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Abstract 

Prostate cancer (PCa) is the leading cancer diagnosis in men, there is an urgent need 

to further elucidate mechanisms underlying PCa progression and metastasis. 

Legumain (LGMN), an asparaginyl endopeptidase, is highly expressed in PCa and 

correlated with poor prognosis. LGMN is vital to PCa cell viability and migration, 

shown here through RNAi targeting and selective drug inhibition. HSD17B4 was 

identified as a novel LGMN interactor through a BioID system, which employs 

promiscuous biotin labelling and subsequent mass spectrometry, and confirmed via 

co-immunoprecipitation in various models of PCa. Knockdown of LGMN and 

HSD17B4 was shown to be selectively cytotoxic to PCa cells, indicating that targeting 

of these two enzymes may provide potential for novel therapeutics.  

TBX2 was also identified as upregulated in a subset of PCa tumours and late-stage 

models of PCa, C42B and PC3 cells. Stably overexpressing TBX2 prostate cells did 

not have an altered proliferation rate but had significant upregulation of migration and 

invasion, as measured by transwell and wound scratch assays. Depletion of TBX2 via 

siRNA caused the inverse effects in PC3 cells, with significant upregulation of CST6, 

NDRG1 and p21WAF1, with reduced viability and migration. TBX2 shRNA stable lines 

were also successfully generated with similar results observed to depletion by siRNA. 

TBX2 was confirmed to bind to the promoters of CST6, E-cadherin, NDRG1 and 

p21WAF1 in PC3 cells by Ch-IP qPCR assay. 

Other studies have indicated that TBX2 recruits a repressive complex to modify 

chromatin structure, instead of direct repression. Here we propose the best candidate 

for this complex in PCa is the CoREST complex. Co-immunoprecipitation 

demonstrated that TBX2 interacts with CoREST complex members LSD1 and 

ZNF217. ChIP qPCR assays confirmed TBX2 shRNA reduced ZNF217 recruitment 

to E-cadherin and NDRG1 promoters. In accordance, targeting the LSD1/ZNF217 

interaction via an allosteric LSD1 inhibitor phenocopied TBX2 knockdown in PCa 

cells. Effects of LSD1 inhibition, via SP2509, was demethylase independent and 

initiated a senescence phenotype in both C42B and PC3 cells. This study has 

indicated that TBX2 enacts a repressive gene network in PCa to bypass senescence 

and enable epithelial to mesenchymal transition, through recruitment of the CoREST 

complex. Targeting of CoREST complex members either individually or in 

combination attenuates TBX2 function and has exciting potential for the improved 

treatment of PCa patients.  
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1.1 Normal Prostate biology 

1.1.2 The structure of the prostate 

The prostate is a compound tubuloalveolar exocrine gland in the male reproductive 

system. Typically described as walnut sized, the prostate is located inferior to the 

bladder and surrounds the top of the urethra. Posterior to the prostate is the rectum’s 

ampulla, this anatomical arrangement allows for Digital Rectal Examination (DRE) of 

the prostate (1). 

The gland is made up of branching ducts that are surrounded by stroma, which 

consists of connective tissue and muscle fibres. The capsule encasing the prostate is 

thin and fibrous and more closely resembles the adventitia in the large blood vessels 

than the kidney capsule (2). The prostate is divided by the urethra and ejaculatory 

ducts into the traditional anatomical lobes, the inferoposterior, inferolateral, 

supermedial and anteromedial. However, of more clinical relevance is division of the 

prostate into zones, as described by McNeal (3) and depicted in Figure 1.1. 

The first zone, which the ejaculatory ducts pass through, is the Central Zone. The 

ducts of this zone are immune to urine reflux, and therefore inflammation, as they 

empty obliquely in the prostatic urethra. The transitional zone, the smallest zone, 

surrounds the urethra, this region is usually where benign hyperplasia (BPH) occurs 

(4). The largest zone, the peripheral zone, is at the posterior of the prostate. The 

glands of this zone empty vertically, which can cause urine reflux which can be 

associated with inflammation (3). The high levels of both acute and chronic 

inflammation may explain, in part, the large incidence of carcinoma originating in the 

peripheral zone (3, 5). 

The fibromuscular stroma is occasionally described as the fourth zone and is anterior 

in the prostate. It does not have a defined boundary as it merges with the urogenital 

diaphragm. The human and mouse prostates have anatomical differences, with the 

mouse prostate consisting of the anterior, ventral and dorsolateral regions (6). 

Comparing the transcriptome profiles, the dorsolateral region of the mouse prostate 

is analogous to the human peripheral zone (7).  
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Figure 1.1 Structure of prostate into zones. Central Zone which the ejaculatory ducts pass 

through, transitional zone is the smallest zone and surrounds the urethra, the 3rd zone is 

largest zone and is the peripheral zone, which is at the posterior of the prostate. The 

fibromuscular stroma is occasionally described as the fourth zone and is anterior in the 

prostate. Figure reused with permission from (8) 

Despite anatomical differences, there are similarities on a cellular level, both species 

have luminal, basal and neuroendocrine epithelial cells within an epithelium (9, 10). 

This pseudostratified epithelium consists of a contiguous basal layer and a layer of 

columnar luminal cells. The basal layer is mostly made up of three cell subtypes; stem, 

transit amplifying (TA) and committed basal (CB) cells, which makes up a large portion 

of total epithelial cells (40%). 

Tissue stem cells are most likely the source of the prostate epithelial lineage. A non-

stem TA cell daughter is produced by asymmetric division, through rapid mitosis, 

replenishing the basal layer by differentiating into CB cells (11). A terminally 

differentiated luminal cell is produced from the end-stage basal cell, which moves 

towards the acinar lumen in the human prostate (12, 13). The secretory luminal cells 

are characterised by expression of both androgen receptor (AR) and cytokeratins 8 

and 18 (CK8 and CK18) (14). The basal cells in comparison, have much lower AR 

levels, with higher levels of p63 and CK5 (14). AR expression is absent in 

neuroendocrine cells and may provide a paracrine function (15). 
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1.1.3 Androgen Receptor Signalling  

Normal prostate development requires the AR, as AR signalling is vital for the 

secretory function and survival of adult prostate luminal cells (16). The AR, a nuclear 

receptor, contains the following distinct functional motifs: a regulatory amino-terminal 

domain, a highly conserved DNA binding domain, a hinge region and a ligand binding 

domain (17). A heterocomplex of cytoplasmic proteins, including heat shock proteins, 

sequester the unstimulated AR in the cytoplasm. Homodimerization occurs when AR 

binds its substrate, causing disassociation of the chaperone complex and 

translocation to the nucleus.  

A cascade of downstream signalling is initiated upon AR binding to androgen 

response elements (ARE) in promoters, allowing binding of RNA polymerase II by 

altering the chromatin structure and subsequently altering gene expression (18). 

Prostate-specific antigen (PSA), otherwise referred to as gamma-seminoprotein or 

kallikrein-3 (KLK3) is one gene of many regulated by the AR via androgen response 

regions in the proximal promoter (19).. Secretion of PSA, a peptidase, causes the 

liberation of the sperm via the dissolution of the seminal coagulum. PSA additionally 

degrades cervical mucus permitting sperm entry to the uterus (20).  

Of all androgens, AR has the greatest affinity for dihydrotestosterone (DHT) (21), 

making it the principal signalling molecule. Type 2 5α- reductase deficiency causes 

DHT loss and underdeveloped prostates and genitalia at birth in males (22). In 

addition to this crucial role in embryogenesis, DHT-AR signalling contributes to the 

homeostasis between cell proliferation and apoptosis in the adult prostate (23, 24). 

AR controlled expression and excretion of growth factors such as epidermal growth 

factor (EGF) (25), keratinocyte growth factor (KGF) (26) and insulin-like growth factors 

(IGFs) mediates this effect on cell proliferation (27).  

1.1.4 Androgen production 

Steroid hormones, primarily produced by the adrenals and gonads (28), are secreted 

into the systemic circulation where they bind their cognate receptor and exert their 

physiological effects. Corticotropin-releasing hormone (CRH), synthesised and 

released by the hypothalamus (29), stimulates adrenocorticotropic hormone (ACTH) 

secretion by corticotrope cells in the anterior pituitary (30). Adrenal cortex cells are 

stimulated to synthesise and immediately release cortisol and other androgen 

precursors, upon binding of ACTH to its extracellular receptor, Figure 1.2. shows the 

adrenal steroidogenesis pathway which produces cortisol as well as other 



 Introduction 

5 

 

mineralocorticoids. Cholesterol is the sole precursor of this synthesis which occurs in 

the three zones of the adrenal cortex. The zona reticularis (ZR) is where androgen 

precursors and small volumes of androgens are produced after stimulation by ACTH. 

The hypothalamic- pituitary-adrenal axis ensures homeostasis through exploiting the 

negative feedback loop of CRH on ACTH synthesis. 

Gonadotropin-releasing hormone (GnRH) is released every 90–120 min from the 

hypothalamus (31), stimulating the pulsatile release from the gonadotropes in the 

anterior pituitary of the gonadotropins, luteinizing hormone (LH), and follicle 

stimulating hormone (FSH). Testosterone, the primary circulating androgen in males, 

is produced predominately in the testes by Leydig cells, under LH stimulation. Leydig 

cells are the only testicular cells to express CYP17A1 and the only adult cells that 

express HSD17B3, which converts precursor androgens to testosterone. Steroid 5α-

reductases then produces the more potent DHT from testosterone, in peripheral 

tissues, again with LH stimulation.  Type 1 5α-reductases are widespread; however 

Type 2 is predominately found in the prostate, epididymis and seminal vesicles. 

Negative feedback is exerted by the androgens in circulation on GnRH and LH 

production (32).  

