalutamide), drugs targeting bone metastasis and the microenviroment 

(denosumab and 223Ra), immunotherapeutics (Sipuleucel-T) and new 

taxanes (cabazitaxel) (Heidegger et al., 2013). 
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It is postulated that combination treatments of docetaxel with alternative 

cytotoxics could prevent this late-stage resistance, with such other 

compounds acting in an additive or synergistic fashion. While phase II trials 

with various combinations of new drugs have suggested promise for 

emerging docetaxel combination therapies (Ferrero et al., 2006; Garcia et al., 

2011; Kikuno et al., 2007; Oh et al., 2003; Tester et al., 2006), of note is the 

fact that no drug has yet been shown to provide survival benefit when 

combined with docetaxel in phase III trials (Antonarakis & Eisenberger, 

2013). This suggests that there is a need to identify novel compounds for 

efficacy as single agents or for use in combination with taxane-based 

therapies. 

EL102 is a later generation derivative of the family of toluidine 

sulphonamides (Alonso et al., 2012). The first indication of EL102’s capacity 

as an effective chemotherapeutic agent was determined by the compound’s 

potential in the reduction in viability of a number of cancer cell types of the 

NCI-60 panel including the prostate cancer cell lines PC-3 and DU145. Both 

appeared particularly susceptible to the effects of the compound in this 

respect as can be seen in Figure 1.5 (B).  This preliminary work was 

conducted by Elara Pharmaceuticals. The data generated here, charts the 

ability of EL102 to induce cell death and its efficacy in vitro against prostate 

cancer cell lines and in an in vivo prostate cancer xenograft mouse model. 

This work also highlights the potential of EL102 to work in combination with 

clinically-used docetaxel. This is the first report on the biological actions of 

EL102 on cancer cells, focusing on its use as an anti-prostate cancer 

chemotherapeutic. 

In order to determine whether EL102 could truly have utility as a treatment in 

prostate cancer,  the effects to cell viability of increasing doses of EL102 on 

a panel of prostate cancer cell lines in comparison to the clinically used 

docetaxel, was performed. The methods of cell viability detection, in this 

instance, measured the inter-well fluorescent reductase activity differential of 

drug-treated cultures and the colorimetric differential of fixed cell stained 

protein content by means of the resazurin- (alamar blue-) and 

sulforhodamine B- (SRB-) based assays, respectively. The resazurin-based 
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assays were first optimised by selection of a uniform cell count per well 

across the cell lines used. An initial dose range of 0–1 μM was also used to 

narrow the working nanomolar range of EL102 (0–150 nM). The SRB assay 

was pre-optimised (Vichai & Kirtikara, 2006) and the general protocol was 

adopted for each cell line and served as confirmation of the results of the 

resazurin-base assays. The panel of cell lines included CWR22 (an 

androgen receptor (AR)-positive, androgen dependent, non-metastatic cell 

line, sourced from a primary prostate tumour); a daughter variant of CWR22 

known as 22Rv1 (an AR-positive, androgen-independent, non-metastatic cell 

line which was derived from the resulting tumour of a serially propagated 

CWR22 murine xenograft following initial regression and relapse upon 

castration); PC-3 (an AR-negative, androgen independent cell line derived 

from a metastatic bone lesion); and DU145 (AR-negative, androgen 

insensitive cell line derived from metastatic brain lesion). 

3.2 Results 

3.2.1 Cell Viability Assays and Determination of the IC50 Values of 

EL102   

Figures 3.1 (A) and (B) demonstrate the effects of increasing doses of EL102 

and docetaxel as single agents, respectively, on the viability of the 4 prostate 

cancer cell lines following a 72 h exposure. This demonstrates that, while 

docetaxel is a more potent agent than EL102, both compounds decrease 

prostate cancer cell viability in a dose-dependent manner. Table 3.1 

summarises the IC50 values and shows that CWR22 and 22Rv1 are equally 

sensitive to docetaxel with an IC50 of 0.4–0.6 nM. With an IC50 of 3.8 nM, 

bone metastatic cell line, PC-3, is 2.5–10 fold more resistant to docetaxel 

than any of the other cell lines. EL102 inhibited cell proliferation with an IC50 

of 21–40 nM across the cell lines assayed. By comparison, bone metastatic 

PC-3 cells were 2-fold more resistant than CWR22 and 22Rv1 to EL102, and 

were equally as sensitive as brain metastatic cell line DU145. 
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Figure 3.1 – Comparative dose response curves of a panel of prostate cancer 

cell lines to EL102 and docetaxel. (A) Dose-response curves of prostate cancer 

cell lines following 72 h EL102 exposure. (B) Dose-response curves of prostate 

cancer cell lines following 72 h docetaxel exposure. 

 

 

Table 3.1 – Prostate cancer cell lines: 50 % cell survival (IC50) following 72 h 
docetaxel or EL102 treatment. 

Cell Line 
Docetaxel (nM) 

IC50 ± SD 
EL102 (nM) 

IC50 ± SD 

CWR22 0.4 ± 0.01 24 ± 1.41 

22Rv1 0.6 ± 0.15 21.7 ± 2.31 

DU145 1.5 ± 0.18 40.3 ± 7.71 

PC-3 3.8 ± 0.76 37 ± 2.00 
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3.2.2 Tumour Volume Analysis of In Vivo CWR22 Murine Model 

To determine the effectiveness of EL102 as a combination treatment with 

docetaxel in vivo, a CWR22 xenograft mouse model was conducted. The aim 

of this study was to examine the ability of the combination of docetaxel with 

EL102 to inhibit tumour growth which is shown in Figure 3.2 (A). While 

administration of 12 mg kg−1 EL102 using a 5-day on/2-day off regimen had 

not significantly inhibited the rate of tumour growth compared with vehicle, 

increasing the dosage to 15  mg kg−1 EL102 had inhibited the rate of growth 

when compared with vehicle treatment. Dosing of 12  mg kg−1 docetaxel 

decreased the rate of tumour growth more efficiently than EL102, while the 

combination of both drugs had the largest effect on the inhibition of tumour 

growth, suggesting that these drugs work well together in combination in 

vivo. Comparison of the docetaxel arm vs the combination arms showed a 

significant difference in the rate of tumour growth, indicating that the addition 

of EL102 to docetaxel improves anti-tumour activity (F-test, P<0.0001). Table 

3.2 describes the results of a one-way ANOVA test on this model, using a 

Tukey's post-hoc test to assess statistical differences in tumour volume 

between the treatment arms at different time points. Additionally, to 

determine if combining EL102 and docetaxel was well tolerated by the mice 

with minimal adverse effects, the changes in mean body weight between the 

treatment arms were compared. As can be seen in Figure 3.2 (B), no 

significant differences in body weight were found between the groups 

compared with vehicle or between different treatment arms. Table 3.3 

describes the results of a one-way ANOVA test on this model, using a 

Tukey's post-hoc test to assess statistical difference in body weights 

between the treatment arms at different time points. 
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Figure 3.2 – Impact of EL102 and docetaxel alone and in combination in 

CWR22 xenograft models. (A) Effect of vehicle versus 12 mg kg-1  docetaxel 

,versus 12 mg kg-1 EL102, versus 15 mg kg-1 EL102, versus 12 mg kg-1  docetaxel 

plus 12 mg kg-1 EL102, versus 12 mg kg-1  docetaxel plus 15 mg kg-1 EL102, on 

CWR22 tumour volume using a 5 day on/2 day off schedule (tumour volume (cm3) ± 

SEM). (B) Difference in mean body weights between vehicle and treatment groups. 
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3.2.3 In Vitro Analysis of the Combined Effect of EL102 with Docetaxel 

As seen previously, EL102 treatment appears to have a greater effect with 

respect to the reduction of tumour volume in vivo when simultaneously 

administered with docetaxel. To explore this additive effect further, a 72 h in 

vitro analysis of the cytotoxic profiles of a combined dose versus individual 

drug treatment on the panel of previously mentioned cell lines was carried 

out. Once again SRB and resazurin assays were utilised at least three times, 

in triplicate 96-well plates.  As is shown in Figure 3.3, none of the cell lines 

assayed exhibited the synergistic effects witnessed in the CWR22 murine 

xenograft model. It was noted that the compounds appeared to be acting 

antagonistically as evidenced by the apparent increase in cell viability upon 

simultaneous EL102 and docetaxel addition to cultures when compared to 

those treated singularly by either drug. 

These seemingly opposing effects of both drugs prompted an examination of 

whether the dose dependent reduction in cell viability by EL102 was due to 

the occurrence of its mediated induction of apoptosis or cytostasis. 

 

Figure 3.3 – In vitro cytotoxic profiles of combined exposure to EL102 and 

docetaxel in a panel of prostate cancer cell models.  
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3.2.4 Cell Death and Induction of Apoptosis in EL102-Dosed Prostate 

Cancer Cell Lines 

To first determine whether the EL102-induced decrease in cell viability 

witnessed was the product of apoptosis, the levels of caspase3-like activity 

were analysed by way of the DEVD fluorogenic substrate assay. Lysate 

protein from the previously mentioned panel of prostate cancer cell lines was 

assayed following a 24 h exposure to vehicle, DMSO, or 10, 50 and 100 nM 

EL102. The results in Figure 3.4 (A) show that while the rate of caspase3 

activity doubled in CWR22 and trebled in 22Rv1 following 100 nM EL102 

treatment, the rates in PC-3 deviate very little from that of the basal rate. 

Interestingly, DU145 which has a relatively short doubling time when 

compared to the other cell lines and which previously had exhibited (Figure 

3.3) low cell viability when treated with 100 nM EL102, showed the least 

evidence of potential apoptosis induction. Moreover, Figure 3.4 (B) shows, at 

48 h, post-addition of 10 nM docetaxel, either singularly or in combination 

with 30 nM EL102 had seemingly, no effect on capase3 activation in DU145. 

In the 22Rv1 cohort assayed, however, docetaxel-induced caspase3-like 

activity is halved by the presence of 30 nM EL102. This evidence further 

supports the notion that both drugs are acting antagonistically, in vitro. 

Contrary to the findings of the DEVD assays, when lysates were harvested 

from DU145 following 24 and 48 h treatments, with either drug singularly or 

in combination, PARP-cleavage was seen to increase. The highest 

expression of PARP cleavage was observed in Figure 4.4 (C) following 

combined treatment for 48 h.  
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Figure 3.4 – EL102-induced caspase3-like activity in prostate cancer cell lines. 

(A) Caspase3-like activity in CWR22, 22Rv1, PC-3 and DU145, 24 h post-

treatment. (B) Caspase3-like activity in 22Rv1 and DU145, 48 h post-treatment.  

(C) Western blot of PARP-cleavage in DU145, 24 and 48 h post-treatments 1-9. 
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While the fluorogenic assay for quantification of caspase3-like activity is a 

strong indicator of apoptosis induction, it is not the sole measure of 

apoptosis. To investigate this further, the same panel of cell lines were 

treated with increasing concentrations of EL102 and docetaxel, singularly 

and in combination, and the number of cells in the sub-G1 phase was 

measured. An increasing number of cells in sub-G1 was quantified at three 

time-points (24, 48 and 72 h) post-treatment, indicating a loss of cellular DNA 

and an entry of cells into late apoptosis as determined by logarithmic scale 

propidium iodide flow cytometry (Figure 3.5 (A)–(D)). EL102 was an equally 

strong inducer of cell death at 100  nM in all 4 prostate cancer cell lines, 

while the compound failed to induce death at a concentration of 10 nM 

(Figure 3.5 (A)–(D)), despite inhibiting cell viability by approximately 25–30 % 

at 10 nM (Figure 3.3). Apoptosis was detectable using this method at 24 h 

and steadily increased by the 72 h mark. This finding indicates that EL102-

dependent inhibition of cell viability is, at least in part, due to cytotoxic 

effects, namely, the induction of apoptosis. Similarly, docetaxel induced 

apoptosis in all four cell lines, in a dose-dependent and temporal manner. 

When EL102 and docetaxel were administered in combination in vitro, no 

additive effects to the levels of apoptosis were seen in the cell lines assayed 

(Figure 3.4 (B)) as was consistent with the cell viability assays (Figure 3.3). 

Of note, though, is that while 10 nM of EL102 failed to induce increased 

apoptosis (Figure 3.4), treatment with this concentration did lead to a 

significantly decreased percentage  of cell viability when compared to control 

(Figure 3.3) in each cell line. This indicates that EL102 maintains non-

apoptotic effects at low concentrations.  

Figures 3.6 (A) and (B) show representative histograms from these 

experiments in the DU145 prostate cancer cell line. In addition to 

demonstrating an increase in sub-G1 accumulation, the histograms indicate 

that combining the agents altered the cell cycle dynamics. The effects in 

DU145 were quantified at 24, 48 and 72 h and shown in Figure 3.6 (C) and 

(D). These demonstrate that combining EL102 and docetaxel causes a 

greater loss of cells from G1 and an accumulation in G2/M than either alone 

by 24 h at low doses. Also of interest, in the combination cell cycle profile 
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images, is a peak beyond that of G2/M which represents a subset of cells 

with increased DNA content (8X).  

 

Figure 3.5 – Flow cytometric analysis of sub-G1 populations resulting from 

EL102 and docetaxel treatment over 72 h. Percentage of (A) CWR22, (B) PC-3, 

(C) 22Rv1 and (D) DU145 cells in sub-G1.  
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3.3 Discussion 

3.3.1 EL102 Treatment Reduces Prostate Cancer Cell Viability In Vitro  

Having further established the potential of the novel toluidine sulphonamide 

EL102 as a candidate drug for prostate cancer through in vitro optimisation 

of both the resazurin and SRB-assays and subsequent elucidation of its dose 

range, investigation of the cytotoxic and cytostatic effects could begin. 

Prostate cancer cell lines were sensitive to EL102 at an IC50 range of 20–40 

nM. The metastatic prostate cancer cell lines PC-3 and DU145, which are 

both AR negative and represent castrate-resistant metastatic disease, are 

equally responsive to EL102. The AR-positive cell lines CWR22 and 22Rv1 

are two-fold more sensitive to EL102 than the metastatic DU145 and PC-3 

cell lines and serve to model an earlier stage of the disease. 

3.3.2 The Combined Therapeutic Effect of EL102—Docetaxel In Vivo 

Differs In Vitro 

EL102 is a next-generation derivative of a prototype toluidine sulphonamide 

HIF1 inhibitor (Wendt et al., 2011a) and was identified as a potential 

chemotherapeutic agent during a screen of similar novel derivatives of this 

class, using the NCI-60 cell line panel assessing for growth inhibition 

potential, as shown previously (Figure 1.8 (B)). Therefore, we assessed its 

efficacy for use in the treatment of prostate cancer as a single agent and in 

combination with the clinically available docetaxel. Docetaxel is a member of 

the taxane family and is approved for use in prostate cancer patients with 

castrate-resistant metastatic disease. This was as a result of having been 

found to provide a modest increase in median survival time when used in 

combination with prednisone, when compared with mitoxantrone and 

prednisone (19.2 months vs 16.3 months median survival) in the TAX327 

trial (Berthold et al., 2008). Also, a landmark study found that a more 

favourable patient outcome is observed when docetaxel is administered in 

combination with estramustine compared with mitoxantrone and prednisone 

(17.5 months vs 15.6 months median survival) as detailed in the SWOG9912 

trial (Petrylak et al., 2004). Until the approval of six new agents in the past 5 

years, docetaxel had been the standard of care in the castrate-resistant 
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metastatic setting. Attempts to combine docetaxel with other agents have 

been largely unsuccessful in terms of efficacy and side-effects (Antonarakis 

& Eisenberger, 2013).  

In our in vivo study, an apparent synergistic effect was observed when 

EL102 was administered in combination with docetaxel. This was evidenced 

by the greater reduction in tumour volumes of mice treated with a combined 

dose when compared to the tumours of mice dosed with either EL102 or 

docetaxel alone. Such synergism did not appear to occur in the combination 

treatments in vitro. If anything, the cell viability assays showed that the drugs 

seemed to be working antagonistically when combined. This was particularly 

true for PC-3 cells that when exposed to 10 nM docetaxel and 100 nM 

EL102, for 72 h, exhibited increased viability than singularly treated controls. 

From this it is hypothesised that the effect seen in vivo could have been co-

ordinated either through some residual inflammatory response in the mice or 

through alternate signalling from resident stromal cells. It is also possible that 

cellular uptake of one of the drugs may have been more gradual or 

sustained-longer than the other in vivo due to environmental variables not 

mimicked in vitro. A histological analysis of the excised tumours could have 

shed some light on these finding, had they been retained. Whatever the 

reason for this disparity, it is certain that further in vitro investigation of EL102 

is needed, to determine its precise molecular targets.  

3.3.3 EL102-Induced Apoptosis Induction 

The current study has shown that EL102 is an effective cytotoxic agent and 

also displays cytostatic properties, through flow cytometric analysis of PI-

stained cells, cultured for 24, 48 and 72 h, following treatment. This was 

evidenced by the increased number of cells seen in sub-G1 and G2/M phase 

of cell cycle. This demonstrates that EL102 induces apoptosis and causes 

G2/M arrest, which prevents the cell from entering into mitosis. Induction of 

apoptosis, following 24 and 48 h EL102 treatment was confirmed through 

western blot analysis of PARP cleavage in the lysates of treated cells. This 

contradicts an earlier finding which showed that at similar concentrations, 

EL102 had failed to initiate caspase3 activation in either of the metastatic cell 
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lines, PC-3 or DU145. This could suggest that the mechanism of EL102-

induced caspase activation is cell line specific although the singular 

treatment of docetaxel does not produce the expected activity. Previously, 

studies have shown that the induction of apoptosis can be achieved by AIF in 

a process that is caspase independent (Cande et al., 2004). Furthermore, 

PARP-cleavage is not a characteristic unique to apoptosis as it is also 

observed at necrotic and autophagic cellular events (Artal-Sanz et al., 2006; 

Saelens et al., 2005). The findings of the DEVD assays shown are the 

product of three separate attempts to investigate caspase3-like activity.  