 

Figure 1.2 Adrenal steroidogenesis. Mineralocorticoids are primarily produced in the zona 

glomerulosa, glucocorticoids in the zona fasciculata and androgens in the zona reticularis. The 

three zones of the adrenal cortex are illustrated by different background colours. Boxes 

represent steroidogenic enzymes and arrows show directionality of reactions. Multiple arrows 

show multistep conversions with enzymes not specified.  CYP17A1= Cytochrome P450 17A1, 

DHEA= dehydroepiandrosterone, DHT= dihydrotestosterone, HSD3B= 3B-hydroxysteroid 

dehydrogenase, HSD17B, 17B-hydroxysteroid dehydrogenase and SRD5A2 = Steroid 5 

Alpha-Reductase Type 2  
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1.2 Overview of Prostate cancer 

Prostate cancer (PCa) was the second most commonly diagnosed non-cutaneous 

cancer in males for 2018 and of one the highest causes of cancer-related mortality 

(33).  There are multiple factors that underly the etiology of prostate cancer, including 

environmental and lifestyle with the most important risk factors being age, family 

history and ethnicity.  

1.2.1 Genetic predisposition 

PCa may be the most heritable cancer, with one study estimating that genetic 

differences account for 58% of the variation in risk of prostate cancer (34).   This 

genetic component is made up of rare and penetrant genetic alleles alongside more 

common but low-penetrant loci. There are 167 total known loci of prostate cancer 

susceptibility (35), including the 8q24 region (36) and the missense G84E variant in 

HOXB13 (37).   

The risk loci in the 8q24 region is more commonly found in African American men and 

may help to explain their much higher incidence of prostate cancer compared to other 

ethnicities (38); however, socioeconomic status and a general lack of access to 

healthcare must also be considered.. Another factor thought to influence heritability 

of PCa is the X chromosome, as it encodes the AR and additionally short deletions in 

the Xq26.3-q27.3 region have been observed in sporadic and hereditary forms of PCa 

(39, 40). These variants could be used clinically to target screening for PCa to men 

with higher risk genetic variants.  

1.2.2 Age 

Age is one of the greater risk factors for PCa. While PCa is rare in males under 40, 

the incidence rate increases with age: 1 in 350 men under the age of 50 years,  and 

1 in 52 for men between the age of 50 and 59. The incidence rate is nearly 60% in 

men over the age of 65 years (41). This increase in incidence is compounded by the 

fact that older men also have lower survival rates (42). However due to the advanced 

age of most PCa patients, most are likely to have concurrent severe co-morbid 

disease and subsequently are more likely to die with, not from PCa (43). 

1.2.3 Hormonal factors 

The AR is a known driver of PCa progression, therefore androgens, the steroid 

hormones that bind to and activate AR may have a role to play alongside the AR; this 
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is known as the ‘androgen hypothesis’. This is exploited clinically with androgen 

deprivation therapy (ADT) which is currently the standard of care in advanced disease 

(44). Indeed gene linkage analysis has revealed that a large number of  single 

nucleotide polymorphisms (SNPs)  in the genes encoding enzymes in the steroid 

hormone production pathway, for example 5a reductase1 (45), CYP17 (46), are linked 

to development of PCa.  

It could be assumed then that high circulating levels of testosterone and DHT, will 

drive aberrant AR activity and therefore cause increased development of PCa. Higher 

free-testosterone levels measured pre-diagnosis are associated with increased risk 

of developing PCa which is positive for ERG gene fusion with transmembrane 

protease serine 2 (TMPRSS2) (47). In comparison elevated DHT is not associated 

with development of PCa (48) nor are high levels during disease necessarily harmful. 

A 15 year follow up study demonstrated lower than average DHT levels associated 

with lower PCa specific survival (49).  

This may be explained by androgen target tissues ability to achieve controlled 

homoeostasis of DHT levels intracellularly independent of fluctuating levels of 

circulating androgens (48). Indeed DHT levels locally in prostate tissues are 

significantly higher than the DHT in circulation (50). These tissues are even able to 

utilise the alternative pathways, referred to as ‘the backdoor pathways’ to produce 

DHT from sources other than testosterone such as from 17-hydroxypregnenolone and 

17-hydroxyprogesterone (51).   

Estrogen is another steroid hormone that has emerging importance in PCa biology. 

Prostate tissues express both alpha (ERα) and beta (ERβ) forms of the estrogen 

receptor (ER). ERα has been associated with driving PCa proliferation and survival 

through cross talk with the AR (52), with ERβ assumed to be tumour suppressive as 

it negatively regulates ERα (53). However, there is growing evidence that that 

isoforms of ERβ could also be oncogenic, reviewed in (54).  

1.2.4 Lifestyle Factors 

One study has shown that there is as much as 40 times higher levels of prostate 

cancer among African-American men than those in Africa (43). Although access to 

screening and health care are important factors to note, these data indicate a role for 

lifestyle factors in PCa risk. Additionally PCa families have higher shared 

environmental carcinogens exposure and a similar lifestyle (55).  
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A change to a more westernised diet can increase PCa risk, for instance there is a 

positive correlation between mortality from PCa and national intakes of meat, fat and 

dairy products (56). This may have several mechanisms of increasing incidence of 

cancer; saturated animal fats are believed to increase circulating androgens and 

insulin growth factor and basal metabolism and therefore cause higher PCa tumour 

growth (43). Additionally burning of foods causes aromatic hydrocarbons and 

heterocyclic amines to be formed that can go on to produce free radicals which 

damage DNA (57). 

Studies looking at obesity have not found conclusive evidence that it leads to a higher 

risk of developing PCa, however obesity has been observed to correlate with poorer 

outcomes for PCa (58). Therefore exercise is one of the best lifestyle changes one 

can make, due to and the health benefits it can bring. Another protective measure 

may be sufficient Vitamin D levels, as there is an inverse correlation between sunlight 

exposure and PCa (59). However the risk to skin melanoma with UVB exposure must 

be highlighted.  

Given the well documented risks of smoking to lung cancer, environmental factors 

have been intensively studied to determine any environmental exposures that 

increase risk to PCa. So far, no environmental factors that one can be expected to 

regularly encounter have been identified. There are a few exceptional risk factors such 

as contact with Agent Orange, which was contaminated with a known carcinogen, 

dioxin and even this has limited support (60). One other such risk is American 

agricultural pesticides, as American farmers have much higher incidence of PCa, 

compared to the European farmers who have alternative pesticides (61, 62), again 

however there is only moderate support for this (63). 

1.3 Diagnosis and treatment of Prostate cancer 

As most of PCa arises in the peripheral zone of the prostate, its proximal location to 

the rectum can be utilised to detect any tumorous lumps through DRE (1). The 

downside to this beneficial anatomical location for examination is that the peripheral 

zone is also adjacent the neurovascular bundle which surrounds the prostate. This 

may increase the metastatic potential of PCa through spread down perineural and 

lymphatic pathways.  

Serum PSA levels are utilised as a detection method for PCa, with elevated levels 

used as a biomarker for PCa diagnosis PSA levels are organ not cancer-specific, with 
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elevated PSA levels also indicating for either prostatitis or benign prostatic 

hyperplasia (64). Measuring PSA does not distinguish between indolent and 

biologically aggressive disease, and therefore is not a unique biomarker. PSA 

screening can often produce false positives, leading to unnecessary treatment. A 

better diagnostic assay is urgently required. Elevated circulating PSA levels are 

significantly associated with tumour recurrence and progression, so PSA levels can 

be useful for non-invasive monitoring response to therapy, both locally and 

systemically (65), additionally the mortality rate of PCa declined by about 50% from 

the mid-1990s to mid-2010s which can be attributed to the earlier detection brought 

about by the surge in PSA screening.  

Once PSA levels indicate PCa presence a biopsy is typically taken. The tumour tissue 

in the biopsy is histopathologic ally graded using the Gleason Score. The PSA level 

taken together with Gleason score is used to decide therapeutic strategy. The 

Gleason score is based on the most prevalent architecture and classifies the tumour 

from most to least differentiated out of 5. This indicates how much the cancerous 

tissue has deviated from normal healthy tissue. PCa is often heterogeneous with 

areas of cancerous tissues with varying Gleason Scores. The main pattern of 

oncogenic cell growth in the tumour is given a primary grade, with a secondary grade 

scored for the next most common pattern. These scores are added, with the primary 

doubled if the only region, to give the overall Gleason Score (66, 67). 

Typically, scores 5 and below are not used, 6 generally refers to a tumour that is not 

too dissimilar to normal tissue and expected to grow slowly. The treatment plan for 

these lower risk tumours may be active surveillance, with follow-up PSA tests and 

biopsies to monitor the tumour progression. If these tests determine the tumour is 

becoming more aggressive then the patient will begin treatment. Higher Gleason 

scores of 8 or more indicate tumours that contain poorly differentiated cells and have 

a higher likelihood of metastasis (68).  

Additionally TNM, tumour node metastasis, staging is used to fully diagnose the status 

of the primary tumour. Labelling of T1-4 is dependent on if the tumour is organ-

confined or progressed to fully invasive. N0 for no lymph node involvement and or N1 

for with, and M0 and 1a-c for the presence and degree of distant metastases (69). A 

large portion of PCa at diagnosis is operable, with the disease confined to the prostate 

and local organs. These patients have a very high 5-year survival rate of 98% (2). 
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Patients diagnosed with metastatic disease, typically with bones metastasis, have a 

poorer prognosis, with a dramatic drop in the 5-year survival rate to 29% (70). 

PCa that has not metastasised beyond local organs, can be treated with radiotherapy. 

One of the two types of radiotherapy used is external beam radiation therapy (EBRT). 

Recent advances in ERBT allows the radiation to be focused precisely to the tumour 

(71). The most common form of EBRT currently administered is intensity modulated 

radiation therapy over three-dimensional (3D) conformational radiation therapy. 

Combined with the use of imagers, this allows image guided radiation therapy (IGRT) 

(72). An advance on this is proton beam radiation, which is beginning to be utilised in 

the UK. The proton only travels a certain distance and releases its energy upon 

stopping and therefore there is less damage to normal tissue (73). 

Brachytherapy is the second type of radiotherapy. It differs from EBRT as the source 

of the radiation is internal, with small radioactive ‘seeds’ implanted into the tumour. 

The radiation dosage from the seed is either low over a prolonged period or higher 

and temporary. While focal ablative therapies are starting to be utilised, there are 

concerns around the multifocal nature and difficulties with determining the site and 

extent of cancer foci with imaging (74). A final option is surgery which can involve a 

radical prostatectomy which removes the entire prostate and possibly some 

surrounding lymph nodes. The side effects of this treatment option can risk sexual 

function and urinary incontinence.  

While there exists a range of therapies to treat metastatic PCa, unfortunately a cure 

remains elusive. Given that PCa development and progression is driven by aberrant 

AR activity, at least in part, the standard of care for advanced PCa is to inhibit the 

androgen pathway, with ADT. This is either in the form of suppression of extragonadal 

androgens biosynthesis or more recently AR antagonists (75). Typically 24-36 months 

disease free progression can be achieved with ADTs (76), unfortunately almost all 

progress to ADT resistance, which is referred to as Castrate Resistant Prostate 

Cancer (CRPC) (77).  

Suppression of LH secretion with long-acting GnRH agonists and antagonists can 

inhibit testicular androgen. The negative feedback loop of the GnRH-LH-ACTH axis 

is exploited by the agonists, such as leuprolide acetate, causing receptor 

desensitisation but this does result in an initial LH surge (78). Degarelix, a GnRH 
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antagonist, competitively inhibits GnRH binding, ablating testicular androgen 

synthesis but producing no effect on adrenal steroidogenesis (79).  

Inhibition of the CYP17A1 enzyme can reduce circulating androgen levels (80). The 

most potent CYP17A1 commercially available inhibitor is Abiraterone, which acts 

irreversibly to inhibit CYP17A1’s 17α-hydrolysase and 17,20 lyase activity. This allows 

abiraterone to reduce both extragonadal and intra-tumoral androgen production (81). 

As such abiraterone was the first FDA-approved treatment for CRPC and can provide 

a survival benefit for these patients (82). Hypertension and hypokalaemia are caused 

by mineralocorticoid excess generated with 17α-hydrolysase inhibition (83). 

Prevention of these side effects requires chronic co-administration of glucocorticoid.  

By binding the ligand binding domain (LBD) AR antagonists competitively inhibit 

ligand binding to AR (84). The high affinity of DHT for the AR was a challenge for early 

iterations of AR antagonists. Higher potency was achieved with the second-

generation, flutamide and bicalutamide, but still DHT still has ~30 fold more affinity 

(85). This meant that although these drugs are able to inhibit ligand binding, the AR 

is still able to translocate to the nucleus. The latest generation, are the most potent 

yet, including enzalutamide which is able to prevent nuclear translocation (86). 

Enzalutamide, currently the standard of care, was observed in the PREVAIL trial to 

have efficacy in patients with metastatic PCa that is chemo naïve, delaying initiation 

of chemotherapy by a median of 17 months (87). 

The highest efficacy is achieved in the new therapy programmes that use a 

combination of therapies. The lack of head-to-head competitor trails is compounding 

clarification of which treatment or combination of treatments is most effective. For 

example, all novel non-chemotherapeutic agents are trailed against placebo or 

placebo plus prednisone. Additional factors further complicating this process are 

differences in the treatment patients have received prior to trial, the location of any 

metastasis and exclusion criteria applied.  

Once a patient has reached CRPC there are few therapeutic options available left, 

while they may slow the spread of the cancer, they are highly unlikely to be curative. 

Chemotherapeutics are amongst these agents, usually mono agents, with Docetaxel, 

Cabazitaxel, Mitoxantrone and Estramustine being the most common. Docetaxel is 

often the first drug given to this subset of patients, combined with prednisone, a 

steroid drug (88). This chemotherapy can come with some common side effects which 

can be debilitating, they include hair loss, loss of appetite, nausea and vomiting, 
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diarrhoea, fatigue and an increased risk of infections. Despite having life extending 

results, half of tumours do not respond to treatment and of those that initially are 

sensitive go on to develop resistance. Chemotherapeutics, that are platinum based, 

such as cisplatin and carboplatin, along with next generation taxanes are given to 

these patients (89).  

An alternative option is immunotherapy such as sipuleucel-T, an autologous active 

cellular immunotherapy. This treatment option which uses leukapheresis to filter the 

patient’s blood to remove the T cells, which are then modified, amplified and infused 

back into the patient. This has the aim of mobilising their own immune system to attack 

the tumour and may lengthen survival by 4 months (90).  

The final treatment option for CRPC that has metastasised to the bone is radiation by 

infusion with the radiopharmaceutical, radium-223 dichloride (Ra-223) (91). This 

alpha radiation-emitting agent that has calcimimetic properties that enable selective 

absorption to regions new growth of the bone host to metastatic cancer (92). While 

the shorter range of the alpha particles aids avoidance of toxicity outside of the tumour 

microenvironment, the local effect is lethal double stand breaks (DSBs) in the DNA of 

the tumour cells (93). Phase II trials indicated a 19 week median overall survival 

increase with Ra-223 treatment (94).  

1.3.1 Resistance mechanisms to androgen deprivation therapy (ADT)  

Traditionally it was thought that CRPC tumours had become ‘‘androgen-independent’. 

However it is now becoming evident that instead AR is reactivated to allow the tumour 

to become resistant to ADT. This process is achieved through several mechanisms, 

an overview provided by Figure 1.3, the therapy type tends to determine the 

mechanism of resistance that develops.  

1.3.1.1 Amplification and overexpression  

Increasing the levels of AR available through amplification and overexpression can 

cause resistance to ADT. This was demonstrated by comparison of global gene 

expression in seven isogenic hormone-sensitive and insensitive human PCa 

xenograft pairs. The only gene that was differentially expressed was AR, higher AR 

expression was observed in the hormone refractory xenografts (95).  

Another study transfected LNCaP cells with AR which conferred bicalutamide 

resistance, mutation of the LBD domain, removed hormone refractory growth (95).  

Therefore, binding of a ligand to AR is essential, at least in this model, for the hormone 
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refractory growth and that the traditionally used ‘hormone-independent’ description 

may be inaccurate. Bicalutamide can be converted to an agonist in a so called ‘agonist 

switch’ with AR overexpression (96). This results in an altered coactivator assembly, 

enabling the recruitment of RNA polymerase II to a subset of AR regulated genes 

such as PSA with the presence of bicalutamide.  

 

 

Figure 1.3 Resistance mechanisms to therapeutic resistance to androgen deprivation 

therapies in PCa. A, Increase ligand sensitivity through AR gene and mRNA amplifications. 

B, Binding of non-androgen ligands, for example estradiol and glucocorticoids. C, Alternative 

survival signalling pathways such as PI3K/AKT, NF-κB, and RTKs, activating AR. D, 

Coactivators of AR enhance AR sensitivity to alternative ligands. E, Conversion of adrenal 

androgen precursors by alternative ligand synthesis pathways. F TGF-β signalling pathway 

activation in EMT to MET interconversions. G, Apoptosis avoidance through upregulation of 

pro-survival factors including Bcl-2. H, Ligand independent activation of AR splice variants. 

Figure reused with permission from (97)  

1.3.1.2 Somatic Mutations of AR 

AR point mutations, such as W781C, are not often observed in primary hormone 

sensitive PCa but this observation increases to around 10% in CRPC, especially in 

tumours that have progressed from systemic ADT and AR antagonists (98–101). 

Predominantly somatic and located in the LBD (102), some of these point mutations 
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have no known effect. However other point mutations range in effect from increased 

or decreased AR signalling to loss of function. Gain of function mutations can allow 

non-specific activation of AR by weaker androgens, estrogens and even AR 

antagonists.  

One of the most frequent, clinically relevant point mutations is T878A, particularly in 

the context of abiraterone treatment (103). This mutation sensitises AR to a wider 

range of steroids, including progesterone, and to anti androgens, such as abiraterone, 

but does not confer resistance to all (104). Other point mutations can also cause an 

agonist switch, such as F876L, which spontaneously arises  in a subset of cell lines 

cultured in the presence of enzalutamide (105, 106). This AR F876L was detected in 

circulating free DNA in patients treated with ARN-509, similar mechanistically to 

enzalutamide, that developed CRPC, demonstrating it as a clinically relevant mutation 

(106). 

1.3.1.3 AR splice variant 

Alternative AR splice variants (ARVs) are another possible resistance mechanism for 

both abiraterone and enzalutamide (107, 108). ARVs occur when the AR pre-mRNA 

is alternatively spliced which selectively remove exons, occasionally this alternatively 

occurs through gene alterations (109). Excision of introns and re-ligation of the 

remaining exons enables splicing of pre-mRNA. RNA splicing factors are required at 

the 5’ and 3’ splicing sites (110).  

22 AR splice variants have been reported so far (111), of these AR-V7 and ARV567es 

are the most studied. AR-V7 has been detected in circulating tumour cells (CTCs) and 

may be linked with poor response and primary resistance to either abiraterone or 

enzalutamide (112). Splicing of AR-V7 mRNA occurs not at exon 4 but at the 

alternative 3’ splice site adjacent to exon 3B (113). This, as with most ARVs, has the 

effect of removing the C terminal by truncating the final mRNA (114). The ability to 

bind ligand is removed with the LBD loss but as the N terminal nuclear translocating 

domain is retained the truncated ARVs have constitutive activity (115). 

1.3.1.4 Altered steroidogenesis 

Circumvention of ADT is possible with intra-tumoral androgen synthesis. CRPC 

tumours have all components necessary for androgen synthesis (116, 117) and these 

steroid enzymes can be upregulated in PCa (118). Once the androgens are in 

circulation, they regulate the levels of these steroid enzymes so as expression profiles 

might not reflect the production of androgens and are not the best tools to determine 
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activity of biosynthesis pathways. Despite this there are three putative pathways that 

may be responsible for the raised levels of androgens in PCa and possible 

subsequent reactivation of AR signalling, Figure 1.4. In brief they are the following: 

a. The canonical pathway: reflects the series of reactions that occur in the testes 

to produce testosterone. 

A study in which primary tissue cultures of PCa were incubated with a range of 

androgen precursors supports this pathway as the tumour’s foremost source of 

androgens (119).  

b. The backdoor pathway: an alternative pathway that does not require 

testosterone to produce DHT. 