3.3.4 Clinical Potential for EL102 as a Chemotherapeutic 

Several clinical trials have been conducted in recent years, exploring the 

potential of neoadjuvant chemotherapy in patients with high-risk localised 

prostate cancer (Narita et al., 2012; Ross et al., 2012; Womble et al., 2011). 

The results of these trials suggest a benefit to patients in terms of reductions 

in tumour volume and PSA levels (Narita et al., 2012; Ross et al., 2012). 

Given the equal sensitivity of AR-positive CWR22 and 22Rv1 to EL102, 

despite their different sensitivity to androgen, there is a suggestion that 

EL102 could potentially be used in a castrate sensitive setting before the 

development of hormone resistance. To further investigate this, we 

postulated that CWR22 cells would respond to EL102 as single agent. This 

was confirmed in the CWR22 prostate xenograft model. As mentioned 

previously, attempts to combine docetaxel with other agents have been 

largely unsuccessful (Antonarakis & Eisenberger, 2013). In this study, our in 

vivo investigations found that the combination of EL102 and docetaxel 

decreased proliferation of CWR22 xenograft tumours to a greater extent than 

either drug alone. The combination of docetaxel and EL102 significantly 

decreased tumour growth to a greater extent than either alone in a xenograft 

model of CWR22. While combining the drugs in vitro does not have an 

additive effect on induction of apoptosis, it appears to increase the loss of 

cells from G1 and accumulation in G2/M than either drug alone suggesting 

the combination may increase cytostatic effects. Although taken together, 

these findings show promise for the compound as a chemotherapeutic, a 
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considerable amount of investigation must be done to ascertain the mode of 

action of this small molecule inhibitor before clinical trials can be reached. 

There is no current cure for castrate-resistant metastatic prostate cancer. 

Novel adjuvant chemotherapies are continually being developed to address 

this, with the approval of six new agents since 2010. In summary, here, data 

is presented on the efficacy of EL102 as a novel chemotherapeutic agent 

with potential for the treatment of prostate cancer. We show that EL102 is 

active in both androgen-sensitive and castration-resistant prostate cancer 

cell lines. EL102 enhances the potency of docetaxel in a CWR22 prostate 

cancer xenograft model.  
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Chapter 4:  

 

Exploring the Effects of 

EL102 on Microtubule 

Dynamics, Chemoresistance 

and HIF1α Signalling  

In Vitro 

 

 

Part of the data, and associated commentary, in this chapter 

also contributes to a publication in the  

British Journal of Cancer. 

(Toner et al., 2013) 

(See Appendix II)



 
 

95 
 

4.1 Introduction 

As noted previously (Chapter 3), EL102 induces cell death in the form of 

apoptosis. Evidence for this is the accumulation of sub-G1 cells and induction 

of cleaved PARP following exposure to the compound 24, 48 and 72 h either 

singularly or in combination with docetaxel. The mechanism by which 

microtubule (MT) disruptors, such as docetaxel, induce prostate cancer cell 

death has been the subject of much investigation. It is widely held that MT 

disruptor induction of programmed cell death (PCD) is presided over by the 

activities of caspase3 and or caspase2 as well as the seemingly caspase-

independent mode of mitotic catastrophe (Fabbri et al., 2008; Kramer et al., 

2006; Roninson et al., 2001). Mitotic catastrophe is brought on through an 

untimely entry of cells into mitosis by stresses such as those exerted by 

chemotherapeutics (for example taxanes) or ionising radiation. In this form of 

cell death, mitosis is first delayed through impaired MT dynamics or defects 

in cell cycle checkpoints. Studies have revealed that by inhibiting caspases 

or overexpressing Bcl-2, mitotic catastrophe still occurs. So too does 

apoptosis induction by the tumour necrosis factor related apoptosis inducing 

ligand (TRAIL) however caspase-free PCD induction remains largely 

unexplained (Broker et al., 2005; Fabbri et al., 2008; Mediavilla-Varela et al., 

2009). In any case, the primary mechanism of the compound docetaxel is the 

disruption of MT dynamics. Like the other members of this taxane family, 

docetaxel potentiates tubulin polymerisation which disallows the disassembly 

of MTs leading to mitotic arrest. The method by which EL102 exerts its 

effects needs to be addressed. To that end, here, EL102 is investigated, in 

vitro, for its mode of activity with regard to MT dynamics. This is to determine 

any commonality or discord afforded to the mechanism of docetaxel for use 

as a companion drug in vivo.   

Patients in the latter stages of prostate cancer undergo treatment with 

docetaxel or the DNA intercalator mitoxantrone in combination with 

prednisone (Tannock et al., 2004). While both mitoxantrone and docetaxel 

offer different ways of targeting prostate cancer, a patient with metastatic 

form of the disease will inevitably develop a more aggressive drug-resistant 

tumour phenotype (Linn et al., 2010). The mechanisms of resistance that 
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arise make it possible for the cancer cells to easily develop cross-resistance 

to other chemotherapeutics such as paclitaxel and doxorubicin. This 

emphasises the need for the discovery of more effective therapies that have 

the ability to circumvent these modes of resistance or to perhaps potentiate 

the effects of existing treatments and delay the onset of such a disease 

state. The current study utilises established in vitro models of drug 

resistance, efflux pumps MDR1 and BCRP, and demonstrates the potential 

therapeutic role EL102 could have in this area.  

Additionally, this section explores the mechanism by which EL102 brings 

about cell cycle arrest. As mentioned previously (1.4), precursor molecules of 

EL102 which are also members of the toluidine sulphonamide family of small 

molecule inhibitors, were formulated but presumed to function in the same 

way as known aryl sulphonamides, namely the binding and inhibition of 

cytochrome p450 2C9 (CYP2C9) (Wendt et al., 2011a). CYP2C9 is a key 

contributor to the clearance of many exogenous materials like warfarin as 

well as endogenous biomolecules such as arachidonic acid. An inhibition of 

this key enzyme could have potentially dangerous consequences for the 

administration of agents with normally low therapeutic indices, causing 

unwanted drug-drug interactions (Miners & Birkett, 1998; Rettie & Jones, 

2005; Williams et al., 2003). The three-dimensional quantitative structure-

activity relationship (3D-QSAR) model constructed by Wendt et al., 

determined a method of predicting synthesis of molecules with high binding 

affinity for HIF1α while reducing the likelihood of CYP2C9 interaction. One of 

the next generation compounds resulting from this method is EL102 (Alonso 

et al., 2012). In this chapter, analysis of the HIF1α-inhibiting quotient of 

EL102 is elucidated in a biological setting. HIF1α is an important transcription 

factor (TF) employed in a multitude of cellular functions such as metabolism, 

chemotaxis and cell survival (Papandreou et al., 2006; Schioppa et al., 

2003). It is expressed at high levels in an array of cell lines. Among these are 

the in vitro prostate cancer models DU145 and PC-3 (Zhong et al., 1999). 

Induction and activation of HIF1α results from different cell stresses, the 

most obvious of these being hypoxia. HIF1α is also upregulated in response 

to androgens and certain chemotherapeutics (Cao et al., 2013; Mabjeesh et 
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al., 2003b). Although HIF1α is regarded as a key player in the life of a 

cancerous cell, the synthesis of a direct therapeutic inhibitor of HIF1α 

remains elusive. Many of the inhibitors formulated for this purpose, thus far, 

are regulators of downstream targets or act as inhibitors of potentiators of the 

TF. 

To summarise, the aim of this chapter is to determine the mechanisms of 

EL102 with regard to MT dynamics and the cell survival processes of drug 

resistance and HIF1α signalling. 

 4.2 Results 

4.2.1 EL102 and Microtubule Dynamics In Vitro 

Investigating the potential of EL102 as a disruptor of MT dynamics, a cell-

free assay was undertaken to analyse whether or not the compound served 

to prevent the polymerisation or depolymerisation of tubulin. As mentioned 

previously, the taxane docetaxel has been approved as a treatment for the 

advanced stage of prostate cancer. This MT disruptor super-stabilises the 

tubulin structures, preventing MT disassembly leading to mitotic arrest. In the 

current study, the rate of polymerisation of purified tubulin was measured, 

over the period of 1 h, in the presence of EL102, docetaxel, a combination of 

the two compounds or tubulin destabiliser, nocodazole. The results in Figure 

4.1 show that, as expected, docetaxel increased the rate of tubulin 

polymerisation compared with the untreated tubulin control. In contrast, when 

EL102 was present a decreased rate of polymerisation was observed when 

compared with the control. This suggests that EL102 can inhibit tubulin 

polymerisation. Combining EL102 and docetaxel resulted in the reversal of 

the docetaxel-induced polymerisation to similar levels of inhibition produced 

by EL102 alone. Also, as expected nocodazole treatment impaired tubulin 

polymerisation. Of note, is that this decline in polymerisation occurred to a 

lesser extent than our compound of interest. 
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Figure 4.1 – Tubulin polymerisation assay. (Modified (Toner et al., 2013)). 

As EL102’s effects on tubulin polymerisation had only been investigated in a 

cell free assay, the next step taken was to analyse this in a cellular context. 

The cell line DU145 was treated with concentrations of EL102, docetaxel and 

a combination of both. Immunofluorescent staining was carried out on these 

cells, as well as an untreated control culture, to detect and compare β-tubulin 

and acetylated tubulin expression patterns. Increased acetylation of tubulin is 

a marker of MT stability. DAPI was used for the staining of cellular nuclei. 

Beta- (β-) tubulin served as a marker for total cellular tubulin while acetylated 

tubulin was used to visualise MT stability following 24 h treatment with 

EL102, docetaxel and a combination of both (Figure 4.2). A 2 h exposure of 

cells to 320 nM nocodazole served as a positive control of MT instability. As 

expected, an increase in the expression of β-tubulin and acetylated tubulin 

was observed in response to docetaxel, while EL102 caused a reduction in 

acetylated tubulin. Comparison to the nocodazole control, confirmed this 

finding. The combination of EL102 and docetaxel caused a marked change 

in the distribution of acetylated tubulin.  
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Interestingly, perinuclear aggregation of both β- and acetylated-tubulin, as 

seen in Figure 4.2, after treatment with 50 and 100 nM EL102 was a 

widespread feature of the cultures exposed to these concentrations after 24 

h. 

 
Figure 4.2 – Immunofluorescent staining of β-tubulin and acetylated tubulin in 
DU145 following 24 h EL102 and docetaxel treatment. (Modified (Toner et al., 
2013)).
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4.2.2 The Impact of EL102 Treatment on Two Multi-drug Resistant Cell 

Models 

Having determined the dose ranges of EL102, in vitro, in four prostate cancer 

models, a study was undertaken next to look at the effects of the novel 

compound on the viability of a panel of lung cancer cell lines with acquired 

cross-resistances to a variety of clinically used compounds. These cell lines, 

derived from poorly differentiated squamous lung carcinoma, were 

generously gifted by Prof. Martin Clynes, National Institute for Cellular 

Biotechnology at Dublin City University. Table 4.1 shows the cross-

resistance profiles of parental cell line DLKP and three of its modified 

daughter cell lineages, DLKPA, DLKP-SQ and DLKP-SQ-Mitox. DLKPA 

possesses a selected resistance to doxorubicin (Adriamycin). DLKP-SQ is an 

anoikis-resistant subpopulation of DLKP and DLKP-SQ-Mitox is a further 

subset of this cell line which maintains a selected resistance to mitoxantrone. 

Figure 4.3 shows the comparative EL102 dose response of each of the drug-

resistant variants to their respective parental cell lines.  

 

Figure 4.3 – EL102 dose-response curves of a panel of drug-resistant cell 

lines. (A) Cell viability assays of DLKP vs DLKPA following a 72 h treatment with 

EL102. (Modified (Toner et al., 2013)) . (B) Cell viability assays of DLKP-SQ vs 

DLKP-SQ-Mitox following a 72 h treatment with EL102. These data ((A) and (B)) 

were generated in collaboration with Dr. Helena Joyce and Dr. Laura Breen, NICB, 

DCU. 
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Table 4.1 – Cross-resistance profile of DLKP, DLKPA, DLKPA-SQ and 

DLKP-SQ-Mitox 

 

DLKP 

IC50 (nM) ± SD 

DLKPA 

IC50 (nM) ± SD 

Fold 

Change 

Adriamycin 24 ± 2 4900 ± 300 204 

Docetaxel 0.2 ± 0.04 38 ± 3.0 253 

Paclitaxel 1.2 ± 0.5 310 ± 25 258 

Vincristine 0.9 ± 0.1 629 ± 160 691 

EL102 14.4 ± 0.8 16.3 ± 1.2 1.1 

 

 

DLKP-SQ 

IC50 (ng ml-1) ± SD 

 

DLKP-SQ-Mitox 

IC50 (ng ml-1) ± SD 

 

Fold 

Change 

Mitoxantrone*  0.08 ± 0.01 16.79 ± 2.27 209.87 

Irinotecan* 0.08 ± 0.01 1359 ± 207 4 

Epirubicin* 10.39 ± 1.5 13.93 ±.0.9 1.3 

Paclitaxel* 1.65 ± 0.07 1.11 ± 2.27 0.67 

Cisplatin* 731.8 ± 136.33 467.85 ± 11.80 0.63 

Vinblastine* 0.63 ± 0.36 0.68 ± 0.4 1 

EL102 18 ± 0.65 21 ± 1.44 1.2 

*Data provided by Dr. Helena Joyce, NICB, DCU. 
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These cell lines were used as they have been extensively characterised for 

their relative acquired drug resistances (Clynes et al., 1992; Heenan et al., 

1997; Keenan et al., 2012; Law et al., 1992; McBride et al., 1998). 

Furthermore, the modes of resistance, specifically overexpression of drug 

efflux protein pumps, are comparable to those attained in advanced stage 

prostate cancer. Also of note, eight of the nine lung cancer cell lines within 

the NCI-60 dose response screen of EL102, showed equal sensitivity to the 

compound as those of the prostate (PC-3 and DU145; Chapter 1,  Figure 1.8 

(B)).  

From the representative data shown in Figure 4.3 and summarised in Table 

4.1, it is clear, each of the parental cell lines DLKP and DLKP-SQ, and their 

drug-resistant variants are equally sensitive to EL102 with IC50 fold changes 

between parental cell lines and their lineages < 1.3. The DLKPA mechanism 

for drug resistance is due to the upregulation of drug resistance pump P-

glycoprotein (P-gp or MDR1). This translational increase offers cross-

resistance to an array of drugs with disparate modes of action. The acquired 

resistance of DLKP-SQ-Mitox is the result of an upregulation in the 

expression of drug resistance pump BCRP, which is another mode of 

resistance to drugs with varied cellular targets. Such chemotherapeutics 

include those capable of DNA intercalation and MT disruption. Of note, the 

DLKP-SQ-Mitox cell line appears to have acquired a slight increase in 

sensitivity to cisplatin and paclitaxel. 
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4.2.3 Examining the Inhibitory Effects of EL102 on a Panel of Kinases 

To further explore the impact of EL102 on cellular processes and potentially 

determine targets of the compound in signalling pathways, a kinase inhibitor 

screen was commissioned by Dr. Bernd Janssen at Elara Pharmaceuticals. 

The competition between 1 μM EL102 and an immobilised ligand to bind 442 

DNA-labelled kinases (some of which were common mutant variants) was 

tested. As a control, the EL102 diluent, DMSO, was used in parallel and 

results for each kinase screened was noted as a percentage of this result (% 

control). The graph in Figure 4.4 illustrates the % control of a subset of 

kinases including those most significantly affected by the presence of EL102 

(<65 % of control) as well as those whose receptor binding was not 

compromised by the presence of EL102 (mTOR and EGFR1). Of these, 

ankyrin repeat and kinase domain containing 1 (ANKK1; 39 %) binding was 

most heavily influenced by EL102 treatment. A complete list of results for this 

screen can be found in Appendix III.  

 

Figure 4.4 – Kinase inhibitory potential of EL102 treatment (ELara 

Pharmaceuticals, unpublished data). 
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4.2.4 EL102 Reduces Cellular HIF1α Protein In Vitro 

Based on the computational analysis conducted by Elara Pharmaceuticals, 

as mentioned previously, it was discovered that toluidine sulphonamides 

possessed HIF1α-inhibitory qualities. Elsewhere, studies have found that MT 

disruptors can downregulate HIF1α activities (Dachs et al., 2006; Mabjeesh 

et al., 2003a). In the current study, an analysis of the HIF1α-inhibiting 

quotient of EL102 was elucidated in a biological setting.  

To begin with, an evaluation of EL102 as an inhibitor of HIF1α was carried 

out at Elara Pharmaceuticals by Dr. Christoph Schultes and served as a pilot 

to the current study. Figure 4.5 (A) shows the results of HIF1α expression in 

total protein isolated from HCT116 cells. HIF1α protein levels decreased 

following a 4 h exposure of these cells to 100 and 500 nM EL102 in the 

presence of 1 % oxygen (O2; hypoxia) while, as expected, at 21 % O2 

(normoxia), HIF1α protein was expressed below the threshold of detectable 

levels in HCT116. Within the current study, to analyse the effect of hypoxia in 

prostate cancer cell models, PC-3 cells were treated with 100 μM hypoxia 

mimetic cobalt chloride (CoCl2), or water (Untreated) in combination with an 

increasing dose of EL102. Whole-cell protein was harvested, following a 24 h 

incubation and was analysed by Western blot for HIF1α expression. The 

results in Figure 4.5 (B) show that an increasing dose of EL102 decreased 

both the basal and CoCl2–induced HIF1α protein levels. From Figure 4.5 (C), 

a similar decline was observed in the basal expression of HIF1α protein in 

PC-3 nuclear extract, 24 h, following EL102-treatment in normoxia (21 % 

O2). When hypoxia was induced within a hypoxia chamber set to 37 ˚C with 5 

% CO2 and 1 % O2, the levels of HIF1α protein expression were diminished, 

in the presence of EL102. It was noted, when compared to the preliminary 

HCT116 analysis (Figure 4.5 (A)) that, although the EL102 concentration 

was decreased and the exposure time lengthened, a reduction in HIF1α 

expression still occurred. 
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Figure 4.5 – Analysis of HIF1α protein expression levels in vitro following 
EL102 treatment. (A) Western blot showing HIF1α expression in total protein 
isolates of HCT116 following 4 h exposure to 21 % and 1 % O2 and exposure to 
incremental concentrations of EL102 (Elara Pharmaceuticals, Unpublished data). 
(B) Western blot of HIF1α expression in PC-3 whole protein extracts following 
EL102 treatment for 24 h in the presence of CoCl2 (100 μM) or water (untreated) 
(Toner et al., 2013). (C) Western blot showing the levels of HIF1α induction within 
nuclear protein extracts obtained from  PC-3 cells treated with EL102 
concentrations for 24 h in normoxia (21 % O2) and hypoxia (1 % O2). 
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4.2.5 Examining the Effects of EL102-Mediated HIF1α Deactivation  

With the EL102-associated reduction in HIF1α protein levels observed, 

investigations began into how this translates to diminished intracellular 

activities. First, there was a need to determine if this equated to direct 

inhibition of HIF1α activation. To do this, a HIF1α TransAM ELISA was 

initially carried out. Following 24 h EL102 treatments, subcellular 

fractionation of both hypoxic and normoxic PC-3 cells was performed, as 

previously described (2.3.3.4). The nuclear HIF1α moieties of cellular protein 

were compared to that of the untreated control (Figures 4.6 (A)). As is clearly 

shown, compared to the untreated controls (0 nM EL102), induction of 

hypoxia (1 % O2) led to nearly double the signal of the normoxic data point 

indicating the expected increase in nuclear HIF1α. Upon EL102 treatment 

and in hypoxia, over 24 h, a reduction in the TF’s nuclear presence was 

observed. This countered the normoxia series which remained unchanged in 

spite of EL102 treatment. Furthermore, immunocytofluorescence of EL102-

treated and untreated PC-3 cells was carried out to visualise the ability of 

EL102 to effectuate a loss of HIF1α nuclear localisation in normoxia and 

hypoxia. Immunostaining of acetylated tubulin was used as a measure of the 

MT destabilising capacity of the compound. This effect was seen to be 

exacerbated in hypoxic conditions upon treatment with 60 nM EL102. The 

nucleus was made visible through use of counterstain DAPI. 
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Figure 4.6 – HIF1α is deactivated through the activities of EL102 in vitro. (A) 

HIF1α TransAM ELISA graph depicts PC-3 levels of Nuclear HIF1α. (B) 

Immunofluorescent microscopy (40X) of HIF1α nuclear localisation and acetylated 

tubulin in PC-3. 
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Some of the target genes of HIF1α were examined to ascertain if the EL102-

directed decrease in HIF1α protein levels had implications for a loss of its 

transcriptional regulation of the cellular functions metabolism and migration. 

Consistent with previous investigations of HIF1α, the prostate cancer cell line 

PC-3 was used to quantify potential EL102-mediated fluctuations, if any, in 

the transcriptional activities of HIF1α in regulating genes glucose transporter 

1 (GLUT1), lactate dehydrogenase A (LDHA) and chemokine receptor, 

CXCR4, following 24 h treatment in normoxia (21 % O2) and hypoxia (1 % 

O2). The expression profiles of these genes were analysed by qPCR and 

normalised to expression of endogenous control gene, 36B4. Figure 4.7 (A) 

shows the normalised fold induction of GLUT1 gene expression doubled 

upon induction of hypoxia. The addition of EL102 did not appear to 

significantly affect this GLUT1 induction and, if anything, the drug slightly 

increased gene amplification in normoxic conditions. From Figure 4.7 (B), the 

gene expression of LDHA seemed relatively unaffected by either, the onset 

of hypoxia, or EL102 treatment, with only slight deviations in fold induction 

witnessed after 24 h. Figures 4.7 (C) and (D) show CXCR4 gene transcript 

and protein levels, respectively, following 24 h treatment with EL102 in 

normoxia and hypoxia. Though there was an apparent decrease in normoxic 

CXCR4 gene fold induction upon treatment with 120 nM EL102, this 

concentration had only a slight impact on the induction of the CXCR4 gene in 

hypoxic conditions. Expression levels of CXCR4 protein remained relatively 

unaffected by 24 h EL102 treatment, regardless also, of the levels of oxygen 

present. 
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Figure 4.7 – Analysis of HIF1α transcriptional targets in PC-3 following EL102 

treatment. Normalised fold induction of the genes (A) GLUT1, (B) LDHA and (C) 

CXCR4 following 24 h EL102 treatment (0, 60, 120 nM) in hypoxia and normoxia. 

(D) Western blot analysis of CXCR4 protein expression in membranous/cytosolic 

protein extracted from PC-3, following 24 h EL102 treatment in normoxia and 

hypoxia. 
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4.3 Discussion 

4.3.1 EL102 Destabilises Microtubule Structures In Vitro 

In normal functioning cells and cancerous cells alike, MTs fulfil a number of 

roles through their continuous assembly and disassembly. Chief among 

these is mitosis. It is for this reason that MTs have become the target of 

cancer chemotherapeutics over the past few decades. Drugs with such 

potential are referred to as MT disruptors. The taxanes, paclitaxel and 

docetaxel are two such agents that bind to MTs and block their disassembly. 

This persistent polymerisation of the MT’s tubulin filaments eventually leads 

to the demise of the cancerous cell. Conversely, MT disruptors such as the 

vinca alkaloids block the assembly of MTs reaching the same endpoint as 

the taxanes, namely mitotic catastrophe.  

In the current study, EL102 was investigated for its potential as a disruptor of 

MTs. Initially, in a cell free assay, EL102 was tested for its ability to inhibit or 

facilitate tubulin polymerisation. Docetaxel (2 μM) and the tubulin 

depolymerising agent nocodazole (2 μM) were used as positive and negative 

controls of polymerisation, respectively, against EL102 (5 μM) treatment. 

Also, to investigate further, the effects of combining EL102 and docetaxel 

(Chapter 3), tubulin was treated with both compounds simultaneously, at the 

above-mentioned concentrations. EL102 was shown to inhibit the 

polymerising effect seen in the untreated control. A reversal of the 

polymerising effect of docetaxel was observed in the combination treatment 

with EL102. Interestingly, EL102 had a greater inhibitory effect than that of 

nocodazole.  

While the tubulin polymerisation assays provided evidence of the activities of 

EL102 as an inhibitor of tubulin filament construction, further intracellular 

investigation was necessary. An analogous in vitro study of EL102, 

employing the immunofluorescent staining of the MTs, was carried out on 

each of the four prostate cancer cell lines. The DU145 results shown, here, 

are representative of this panel. This showed that upon addition of EL102, 

there was a clear loss of acetylated tubulin structures which was indicative of 

a tubulin destabilising effect and was comparable to the effects of 2 h 
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exposure to 320 nM nocodazole. Of note, was the abundance of nuclear 

encapsulation by both acetylated-tubulin and β-tubulin, detected in cultures 

treated with EL102 at concentrations of 100 nM and, to a lesser extent, 50 

nM. Docetaxel treatment at concentrations of 1 nM and 5 nM displayed 

numerous, dense acetylated tubulin filaments, as expected, while, the 

combination treatment of EL102 and docetaxel resulted in uneven 

distributions of cell-wide acetylated tubulin structures. This helped to explain 

the apparent antagonistic effects of these drugs when treated in combination 

for the initial cytotoxic assay analyses (3.2.3). These findings, coupled with 

the earlier cell cycle analysis data that demonstrated loss of cells from G1 

and an accumulation in G2/M phase 24 h post-EL102 treatment, and 

induction of apoptosis, suggest that MT destabilisation is responsible, at 

least, in part for the cytotoxic effects of EL102. 

As potential mechanisms of chemo-resistance employed by cancer cells, the 

mutation and altered isoform expression of tubulin poses as problematic for 

advanced prostate cancer treatment with taxanes, paclitaxel and docetaxel. 

Until recent years, it was widely believed upregulation of β-tubulin isoform III 

(βIII-tubulin) conferred resistance solely to taxanes, however data has since 

emerged to suggest that vinca alkaloid sensitivity is also compromised by 

this alteration (Karki et al., 2013; Mozzetti et al., 2005; Ranganathan et al., 

1998). Novel MT destabilisers such as 2-methoxyestradiol (2ME2) do not 

bind to the taxane or vinca sites of tubulin, but rather the colchicine site, have 

been found to destabilize MTs, regardless of βIII-tubulin expression levels 

(Stengel et al., 2010). Although it is evident from the data presented, in the 

present study, that EL102 effectuates a loss of stable MT structure, with a 

loss of β-tubulin expression, it remains to be seen whether this disruption is 

brought about through direct binding to the colchicine, the vinca or taxane 

sites. Indeed its mechanism may be novel. Additionally, as is the case with 

certain tubulin depolymerising agents, such a mechanism may effectuate 

disruption of tumour angiogenesis. It has already been noted previously 

(3.2.2) that tumour shrinkage can be achieved by EL102 singularly or more 

effectively, in combination with docetaxel. Histological analysis of the tumour 

tissues would assist greatly in the evaluation of this. 
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4.3.2 EL102 Circumvents Two Classic Models of Drug Resistance In 

Vitro 

Apart from the shift towards prominence of βIII-tubulin, reduction in sensitivity 

to mitoxantrone and the taxanes paclitaxel and docetaxel may be achieved 

by other means. Both P-glycoprotein (MDR1) and BCRP are examples of 

adenosine triphosphate (ATP)–binding cassette (ABC) transport proteins, 

whose upregulation represents one mechanism of advanced prostate cancer 

drug resistance as they carry out cellular drug efflux (Gottesman et al., 2002; 

Xie et al., 2008).  

In the present study, the utility of the compound of interest, EL102, for use in 

a chemoresistant setting, effectuated by an upregulation of MDR1 or BCRP, 

was determined in multi-drug resistant lung cancer cell lines DLKPA (MDR1-

upregulated) and DLKP-SQ-Mitox (BCRP-upregulated). These were utilised 

due to the extensive analysis previously-conducted which compared each 

acquired resistance phenotype to that of the drug sensitive mother cell lines 

(Clynes et al., 1992; Heenan et al., 1997; Keenan et al., 2012; Law et al., 

1992; McBride et al., 1998). The effect of EL102 on these variants, in 

comparison to the respective progenitor cell lines of both, namely, DLKP and 

DLKP-SQ has shown this drug acts independently of these mechanisms. 

Although doxorubicin is not frequently used as a second line therapy for 

prostate cancer, the cross-resistance it confers in DLKPA to clinically used 

taxanes is significant and well-documented (Clynes et al., 1992; Heenan et 

al., 1996; Heenan et al., 1997; Moran et al., 2009). Combined with the 

capacity of EL102 to bring about cell death in each of the cell lines of 

prostate cancer that were assayed, an apparent circumvention of MDR1- and 

BCRP- mediated resistance mechanisms, here, further supports a utility of 

the drug in the treatment prostate cancer clinically. The taxanes paclitaxel 

and docetaxel as well as the DNA intercalating mitoxantrone remain the most 

commonly used second line therapies for advanced prostate cancer, 

globally. Eventually, however, there progresses a clinically more aggressive 

chemotherapy-refractory phase which, until the development of next 

generation cabazitaxel, remained untreatable. Cabazitaxel, similar to its 

precursor family members, acts to super-stabilise cellular MTs, resulting in 
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mitotic catastrophe. An upregulation in MDR1 and BCRP has been shown to 

have little effect on the function of cabazitaxel, though the adverse side-

effect of neutropenia remains a drawback, reminiscent of its predecessors 

(Hussar & Daniels, 2010; Sanofi-Aventis, 2010). Like cabazitaxel, EL102 is 

not a substrate of either of these pumps which presents as advantageous in 

this terminal phase of treatment. It should, however, be noted that while 

BCRP and MDR1 are central mechanisms of drug resistance in prostate 

cancer, they are not unique. Other mechanisms of drug resistance include 

changes to growth factor receptor signalling such as that of IGFR, VEGFR 

and EGFR (Dahut et al., 2013; Jones et al., 2004; Lin et al., 2013). Hypoxia-

related resistance, tubulin mutation and altered tubulin isoform expression, 

combined with upregulation of other drug pumps, for instance, MRP1, MDR2 

as well as NFkB activation, also give selective advantages to cancer cells 

throughout chemo-intervention (O'Neill et al., 2011; Seruga et al., 2011; 

Zhang et al., 2012). Such multi-adaptive phenotypes force the need to enlist 

the combination treatment of more novel therapies with many cellular 

applications as is seen with EL102.  

4.3.3 The Ability of EL102 to Inhibit HIF1α and Certain Kinases May 

Have Significant Clinical Applications 

In addition to the previously mentioned modes of EL102 operation, it was 

determined that the compound, in its capacity as a toluidine sulphonamide, 

decreased HIF1α expression in vitro. This was observed in the whole protein 

analysis of EL102-treated PC-3 cells in normoxia and hypoxic-mimicking 

conditions of cobalt chloride (CoCl2) treatment as well as in the nuclear 

extracts of cells cultured in 1 % O2. It is clear from these data that this is a 

mechanism distinct from tubulin polymerisation which is a contributing factor 

to cell death observed. It should also be noted that EL102’s effects on MT 

stability was heightened in hypoxic environs as evidenced by the loss in 

acetylated tubulin in the immunocytofluorescence study. This was not 

surprising as transmission of the survival cues normally provided by HIF1α in 

response to hypoxia had been attenuated. An analysis of the inhibitory 

functions of EL102 (1 μM) on a panel of 442 kinases was conducted by Elara 

Pharmaceuticals. It was clear from this screen that the drop in HIF1α 
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activation cannot be attributed to perturbation of the mTOR pathway, with no 

change in the binding of mTOR to the immobilised ligand witnessed upon 

treatment with EL102 over the control. Interestingly, an EL102-induced 

binding inhibition of 47 % EGFR (L861Q) was observed when compared to 

the control. This mutation has been shown to confer sensitivity, of the 

receptor, to tyrosine kinase inhibitors (TKIs) in 2 % of non-small cell lung 

cancer (NSCLC) (Mitsudomi & Yatabe, 2010). By comparison, only a 7 % 

inhibition of wild type EGFR binding occurs in the presence of EL102. Also 

worth noting is that EGF is known to play a role in modulation of HIF1α 

through the mTOR pathway in prostate cancer and EGFR mutations assist 

disease progression (Edwards et al., 2006; Hudson et al., 2002). It has also 

been hypothesised that this regulation may involve MET which, in turn, has 

previously been shown to be upregulated in response to EGFR mutations 

incurring resistance from TKIs in NSCLC (Engelman et al., 2007; Turke et 

al., 2010). 40 % inhibition of IGFR binding was the product of EL102 

treatment. As mentioned previously, changes to IGFR expression can 

increase chemo-resistance. Although, the receptor binding, here, is muted in 

the presence of EL102, perhaps mutation or an increase in expression may 

serve to diminish the potency of EL102. 

ELISA analysis of nuclear HIF1α suggests a reduction in its activation. 

Additionally, though the inhibition of HIF1α through EL102-treatment 

occurred, the negative effects of this, on downstream HIFα targets GLUT1, 

LDHA and CXCR4 were not immediately obvious following 24 h hypoxia 

exposure. This suggests that whilst expression of these genes is 

complemented by the activities of the TF, they are not solely reliant on it. 

Also, as there remains much more, at present, to be uncovered about the 

role of HIF1α in prostate cancer progression, the true importance of toluidine 

sulphonamides cannot be realised in these preliminary studies (Huang et al., 

2014; Semenza, 2012). 
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5.1 Introduction 

The androgen receptor (AR) is known to play a key role in the progression of 

prostate cancer (Huggins & Hodges, 1941). In recent decades, there has 

been a growing interest in the need to curtail the activities of AR in tackling 

this selective advantage (Carver, 2014). The production of male testosterone 

is dependent on the pituitary secretion, luteinising hormone releasing 

hormone (LH-RH), also known as gonadotropin releasing hormone (GnRH). 

Drugs such as goserelin acetate, are GnRH agonists and these have been 

shown to, for short periods of time, inhibit the progression of prostate cancer 

in patients. This occurs by stimulating excessive and sustained production of 

testosterone which in turn, causes a negative feedback loop, thus reducing 

androgen production. GnRH agonists are usually administered in the late 

stages of prostate cancer (Blackburn & Albert, 1959). Synthesis of the more 

potent androgen dihydrotestosterone (DHT) from testosterone can be 

blocked directly through treatment with 5α-reductase inhibitors (5-ARI) such 

as dutasteride and finasteride (Saartok et al., 1984; Vermeulen et al., 1989; 

Yamana et al., 2010). Another method of reducing AR signalling is the use of 

AR antagonists. Bicalutamide (Casodex or CDX) is one example of anti-

androgen which binds directly to and antagonises AR (Kolvenbag et al., 

1998). In spite of these pharmaceutical advancements for tackling a cellular 

mechanism advantageous cancer, the disease usually progresses to a point 

where these treatments become ineffective and chemotherapy is required.  