CYP17A1, SRD5A and AKR1C2 convert progesterone to androsterone. This 

conversion is either via 17α- hydroxyprogesterone or a series of progestogens. 5α-

androstane-3α,17β-diol is then generated from androsterone by HSD17B3 and 

HSD17B5, which is then converted to DHT in the final step which requires retinol 

dehydrogenase 5 (RDH5) (120, 121). Although other studies have indicated the 

involvement of a number of other enzymes such as HSD17B6, RDH16, HSD17B2 or 

even HSD17B10 (122–124). 

This pathway requires intra-tumoral CYP17A1 expression so is supported by finding 

indicating that the initially a low CYP17A1 expression in normal and primary PCa 

tissue (118) increases almost 10 fold in metastatic PCa (125). Upregulation of 5α-

reductase type 1 and CYP17A1 in PCa may cause the backdoor pathway to be 

favoured over the canonical pathway (126).  

c. The 5α-dione pathway: the sequence of canonical reactions is reversed to first 

reduce androstenedione to 5α-androstanedione with SRD5A1 which in 

subsequently reduced to DHT by HSD17B3 (127, 128).The 5α-dione pathway 

has the least support among the three pathways and most evidence in support 

is indirect.  

1.2.1.5 Other signalling pathways 

Other non-canonical mechanisms can increase AR signalling,  for example tyrosine 

kinases, such as Src, can increase AR translational activity (129). In castrate 

conditions other substrates can replace androgens, such as hormones, growth factors 

or cytokines due to the promiscuous nature of AR (130). AR can itself be upregulated 

to allow for resistance to ADT (96) by release and activation of E2F1 caused by loss 
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of retinoblastoma (RB) (131). Nuclear localisation of AR and its transcriptional activity 

can be increased by STATt5a/b (132). This mechanism may also have AR 

independent effects as STAT5a/b inhibition caused rapid apoptosis in DU145 cells, 

an AR negative PCa cell line (133, 134). AR may also be substituted with other 

nuclear transcription receptors such as glucocorticoid receptor (135, 136), this may 

account for the continued growth of AR negative cell lines, such as DU145 and PC3, 

and AR negative populations, such as neuroendocrine cells (137).  

Patients often develop alterations in DNA repair genes in the development of CRPC, 

these include ATM (11%), BRCA1 (2%), BRCA2 (10%) and CDK12 (11%) (138). 

These alterations are starting to be exploited in the development of novel 

therapeutics, for example poly-ADP ribose polymerase (PARP) inhibitors (139, 140). 

As AR and the androgen pathway are not the sole drivers of PCa progression or 

therapeutic resistance, it is crucial to elucidate the broader mechanisms at play to 

develop new therapeutics or combination therapies. Potentially an avenue of 

treatment open to exploitation is targeting aberrant epigenetic silencing of tumour 

suppressor genes (TSGs). One such therapy could be inhibition of the protein-protein 

interactions of LSD1 (Lysine Specific Demethylase 1). Sehrawat et al. have 

demonstrated this therapeutic approach to reduce PCa proliferation both in vitro and 

in vivo and to be mechanistically AR independent (141). As such this approach may 

serve to provide a new therapy for treatment of CRPC patients.  
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Figure 1.4 Three putative steroidogenesis pathways: In the canonical pathway (not 

highlighted) the conversion of cholesterol to DHEA mirrors the canonical steroid biosynthesis 

in the Leydig cells of the testes. The other two pathways, the backdoor pathway (light blue) 

and the 5α-dione pathway (purple), do not require testosterone. Boxes represent steroid 

enzymes and are colour-coded to highlight commonality. Androgens highlighted in bold, 

testosterone and DHT, have been demonstrated to have roles in the development of prostate 

cancer. Figure reused with permission from (142) 

 

1.4 Prostate cancer biology 

1.4.1 Premalignant lesions 

Development of solid carcinomas is believed to be a multistep process, with 

successive insults to the cell to render it increasing abnormal and malignant. The 

genetic phenomena leading up to PCa have not yet been fully described however it 

is widely believed that one step is the formation of premalignant lesions. These 

heterogeneous morphologic lesions are covered by umbrella term ‘prostatic 

intraepithelial neoplasia’ (PIN) (143). PIN is typically characterised by hyperplasia of 

luminal epithelia, fewer basal cells, enlarged nuclei, hyperchromasia of the cytoplasm 

and nuclear atypia within architecturally-benign appearing glands and acini (144).  
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PIN is graded from 1 (mild) to 3 (severe), is commonly found adjacent to PCa (145). 

PIN has an increase in expression of markers of cellular proliferation (144), however 

the transformation into PCa is slow, with PIN preceding PCa by at least 10 years.  

1.4.2 Local Prostate cancer 

Prostate cancer is highly heterogeneous, with two theories to explain this; 

malignancies that have probably arisen from multiple genetic and epigenetic changes 

in a single cell, and the existence of a cancerous progenitor cell which uses a 

dysregulated differentiation programme to form the tumour. 

The first, a stochastic model (146), features clonal evolution and has the initial 

transformational event affecting either a tumour suppressor or an oncogenic gene. 

This cell has a proliferative advantage over other cells and divides by mitosis to 

produce other cells with equal tumour propagating potential. Stepwise mutation 

produces heterogeneity within the progeny of the founder cells and the accumulation 

of these mutations creates variant clones. There has been roughly 140 oncogenes 

and tumour suppressors have been observed to drive varying cancers (147). A 

surprisingly large number of somatic mutations have been observed in normal 

prostate epithelia supporting this theory (148).  

The other model is a hierarchal model with a population of cancer stem cells (CSCs) 

that drive proliferation rather than all tumour cells contributing to the tumour growth 

(149). These tumour cells may be significantly smaller than the other more 

differentiated tumour cells (150) and have been isolated based on specific surface 

markers, such as CD44/CD133 (151), CD166 (152) and CD44+/CD24- (153). Given 

that these markers are not exclusive to prostate CDCs, other methods have been 

used to identify them, such as formation of non-adherent spheres and potential to 

form tumours in SCID mice (153). The non-stem tumour cells have a high but limited 

ability to replicate. As the cells within the tumour with the highest proliferative 

potential, the CSCs drive PCa progression and metastasis (154, 155). Over 

generations CSCs can become increasingly more heterogenic, allowing for a central 

role in cancer progression (156) and possibly resistance to therapies such as chemo 

and radiotherapy (157, 158). This resistance to therapy may also come from their slow 

cycling nature, this quiescence may cause them to escape most therapies.  

Novel data suggests that these CSCs are not intrinsically wired to stemness but 

require dynamic maintenance within their own niche (159). To this end the cells may 

not exist as an entity in themselves, more as a response to tumour microenvironment 
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cues. More direct evidence on the hierarchy of the tumour is required to conclusively 

determine the exact role of CSCs, but it is widely believed that the stochastic model 

is outdated (160).  

Despite this significant phenotypic heterogeneity, often induced by MYC activation, 

PTEN loss and mutations in DNA repair (161–163) almost all (above 95%) of prostate 

cancers are pathologically classified as adenocarcinoma, with an overwhelmingly 

luminal phenotype (164). Luminal cells are believed to be the predominant source of 

prostate cancer. A lineage-tracing study revealed that only after differentiation into 

luminal cells can basal cells give rise to prostate cancer (165). An early event in PCa 

is transition of luminal cells from AR-guided cytodifferentiation to AR driven 

uncontrolled proliferation. Upon malignant transformation patterns in expression of 

the steroid enzymes emerge and this can change the intracellular steroid content, 

aiding in PCa development (166). 

As discussed above there is correlation between androgen levels and risk of 

developing PCa, first described in 1941 by Huggins and Hodges (167). However this 

remains controversial with some studies concluding higher level of androgen leads to 

an increased risk for PCa (168–172), some concluding there to be no correlation at 

all (173–182), while others have demonstrated that testosterone may even have a 

protective effect (183, 184).  

An additional consideration is the decline in testosterone levels with age, which falls 

by ~ 2% each year after the age of 40 (185). A newer model considers the magnitude 

of age related declines in testosterone, the hypothesis being that prostatic cells can 

no longer compensate once testosterone levels fall below an individual’s threshold, 

impairing adaptation to the lower levels and triggering prostate carcinogenesis (186). 

This model allows for the exponential increase of PCa diagnosis in men over the age 

of 50 (187, 188). Additional support is provided by the infrequent AR mutation rate in 

treatment naïve PCa, which indicates that gain of function AR is not responsible for 

this carcinogenesis. However further detailed long term measurement of testosterone 

from an early age and study of the mechanisms that go on to trigger carcinogenesis 

is required. 

Despite the dependence on androgen signalling in prostate gland development, AR 

activity is unlikely to be solely responsible for PCa development. Indeed changes in 

chromatin structure by AR are enabled by other factors such as FOXA1 (Fork-head 

box protein A1) (189). There are commonly mutated genes in prostate cancer that are 
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early events such as SPOP (Speckle-type POZ protein) and FOXA1 which may drive 

PCa initiation (100).  

One alternative TF to AR that is often overexpressed in PCa is MYC, this has been 

demonstrated to be sufficient for malignant transformation of prostate epithelial cells 

(190). Others have indicated that MYC upregulation alone insufficient with other 

oncogenic lesions required, such as PTEN/p53 heterozygosity (191). PTEN can 

inactivate PI3-K by dephosphorylating PIP3, given the ability of PI3-K to drive cell 

proliferation and cause downstream activation of AKT (192), PTEN is an important 

tumour suppressor. Therefore, it is not surprising that in addition to PTEN loss, AKT 

and mTOR (activated downstream of AKT) alterations are all commonly found in PCa 

(64, 135). 

 

1.4.3 Metastatic Prostate cancer  

Unlike local disease, which is very treatable, the progression to metastatic disease is 

the cause of most PCa associated deaths. Usually the first site to be invaded with 

metastases is the lymph nodes. From there PCa, unlike other epithelial tumours, has 

a large propensity to metastasise to the bone. Roughly 70% of all advanced PCa 

patients have metastasis to the bone (194).  While PCa can also metastasise to the 

liver, lungs and brain, this preferential metastasis to the bone falls within the “seed 

and soil” hypothesis (195) that non-random metastatic organotropism is facilitated in 

part by blood flow dynamics and by mostly by particularly “fertile soil” at certain 

secondary sites. 