So far, this body of work has explored the mechanisms of EL102-induced 

cell death, inhibition of HIF1α and the disruption of microtubules (MTs). The 

effect of the drug on the interactions of ligands binding to cell receptors has 

remained untouched. A preliminary study commissioned at Elara 

Pharmaceuticals by Dr. Christoph Schultes aimed to explore these 

interactions. This work had suggested the ability of EL102 to disrupt the 

binding of nuclear receptors to their cognate ligands above all others, as 

shown in section 5.2.1. Elara investigated whether EL102 deterred binding of 

radiolabelled ligands to AR, progesterone receptor (PR), oestrogen receptor 

(ER), glucocorticoid receptor (GR) and peroxisome proliferator-activated 

receptor gamma (PPARγ), amongst others (See Appendix IV). As these 
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preliminary assays were cell-free in nature, the current study aimed to 

confirm the disruption of the mechanism of AR signalling, in vitro, using the 

classic model of AR signal transduction, the LNCaP cell line. 

5.2 Results 

5.2.1 Ligand–Nuclear Receptor Interaction in the Presence of EL102  

A broad spectrum cell-free screen of the potential of 1 μM EL102 to affect, 

negatively, the binding of radiolabelled ligands to their cognate receptors was 

carried out. Overall, 71 receptors were assayed (for complete results see 

Appendix IV) and amongst these were the nuclear receptors, PPARγ (human 

recombinant protein), GR (derived from IM-9 cytosolic protein), ER (derived 

from MCF7 cytosolic protein), PR (derived from T47D cytosolic protein) and 

AR (derived from LNCaP cytosolic protein). As shown in Figure 5.1 (A), non-

steroidal receptor PPARγ and steroidal receptor GR exhibited similar 

percentages of inhibition of control specific binding (35 % and 34 %, 

respectively) whereas ER binding showed signs of only mild inhibition in the 

presence of EL102. The most profound inhibition, in all 71 receptor bindings 

assayed, was that of the PR and AR, with 95 % and 89 % inhibition of control 

specific binding witnessed, respectively. Further to this diverse profile of the 

inhibitory potential of 1 μM EL102, a dose response (0–10 μM EL102) 

analysis of the receptors PR and AR, was conducted by Elara. Similar to the 

results of the above mentioned assay, Figure 5.1 (B) shows that EL102 

elicited a more heightened inhibition of PR binding (IC50 31 nM) over that of 

AR (IC50 96 nM) with the given concentrations. 

While the concentrations of EL102 required for disruption of radiolabelled 

ligands binding to these purified receptors, in a cell-free environment, 

spanned the low-mid nanomolar range, it was anticipated that, in vitro, 

cellular analysis would require much lower concentrations to elicit a 

biological response. Analysis of the effect on AR binding was the focus of 

further scrutiny due to the potential clinical implications for prostate cancer 

treatment.  
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Figure 5.1 – Radiolabelled nuclear receptor ligand binding assay. (A) 

Competitive binding of radiolabelled ligands to their cognate receptors peroxisome 

proliferator-activated receptor gamma (PPARγ), glucocorticoid receptor (GR), 

oestrogen receptor (ER), progesterone receptor (PR) and androgen receptor (AR) 

was assayed in the presence of 1 μM EL102. (B) EL102 dose response of 

radiolabelled [3H]progesterone and [3H]methyltrienolone ([3H]R1881) binding to PR 

and AR, respectively. Error ± SD. (This unpublished data was generated by Dr. 

Christoph Schultes and was provided by Elara Pharmaceuticals). 
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5.2.2 Determination of the Cytotoxic Profile of EL102 in the AR-Positive 

Cell Line LNCaP 

SRB assays were carried out to determine the dose range of EL102 in the 

AR-positive and androgen-responsive cell line LNCaP. This cell type, derived 

from the lymph node tumour resulting from metastasis of a prostate cancer, 

is the well-characterised model of AR signalling, in vitro. Initially, it was 

deemed necessary to carry out a dose-response assay of the effect of EL102 

on these cells. As demonstrated in Figure 5.2, LNCaP exhibits an IC50 of 

48.2 nM. This is higher than the values obtained from the cell viability 

analyses, reported in section 3.2.1, carried out on the metastatic cell lines of 

PC-3 and DU145, which were shown to have IC50s of 37 and 40 nM (± SD), 

respectively. It is also worth noting that the AR-positive cell lines, CWR22 

and 22Rv1, had exhibited IC50s of 24 and 21 nM (± SD), respectively. This 

makes LNCaP the most EL102-resistant model from the subset of prostate 

cancer cell lines analysed, in the current study. 

 

Figure 5.2 – EL102 dose response curve of LNCaP (Error, ± SD). 
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5.2.3 EL102 Decreases AR Protein and AR Gene Expression In Vitro 

As AR ligand binding inhibition by EL102 had, previously, been analysed in a 

cell-free setting by Elara Pharmaceuticals, it was necessary to carry out an 

analysis of this mechanism using cell line LNCaP.  Whole protein lysates 

were analysed for AR expression following 24 h treatment of EL102 (0–120 

nM) along with simultaneous doses of, either, vehicle, ethanol, or the 

synthetic androgen, R1881 (1 nM), as presented in Figure 5.3 (A). The whole 

protein isolates from vehicle-treated cells were seen to have a decreased 

expression of AR upon exposure to incremental concentrations of EL102. 

There was an apparent recovery of AR expression, however, in cells treated 

with 1 nM R1881. With or without androgen treatment, and as expected, AR 

expression was absent from the cell lysates of PC-3, a cell line which does 

not endogenously express AR (van Bokhoven et al., 2003). The activation of 

AR was explored by analysis of the nuclear translocation of AR following 18 

h treatment of LNCaP with EL102 (0, 50 and 100 nM) and known AR 

antagonist CDX (500 nM). Also, as determined previously, EL102 is a MT 

destabilising agent and for this reason the effects of vinca alkaloid, vincristine 

(VCR), treatment (40 nM) on nuclear translocation were examined, 18 h 

post-treatment. The results in Figure 5.3 (B) show that when fractionated and 

analysed by Western blot, protein from LNCaP revealed an apparent 

increase in cytosolic AR expression upon R1881 treatment, regardless of 

drug treatment. Ethanol (vehicle) treated LNCaP, on the other hand, showed 

an overall lack of cytosolic AR protein expression upon drug exposure. 

Though nuclear localised AR was present in the protein isolated from 

androgen deficient cells at largely equal concentrations, in each of the 

treatment conditions, nuclear AR was notably decreased in the cells treated 

with 100 nM EL102, 40 nM VCR and 500 nM CDX. Figure 5.3 (C) reveals 

that there was a decrease in transcriptional levels of AR following EL102 and 

CDX exposure for 18 h. In the presence of 1 nM R1881, drug treatment-free 

LNCaP had an 8-fold increase in the level of AR gene transcript induction as 

determined by quantitative polymerase chain reaction (qPCR) analysis. 
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Figure 5.3 – LNCaP protein and gene expression of AR following 

simultaneous treatment with EL102 and 1nM R1881/vehicle. (A) Western blot 

analysis of AR protein expression following 24 h EL102 treatment. (B) Fractionation 

of LNCaP and PC-3 cellular protein for the detection of AR following 18 h EL102 (0, 

50 and 100 nM), vincristine (VCR; 40 nM) or bicalutamide (CDX; 500 nM) treatment. 

(C) AR transcript level analysis by qPCR following 18 h EL102 (0 and 100 nM) or 

CDX (500 nM) treatment in the presence of vehicle (ethanol) or 1 nM R1881. 
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5.2.4 The Expression Patterns of AR Following EL102 Treatment May 

Be Partially Attributed to Its Microtubule-Destabilising Effect 

As previously indicated, EL102 is a MT destabiliser and AR expression has 

been shown to decrease upon EL102 treatment. Previous studies have 

analysed MT disruptors in their capacity to dysregulate AR signalling in vitro 

(Zhu et al., 2010). In the current study, the expression patterns of AR in 

LNCaP, following 100 nM EL102 treatment over 18 h, were compared to 

those of untreated cells or cells treated with 60 nM nocodazole, a known MT 

disruptor. Each condition was analysed in the presence of 1 nM synthetic 

androgen, R1881 or vehicle, ethanol. Figure 5.4 clearly shows that, in the 

absence of androgen (i.e. Vehicle-treated cells), those not treated with either 

nocodazole or EL102, displayed a well-organised and an evenly distributed 

network of MTs as well as diffuse AR expression. Upon 100 nM EL102 

treatment, definition of the MT structures was lost and AR expression was 

decreased and became confined to the nuclear region. Nocodazole 

treatment, on the other hand, led to a loss of acetylated tubulin, yet the 

expression of AR remained consistent with that of the untreated i.e. diffuse 

and cytosolic. As expected, AR expression was upregulated and appeared 

more localised to the nuclear cellular region upon R1881 treatment in the 

drug-free cells. In cells treated with EL102, in the presence of androgen, 

there was a pattern of reduced structural definition of the MTs combined with 

nuclear confinement of acetylated tubulin (typical of EL102 activity, Figure 

4.2, Chapter 4) and AR, which remains at low levels of expression. This was 

similar to that observed in androgen-deficient cells subject to the same drug 

treatment. Nocodazole-treated cells, in the presence of androgen, though 

lacking in acetylated tubulin, exhibited a slightly more increased expression 

of diffuse cytosolic AR than androgen deprived counterparts, though this was 

arguably less nuclear localised than drug-free R1881-treated cells.  
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5.2.5 EL102 Disrupts the Binding of AR to Androgen Response 

Elements in a Dose-Dependent Manner 

To test the efficacy of EL102 as an anti-androgen, reporter gene assays 

were set up using LNCaP and PC-3 cells. These cells were transiently 

transfected with either of the luciferase reporter constructs, PSA-407E-luc 

plasmid and MMTV-luc plasmid. Each of these luciferase constructs contain 

androgen response elements in their promoters, which are regulated by the 

binding of AR making them reporters of androgen activation. Cells were 

simultaneously co-transfected with β-galactosidase reporter plasmid, CMV-β-

gal, as an indicator of transfection efficiency. Plasmids were cloned, purified 

by maxiprep and identified by agarose gel imaging of the product of 

restriction digest at BamHI restriction sites as shown in Figure 5.5 (A). 

Following transient transfection, LNCaP (Figure 5.5 (B)) and PC-3 (Figure 

5.5 (C)) were treated with DMSO, 50 nM EL102, 100 nM EL102 or 500 nM of 

known AR antagonist bicalutamide (CDX) for 24 h, in the presence or 

absence of 1nM R1881. Figure 5.5 (B) shows that the AR expressing cell 

line, LNCaP, demonstrated minimal loss of basal AR activation (indicated by 

the DMSO control) in the vehicle-treated cohort. Conversely, the presence of 

1 nM synthetic androgen, R1881, in DMSO-treated control demonstrated an 

increase in AR activities as reported by both transfection groups. There was 

a marked decrease in the binding of endogenous AR to the AREs of the 

reporter plasmids following treatment of EL102 or CDX. Also, as expected, 

the luciferase activities of MMTV-luc were much greater than those of PSA-

407E-luc. Figure 5.5 (C) indicates that despite transient transfection of ARE-

containing plasmids and the viability of cells thereafter, the lack of 

endogenous AR expression in PC-3 elicited no change to the activities of 

reporter gene signal after 24 h, in the presence or absence of androgen or 

upon drug treatment. Taken together, these data indicate that EL102 inhibits 

the binding of AR to AREs, mechanistically similar to the effects of AR 

antagonist CDX and in a dose-dependent manner.      
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Figure 5.5 – Reporter gene assay of endogenous AR activation in response to 

EL102 antagonism. (A) BamHI restriction digests of maxiprep purified plasmids 

PSA-407E-luc, MMTV-luc and CMV-β-gal run in 1 % agarose gel (Gel Red stained) 

and imaged on gel imager. Luciferase activity normalised to β-gal activity of (B) 

LNCaP and (C) PC-3 transiently transfected with reporter constructs PSA-407E-luc 

or MMTV-luc and CMV-β-gal that were treated for 24 h with DMSO, EL102 or CDX, 

in the presence or absence of synthetic androgen, R1881 (Error, ± SEM). 
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5.2.6 The In Vitro Effects of EL102 on AR-Induced CXCR4 Expression 

and CXCR4-Mediated Migration 

Androgen-mediated upregulation of CXCR4 gene expression in LNCaP was 

observed following qPCR analysis of cells treated for 18 h with 10 nM R1881 

and is shown in Figure 5.6 (A). In order to determine if, through its capacity 

as an AR antagonist, EL102 could affect the resulting increased CXCR4-

mediated migration which had been previously reported (Frigo et al., 2009), a 

migration assay was carried out observing the changes in migratory potential 

of LNCaP towards chemo-attractant CXCL12 (SDF1α) in the presence or 

absence of 1 nM R1881. As shown in Figure 5.6 (B), with the exception of 

EL102 (100 nM) treated-cells  there is little difference between the potentials 

of vehicle-treated LNCaP cells migrating towards FBS (10 %) and of those 

migrating towards SDF1α (400 ng ml-1) over a 52 h incubation. Figure 5.6 (C) 

indicates that in the presence of androgen, though there is a slight decline in 

movement of cells toward SDF upon EL102 (50 nM and 100 nM) exposure, 

when compared to that of the compound-free, untreated control, migration 

still occurs in a pattern consistent with untreated cells moving toward FBS. 

The greatest reduction in migration in the presence of androgen is seen in 

the cells treated with 500 nM CDX. 
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Figure 5.6 – Analysis of CXCR4 expression and function in response to EL102 

treatment in vitro. (A) The levels of CXCR4 gene transcript fold induction in 

LNCaP cells following 18 h EL102 treatment in the presence or absence of 10 nM 

R1881. (B) Real-time analysis of LNCaP cell migration over 52 h towards CXCL12 

(SDF1α; 400 ng ml-1) in the presence of vehicle (ethanol) and EL102 or CDX 

treatments. (C) Real-time analysis of LNCaP cell migration over 52 h towards 

CXCL12 (SDF1α; 400 ng ml-1) in the presence of 1 nM R1881 following EL102 or 

CDX treatments. 
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5.3 Discussion  

5.3.1 EL102 Inhibits the Binding of Androgen and Progesterone to AR 

and PR, Respectively, in a Cell-Free Assay 

As witnessed in a cell-free assay, the binding of radiolabelled ligands 

([3H]methyltrienolone and [3H]progesterone) to their cognate receptors, AR 

and PR, is significantly diminished upon EL102 treatment. Interestingly, both 

receptors have similar rates of decline in their binding capacity in the 

presence of this toluidine sulphonamide. This observation was not surprising 

given the shared homology of the receptors. PR has, in fact, been the 

subject of much analysis in the field of prostate cancer. In one 

immunostaining study, it was noted that one third of tissue samples from 

prostate cancer patients with Gleason grade 3 and 4 exhibited PR 

expression whereas samples from patients with Gleason grade 5 exhibited 

an increase of almost 30 % on that. 60 % of the metastatic tumour tissues 

stained in this study exhibited moderate to strong expression of PR while 54 

% of androgen insensitive tumours showed the same. The expression of PR 

in the normal functioning tissue of the prostate is not abnormal. PR 

expression is present mostly in the smooth muscle tissue and fibroblasts of 

the prostatic stroma. Although its precise role is not fully understood, current 

data seem to indicate that this expression may play a significant part in 

maintaining the balance of chemokine signalling and thus has a suppressive 

effect on the migration of prostate cancer from its organ confined state. If this 

emerging evidence holds true, such inhibition of the PR signalling pathway 

may be detrimental to the clinical development of EL102 as a therapy for 

prostate cancer (Yu et al., 2014). On the other hand, the emergence of data 

that suggest PR mRNA expression is induced by ERα in advanced 

metastases and may provide a selective advantage to these cells (Bonkhoff 

et al., 2001). Attenuation of this oestrogen-induced expression may be 

clinically beneficial. 

The fact that EL102 inhibits AR ligand binding may have large implications 

for the treatment of prostate cancer and may serve to complement already 

existing anti-androgen therapy. It may also serve as a means of sensitising 

androgen dependant cells to treatment. 
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5.3.2 EL102 Inhibits Expression and Activation of AR In Vitro 

The use of LNCaP as a model of AR signalling has been well-established, 

globally (Culig, 2003; Kobayashi et al., 2013; Kung & Evans, 2009). The 

current study has determined that LNCaP is the most resistant cell line in the 

panel of five prostate cancer cell lines used for this analysis of the in vitro 

effects of EL102. The cell type’s resistance may be attributed to the ability of 

endogenously expressed AR to upregulate MRP4-mediated drug resistance 

in the cell line as has been reported, previously (Cai et al., 2007). In the 

current study, evidence is shown of the potential of EL102 to inhibit LNCaP 

AR expression at both a transcript and a protein expression level. Further 

evidence of this agent’s anti-AR potential was displayed in its effectiveness 

to induce a blockade of the interaction of endogenously expressed AR with 

AREs, present in reporter gene constructs of PSA-407E-luc and MMTV-luc. 

In our study of EL102, proteomic analysis has shown that the deactivation of 

AR by EL102 may not be attributed to its function as a MT inhibitor in the 

way that nocodazole failed to induce a similar pattern of nuclear-localised 

immunostaining. Interestingly, though nuclear staining of AR was witnessed 

in EL102-treated cells in the presence of R1881, Western blot data suggest 

an evenly reduced AR activation detected in the nuclear fractions of protein 

isolates from LNCaP cells treated with EL102, CDX and VCR. This may 

indicate a potential role for VCR, as an anti-androgen or, at the very least, 

that its mechanism of the disruption of MTs differs more from that of 

nocodazole than that of EL102. 

Another utility offered by EL102 in its role as an AR antagonist may be seen 

in future studies, through reduced potential for androgen-mediated 

upregulation of cellular HIF1α. HIF1α expression has been shown, 

elsewhere, to upregulate in response to activated AR (Mabjeesh et al., 

2003b). Having already determined the HIF1α-inhibitory role of EL102 in the 

current study, this AR inhibition, by the compound of interest, may strengthen 

this effect, adding to its anti-cancer potential.  

Previous studies have shown the CXCR4-mediated migration is increased in 

response to androgens (Frigo et al., 2009). In the current study, EL102 had 

not appeared to have had a significant effect on this process. 
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In summary, the compound EL102 demonstrates significant potential as an 

anti-androgen treatment, based on in vitro analyses. Here, it is shown that 

the level of nuclear-translocated AR protein was decreased by EL102 

treatment as were the levels of AR transcript. This was further supported by 

the observed reduction in activation of endogenous AR upon EL102 

treatment, in cells transiently-transfected with ARE-constructs. 
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6.1 Overview 

Drug discovery and development for clinical use can be an exhaustive and 

expensive process. Advances in computer modelling techniques of 2D- and 

3D-QSAR, like those employed in determining the utility of the novel drug 

class of toluidine sulphonamides, have been instrumental in avoiding such 

high attrition (Wendt & Cramer, 2008; Wendt et al., 2011b). These and other 

techniques guide the synthesis of next generation treatments and may help 

reduce adverse interactions and improve the efficacy of predecessor 

compounds. While the NCI-60 screening panel is a good biological starting 

point for the testing of compounds arising from such computational 

predictions, it is ultimately limited to the arrival at an endpoint wherein the 

assayed cells are found to be either alive or dead at the given concentration, 

without any further biological data accrued (Monks et al., 1991; Shoemaker, 

2006). Fortunately, EL102 demonstrated initial success in meeting these 

criteria, within the panel of cell lines assayed, with many of these sensitive to 

its cytotoxic effects. Among the most affected cancer tissue models tested 

were those of the prostate, lung, breast, kidney and colon (unpublished data; 

Figure 1.8 (B)). The aim of this project was to determine whether EL102, of 

the class of compounds known as toluidine sulphonamides, had potential for 

the treatment of prostate cancer and if so, to further uncover the 

mechanisms of action that assist this process through elucidation of the 

intracellular targets of the small molecule inhibitor. The research presented, 

here, demonstrates that EL102 is toxic to each of the constituent prostate 

cancer cell lines of a panel of five, decreasing cell viability by 50 % (IC50) 

within a concentration dose range of ~20–50 nM. Its potential for use as a 

single agent was ascertained through in vitro and in vivo experimentation 

while also exhibiting efficacy as a companion treatment with docetaxel, in the 

reduction in tumour mass witnessed. Initial data from the in vivo study also 

indicate El102 is well-tolerated. Though in vitro investigation shows this drug 

is a MT-destabilising agent, the use of EL102 extends beyond this to roles 

such as targeting of key survival signalling pathways. For one, drug 

resistance in the form of MDR1 and BCRP upregulation, a common tumour 

tissue feature in advanced prostate cancer, did not appear to hinder EL102 
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cytotoxicity in the models studied (Toner et al., 2013). HIF1α survival cues 

and AR signalling were diminished, in cell lines, through EL102 exposure. 

Combined, all of these aspects make EL102 a prime candidate for further 

analysis and promote its use particularly as a treatment of prostate cancer.  

6.2 HIF1α Inhibition and MT Disruption in Cancer Treatment 

The use of MT depolymerising agents, that also inhibit HIF1, is not a novel 

concept in cancer treatment. The estradiol derivative 2-methoxyestradiol 

(2ME2) has been trialled clinically in recent years due, in large part, to the 

finding that it is well-tolerated upon oral administration (Mabjeesh et al., 

2003a). In the current study, pre-clinical in vivo investigation has shown the 

same to be true of EL102 however it is a big leap to suggest that this drug, in 

its current guise, is a suitable treatment for prostate cancer, given the limited 

range of knowledge presented, here, on the likely effects of the drug. A good 

starting point should have been histological analysis of these xenograft 

tumours, following dosing regimens with EL102 and docetaxel however 

these tissue samples were not retained upon measurement of their 

shrinkage. A similar compound in the class of toluidine sulphonamides, 

known as ELR510444, was examined in studies parallel to that of our drug of 

interest, at the University of Texas, San Antonio. Like EL102, ELR510444 

was found to exhibit anti-MT activity as well as an ability to inhibit HIF1α, with 

cell viability assays determining an IC50 of ~30 nM in breast cancer cell MDA-

MB-231. This drug, when tested as an individual treatment in MDA-MB-231 

murine xenograft models, revealed a similar reduction in tumour volume to 

that which resulted from EL102 exposure, in the current CWR22-murine 

study. In the analysis of the MDA-MB-231 mouse model, ELR510444 

matched the effects of ABT-751, an anti-mitotic sulphonamide with 

comparable structure and modes of action (Risinger et al., 2011). Initially, 

ABT-751 had shown promise in early clinical trials as a combined treatment 

with docetaxel in patients with metastatic castrate-resistant prostate cancer 

(mCRPC). It should be noted that a high degree of adverse side-effects, both 

non-haematological and haematological, was witnessed within this clinical 

study which has since been terminated (Michels et al., 2010). Clinical trials of 

ABT-751 treatment in paediatric neuroblastoma that has recurred or is 
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chemotherapy-unresponsive are currently ongoing (Fox et al., 2014). With 

similarly acting drugs indicating tentative success, there is certainly a 

platform for the establishment of MT-destabilisers, such as EL102, for cancer 

therapy. ABT-751’s success to date also highlights the importance of 

gathering information of a treatment in one disease type to benefit another. 

6.3 Castration-Resistance and Chemotherapy-Resistance in Prostate 

Cancer 

This body of work pointed to the various inhibitory roles of EL102 in prostate 

cancer. Amongst these was the apparent disruption to AR signal 

transduction. With little difference witnessed in the IC50 concentrations 

determined between cell viability assays of androgen responsive cell line 

CWR22 and its androgen insensitive progeny, cell line 22Rv1, expression of 

functional AR did not obviate a weakness to be exploited by EL102 

treatment. Equally, the advent of androgen deprivation therapy (ADT) failure, 

as frequently occurs in prostate cancer progression did not present as an 

obstacle for treatment. Likewise, the most EL102-resistant of the five 

prostate cancer cell lines tested was LNCaP, a classic in vitro model of 

functional AR signalling. It may, therefore, be assumed that while the effects 

of AR signal disruption by EL102 complement its therapeutic profile through 

multi-vectored chemical assault on vital cancer cell processes, other factors 

are at work in LNCaP, reducing the potency of the drug. Similarly, if the 

engagement of this drug in the blockade of AR signals allows for less freely 

available drug then, logically, a higher concentration could be required to 

elicit the interaction with other potential targets of its activity. Previous 

studies have shown that HIF1α and AR signal in tandem to endure certain 

stresses. For instance, AR has been shown to increase HIF1α at both 

transcriptional and translational levels while conversely, others have 

demonstrated the promotion of AR transcriptional regulation through the 

actions of HIF1α (Boddy et al., 2005; Mabjeesh et al., 2003b). Furthermore, 

mutations within the oxygen-dependent degradation domain of HIF1α are 

frequently found in CRPC tumour tissues and have been implicated in 

augmented treatment resistance (Anastasiadis et al., 2002). EL102 in its dual 
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inhibitory role as a suppressor of these processes further promotes its 

development, clinically.  

Drug resistance encountered in treatment of prostate cancer patients in the 

latter disease stages, remains problematic. The emergence of tumours 

expressing elevated levels of protein efflux pumps, MDR1 (P-gp), MRP1 and 

BCRP, correlates with a reduction in the therapeutic effects of mainstay 

treatment, docetaxel (Bhangal et al., 2000; Sanchez et al., 2009; van Brussel 

et al., 1999). While our studies involved the use of drug resistant squamous 

lung cell phenotypes, that have been well-documented, prostate cancer 

equivalents would have, perhaps, strengthened the observation that 

upregulation of MDR1 had no impact on the mechanism of EL102 in vitro. 

The same is true of the models used to demonstrate how EL102 is not a 

substrate of BCRP. Incidentally, BCRP-overexpressing cells have been 

shown to partake in the efflux of androgens. This suggests that eradication of 

high expressers of BCRP by EL102 may, in fact, have a deleterious effect on 

the population of cells, allowing those that do not efflux androgens to thrive. 

One study has implicated Pim1 kinase in the phosphorylation of BCRP and 

subsequent docetaxel-resistance in prostate cancer (Xie et al., 2008). In the 

kinase inhibitor screen, carried out by Elara Pharmaceuticals (Chapter 4), the 

kinase Pim1 was one of those assayed which did not show a decrease in 

activity upon EL102 exposure. Future investigations should focus on the role 

if any, that this kinase may play in EL102’s drug resistance-circumvention in 

prostate cancer. It must also be stated that induction of a multi-drug 

resistance phenotype in the prostate cancer cell lines DU145 and PC-3 is 

more likely to result from increased MRP1 expression than that of MDR1 

(Zalcberg et al., 2000). Although, not directly associated with insensitivity to 

docetaxel, MRP4 is expressed at significant levels in prostatic tissue and is 

known to increase upon androgen exposure (Cai et al., 2007; Ho et al., 

2008). These data again support the need for future experiments, analysing 

drug-resistant models specific to prostate cancer. 

Also associated with this disease state is a modification of the beta tubulin 

isoform profiles of prostate cancer cells. βIII-tubulin upregulation, in 

particular, is known to be a poor prognostic marker in prostate cancer 
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progression and is associated with a reduced chemotherapy response 

(Galletti et al., 2007; Seruga et al., 2011). Although our findings, here, 

highlight an EL102-directed reduction in the organised expression of overall 

β-tubulin and acetylated tubulin, it is unknown the extent to which βIII-tubulin 

profiles are reduced. In the study of ELR510444, models of βIII-

overexpression demonstrated that treatment with this particular toluidine 

sulphonamide had the ability to circumvent such resistance (Risinger et al., 

2011). Perhaps, replication of these experiments with our drug of interest 

would be a prudent future step. 

Even though much work has been done to demystify the mechanisms of 

drug resistance in prostate cancer, there is still a requirement for further 

understanding. While the development of cabazitaxel has helped prolong life 

in those presenting with cancers that are unaffected by docetaxel 

administration, there often occurs a reduction in the quality of life. 

Neutropenia is one adverse side-effect of cabazitaxel regimens (de Bono et 

al., 2010; Sanofi-Aventis, 2010). Perhaps treatments such as EL102 might 

delay such onset and when used in combination may potentiate the anti-

cancer activities of this and other therapeutic agents, facilitating re-evaluation 

of the dose concentrations.  

EL102, as a tubulin inhibitor, may participate in the disruption of AR signal 

transduction in a manner consistent with others tested. In a study that 

supports the combined approach of using MT-disruptors during ADT, 

investigators found that treatment with tubulin destabilisers and polymerisers 

served to curb AR signalling. Specifically, ligand independent, EGF-mediated 

activation of AR was perturbed by these MT-targeting agents which 

sequestered the receptor to the cytosol (Zhu et al., 2010).          

6.4 Experimental Critique 

While this thesis puts forward the first documented evidence of the 

therapeutic use of EL102, there is much to be discussed in the way of 

experimental procedure. Certainly there existed limitations in the current 

study which were hard to overcome. Firstly, until relatively recently, much of 

the preliminary data carried out by Elara Pharmaceuticals was not made 
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available due to its confidential status. Also, the work carried out here was 

conducted in parallel to the group that worked on the drug ELR510444 

without any communication between research teams. While common 

conclusions about the two toluidine sulphonamides were reached 

independently, lending credence to the properties outlined, a collaborative 

effort could have avoided delay of reaching end-points throughout the 

experimental process. 

On a more technical note, with the kinase inhibitor screen of EL102, no 

replicates were used for each condition (n=1). In my opinion, ‘hits’ from this 

screen should have been followed through, for further testing. This would 

have greatly improved the statistical significance of the result, although, it 

does line up the possibility for further cell-based exploration. Also worth 

mentioning is that ANKK1, a kinase which has been the focus of many 

cognitive and behavioural disorders, was observed to have the greatest 

decrease in activity within the parameters of this assay (Lee et al., 2013; Pan 

et al., 2015; Yao et al., 2015). This may indicate a potential use for EL102, or 

future derivatives of EL102, in medical conditions distinct from cancer, 

although, equally, this may be problematic if found to effect adverse 

reactions in vivo.   

The data provided from the screen of radio-labelled ligand binding was 

central to the establishment of AR investigations. This data also showed a 

role for EL102 as a disruptor of PR signalling which was not the focus of this 

study, but may lay the foundations for future experiments.    

One unexpected result encountered in the early analysis of EL102 showed 

that caspase3 activation was not as pronounced as was anticipated, 

especially in cells treated with docetaxel. Though these data were obtained 

from several repeats (n ≥ 3), the fluorogenic substrate used for each 

replicate was sourced from the same batch which, it has transpired, may not 

have been stored in a consistently functional freezer. In order to discount this 

variable, caspase3 assays should be repeated using fresh reagents so as to 

definitively score the involvement of the enzyme in the apoptosis induction 

incurred by EL102.  
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Interestingly, EL102-induced inhibition of HIF1α, in PC-3, did not appear to 

produce the expected reduction in the expression levels of its transcriptional 

targets as is observed in alternate cancer cell lines (Serganova et al., 2011; 

Zhang et al., 1999). GLUT1 and LDHA gene transcript levels remained 

relatively low, regardless of hypoxia induction. The same was true for 

CXCR4 gene expression. As alluded to previously, the part of HIF1α 

signalling in prostate development has yet to be clearly described.  

Microarray studies of AR-positive prostate cancer in vitro models, have 

determined that androgens positively upregulate the CXCR4 gene, while 

other studies have demonstrated that this contributes to improved CXCR4-

mediated migration (Frigo et al., 2009; Kazmin et al., 2006). When the AR-

inhibitory function of EL102 was assessed, in the current study, treatment 

with the compound did not impinge on this augmented movement of LNCaP 

cells towards the CXCL12-rich chamber nor were levels of CXCR4 transcript 

increased. In reviewing the experimental conditions, I have found that an 

overnight pre-treatment of cells with EL102, in the presence or absence of 

androgens before their seeding to wells of the migration assay plate, could 

have been a more worthwhile scientific endeavour. Following this extended 

pre-treatment, the differences in the cells migratory potentials could have 

been more obvious than those observed. 

6.5 Conclusions  

In conclusion, I have reaffirmed that toluidine sulphonamides and in 

particular, EL102, show early promise for use in the treatment of prostate 

cancer. In this series of preclinical experiments I have established that 

EL102 institutes cell death and its mode of action complements a reduction 

in tumour volume in a CWR22 xenograft mouse model. Furthermore, EL102 

appears to enact its effects through the inhibition of HIF1α and disruption of 

microtubule stability. EL102 is also capable of circumventing MDR1 and 

BCRP-mediated drug resistance and can interrupt androgen receptor signal 

transduction.  

Future studies will endeavour uncover the precise molecular targets of these 

processes by way of in vitro and in vivo analyses as outlined above. 
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Spec sheets obtained from the ATCC website Accessed  

March 28th 2015.  

 PC-3 (ATCC® CRL-1435™) 
 

Organism  Homo sapiens, human  

Tissue  prostate; derived from metastatic site: bone  

Product Format  frozen  

Morphology  epithelial  

Culture Properties  adherent (The cells form clusters in soft agar and can be 
adapted to suspension growth)  

Biosafety Level  1  

Disease  grade IV, adenocarcinoma  

Age  62 years adult  

Gender  male  

Ethnicity  Caucasian  

Applications  This cell line is a suitable transfection host. 

Storage 
Conditions  

liquid nitrogen vapor phase  

Karyotype  The line is near-triploid with a modal number of 62 
chromosomes. There are nearly 20 marker chromosomes 
commonly found in each cell; and normal N2, N3, N4, N5, N12, 
and N15 are not found. No normal Y chromosomes could be 
detected by Q-band analysis.  
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Derivation  The PC-3 was initiated from a bone metastasis of a grade IV 
prostatic adenocarcinoma from a 62-year-old male Caucasian. 

Clinical Data  62 years adult 
Caucasian 
male 
The PC-3 was initiated from a bone metastasis of a grade IV 
prostatic adenocarcinoma from a 62-year-old male Caucasian. 

Antigen Expression  HLA A1, A9 

Genes Expressed  HLA A1, A9 

Tumorigenic  Yes  

Effects  Yes, in semi-solid medium 
Yes, tumors developed within 21 days at 100 % frequency (5/5) 
in nude mice inoculated subcutaneously with 10(7) cells. 

Comments  The cells exhibit low acid phosphatase and testosterone-5-alpha 
reductase activities. 