The bone is a particularly attractive microenvironment for invading tumour cell for 

several reasons. Firstly it has vasculature that makes it hypoxic, with oxygen levels 

from 1 to 6% (196) and this may select for stem-like tumour cells. Secondly, cell 

adhesion factors normally not seen outside of inflammation are constitutively 

expressed by the endothelia to allow for hematopoietic stem cell (HSC) maintenance 

and homing (197). Additionally it has several cell sub types such as HSCs, MSCs, 

endothelial cells, osteoblasts, osteoclasts and is rich in cytokines and growth factors, 

released by osteolysis (198).  

PCa cells first undergo epithelial to mesenchymal transition (EMT) and then travel 

through the circulation as circulating tumour cells (CTCs). These CTCs can traverse 

many physical barriers in order to invade the bone. First crossing the sinusoid walls 
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and the stroma of the bone marrow and finally travelling through the bone marrow 

cavity via sinusoids, arriving at the endosteal bone surface (199).  

The disseminated tumour cells (DTCs) then directly compete with HSCs to engraft 

into the niche, by overexpressing CXCR4 (200), the cognate receptor of CXCL12 

expressed by osteoblasts to regulate HSC homing (201). DTCs disrupt normal bone 

physiology by excessively stimulating the osteoblasts to proliferate via secretion of 

bone morphogenic proteins (BMPs) and epidermal growth factor (EGF). This initiates 

positive feedback with the mineralised bone in turn releasing growth factors that cause 

the DTCs to in turn proliferate. This generates a “vicious cycle” leading to further bone 

disruption and metastasis (202, 203). Eventually osteoblastic lesions develop (204),  

which cause the comorbidities of severe pain, hypercalcemia, and often bone fracture. 

Antiresorptive therapies can effectively reduce the bone pain of metastatic PCa 

patients (205).  

There are two models of progression to metastasis, linear and parallel. The linear 

model theorises that metastatic founder cells evolve with the primary tumour and 

therefore are delayed in invasion of the distant metastatic site. The latter implies that 

the metastatic tumour cells are disseminated early and subsequently acquire 

mutations different to that of the primary tumour. Once arrived, these tumour cells can 

remain dormant for years before reactivation into overt metastases.  

Recent evolution in technology has allowed for single cell genomic analysis. This was 

utilised on bone marrow aspirates of PCa patients without metastasis before surgery 

and it was indicated that although rare, DTCs were present and were prognostic for 

metastasis within 48 months. However any DTC cells detected after surgery (from 6 

months to 10 years) were not associated with poor prognosis (206). This is contrast 

to findings in breast cancer that DTCs found postoperatively are better predicters of 

disease progression that those detected preoperatively (207).  Another study 

indicated that metastasis is populated from secondary sites already established rather 

from individual tumour cells. This metastasis to metastasis spread is either through 

daughter metastasis seeded monoclonally de novo or transfer of multiple clones 

between metastatic sites (208). Together this implicates that spread to the bone is by 

parallel progression.  
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1.4.4 Molecular Subtypes  

Most epithelial-type cancers have been classed into sub-groups which can confer 

information on likely path of the disease or response to treatment. However there has 

been difficulty identifying definitive sub-groups in PCa, those proffered so far exist in 

treatment naïve PCa. The Cancer Genome Atlas Research Network produced a new 

molecular taxonomy after performing a comprehensive molecular analysis of 333 PCa 

primary tumours (138). The proposed set of major subtypes are fusions of E26 

transformation specific (ETS) family members and mutations in either SPOP, FOXA1 

or IDH1 (isocitrate dehydrogenase 1). Even within the potential major molecular 

subtypes detailed below there is considerable mutational and epigenetic 

heterogeneity which mimics that found across all primary PCa. Additionally not all 333 

tumours fell within these groups, roughly a quarter were not easily classifiable by one 

cardinal genomic alteration, and were genomically heterogenous (138). Further work 

is therefore required to fully refine the major subgroups of PCa and their clinical use.  

1.4.4.1 ETS fusions 

Fusion of androgen regulated promoters with ERG and other ETS family members 

are common alterations that occur in PCa. An early genetic alteration in PCa is 

TMPRSS2-ERG fusion (209). This fusion is responsible for the majority of the 

androgen regulated overexpression of ERG, an oncogene and ETS family member, 

which occurs in over half of all PCa (209, 210). This fusion has never been detected 

in normal prostate tissues (211). Other ERG fusions to androgen regulated genes 

include SLC45A3 and NDRG1 (212) and another ETS family member ETV1 fusion 

found in 5-10% of PCa (209, 213). These fusions are almost entirely mutually 

exclusive. Despite this high occurrence of TMPRSS2-ERG fusion there is evidence 

that it has no effect on survival (214–217) or even on progression to CRPC in 

previously hormone naïve PCa with lymph node metastasis (218). For the moment 

ERG overexpression is useful only for diagnosis, although targeted treatments may 

yet be developed. 

1.4.4.2 SPOP 

SPOP is a nuclear protein with a role in RNA processing and transcription regulation 

(219). SPOP has been identified as a tumour suppressor through degradation of 

substrates that have an oncogenic role, for instance Cyclin E1 which regulates G1/S 

transition (220) and AR (221). Point mutations involving the binding cleft of SPOP 

occur in about 10% of localised PCa and are independent of ETS rearrangements 
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(222). These tumours have a distinctive somatic copy number profile (SCNA) profile, 

including CHD1 deletion (100), as well as increased DNA methylation and 

homogenous gene expression profiles (138). This forms the basis of SPOP mutations 

potential as a distinct molecular class of localised disease.  

1.4.4.3 FOXA1 

FOXA1 is a ‘pioneer’ transcription factor that enables nuclear hormone receptors, 

including AR and ER, access to the promoters of target genes (223, 224). FOXA1 is 

commonly overexpressed in PCa with studies linking this upregulation to poor 

prognosis (189). A further study with microarray of over 11100 PCa specimens 

determined ERG status to be crucial to the prognostic value of high FOXA1 

expression, only FOXA1 high ERG negative PCa were linked to high Gleason grade, 

and early PSA recurrence (225). Despite this known ability to drive PCa through 

overexpression there is a small subset of PCa, roughly 4% (100, 138) that have 

missense mutations. These mutations have been demonstrated to occur independent 

of other subset defining mutations. These mutations remove the ability of FOXA1 to 

repress cell motility (226). FOXA1 depletion does not abrogate AR binding to 

chromatin but does result in a different gene expression profile through altering the 

pattern of AR binding (189). This may be due to FOXA1 normal role of ‘squelching’ 

the ability of AR to bind to ARE sites without a FOXA1 site (227). In this subset, similar 

to SPOP mutation positive PCa, there is high DNA methylation and patterns of gene 

expression, and they may both be associated with earlier PSA recurrence (228).  

1.4.4.3 IDH1 

The final subset consists of fairly rare missense mutations in IDH1 with an incidence 

rate of only 1-2% (138). These mutations produce a dominant negative mutant IDH1 

which competes with wild-type (WT) IDH1. This dominant negative IHD1 has a gain 

of function which results in Hypoxia-inducible transcription factor 1α (HIF1α) 

stabilisation. IDH1 mutations correlate with early age of onset and therefore may 

define a molecular class of PCa of their own (138). 

1.4.4.4 Sub-group Treatment Options 

AR activity levels range across primary PCa, for instance SPOP and FOXA1 mutation 

positive tumours were found to have higher levels of AR driven transcription. In SPOP 

mutant positive PCa there is also increased PI3K signalling but mutant SPOP 

mitigates the usual reciprocal negative feedback of PI3K on AR activity, to allow high 

signalling in both pathways (222).  This could impact the clinical decision on whether 
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to provide ADT. Another actionable potential for therapeutic intervention is the nearly 

20% of primary PCa tumours that have DNA repair pathway defects (229). For 

example mutant SPOP confers impaired DSB repair and homology directed repair 

(230). These defects may sensitise cells to the effect of DNA damaging agents. IDH1 

induces angiogenesis through stabilisation of HIF1α, this could confer particular 

sensitivity to drugs targeting angiogenesis, however specific drugs for mutant IDH1 

have been developed (231, 232) 

1.4.4.5 Drivers of metastatic PCa 

There is no compelling evidence that there are subgroups within metastatic PCa, 

however there is some data that indicates that the subgroups identified above for early 

stage PCa have particular patterns of genetic instability that brings gene mutations 

that  associate with a certain subset (161). One such alteration is loss of function 

PTEN, a tumour suppressor which can cause G1 arrest of the cell cycle (233). This 

may occur through point mutation and epigenetic silencing (234). Homozygous 

deletion of PTEN is correlated with an aggressive phenotype and is most often found 

alongside ETS fusions (235).  

Another example of loss of function that drives PCa progression is TP53, also a 

tumour suppressor. Similarly to PTEN these mutations can be found in early stage 

PCa but had a preponderance for the ETS fusion positive cases (138). Additionally, 

PTEN deletion has also been linked to progression of SPOP mutant positive PCa 

(100) 

1.5 Epigenetics role in cancer 

Chromatin is formed of genomic DNA wound around histones proteins; the 

accessibility of the associated DNA is strictly regulated to give either active 

euchromatin or condensed heterochromatin, by post-translational modifications 

(PMTs) to histones and the DNA itself. DNA methylation is the highly specific addition 

of a methyl group to a cytosine nucleotide in DNA. This cytosine nucleotide must be 

in a CpG site (next to a guanine nucleotide and linked by a phosphate) (236). Three 

different DNA methyltransferases (DMTs) can methylate CpG sites. Once methylated 

the structure and appearance of DNA changes which in turn alters the interactions of 

the DNA with the transcription machinery within the nucleus.  