Complete Growth 
Medium  

The base medium for this cell line is ATCC-formulated F-12K 
Medium, Catalog No. 30-2004. To make the complete growth 
medium, add the following components to the base medium: fetal 
bovine serum to a final concentration of 10 %.  

Subculturing  Volumes are given for a 75 cm2 flask. Increase or decrease the 
amount of dissociation medium needed proportionally for culture 
vessels of other sizes. Corning® T-75 flasks (catalog #430641) 
are recommended for subculturing this product.  

1. Remove and discard culture medium. 
2. Briefly rinse the cell layer with 0.25 % (w/v) Trypsin- 

0.53 mM EDTA solution to remove all traces of serum 
that contains trypsin inhibitor. 
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3. Add 2.0 to 3.0 mL of Trypsin-EDTA solution to flask and 
observe cells under an inverted microscope until cell layer 
is dispersed (usually within 5 to 15 minutes). 
Note: To avoid clumping do not agitate the cells by 
hitting or shaking the flask while waiting for the cells to 
detach. Cells that are difficult to detach may be placed at 
37 °C to facilitate dispersal. 

4. Add 6.0 to 8.0 mL of complete growth medium and 
aspirate cells by gently pipetting. 

5. Add appropriate aliquots of the cell suspension to new 
culture vessels. 

6. Incubate cultures at 37 °C. 

Subcultivation Ratio: A subcultivation ratio of 1:3 to 1:6 is 
recommended 
Medium Renewal: 2 to 3 times per week 

Cryopreservation  Freeze medium: Complete growth medium supplemented with 5 
% (v/v) DMSO 
Storage temperature: liquid nitrogen vapor phase 

Culture Conditions  Atmosphere: air, 95 %; carbon dioxide (CO2), 5 % 
Temperature: 37 °C 
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 DU 145 (ATCC® HTB-81™)  
Organism  Homo sapiens, human  

Tissue  prostate; derived from metastatic site: brain  

Product Format  frozen  

Morphology  epithelial  

Culture 
Properties  

adherent  

Biosafety Level  1  

Disease  carcinoma  

Age  69 years  

Gender  male  

Ethnicity  Caucasian  

Applications  This cell line is a suitable transfection host. 

Storage 
Conditions  

liqid nitrogen vapor temperature  

Karyotype  This is a hypotriploid human cell line. Both 61 and 62 
chromosome numbers had the highest rate of occurrence in 
30 metaphase counts.The rate of higher ploidies was 3 %. 
The t(11q12q), del(11)(q23), 16q+, del(9)(p11), del(1)(p32) 
and 6 other marker chromosomes were found in most cells. 
The N13 was usually absent. The Y chromosome is 
abnormal through translocation to an unidentified 
chromosomal segment. The X chromosome was present in 
single copy.  

Clinical Data  69 years 
Caucasian 
male 

Antigen 
Expression  

Antigen expression: Blood Type O; Rh+  

Tumorigenic  Yes  

Effects  Yes, in nude mice; forms adenocarcinoma (grade II) 
consistent with prostatic primary 

Comments  The line is not detectably hormone sensitive, is only weakly 
positive for acid phosphatase and isolated cells form 
colonies in soft agar. The cells do not express prostate 
antigen. Ultrastructural analyses of both the cell line and 
original tumor revealed microvilli, tonofilaments, 
desmosomes, any mitochondria, well-developed Golgi and 
heterogenous lysosomes. 

Complete Growth 
Medium  

The base medium for this cell line is ATCC-formulated 
Eagle's Minimum Essential Medium, Catalog No. 30-2003. 
To make the complete growth medium, add the following 
components to the base medium: fetal bovine serum to a 
final concentration of 10 %.  
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Subculturing  1. Remove and discard culture medium. 
2. Briefly rinse the cell layer with 0.25 % (w/v) Trypsin - 

0.53 mM EDTA solution to remove all traces of serum 
which contains trypsin inhibitor. 

3. Add 2.0 to 3.0 mL of Trypsin-EDTA solution to flask 
and observe cells under an inverted microscope until 
cell layer is dispersed (usually within 5 to 15 minutes).
Note: To avoid clumping do not agitate the cells by 
hitting or shaking the flask while waiting for the cells 
to detach. Cells that are difficult to detach may be 
placed at 37 °C to facilitate dispersal. 

4. Add 6.0 to 8.0 mL of complete growth medium and 
aspirate cells by gently pipetting. 

5. Add appropriate aliquots of the cell suspension to 
new culture vessels. Corning® T-75 flasks (catalog 
#430641) are recommended for subculturing this 
product. 

6. Incubate cultures at 37 °C. 

Subcultivation Ratio: A subcultivation ratio of 1:4 to 1:6 is 
recommended 
Medium Renewal: 2 to 3 times per week 

Cryopreservation Freeze medium: Complete growth medium, 95 %; DMSO, 5
% 
Storage temperature: liqid nitrogen vapor temperature 

Culture 
Conditions  

Atmosphere: air, 95 %; carbon dioxide (CO2), 5 % 
Temperature: 37 °C 
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 22Rv1 (ATCC® CRL-2505™)  
Organism  Homo sapiens, human  

Tissue  prostate  

Cell Type  Epithelial  

Product Format  frozen  

Morphology  epithelial  

Culture 
Properties  

adherent  

Biosafety Level  2  

Disease  carcinoma  

Storage 
Conditions  

liquid nitrogen vapor phase  

Karyotype  49,XY,del(1)(p10),+i(1)(q10),der(2)t(2;4)(p13;q31)del(2)(q13
q33),der(4)t(2;4)(p13;q31),t(6;14)(q15;q32),+7,+12[5]/50,ide
m,+3[1]  

Derivation  22Rv1 is a human prostate carcinoma epithelial cell line 
derived from a xenograft that was serially propagated in 
mice after castration-induced regression and relapse of the 
parental, androgen-dependent CWR22 xenograft. 

Antigen 
Expression  

prostate specific antigen (PSA) 

Receptor 
Expression  

androgen receptor 

Tumorigenic  Yes  

Effects  Yes, forms tumors in nude mice 

Comments  The cell line expresses prostate specific antigen (PSA). 
Growth is weakly stimulated by dihydroxytestosterone and 
lysates are immunoreactive with androgen receptor antibody 
by Western blot analysis. 
Growth is stimulated by epidermal growth factor (EGF) but is 
not inhibited by transforming growth factor beta-1 (TGF beta-
1). 
Recently , it has been shown that 22Rv1 prostate carcinoma 
cells produce high-titer of the human retrovirus XMRV 
(xenotropic murine leukemia virus-related virus). 

Complete Growth 
Medium  

The base medium for this cell line is ATCC-formulated 
RPMI-1640 Medium, Catalog No. 30-2001. To make the 
complete growth medium, add the following components to 
the base medium: fetal bovine serum to a final concentration 
of 10 %.  

Subculturing  Volumes used in this protocol are for 75 cm2 flask; 
proportionally reduce or increase amount of dissociation 
medium for culture vessels of other sizes.  
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1. Remove and discard culture medium. 
2. Briefly rinse the cell layer with 0.25 % (w/v) Trypsin-

0.53mM EDTA solution to remove all traces of serum 
that contains trypsin inhibitor.  

3. Add 2.0 to 3.0 mL of Trypsin-EDTA solution to flask 
and observe cells under an inverted microscope until 
cell layer is dispersed (usually within 5 to 15 minutes). 

Note: To avoid clumping do not agitate the cells by hitting or 
shaking the flask while waiting for the cells to detach. Cells 
that are difficult to detach may be placed at 37 °C to 
facilitate dispersal. 

4. Add 6.0 to 8.0 mL of complete growth medium and 
aspirate cells by gently pipetting. 

5. Add appropriate aliquots of the cell suspension to 
new culture vessels. 

6. Incubate cultures at 37 °C 

 
Subculture Ratio: 1:3 to 1:6  
Medium Renewal: Every 2 to 3 days. 
Note: For more information on enzymatic dissociation and 
subculturing of cell lines consult Chapter 10 in Culture of 
Animal Cells, a manual of Basic Technique by R. Ian 
Freshney, 3rd edition, published by Alan R. Liss, N.Y., 1994.
 

Cryopreservation Freeze medium: Complete growth medium supplemented 
with 5 % (v/v) DMSO 
Storage temperature: liquid nitrogen vapor phase 

Culture 
Conditions  

Temperature: 37 °C 

Population 
Doubling Time  

40 hours  
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 LNCaP clone FGC (ATCC® CRL-1740™)  

Organism  Homo sapiens, human  

Tissue  
prostate; derived from metastatic site: left supraclavicular 
lymph node  

Product Format  frozen  

Morphology  epithelial  

Culture 
Properties  

adherent, single cells and loosely attached clusters  

Biosafety Level  1  

Disease  carcinoma  

Age  50 years adult  

Gender  male  

Ethnicity  Caucasian  

Applications  This cell line is suitable as a transfection host. 

Storage 
Conditions  

liquid nitrogen vapor phase  

Karyotype  

This is a hypotetraploid human cell line. The modal 
chromosome number was 84, occurring in 22 % of cells. 
However, cells with chromosome counts of 86 (20 %) and 87 
(18 %) also occurred at high frequencies. The rate of cells 
with higher ploidies was 6.0 %.  

Images  

Derivation  

LNCaP clone FGC was isolated in 1977 by J.S. 
Horoszewicz, et al.., from a needle aspiration biopsy of the 
left supraclavicular lymph node of a 50-year-old Caucasian 
male (blood type B+) with confirmed diagnosis of metastatic 
prostate carcinoma. 

Clinical Data  50 years adult 
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from a needle aspiration biopsy of the left supraclavicular 
lymph node of a 50-year-old Caucasian male (blood type 
B+) with confirmed diagnosis of metastatic prostate 
carcinoma. 
Caucasian 
Male 

Receptor 
Expression  

androgen receptor, positive; estrogen receptor, positive 
Ref 

Genes Expressed human prostatic acid phosphatase; prostate specific antigen

Cellular Products human prostatic acid phosphatase; prostate specific antigen

Tumorigenic  Yes  

Effects  
Yes, in soft agar 
Yes, the cells are tumorigenic in nude mice 

Comments  

These cells are responsive to 5-alpha-dihydrotestosterone 
(growth modulation and acid phosphatase production). 
The cells do not produce a uniform monolayer, but grow in 
clusters which should be broken apart by repeated pipetting 
when subcultures are prepared. 
They attach only lightly to the substrate, do not become 
confluent and rapidly acidify the medium. 
Growth is very slow. 
The cells should be allowed to incubate undisturbed for the 
first 48 hours after subculture. 
When flask cultures are shipped, the majority of the cells 
become detached from the flask and float in the medium. 
Upon receipt, incubate the flask (in the usual position for 
monolayer cultures) for 24 to 48 hours to allow the cells to 
re-attach. The medium can then be removed and replaced 
with fresh medium. 
If desired, the contents of the flask can be collected, 
centrifuged at 300 X g for 15 minutes, resuspended in 10 mL 
of medium and dispensed into a single flask. 

Complete Growth 
Medium  

The base medium for this cell line is ATCC-formulated 
RPMI-1640 Medium, Catalog No. 30-2001. To make the 
complete growth medium, add the following components to 
the base medium: fetal bovine serum to a final concentration 
of 10 %.  

Subculturing  

Volumes are given for a 75 cm2 flask. Increase or decrease 
the amount of dissociation medium needed proportionally for 
culture vessels of other sizes. Corning® T-75 flasks (catalog 
#430641) are recommended for subculturing this product  

1. Remove and discard culture medium. 
2. Briefly rinse the cell layer with 0.25 % (w/v) Trypsin- 

0.53 mM EDTA solution to remove all traces of serum 
that contains trypsin inhibitor. 

3. Add 2.0 to 3.0 mL of Trypsin-EDTA solution to flask 
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and observe cells under an inverted microscope until 
cell layer is dispersed (usually within 5 to 15 minutes).
Note: To avoid clumping do not agitate the cells by 
hitting or shaking the flask while waiting for the cells 
to detach. Cells that are difficult to detach may be 
placed at 37 °C to facilitate dispersal. 

4. Add 6.0 to 8.0 mL of complete growth medium and 
aspirate cells by gently pipetting. 

5. Add appropriate aliquots of the cell suspension to 
new culture vessels.  
Maintain cultures at a cell concentration between 1 X 
104 and 2 X 105 cells/cm2. 

6. Incubate cultures at 37 °C. 

Subcultivation Ratio: A subcultivation ratio of 1:3 to 1:6 is 
recommended 
Medium Renewal: Twice per week 

Cryopreservation 
Freeze medium: Complete growth medium supplemented 
with 5 % (v/v) DMSO 
Storage temperature: liquid nitrogen vapor phase 

Culture 
Conditions  

Atmosphere: air, 95 %; carbon dioxide (CO2), 5 % 
Temperature: 37 °C 

Population 
Doubling Time  

about 34 hours  
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The novel toluidine sulphonamide EL102
shows pre-clinical in vitro and in vivo
activity against prostate cancer and
circumvents MDR1 resistance
A P Toner1, F McLaughlin2, F J Giles1,3, F J Sullivan1,3,4, E O’Connell5, L A Carleton6, L Breen7, G Dunne7,
A M Gorman6, J D Lewis2 and S A Glynn*,1

1Prostate Cancer Institute, National University of Ireland Galway, Galway, Ireland; 2Elara Pharmaceuticals GmbH, Heidelberg,
Germany; 3HRB Clinical Research Facilities Galway & Dublin, National University of Ireland Galway and Trinity College, Dublin,
Ireland; 4Department of Radiation Oncology, Galway University Hospital, Galway, Ireland; 5National Centre for Biomedical
Engineering Science, National University of Ireland Galway, Galway, Ireland; 6Apoptosis Research Centre, School of Natural
Sciences, National University of Ireland Galway, Galway, Ireland and 7National Institute for Cellular Biotechnology, Dublin City
University, Dublin, Ireland

Background: Taxanes are routinely used for the treatment of prostate cancer, however the majority of patients eventually develop
resistance. We investigated the potential efficacy of EL102, a novel toluidine sulphonamide, in pre-clinical models of prostate
cancer.

Methods: The effect of EL102 and/or docetaxel on PC-3, DU145, 22Rv1 and CWR22 prostate cancer cells was assessed using cell
viability, cell cycle analysis and PARP cleavage assays. Tubulin polymerisation and immunofluorescence assays were used to assess
tubulin dynamics. CWR22 xenograft murine model was used to assess effects on tumour proliferation. Multidrug-resistant lung
cancer DLKPA was used to assess EL102 in a MDR1-mediated drug resistance background.

Results: EL102 has in vitro activity against prostate cancer, characterised by accumulation in G2/M, induction of apoptosis,
inhibition of Hif1a, and inhibition of tubulin polymerisation and decreased microtubule stability. In vivo, a combination of EL102
and docetaxel exhibits superior tumour inhibition. The DLKP cell line and multidrug-resistant DLKPA variant (which exhibits 205 to
691-fold greater resistance to docetaxel, paclitaxel, vincristine and doxorubicin) are equally sensitive to EL102.

Conclusion: EL102 shows potential as both a single agent and within combination regimens for the treatment of prostate cancer,
particularly in the chemoresistance setting.

Prostate cancer is the second most common cancer diagnosed in
men globally, accounting for 13.6% of all cancer cases in men
worldwide (http://globocan.iarc.fr) in 2008. In the United States,
the National Cancer Institute (NCI) estimates that 241 740 men
will have been diagnosed with and 28 170 men will have died of
cancer of the prostate during 2012 (http://seer.cancer.gov). Several

choices exist for the treatment of early prostate cancer, including
radical prostatectomy, external beam radiation and prostate
brachytherapy, with similar outcomes (Peinemann et al, 2011).
Despite advances in primary treatment of prostate cancer, in a
subset of patients the disease progresses and distant metastases
develop. While these patients can initially be treated with androgen
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ablation therapies, eventually their cancer will become refractory
and they will succumb to their illness. In the mid-2000s,
introduction of taxane-based therapies improved the outcomes of
patients with metastatic castrate-resistant prostate cancer, extend-
ing survival by several months. The taxane family, which includes
paclitaxel, docetaxel and the newly approved cabazitaxel are
natural or semi-synthetic plant derivatives that are widely used in
the treatment of metastatic castrate-resistant prostate cancer
(mCRPC). Their mechanisms of action have been widely reported
(Rowinsky et al, 1990; Jackson et al, 2007) and have been shown to
act as mitotic arresting agents (Wani et al, 1971; Douros and
Suffness, 1981). The dynamic ability of a cell to assemble and
disassemble the architecture of the microtubules from and to
tubulin components, respectively, is curtailed greatly by the
introduction of taxanes (Manfredi and Horwitz, 1984). Phase III
trials demonstrated that docetaxel–estramustine combinations
conferred median survival advantage of B3 months compared
with the standard mitoxantrone–prednisone combination
(Petrylak et al, 2004; Berthold et al, 2008). Since 2010, an
additional six drugs have been approved for use in patients with
metastatic castrate-resistant prostate cancer. These include drugs
targeting androgen receptor activity (abiraterone acetate and
enzalutamide), drugs targeting bone metastasis and the micro-
enviroment (denosumab and alpharadin), immunotherapeutics
(Sipuleucel-T) and new taxanes (cabazitaxel) (Heidegger et al,
2013).

It is postulated that combination treatments of docetaxel with
alternative cytotoxics could prevent this late-stage resistance, with
such other compounds acting in an additive or synergistic fashion.
While phase II trials with various combinations of new drugs have
suggested promise for emerging docetaxel combination therapies
(Oh et al, 2003; Ferrero et al, 2006; Tester et al, 2006; Kikuno et al,
2007; Garcia et al, 2011), of note is the fact that no drug has yet
been shown to provide survival benefit when combined with
docetaxel in phase III trials (Antonarakis and Eisenberger, 2013).
This suggests that there is a need to identify novel compounds
for efficacy as single agents or for use in combination with taxane-
based therapies.

Here, we present preliminary data on the efficacy of a novel
toluidine sulphonamide, EL102, in vitro against prostate cancer cell
lines and in an in vivo prostate cancer xenograft mouse model,
demonstrating EL102’s ability to work in combination with
docetaxel, and circumvent multiple drug resistance mediated by
P-glycoprotein (Pgp). EL102 was identified by Elara Pharmaceu-
ticals as a potential chemotherapeutic agent during a screen
of novel small molecule inhibitors using the NCI-60 cell line
panel assessing for growth inhibition potential. EL102 is a later
generation derivative of the family of toluidine sulphonamide
hypoxia-induced factor 1 (Hif1a) inhibitors described by (Wendt
et al, 2011). This is the first report on the biological actions of
EL102 on cancer cells, focusing on its use as an anti-prostate cancer
chemotherapeutic.

MATERIALS AND METHODS

Ethics statement. Tumour xenograft models were performed at
EPO Experimental Pharmacology and Oncology Berlin-Buch
GMBH, Germany. These studies were performed under the
approval A0452/08 (Landesamt für Gesundheit und Sozaiales,
Berlin). The study was performed according to the German Animal
Protection Law and the UICCR (2010).

Chemicals. The compound EL102 was developed and supplied by
Elara Pharmaceuticals GmbH (Heidelberg, Germany). Docetaxel
was purchased from Sigma-Aldrich (Dublin, Ireland; #01885-

5MG-F). Unless otherwise stated, all chemicals were obtained from
Sigma-Aldrich.

Cell lines. DU145, PC-3, 22Rv1 and CWR22 were sourced from
the American Type Culture Collection (ATCC) (Manassas, VA,
USA) and cultured according to recommendations. In brief,
CWR22 and 22Rv1 were cultured in RPMI 1640 medium with
L-glutamine (Sigma, #R8758), and supplemented with 10% fetal
bovine serum (FBS) (Sigma, #F7524). DU145 was cultured in
Minimum Essential Medium (1� ) with Earles (Gibco, Bio-Sciences,
Dun Laoghaire, Ireland; #22561-021) supplemented with 10% FBS.
PC-3 was cultured in F12 Nutrient Mixture (HAM) medium, with
L-glutamine (Gibco #21765-029) supplemented with 10% FBS.
Non-small cell lung carcinoma, DLKP and its doxorubicin-selected
variant DLKPA (Pgp-mediated resistance) was developed by the
National Institute for Cellular Biotechnology (Dublin City Uni-
versity, Dublin, Ireland) and maintained in DMEM/Hams F12 (1 : 1)
supplemented with 5% FBS and 1% L-glutamine. With the exception
of RPMI 1640 and FBS (Sigma), all media and supplements
were Gibco (Life Technologies), purchased from Bio-Sciences.
All media contained 1% of (100� ) antibiotic-antimycotic (Life
Technologies) with the exception of DLKP and DLKPA.

Prostate cancer cell line toxicity assays. Sulforhodamine B (SRB)-
based assays were used to assess the effects of docetaxel and EL102
administration on cell viability as previously described (Vichai and
Kirtikara, 2006). In brief, the relevant amounts of docetaxel or
EL102, or combinations of both were preloaded into a 96-well plate
(Sarstedt, Ireland) using the Perkin Elmer Janus Automated
Workstation. Cells were trypsinised, counted and dispensed by
the robotics into a 96-well cell culture plate, at a cell density of
1.9� 104 cells per well. The drugs were then transferred by the
robotics from the drug plate to the 96-well cell culture plate. This
was left in culture for 72 h at 37 1C in a 5% CO2 incubator.
Separately, three rows of a non-drug-treated 96-well plate were
seeded with the same cell density. After 2–4 h incubation at 37 1C,
5% CO2, to allow for attachment of cells, 100 ml of fixative (cold
10% trichloroacetic acid (TCA) (Sigma, #T0699)) was added to the
wells and left to incubate at 4 1C for 30 min. Wells were then
submerged in distilled water and tapped dry four times, to ensure
complete removal of TCA. The plate was left to air dry. This plate
served as day 0 plate. The 72-h incubated drug-treated plates were
fixed in the same way. All plates were subsequently stained with
0.057% SRB solution in 1% acetic acid for 30 min and washed four
times with 1% acetic acid, to remove excess stain. These were
allowed to air dry. Stain was eluted by addition of 10 mM Tris base
solution to the wells followed by 30 min incubation. Plates were
read at 531 nm using a Victor X5 Multilabel plate reader. Mean
optical density values of Day 0 plates were subtracted from those of
sample plates. A percentage viability curve was calculated based on
these values and the IC50 was determined. Error was presented at
± the percentage coefficient variant (%CV). All cytotoxicity assays
were conducted in triplicate.

Multidrug-resistant cell line toxicity assays. Cells were trypsi-
nised and resuspended in fresh media at 2� 104 cells per ml.
A volume of 100 ml of cell suspension was seeded into each well of a
96-well plate and cultured overnight in 5% CO2 at 37 1C. Varying
concentrations of EL102 or docetaxel were added in replicate
(n¼ 8) and incubated at 37 1C for a further 72 h. After this
incubation, media were removed from each well, which was then
washed twice with 100 ml Dulbecco’s phosphate buffered saline
(dPBS). Having aspirated the last of the dPBS, 100 ml of freshly
prepared phosphatase substrate (10 mM p-nitrophenol phosphate
in 0.1 M sodium acetate (Sigma, #N7653-100ML), 0.1% Triton
X-100 (Merck, Darmstadt, Germany; pH 5.5) was added to each
well (Martin and Clynes, 1991). Plates were incubated in the dark
at 37 1C for 2 h. The enzymatic reaction was stopped by the

BRITISH JOURNAL OF CANCER EL102 pre-clinical anti-prostate cancer activity

2 www.bjcancer.com | DOI:10.1038/bjc.2013.537

http://www.bjcancer.com


addition of 50 ml of 1 M NaOH to each well. The plates were read
on a dual beam plate reader at 405 nm with a reference wavelength
of 620 nm. A percentage viability curve was calculated based on
these values and the IC50 was determined. Error was presented at
± the percentage coefficient variant (%CV). All cytotoxicity assays
were conducted in triplicate.

Sub-G1 and cell cycle analysis by flow cytometry. Cells were
seeded at a density of 1.3� 105 cells per well in a final volume of
2 ml/well in a six-well plate and left to attach overnight at 37 1C in
a 5% CO2 incubator. Cells were treated with 1 ml of medium
spiked with appropriate concentrations of EL102, docetaxel or
both. Following treatments, plates were returned to the incubator
for 24, 48 and 72 h. The medium from each well liquid fraction was
transferred to labelled 15 ml tubes. Remaining attached cells were
gently washed with 300 ml Hanks’ balanced salt solution (Sigma,
#H6648) at room temperature. These washings were retained and
added to the medium in the appropriate labelled 15-ml tubes. Cells
were trypsinised with 750 ml trypsin-EDTA for 5 min at 37 1C.
Trypsinisation was stopped by re-addition of 1 ml of medium from
the appropriate well of origin. Cell suspensions were combined
with the medium in the appropriate 15-ml tubes, and cell pellets
were collected by centrifugation at 1000� g at 4 1C for 5 min using
soft acceleration. The supernatant was removed and the cell pellets
were placed on ice. Pellets were resuspended in 500 ml ice-cold
dPBS (Sigma, #D8537) and transferred to labelled 1.5-ml tubes.
Cell pellets were again recovered following centrifugation at 4 1C
for 5 min at 1000� g and supernatant was discarded. Cells were
resuspended in 150 ml dPBS. A volume of 350 ml ice-cold 100%
ethanol was added dropwise to the cell suspension while vortexing,
to avoid clumping. Cells were incubated on ice for 30 min.
Following overnight storage at � 201C, cells were then centrifuged
at 1000� g for 5 min using soft acceleration. Each pellet was
washed in 500 ml dPBS and suspension was centrifuged at 1000� g
for 5 min using soft acceleration, after which supernatant was
removed. Each cell pellet was resuspended in propidium iodide,
PI/RNAse staining buffer (BD Pharmingen, BD Biosciences,
Oxford, England; #550825). Sample suspensions were incubated
in the dark for 15–20 min and measured by flow cytometry on BD
FACSCanto II (BD Biosciences), channel PE. Logarithmic and
linear regression was performed as needed for SubG1 and cell cycle
analyses. Flow cytometric analyses were conducted using Cyflogic
software (CyFlo Ltd, Turku, Finland).

Tubulin polymerisation assay. The HST-tubulin polymerization
assay kit (Cytoskeleton, Tebu-Bio, Peterborough, UK; #BK004P)
was used as per the manufacturer’s instructions. In brief, the assay
was performed using a 96-well plate. To each well, with the
exception of the blank control, 4 mg/ml of tubulin was added. Each
well contained a concentration of the drug of interest and G-PEM
buffer (80 mM PIPES, pH 6.9; 2 mM MgCl2; 0.5 mM EGTA; 1 mM

GTP). Drug concentrations used included 5mM EL102, 2 mM

docetaxel and 5mM EL102 and 2 mM docetaxel combined. A
concentration of 2mM of nocodazole was used as an inhibitor of
tubulin polymerisation control. The 96-well plate was read on a
96-well plate reading spectrophotometer in kinetic mode (61 cycles:
1 s read per well per min) at wavelength 405 nm. Readings were
zeroed by the blank control and mean sample values were calculated
with error bars ± s.e.m.

Tumour xenograft models. CWR22 tumours were taken from an
in vivo passage, cut into small fragments and transplanted
subcutaneously (s.c.) into the flank of 48 nude mice. At day 13,
when the tumours were palpable, mice were randomised into 10
groups with 8 mice each and treatment initiated. The groups
included: (A) vehicle (10% DMSO, 10% Cremophor, aqua per os
(p.o.), (B) docetaxel 12 mg kg� 1 intravenously (i.v.), (C) EL102
12 mg kg� 1 via p.o. (0700 hours and 1700 hours daily),

(D) EL102 15 mg kg� 1 via p.o. (E) docetaxel 12 mg kg� 1 via i.v.
and EL102 12 mg kg� 1 via p.o. and (F) docetaxel 12 mg kg� 1 via
i.v. and EL102 15 mg kg� 1 via p.o. The injection volume was
5 ml kg� 1. The different tumour groups were sacrificed on separate
days for ethical reasons (large tumours). Tumour diameter
of the s.c. tumour and mouse body weight were measured twice
a week with a caliper. Tumour volumes were calculated according
to V¼ (length� (width)2/2. Tumour xenograft models were
performed at EPO Experimental Pharmacology and Oncology
Berlin-Buch GMBH, Germany. These studies were performed
under the approval A0452/08 (Landesamt für Gesundheit und
Sozaiales, Berlin). The study was performed according to the
German Animal Protection Law and the UICCR, 2010.

Western blot analysis. Cells were seeded in 10-cm3 dishes at a cell
density of 1� 106 per dish, and treated with the relevant doses of
EL102 and docetaxel for the required time period. After treatment,
cells were rinsed twice with cold PBS and lysed directly on the dish
with cold RIPA buffer (Pierce, Fisher Scientific, Dublin, Ireland;
#89900) supplemented with protease inhibitors (Pierce, #78410),
scraped, and spun at 14 000 g for 15 min at 4 1C. Supernatant was
collected and stored at –20 1C for western blot analysis of protein
expression. Extracted protein was quantified using a BCA kit
(Fisher Scientific, Dublin, Ireland). Both PARP and Hif1a levels
were detected through use of primary anti-PARP rabbit polyclonal
antibody (Cell Signaling Technology Inc., Danvers, Massachusetts,
USA; #9542) and anti-Hif1a rabbit polyclonal antibody (Millipore,
Temecula, California, USA; #07-628), respectively. The anti-PARP
antibody was diluted 1 : 1000 and anti-Hif1a antibody was diluted
1 : 1500 in 5% skimmed milk reconstituted in 1� Tris-buffered
saline (TBS) (pH 8) 0.1% Tween. These dilutions were added to the
transfer membrane, and shaken overnight at 4 1C, following a 1 h
RT blocking in 5% skimmed milk in TBS. Mouse monoclonal anti-
b-actin antibody (Thermo-Scientific Pierce, Fisher Scientific,
Dublin, Ireland; #10624754) was used to confirm even protein
loading. Secondary antibodies used were IRDye 800CW goat anti-
rabbit IgG (LI-COR Biosciences, Cambridge, UK; #926-32211)
and IRDye 680LT goat anti-mouse IgG (LI-COR Biosciences;
#926-68020) and detection was imaged on the LI-COR ODYSSEY
CLx imaging system.

Immunocytofluorescence. Coverslips, pre-sterilised in 100%
ethanol, were inserted to the base of each well of a six-well plate.
Cells were seeded at a density of 1� 106 per well and allowed
overnight attachment at 37 1C, in a 5% CO2 incubator. Cell
treatment and fixation was carried out at the relevant time points.
Cells were fixed for 10 min in ice-cold methanol. For immunocyto-
fluorescence, primary antibodies against b-tubulin (Abcam, Cam-
bridge, UK #AB6046), diluted 1 : 200, and acetylated tubulin
(Sigma, #T6793), diluted 1 : 200, were used with secondary
fluorescent conjugates Rhodamine Red-X-AffiniPure Fab Fragment
goat anti-mouse IgG (Hþ L) (Jackson ImmunoResearch Europe
Ltd., Suffolk, UK #JAC-115297003), diluted 1 : 50, and Alexa Fluor
647 donkey anti-rabbit IgG (Invitrogen, Bio Sciences, Dun
Laoghaire, Ireland; #A31573), diluted 1 : 50, respectively. These
cells were counterstained with mounting medium SlowFade
Gold antifade reagent (Invitrogen; #S36936) supplemented with
40,6-diamidino-2-phenylindole dihydrochloride (DAPI) (Sigma;
#D8417) diluted 1 : 100 and coverslips were fixed to slides using
nail varnish. Staining was imaged using Delta Vision Core Imaging
System C0607 (Applied Precision, Issaquah, WA, USA). Image
analysis was conducted using SoftWoRx software (Applied
Precision) and FIJI software (GPL v2).

Statistics. Data analysis was performed using GraphPad Prism
Version 5. All statistical tests were 2-sided, and an association was
considered statistically significant with P-valueso0.05. The
Student’s t-test was used to analyse differences between treatment
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groups in cell culture experiments. IC50 values were calculated
using log (inhibitor) vs normalised response curve (Y¼ 100/(1þ
10^(X� logIC50))). For the xenograft model, a one-way ANOVA
with Tukey’s multiple comparisons test was used to determine
whether there were significant differences in the tumour volumes
or body weights between the treatment groups. Additionally, linear
regression was used to fit a slope to the tumour growth curve to
determine whether the rate of growth differed between the
treatment groups.

RESULTS

EL102 inhibits prostate cancer cell line viability in vitro. EL102,
whose chemical structure is shown in Figure 1A, is a novel
toluidine sulphonamide. To determine whether EL102 could have
utility as a chemotherapeutic agent in prostate cancer, we
determined the effects of increasing doses of EL102 on prostate
cancer cell line viability in comparison to the clinically used
docetaxel. A panel of four prostate cancer cell lines were used in
this study, including CWR22 (androgen receptor (AR)-positive,
androgen dependent, non-metastatic), its daughter cell line
22Rv1 (AR-positive, androgen independent, non-metastatic),
PC-3 (AR-negative, derived from metastatic bone lesion) and
DU145 (AR-negative, derived from metastatic brain lesion).
Figures 1B and C demonstrate the effects of increasing doses of
EL102 and docetaxel as single agents, respectively, on prostate
cancer cell line viability over a 3-day drug exposure. This
demonstrates that while docetaxel is more potent than EL102,
both EL102 and docetaxel decrease prostate cancer cell viability in
a dose-dependent manner. Table 1 shows that CWR22 and 22Rv1
are equally sensitive to docetaxel (IC50 0.4–0.6 nM), while bone
metastatic cell line, PC-3, is 2.5–10 fold more resistant to docetaxel
than the other cell lines (IC50 3.8 nM). EL102 inhibited cell
proliferation with an IC50 of B21–40 nM. By comparison, bone
metastatic PC-3 cells were twofold more resistant than CWR22

and 22Rv1 to EL102, and were equally as sensitive as brain
metastatic cell line DU145.

Cell lines with MDR1-mediated drug resistance are sensitive to
EL102. A classic method of chemotherapeutic drug resistance
involves the overexpression of drug resistance pump Pgp. We
tested EL102 in a poorly differentiated squamous lung carcinoma
cell line pair: DLKP and its doxorubicin-selected variant DLKPA
(Clynes et al, 1992). Table 2 shows that DLKPA is cross-resistant to
the taxanes, docetaxel (253-fold) and paclitaxel (258-fold). Its
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Figure 1. Impact of EL102 and docetaxel on prostate cancer cell line viability in vitro. (A) Chemical structure of EL102. (B) Dose response effects
of EL102 on prostate cancer cell line viability over 72-h exposure. (C) Dose response effects of docetaxel on prostate cancer cell line viability over
72-h exposure. (D) Effect of EL102 on doxorubicin and docetaxel-resistant DLKPA lung cancer cell line viability vs DLKP parental
lung cancer cell line. (E) Comparison of docetaxel sensitivity in the doxorubicin and docetaxel-resistant DLKPA lung cancer cell line viability vs
DLKP parental lung cancer cell line.