 

Histone modifications are typically either methylation or acetylation however these 

modifications also include, phosphorylation, ubiquitination, and sumoylation. Histone 
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acetylation acts on lysines 9, 14, 18, 23 of histone H3 and lysines 5, 8, 12 and 16 of 

histone H4. This acetylation is the addition of an acetyl group (COCH3) and is 

controlled by the modifying enzymes histone acetyltransferases (HATs). In 

comparison the removal of this acetyl group, typically associated with 

heterochromatin, is controlled by histone deacetylases (HDACs), of which there are 

four classes.  

 

Histones can be methylated by up to 3 methyl groups to either lysine or arginine 

residues, typically arginine 2 and lysines 4, 9, 27, 36, and 79 for Histone H3, and just 

at arginine 3 and lysine 20 for Histone H4. While acetylation is typically associated 

with gene activation, histone methylation can act either way to silence or activate gene 

expression, this depends on the residue methylated and even the number of methyl 

groups present. For example methylation of Histone 3 (H3) at lysine 4 (K4) is an active 

gene marker (236). There are histone methyltransferases that act specifically on 

certain histone modifications. For instance G9a is a methyltransferase that methylates 

H3-K9 and H3-K27 (237). Both these modifications are mediators of heterochromatin 

formation, which has a role in silencing gene expression.  

 

Given this role in steady-state gene expression, aberrant chromatin alterations can 

lead to the development of disease, including cancer (236). Such as upregulation of 

H3-K27 methylation is known to drive cancer progression through excessive gene 

silencing (238). While epigenetics does not alter the underlying DNA sequence, it can 

cause mutations. Silencing by hypermethylation of genes that are involved in DNA 

repair, such as O6-methylguanine-DNA methyltransferase (MGMT), can cause G-to-

A mutations to rise (239), for instance in p53 in colorectal cancer (240). 

Hypermethylation in the CpG sites in tumour suppressor genes is a common 

epigenetic trademark of early cancer development and may be more common than 

mutations (236). 

 

1.6 Epithelial to Mesenchymal Transition (EMT) 

The EMT programme is the differentiation of epithelial cells into mesenchymal cells 

and is essential in vertebrate embryogenesis, tissue regeneration, organ fibrosis, and 

wound healing. EMT is driven by a complex regulatory network of TFs that represses 

epithelial genes while upregulating mesenchymal genes, these include Snail (SNAI1) 

and Slug (SNAI2) (241, 242), ZEB1 and ZEB2 (243, 244), and the basic helix-loop-
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helix proteins TWIST1/2 (245, 246), potently activated by  transforming growth factor-

β (TGFβ) (247). Epithelial cells are tightly connected to each other and their basal 

lamina through tight junctions, gap junctions and adherens junctions. In comparison 

mesenchymal cells have a spindle shaped morphology and only interact at their focal 

points. In EMT the epithelial cells lose their apical-basal polarity through dissolution 

of their junctions which involves cleavage and degradation of E-cadherin (248). 

Claudins and cytokeratins are lost in the transition with gain of mesenchymal markers 

N-cadherin, fibronectin and finally vimentin. This loss of polarity also involves 

reorganisation of the cortical actin cytoskeleton from cortical adherent junctions into 

actin stress fibres which are attached to the focal adhesion complexes. This 

cytoskeleton restructuring allows dynamic cell elongation and directional motility 

through formation of filopodia (248, 249). Also facilitating invasion, are the newly 

formed invadopodia, which increase the secretion of extracellular proteases into the 

ECM, degrading its components (250).   

 

As epithelial cells are inherently more adherent, transition to the more motile and 

‘stem-like’ phenotype of mesenchymal cells is used in tumours to drive cancer 

invasion. Additionally this EMT enables the tumour cells to resist senescence and 

apoptotic signals (251).  In the context of tumour cells the loss of E-cadherin is one of 

the initiating steps of EMT, causing release of B-catenin and a subsequent 

upregulation of cyclin D1, c-MYC and matrix metalloproteinase 7 (MMP7) (252). 

MMP7 upregulation has the effect of stimulating the ECM to release stores of TGFβ2. 

This EMT in cancer cells is often incomplete, producing hybrid cells in multiple 

transitional states and display both epithelial, and mesenchymal markers but often 

lack vimentin. These hybrid cells are able to move in clusters, which can promote a 

more aggressive phenotype than complete mesenchymal cells (253). Once at the 

secondary metastasis site the tumour cells are able to undergo reversal of the EMT 

back to epithelial phenotype (mesenchymal to epithelial transition, MET). It is 

important to note that EMT is an important contributor to (but remains a separate 

phenotype from) metastasis.  

 

1.7 TBX2 pathway 

The T-box gene family of transcription factors (TFs) consists of 17 members and is 

highly conserved across a range of species including nematodes, mouse and human. 

Together they are master regulators of embryonic development, from the specification 
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of primary germ layers to cell fate determination in organogenesis. As a consequence 

of this, some mutations in the T-box genes are associated with developmental 

defects. TBX2 knockout is lethal in mice as it causes severe heart defects (254). The 

T-box family consist of two structural and functional domains, the first the T-box, a 

sequence specific DNA binding domain and a transcriptional activator or repressor 

domain. Some family members including TBX2 are able to function as both activators 

and repressors, dependent on cell context (255).  

Crystallography has revealed the T box does not closely resemble any other DNA 

binding domain (256). The T-box is relatively large (17-26 kDa), can occur anywhere 

down the length of the protein and binds the core sequence GGTGTGA (257). Despite 

recognising the same or similar DNA sequences, the specificity of the target genes 

the T-box proteins regulate comes through the cofactors they recruit, promoter 

context may also play a role (256, 258, 259).  

Given this role as TFs, they must be able to translocate to the nucleus, indeed nuclear 

localization signals (NLS) have been detected in members of the T-box family 

including TBX1 (260) TBX3 (261) and TBX6 (262). Phosphorylation of TBX2 by the 

p38 mitogen-activated protein (MAP) kinase has been observed to cause TBX2 to be 

exclusively located in the nucleus with the stimulus of UVC irradiation (263). 

1.7.1 TBX2: role in cancer 

As mentioned above, TBX2, can act as both activator and repressor, while it 

possesses a weak activation domain, TBX2 acts mostly as a potent repressor of 

genes. TBX2 is found in a range of human tissues, including prostate, breast, kidney, 

lung, placenta, testis, heart and ovary (264, 265). TBX2 is fundamental to cell fate 

patterning, cell migration and proliferation during heart (254), hypothalamus (266), 

and mammary gland (267) development, amongst others.   

In addition to TBX2’s known role in embryogenesis, it has a role in regulation of the 

cell cycle and organisation of the subnuclear compartments. Varying levels of TBX2 

are found throughout the cell cycle, with low expression in G1, with levels rising from 

mid-S-phase and to high expression in G2 and dramatically reducing with start of 

mitosis (268) TBX2 maps to chromosome 17q23.2, a region widely amplified in over 

40% of breast cancers (269) 40% of ovarian and 60% of pancreatic cancers (270). 

Increased TBX2 expression was also observed in prostate cancer compared to 

healthy tissue (271). This aberrant upregulated expression has been shown by our 

group to be associated with metastasis and poorer clinical outcome in breast cancer 
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(272). Furthermore, TBX2 was observed to induce EMT. This EMT was reversed with 

corresponding loss of mesenchymal markers and reduction in invasive capability of 

cell lines MDA-MB-435 with knockdown of TBX2 (272).  

A similar result was observed when downregulating TBX2 in PCa cell lines, PC3 and 

LNCaP, with subsequent reduction in cell proliferation and mesenchymal markers 

(271). This was accompanied by an increase in cellular senescence. Upon DNA 

damage or oncogenic insult senescence enacts permanent G1 cell cycle as a 

protective measure. It is predominately mediated by cyclin dependent kinases 

inhibitors, firstly initiated by p21WAF1/CIP1/SDII via p53 growth arrest (273). This is 

maintained by p16INK4a binding to CDK4 and CDK6, this prevents inactivation of the 

tumour suppressor RB1 and initiates arrest of the cell cycle (274).  

The locus that encodes p16INK4a, Cdkn2a, has an alternative transcript, p14ARF in 

humans and p19ARF in mice. By blocking MDM2 shuttling and sequestering MDM2 to 

the nucleus p14ARF protects TP53 from MDM2 degradation (275). In a senescence 

bypass screen TBX2 was observed to immortalise MEFs, by negatively regulating this 

Cdkna locus to downregulate p19ARF (276). TBX2 has also been found to regulate 

p14ARF through a variant Tbox site located close to the transcriptional start site (277). 

This indicates that the mechanism behind oncogenic TBX2 may lie in the bypass of 

senescence to maintain proliferation. This is supported by strong evidence that TBX2 

is a negative regulator of p21WAF1 expression (277),  disruption of TBX2 signalling 

leads to upregulation of p21WAF1 and induction or replicative senescence in both 

melanoma (278) and breast cancer (276). 

TBX2 is able to regulate senescence inducers other than CDKis, one of which is 

NDRG1 (N-Myc downregulated gene 1), a putative breast cancer tumour suppressor 

(279). However we have shown this negative regulation of NDRG1 expression is not 

direct and instead TBX2 recruits another transcription factor, EGR1, (early growth 

response 1) (279). TBX2 therefore does not act through direct promoter interaction 

but as a corepressor. TBX2’s exploitation of EGR1 is of importance as ERG1 itself is 

a convergence point for many signalling cascades and known to regulate some of the 

key breast cancer tumour suppressor genes, including PTEN and p53 (280). TBX2 

interacts with Heterochromatin Protein 1γ (HP1γ) and KAP1, a scaffolding protein for 

heterochromatin inducing factors such as histone methyltransferases (HMTs). This 

interaction is through a conserved HP1-binding motif (PxVxL) in the TBX2 N-terminus. 

This allows the decoration of promoters regulated by EGR1 with H3K9me3, a 
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repressive chromatin mark, mostly likely through recruitment of G9a, an HMT, thus 

inhibiting normal EGR1 function (281), see Figure 1.5 for schematic of proposed TBX2 

repression complex.    

Alongside senescence bypass, TBX2 has also been shown to be involved in apoptotic 

bypass and the proportion of anchorage independent growth (282). Together these 

all indicate the oncogenic potential of TBX2 and is evidenced by the higher poor 

survival of patients with breast tumours with high TBX2 levels. There is also increasing 

evidence to suggest similar biology in the pathogenesis of PCa and CRPC.  