Table 1. Prostate cancer cell line inhibition by docetaxel and EL102

Cell line
Docetaxel (nM)

IC50 ± s.d.
EL102 (nM)
IC50 ± s.d.

CWR22 0.4±0.01 24.0±1.41

22Rv1 0.6±0.15 21.7±2.31

DU145 1.5±0.18 40.3±7.71

PC-3 3.8±0.76 37.0±2.00

Abbreviation: s.d.¼ standard deviation.

Table 2. Cross-resistance profile of DLKP and DLKPA

DLKP
IC50 ± s.d.

DLKPA
IC50 ± s.d. Fold change

Adriamycin (nM) 24±2 4900±300 204

Docetaxel (nM) 0.15±0.04 38±3.0 253

Paclitaxel (nM) 1.2±0.5 310±25 258

EL102 (nM) 14.4±0.8 16.3±1.2 1.1

Vincristine (nM) 0.91±0.1 629±160 691

Abbreviation: s.d.¼ standard deviation.
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mechanism of resistance is primarily through overexpression of
Pgp as previously described (Keenan et al, 2009; Collins et al, 2010;
Dunne et al, 2011). While DLKPA overexpresses Pgp, it does not
express the MRP1 or BCRP drug resistance pumps (Collins et al,
2010). Figure 1D and Table 2 shows that while the DLKPA variant
is resistant to docetaxel, both parent cell line DLKP and its drug-
resistant variant DLKPA are equally sensitive to EL102 (Figure 1E).

EL102 potentiates the effects of docetaxel in vivo. To determine
whether EL102 could be used in combination with docetaxel
in vivo, we examined the ability of the combination of docetaxel
with EL102 to inhibit tumour growth in a CWR22 xenograft
mouse model (Figure 2A). While administration of 12 mg kg� 1

EL102 using a 5-day on/2-day off regimen did not significantly
inhibit rate of tumour growth compared with vehicle (slope (R2):
vehicle 0.1414±0.01438 (0.9603) vs EL102 12 mg kg� 1, 0.1210±
0.01179 (0.9462), F-test: P¼ 0.3385), increasing the dosage to
15 mg kg� 1 EL102 did inhibit the rate of tumour growth compared
with vehicle (slope (R2): vehicle 0.1414±0.01438 (0.9603) vs
EL102 15 mg kg� 1, 0.08451±0.006934 (0.9612), F-test: P¼ 0.003).

Administration of 12 mg kg� 1 docetaxel decreased the rate
of tumour growth more efficiently than EL102 (slope (R2): vehicle
0.1414±0.01438 (0.9603) vs docetaxel 12 mg kg� 1 0.04230±
0.002531 (0.9688), F-test: Po0.0001), while the combination of
both drugs had the largest effect on inhibition of tumour growth,
suggesting that these drugs work well together in combination
in vivo (slope (R2): vehicle 0.1414±0.01438 (0.9603) vs docetaxel
12 mg kg� 1 and EL 102 12 mg kg� 1 0.01533±0.0008838 (0.9709),
F-test: Po0.0001 or vehicle, 0.1414±0.01438 (0.9603) vs docetaxel
12 mg kg� 1 and EL 102 15 mg kg� 1, 0.01537±0.001704 (0.9003),
F-test: Po0.0001). Comparison of the docetaxel arm vs the
combination arms showed a significant difference in the rate of
tumour growth indicating that the addition of EL102 to docetaxel
improves anti-tumour activity (F-test, Po0.0001). Supplementary
Table 1 describes the results of a one-way ANOVA test on this
model, using a Tukey’s post-hoc test to assess statistical difference
in tumour volume between the treatment arms at different
time points. Additionally to determine if combining EL102 and
docetaxel was well tolerated by the mice with minimal adverse
effects, we compared changes in mean body weight between the
treatment arms and found no significant differences between the
groups compared with vehicle or between different treatment arms
(Figure 2B). Supplementary Table 2 describes the results of a
one-way ANOVA test on this model, using a Tukey’s post-hoc test
to assess statistical difference in body weights between the
treatment arms at different time points.

EL102 is cytotoxic to prostate cancer cell lines and induces
cellular apoptosis. As demonstrated in Figure 1B and Table 1,
EL102 is a potent inhibitor of prostate cancer cell viability, and
when combined with docetaxel in vivo inhibits tumour growth
to a greater extent than either alone (Figure 2A). In an attempt to
further address the mechanisms driving the combination of the
two agents we performed an in vitro combination assay looking at
the impact of the combining EL102 and docetaxel on cell viability
(Figure 3). Results show that in vitro, combining EL102 and
docetaxel does not have an additive effect on inhibition of cell
viability. To determine whether these effects were cytostatic or
cytotoxic, we quantified the number of cells in subG1 phase
indicating loss of cellular DNA and entry into late apoptosis using
logarithmic scale propidium iodide flow cytometry (Figure 4). Cells
were exposed to increasing doses of EL102 and docetaxel. EL102
was an equally strong inducer of apoptosis at 100 nM in all four
prostate cancer cell lines, while it failed to induce apoptosis at
10 nM of EL102 (Figure 4A–D), despite inhibiting cell viability by
approximately 25–30% at 10 nM (Figures 3A–D). Apoptosis was
detectable at 24 h and steadily increased over the next 48 h (72 h
total), indicating that EL102-dependent inhibition of cell viability
is partially due to cytotoxic effects, namely induction of apoptosis.
Similarly, docetaxel induced apoptosis in all 4 cell lines in a dose-
dependent and temporal manner. When EL102 and docetaxel were
administered in combination in vitro, no additive effects were seen
on the levels of apoptosis in these cell lines (Figure 4), similar to
the cell viability assays (Figure 3). Of note though is that while
10 nM of EL102 failed to induce increased apoptosis (Figure 4), it
did lead to significantly decreased % cell viability compared to
control (Figure 3) in each cell line, indicating non-apoptosis effects
at low concentrations. Figures 5A–D shows representative
histograms from these experiments in the DU145 prostate cancer
cell line. In addition to demonstrating an increase in subG1
accumulation, the histograms indicated that combining the agents
altered the cell cycle dynamics. These effects in DU145 are
quantified at 24 (Figure 5E), 48 (Figure 5F) and 72 (Figure 5G) h,
and demonstrate that combining EL102 and docetaxel causes
greater loss of cells from G1 and accumulation in G2/M than either
alone by 24 h at low doses. Also of interest in the combination
assays cell profile images is a peak beyond the G2/M peak which
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represents a subset of cells with increased DNA content (8X).
Apoptosis induction upon in vitro EL102 and docetaxel adminis-
tration was further evidenced by detection of PARP cleavage in
protein extracted from DU145 cell lysate, 24 and 48 h post-
treatment. PARP cleavage increases in a dose-dependent manner
and over time with the strongest detection seen in lysates of cells
cultured with dual treatments at 48 h (Figure 4E).

EL102 has both cytostatic and cytotoxic effects. Figure 5
indicated that EL102 may cause accumulation of cells in G2/M. To
further quantify the accumulation of cells in the various phases of the
cell cycle after exposure to EL102 we performed linear scale
propidium iodide flow cytometry. Figure 5 shows that EL102 causes
loss of cells in G1, and accumulation of cells in G2/M within 24 h.
This is accompanied by an increase in the number of cells in subG1

indicating that EL102 has both cytostatic and cytotoxic effects.
By 72 h, the majority of cells have entered apoptosis as indicated by
accumulation in subG1, and the decrease in the number of cells in
G2/M. Additionally we again observed a peak beyond G2/M which
represent a subset of cells with increased DNA content (8X), which
may represent a subset of cells which advanced through the cell cycle
with incomplete cell division.

EL102 inhibits tubulin polymerisation and microtubule forma-
tion. The cytotoxic activity of taxanes is exerted by promoting and
stabilizing microtubule assembly, while preventing physiological
microtubule depolymerisation. To determine the effects of EL102

on taxane induced microtubule assembly, we examined the effects
of docetaxel and EL102 on the rate of tubulin polymerisation
(Figure 6). As expected docetaxel increased the rate of tubulin
polymerisation compared with control untreated tubulin.
In contrast, EL102 exhibited a decreased rate of polymerisation
compared with control, indicating that EL102 may be an inhibitor
of tubulin polymerisation. We also examined the effect of
combining EL102 with docetaxel on tubulin polymerisiation rates,
which resulted in inhibition of docetaxel induced tubulin
polymerisation to levels of inhibition similar to EL102 alone,
suggests that these drugs may antagonise each other with respect
to their effects on tubulin polymerisation. To connect tubulin
polymerisation in a cell-free system to effects on mitosis, we have
performed immunofluorescence assays of b-tubulin and acetylated
tubulin in DU145 to visualise the microtubules and examine the
effects of EL102, docetaxel and combination of both (Figure 7).
The data shows an increase in the expression of b-tubulin and
acetylated tubulin in response to docetaxel, while EL102 causes a
reduction in acetylated tubulin. The combination of EL102 and
docetaxel caused a marked change in the distribution of acetylated
tubulin becoming increasingly disorganised consistent with a
destabilising effect. This coupled with the cell cycle analysis
showing loss of cells from G1 and accumulation in G2/M at 24 h
post treatment (Figure 8) and induction of apoptosis does suggest
that microtubule destabilisation is responsible in part for the
cytotoxic effects of EL102.
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Figure 3. Impact of EL102 and docetaxel combination treatment on prostate cancer cell line viability in vitro. Effect of EL102 and docetaxel
in combination of in vitro cell viability after 72 h in (A) CWR22, (B) 22Rv1, (C) PC-3 and (D) DU145 prostate cancer cell. (See Supplementary Table 3
for results of one-way ANOVA comparing cell viability between each treatment.)
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EL102 inhibits Hif1a protein expression. EL102 is a later
generation derivative of the family of toluidine sulphonamide
designed to inhibit Hif1a described by (Wendt et al, 2011). We
therefore examined the ability of EL102 to inhibit Hif1a in prostate
cancer cells (Figure 9). In normoxia, EL102 modestly inhibited
Hif1a expression at 50 and 100 nM, but had no effect at 10 nM. We
then used cobalt chloride to artificially induce hypoxia-increasing
Hif1a expression, and found that EL102 decreased Hif1a at as little
as 10 nM.

DISCUSSION

We have established the potential of a novel toluidine sulphona-
mide EL102 as a potential broad spectrum anti-prostate cancer
therapeutic agent. We found that prostate cancer cell lines were

sensitive to EL102 at an IC50 range of 20–40 nM. Our metastatic
prostate cancer cell lines PC-3 and DU145, which are both AR
negative and represent castrate-resistant metastatic disease are
equally responsive to EL102. The AR-positive cell lines CWR22
and 22Rv1 are twofold more sensitive to EL102 than the metastatic
DU145 and PC-3 cell lines.

EL102 is a next-generation derivative of the prototype toluidine
sulphonamide compound 1 Hif1 inhibitor (Wendt et al, 2011).
EL102 was identified as a potential chemotherapeutic agent during
a screen of compound 1-derived novel small molecule inhibitors
using the NCI-60 cell line panel assessing for growth inhibition
potential (not shown). Therefore, we assessed its efficacy for use in
the treatment of prostate cancer as a single agent and in
combination with the clinically available docetaxel. Docetaxel is a
member of the taxane family and is approved for use in prostate
cancer patients with castrate-resistant metastatic disease, having
been found to provide a modest increase in median survival time
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when used in combination with prednisone, compared with
mitoxantrone and prednisone (19.2 months vs 16.3 months
median survival) in the TAX327 trial (Berthold et al, 2008), and
when in combination with extramustine compared with mitoxan-
trone and prednisone (17.5 months vs 15.6 months median
survival) in the SWOG9912 trial (Petrylak et al, 2004). Until the
approval of six new agents in the last 3 years, docetaxel had been
the standard of care in the castrate-resistant metastatic setting.
Attempts to combine docetaxel with other agents have been largely
unsuccessful in terms of efficacy and side-effects (Antonarakis and
Eisenberger, 2013).

We observed that EL102 is a cytotoxic agent and also displays
cytostatic properties, through flow cytometric analysis of PI-
stained cells cultured for 24, 48 and 72 h, following treatment. This
was evidenced by the increased number of cells seen in subG1 and
G2/M phase of cell cycle, demonstrating that EL102 induces
apoptosis and causes G2/M arrest, preventing the cell from
entering into mitosis. Further investigation showed that EL102
inhibited tubulin polymerisation and caused destabilisation of the
microtubules in DU145 prostate cancer cells. Induction of

apoptosis, following 24 and 48 h EL102 treatment was confirmed
through western blot analysis of PARP cleavage. Additionally, we
found that EL102 decreased Hif1a expression in normoxia and
hypoxia in vitro, indicating an additional mechanism of action to
microtubule destabilisation. Future studies will explore in depth
the ability of EL102 to inhibit cell migration and invasion in vitro
and inhibit a PC-3 xenograft model of bone metastasis, given the
role of microtubules in cell polarisation and cell invasion. We
will also explore the impact of Hif1a inhibition by EL102 in PC-3
xenograft mouse models and its subsequent effects on the
expression of hypoxia-inducible genes, which regulate several key
biological processes, including cell proliferation, angiogenesis,
metabolism, apoptosis, immortalisation and migration, essential
for tumour progression (Harris, 2002).

Several clinical trials have been conducted recently exploring the
potential of neoadjuvant chemotherapy in patients with high-risk
localised prostate cancer (Womble et al, 2011; Narita et al, 2012;
Ross et al, 2012). The results of these trials suggest a benefit to
patients in terms of reductions in tumour volume and PSA levels
(Womble et al, 2011; Ross et al, 2012). Given the equal sensitivity
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of AR-positive CWR22 and 22Rv1 to EL102 despite their different
sensitivity to androgen, this suggests that EL102 could potentially
be used in a castrate sensitive setting before the development of
hormone resistance. To further investigate this, we postulated that
CWR22 cells would respond to EL102 as single agent. This was
confirmed in the CWR22 prostate xenograft model.

As mentioned previously attempts to combine docetaxel with
other agents have been largely unsuccessful (Antonarakis and

Eisenberger, 2013). In this study, our in vivo investigations found
that the combination of EL102 and docetaxel decreased tumour
proliferation of CWR22 xenograft to a great extent than either drug
alone. The combination of docetaxel and EL102 significantly
decreased tumour growth to a greater extent than either alone in a
xenograft model of CWR22. While combining the drugs in vitro
doesn’t have an additive effect on induction of apoptosis, it appears
to increase the loss of cells from G1 and accumulation in G2/M
than either drug alone suggesting the combination may increase
cytostatic effects. Additionally combining EL102 and docetaxel,
one essentially a tubulin polymerisation destabiliser and the other a
tubulin polymerisation stabiliser had an antagonistic effect
resulting initially in a slower rate of initial polymerisation followed
by inhibition of further polymerisation. Future studies will examine
whether EL102’s ability to inhibit Hif1a in hypoxic tumours
contributes to the observed effects of the combination. Possible
downstream effects of Hif1a inhibition include inhibition of
angiogenesis and metastasis.

There is no current cure for castrate-resistant metastatic
prostate cancer. Novel adjuvant chemotherapies are continually
being developed to address this, with the approval of six new
agents since 2010. Recently, clinical trials involving next-genera-
tion taxane, cabazitaxel in combination with abiraterone acetate,
have begun recruiting patients with preliminary findings expected
in 2015. Cabazitaxel is a microtubule-stabilising agent, and is
effective in treating patients that have become resistant to docetaxel
treatment through overexpression of Pgp (O’Neill et al, 2011;
Zhang et al, 2012), as cabazitaxel is not a substrate for Pgp (Mita
et al, 2009). Abiraterone functions through disruption of critical
steps of androgen formation by direct inhibition of CYP17 activity.
This results in reduced levels of circulating androgen and slower
progression of prostate cancer in castrate-resistant patients
(O’Donnell et al, 2004; Agarwal et al, 2010). Thus, combining
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cabazitaxel and abiraterone acetate, allows us to target multiple
pathways in mCRPC, while also eliminating Pgp mediated drug
resistance. This lends further credence to the argument for
introducing novel compounds, such as EL102 which has mechan-
isms distinct from the mainstay therapies that may work
synergistically.

Interestingly, we also found that EL102 overcame Pgp-mediated
resistance in the Pgp overexpressing lung cancer cell lines
DLKPA, which is cross-resistant to doxorubicin, paclitaxel,
docetaxel and vincristine (Clynes et al, 1992). While Pgp is an
important mechanism of drug resistance in prostate cancer, it is
not the only one. Other mechanisms of resistance include altered
growth factor receptor pathway activation (e.g., IGFR, VEGFR,
EGFR), hypoxia-related resistance, tubulin mutation and altered
tubulin isoform expression, and upregulation of other drug
pumps in addition to MDR1 (e.g. BCRP, MRP1, MDR2) and

NFkB activation (O’Neill et al, 2011; Seruga et al, 2011; Zhang
et al, 2012).

In summary, we present data on the efficacy of EL102 as a novel
chemotherapeutic agent with potential for the treatment of
prostate cancer. We show that EL102 is active in both castration-
sensitive and castration-resistant prostate cancer cell lines. EL102
enhances the potency of docetaxel in a xenograft model of the
CWR22 prostate cancer. Finally, EL102 is not a substrate for
Pgp-mediated drug resistance, indicating that it may be of use
in a chemotherapy refractory setting.
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