 

Figure 1.5 TBX2 repression complex in breast cancer. TBX2 is amplified by 17q23 

amplification, recruits, HP-1, EGR1 and other chromatin modelling enzymes such as HDAC1 

to enact downregulation of expression of tumour suppressor genes (TSG) such as CST6, 

NDRG1 and p21WAF1. Proposed from past and ongoing work in the Molecular Signalling Group, 

Queen’s University Belfast. (272, 279, 281). 

1.7.2 Legumain 

One enzyme whose activity is increased with increased TBX2 signalling is Legumain 

(LGMN), due to the repression of LGMN’s endogenous inhibitor cystatin E/M (CST6) 

(272). LGMN, also referred to as Asparagine endopeptidase (AEP), is cysteine 

endopeptidase with a high specificity for hydrolysis of peptides on the carboxyl side 

of asparagine residues (283). LGMN localisation is organism specific, in plants LGMN 

is located in the vacuole and nuclear cell walls. However the majority of these 

compartments have an acidic pH and reducing redox potential, which is required for 

pro-LGMN to undergo autocatalytic activation (283) .LGMN is synthesised as a 

glycosylated 56kDa pro-form (pro-LGMN) which after activation is processed to the 

mature smaller 36 kDa form.  
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In humans LGMN is predominately localised in late endosomes and lysosomes where 

it is involved in processing of cathepsins and lysosomal degradation (284) although it 

is expressed in the extracellular environment (285). LGMN has several other roles 

including extracellular matrix (ECM) remodelling, including fibronectin degradation 

(168) and antigen processing for class II MHC presentation (286).  

A meta-analysis of ten studies concluded that LGMN percentages were significantly 

higher in solid carcinoma tissues than normal tissues (287), this includes gastric (288), 

liver (289), breast (290) and prostate (291). This aberrant upregulation correlates with 

tumours with a more aggressive phenotype (288) and poorer prognosis (287). It is 

believed that LGMN contributes to invasion and metastasis by initiating cell migration 

and mediating ECM degradation (292). LGMN also co-localises with integrins, 

concentrating in membrane associated vesicles at the invadopodia of tumours (81). 

Collectively, these findings implicate LGMN in the generation of a tumour micro-

environment that facilitates metastatic behaviour and drives cancer progression. 

However other studies have suggested LGMN may also have direct effects on cell 

proliferation. (293) This may be accompanied with a shift of LGMN localisation with 

carcinogenesis, 13-17 % of total LGMN in colorectal cancer cell lines found in the 

nucleus (294). This translocation to the nucleus and to the ECM with tumorigenesis 

appears to generate an incompatible pH, however cancer microenvironments tend 

towards acidity (295), additionally only un-complexed, fully activated LGMN is 

destabilised at neutral pH,  integrins, for instance, have been shown to stabilise LGMN 

(293). At neutral pH LGMN retains a stable carboxypeptidase activity (296). LGMN 

has been demonstrated to have protease-independent activity, it has even been 

demonstrated in tomato leaves to act as a TF, binding to the promoter of 1-

aminocyclopropane-1-caboxylic acid synthase (Acs) to induce expression in the 

ethylene biosynthesis pathway (297). Interestingly a study in colorectal cancer found 

that it was high nuclear LGMN that associated with poor prognosis not cytoplasmic 

LGMN (285). 

1.8 HSD17B4 

The HSD17B family is made up of 12 members, each has their own cell specific 

expression, regulatory mechanisms and substrate specificity (298). This family has a 

vital role in steroidogenesis,  via oxidation of C17 alcohol in androgens and estrogen 

to an inactive or less active ketone (types 2, 4, 8, 10 and 11) or alternatively reduce 

the ketone to an active steroid (dihydrotestosterone, testosterone or estradiol) (types 
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1,3,5, 6 and 7) (299). HSD17Bs are the key enzymes involved in development, growth 

and function of reproductive tissues of both genders, as they are control the 

intracellular concentration of active steroids (298). 

 

HSD17B4 is located in the peroxisomes and is characterised by a multidomain 

structure, in which the dehydrogenase domain is fused to a hydratase and a lipid 

transfer domain, unique among the family (300).  Post-translational cleavage of 

HSD17B4 produces a 32 kDa N-terminal fragment with D-3-hydroxyacyl CoA 

dehydrogenase (SCAD) activity and a 50 kDa C-terminal fragment with enoyl CoA 

hydratase activity and 3-ketoacyl CoA thiolase (SCP2) activity (301, 302). This allows 

HSD17B4 multifunctional properties, including peroxisomal β-oxidation of both long 

chain and branched fatty acids and estradiol oxidation to estrone (300, 303–305)  

Additionally HSD17B4 oxidises the testosterone precursor ∆5-androstenediol to 

DHEA, similar to HSD17B2 (304). 

 

Severe developmental defects resembling Zellweger syndrome, a peroxisome 

biogenesis disorder are caused by inactivating mutations of the HSD17B4 gene (306–

308). The symptoms of Zellweger syndrome include dysfunctional lipid metabolism, 

enlarged liver, cognitive impairment and characteristic facial features such as a high 

forehead. Recently HSD17B4 expression in PCa pathogenesis has been studied. 

HSD17B4 overexpression has been observed in PCa compared to matched normal 

epithelial tissue (299, 309). This overexpression correlates with poor disease 

outcome, as measured by time to PSA relapse (299), and higher Gleason grading 

(310).  

 

Elucidating the mechanism behind HSD17B4’s role in PCa is complicated by the 

range of HSD17B4’s normal substrates (such as very long chain fatty acids, branched 

fatty acids, and androgens/estrogens). A possible explanation is the carcinogenic 

nature of one of estrones metabolites, 4-OH estrone, with it leading to the formation 

of depurinating DNA adducts (311, 312). Hydrogen peroxide generated during 

peroxisomal β-oxidation of fatty chains is another source of potential carcinogenic 

oxidative damage (313). However this possible role in creating PCa initiating insults 

does not account for the decrease in proliferation of PC3 cells (a model of CRPC) 

observed with HSD17B4 knockdown via shRNA, demonstrating HSD17B4’s role in 

continued survival of PCa (314). One hypothesis is the conservation of androgens, or 
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even generation of estrogens by HSD17B4, possibly activating ERα and replacing an 

inhibited AR, allowing the continued progression of PCa to CRPC. 

 

A new anti-neoplastic agent, a semisynthetic isoflavonoid (CLIF), was demonstrated 

to decrease prostate and colon cancer proliferation (314). Biologically active 

biotinylated CLIF and subsequent pull down was used to identify the target as 

HSD17B4. Additionally, it was further clarified that CLIF only binds to HSD17B4 

isoforms that retain the C terminus. Therefore CLIF inhibits HSD17B4’s enoyl CoA 

hydratase activity (314). Further work is needed to determine if the D-3-hydroxyacyl 

CoA dehydrogenase activity found int the N terminus of HSD17B4 is not also involved 

in the pathogenesis of PCa. 

 

1.9 CoREST complex 

The first histone demethylase identified was LSD1, also known as KDM1A. LSD1 can 

demethylate mono- and di-methylated H3K4 and H3K9, this means that LSD1 is able 

to act as both a corepressor and coactivator respectively (315, 316). LSD1 co 

localises with AR, both in normal and cancerous prostate tissues to stimulate 

androgen dependent transcription (316). LSD1 is flavin-dependent monoamine 

oxidase (FAD), there is a coiled-coil ‘tower domain’ inserted within the amine oxidase-

like domain (AOL). In LSD2 there is a zinc finger domain instead of this tower domain 

(317). In addition the LSD1 N-terminal contains a SWIRM domain 

(swi3p/Rsc8p/Moira), which targets the nucleosome through protein-protein 

interactions (318). LSD1 has a unique binding site, while meditating LSD1’s 

demethylation function it also binds a range of nonhistone substrates, including p53 

(319–321). LSD1 has been observed via genome-wide chromatin-

immunoprecipitation studies to bind to both gene enhancer and promoter regions 

(322, 323). 

The tower domain of LSD1 interacts with the SANT2 domain of RE1-silencing 

transcription factor (REST) corepressor (CoREST) (324). CoREST acts as a scaffold 

to bring together both histone deacetylase and demethylase activities through joining 

HDAC1/2 (320) and LSD1 in a large protein complex (315, 320, 325, 326). This 

interaction with CoREST enables LSD1 to demethylate nucleosome targets (327). 

Other members of this complex include C-terminal binding protein (CtBP) (326), G9a 

(326), ZEB1 (328), and ZNF217 (320, 329). This CoREST transcriptional repressor 
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complex stabilises it components, with CoREST protecting LSD1 from proteasomal 

degradation in vivo (315). 

CtBP comprises of 3 functional domains. The first is a TF binding domain in the N-

terminus that recognises the PxDLS (where x is usually hydrophobic) peptide motif in 

promoter bound TFs (330). For instance in HDAC4 which interacts with CtBP to 

silence genes (331). While most binding partners of CtBP do contain the PxDLS 

sequence, such as ZEB1 (332), LSD1 is able to interact with the other regions of CtBP 

(326). CtBP is able to bind other proteins indirectly, such as G9a through Wiz, a zinc 

finger molecule (333). Growth factor independent 1 (GFI1) is also able to recruit G9a 

and HDAC1 in order to enact transcriptional repression through chromatin 

modification (334). One such gene silenced by GFI1 through assembly of this 

repressive complex is p21WAF1.  

The central region of CtBP contains a dehydrogenase domain, which contains an 

NADH or nucleotide binding domain (NBD). The NBD is involved in the 

oligomerization of CtBP (335), which enables CtBP’s role as a transcriptional 

corepressor. The dehydrogenase domain also contains a catalytic domain, which acts 

with the NBD as an active dehydrogenase (335), and also an RRT binding motif. This 

motif recognises the RRTGXPPXL sequence which is a feature of some TFs, 

including ZNF217 (336). ZNF217 also has the typical PxDLS motif, which allows 

ZNF217 to also bind in PxDLS binding cleft (336). Binding to CtBP has been observed 

to be crucial to ZNF217’s activity (336). 

Phosphorylation of CtBP at Ser158, located within the dehydrogenase domain, by p21-

activated kinase (PAK1) causes CtBP to be excluded to the cytoplasm (337). Other 

negative regulation of CtBP occurs with phosphorylation of this same residue 

alongside Thr178, by AKT which leads to proteasomal degradation (338). There is an 

extension of the C-terminus that stabilises substrate binding, CtBP is regulated 

through sumoylation and phosphorylation of the C-terminus (339, 340) and interaction 

with p19ARF (341).   

CtBP is an anti-apoptotic protein, knockdown of CtBP induces upregulation of the 

proapoptotic Bcl-2 and caspase-3 cleavage (341, 342). Therefore, it is not surprising 

overexpression of CtBP1 and 2 has been found in numerous solid carcinomas 

including PCa (343, 344). Additionally CtBP is thought to be involved in EMT, through 

repression of CDH1 via interaction with ZEB1 (345). ZEB1 has been found to interact 
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with HDAC1 and CoREST alongside CtBP, demonstrating its role in the CoREST 

complex (326). 

ZEB1 (Zinc E box binding protein 1) is known to regulate E-cadherin expression and 

can accelerate EMT (243). ZEB1 has been demonstrated to be overexpressed in 

PCa, which correlates with Gleason score (346). With ZEB1 silencing, via siRNA, cell 

proliferation, invasion and caspase-3 activity are all decreased in DU145 cells, 

through downregulation of the ERK1/2 signalling pathway. ZEB1 overexpression in 

22RV1 cells exhibited the opposite effects, increasing the aggressiveness of the cells 

phenotype (346).  

Another protein consistently identified as a member of this CoREST complex, 

alongside LSD1, G9a and HDACs is ZNF217 (347–349). ZNF217, a member of the 

Kruppel-like family of TFs, targets binding partners to specific genes through binding 

of the DNA with its zinc fingers. ZNF217 has also consistently been identified as an 

oncogene, with amplification found in in a range of cancers, including breast (40%) 

(350) and colon (60%) (351). ZNF217 was found to be elevated both at the mRNA 

and protein level in primary PCa compared to healthy prostate tissue (352). This 

elevation in breast and glioblastoma was found to be associated with poor clinical 

outcome (353–356). In hepatocellular carcinoma cells, silencing of ZNF217 leads to 

lower proliferation in vitro and in vivo (357), a finding mirrored in PCa cells (352). In 

comparison ZNF217 overexpression in HCC and breast cancer cells leads to EMT 

and invasion (353, 357). Similar to findings with CtBP, CDH1 expression was lowered 

through dimethyl removal at H3K4 by LSD1, which was recruited by ZNF217, on its 

promoter (357).  

This large multimeric complex is able to tightly control transcription through the 

initiation and maintenance the chromatin environment. Given this vital role in 

epigenetics it is not surprising that this complex has an emerging role in cancer 

progression, as detailed here almost all the components are linked to cancer 

progression and aggression in some form. 
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Figure 1.6 Schematic of transcriptional regulation by the CoREST complex.  

1.10 Novel therapeutics: targeting the CoREST Complex 

Almost all members of the CoREST complex are potential therapeutic targets, 

depicted in Figure 1.6. LSD1 is probably one of the more successful targets with 

inhibitors currently in clinical trials. TCP (tranylcypromine) was the first LSD1i (LSD1 

inhibitor) developed, initially used to treat depression (358). Newer derivatives more 

successfully targeted the FAD domain of LSD1 (359–361) and these have shown 

improved potency against LSD1 for the treatment of acute myeloid leukaemia (AML), 

for instance the inhibitor GSK-LSD1 (362).  

In addition to LSD1 known role in repression, more evidence is emerging of LSD1’s 

oncogenic role being independent of its demethylase activity. The first, OG86, an 

LSD1 inhibitor was found to enact extensive gene expression changes in AML without 

the expected accumulation of histone marks that LSD1 removes (323). In addition, a 

demethylase mutant LSD1 was able to rescue response to the drug. Forced 

overexpression of this mutant also recused the clonogenic ability of AML cells with 

LSD1 shRNA knockdown. This study concluded that disruption of LSD-ZNF217 

interaction with GFI1 was responsible for the drugs phenotypic effects (323).  

Furthermore Sehrawat et al. demonstrated that the catalytic ability of LSD1 is not 

required for all of its oncogenic potential. This study confirmed the importance of the 

interaction of LSD1 and ZNF217 in the context of PCa and used the drug SP2509, a 

reversible inhibitor, to disrupt this interaction. Inhibition of the binding partners caused 

potent cytotoxic effects on PCa cells; effect not seen with RN-1 a LSD1i that forms a 
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covalent adduct with FAD but leaves this binding intact. SP2509 was therefore shown 

to act independent of LSD1’s demethylase activity and also independent of AR (141). 

Seclidemstat, a clinical formulation of SP2509, is in phase I clinical testing for 

treatment of Ewing sarcoma and for advanced solid tumours (363, 364). The Ewing 

sarcoma cell lines that developed resistance to SP2509 proved highly sensitive to 

entinostat and vorinostat, HDAC inhibitors, possibly indicating an alternative a second 

line therapeutic approach. 

High levels of HDAC1 have been observed in prostate, gastric, and breast cancers 

among others (365–367) while HDAC2 high expression was found in colorectal, 

cervical and gastric cancers (368, 369). Inhibition of HDACs brings about cell cycle 

arrest, primarily through upregulation of p21WAF1 (370), and apoptosis (371). 

Therefore, work has been ongoing to target class 1 HDACs for treatment of cancer. 

Vorinostat was approved by the FDA as the first HDAC inhibitor for relapsed 

cutaneous T cell lymphoma. Valproic acid (VPA), a weak class 1 inhibitor, can inhibit 

bladder cancer invasion but not that of PCa cells (372). The inhibitor with the best 

efficacy in solid tumours to date is entinostat, a benzamide. An increase in 

progression free survival was observed in entinostat treated women with ERα positive 

breast cancer (373) and in combination with erlotinib in some NSCL patients (374).  

However, a challenge of inhibiting HDACs is that even with selective class I HDAC 

inhibitors the effect on the deacetylase activities is indiscriminate and affects a range 

of distinct HDAC-containing multiprotein complexes (375). This results in a small 

therapeutic index. A novel approach is to combine the effects of entinostat with an 

LSD1 inhibitor in a dual drug with multifaceted pharmacodynamics. This is supported 

by evidence of synergy of SP2509 with panobinostat, a pan-HDAC inhibitor, and a 

synthetic hybrid agent of entinostat and a derivate of TCP, in the treatment of AML 

cells, both in vitro and in vivo (376, 377). The targeting of the two enzymes in the 

same complex may circumvent the issue faced by the poor efficacy of single target 

therapeutic and produce synergistic effects in one drug, although further development 

Is needed to achieve full efficacy (377).  

There are a few mechanisms of action into inhibition of CtBP, one is targeting the 

dehydrogenase activity with MTOB, which can evict CtBP from occupied promoter 

regions (378). MTOB has shown efficacy in vivo in reducing tumour size in vivo of a 

colon xenograft (379). Second generation inhibitors have been created, such as HIPP 

(2-hydroxyimino-3-phenylpropionic acid) which causes cytotoxicity of several cancer 
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cells at millimolar concentrations (380). Ongoing work is addressing enhancing the 

efficacy of these CtBP inhibitors.  

Another strategy is removing CtBP’s ability to dimerise. Coupling a cyclic nona-

peptide, CP-61,  with TAT peptide, prevented CtBP locating to the nucleus by 

prevention of heterodimerisation with CtBP2 and caused reduced colony growth in 

breast cancer cells (381). The third mechanism is through targeting the PxDLS 

mediated interactions via a small molecule inhibitor, such as NSC95397 (382). 

However more work is needed to produce a more specific inhibitor.  

G9a is also overexpressed in human cancer, knockdown of G9a reduces cancer cell 

growth, providing the basis of targeting this enzyme for cancer therapy(383). Inhibition 

of G9a with UNC0642 reduced the viability of bladder cancer cells and in vivo reduced 

tumour size in nude mice with J82 engrafts (384). Another G9a inhibitor, BIX-01294,  a 

diazepin-quinazolinamine derivative, reduces cell proliferation and autophagy related 

death in a number of cancer cell lines, including MCF-7s (385–388). BIX-01294 can 

cause reversal EMT, it has been observed to induce differentiation of glioma stem like 

cells (GSCs) which may prove an effective strategy for treating glioblastoma (389).   
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1.10 Aims and Objectives 

Hypothesis: TBX2 signalling is dysregulated in PCa causing aberrant LGMN activity 

through recruitment of a repressive complex to inhibit tumour suppressor genes to 

enable senescence bypass and drive metastasis of prostate cancer cells. 

Overall Aim: This project aims to further understand the mechanisms underlying the 

signalling driving PCa advancement through investigation of TBX2 activity and its 

interactions. Also to probe the role of LGMN in prostate cancer and probe the 

possibility of targeting either LGMN or any interactors identified via BioID. With the 

further aim of revealing the repressive complex recruited by TBX2 to enact 

suppression of tumour suppressor genes and determining if inhibition or knockdown 

of this complex is a surrogate for inhibiting TBX2 function in PCa. This project hopes 

to  improve treatment options for CRPC patients by meeting the need for development 

of new treatment strategies to increase their survival by identifying candidates for 

novel therapeutics. 

Chapter 3: Characterising the Therapeutic Potential of Targeting Legumain in 

Prostate Cancer 

1 Measure the protein and RNA levels of the components of the TBX2 pathway 

in addition to LGMN activity in a panel of prostate cancer cell lines and 

compare these results to a non-cancerous prostate cell line to determine if this 

pathway is dysregulated in PCa. 

2 Determine if LGMN is a potential novel target for PCa treatment through siRNA 

silencing and inhibition with subsequent viability, clonogenic and migration 

assays to determine phenotypic effect on PCa cells compared to non-

cancerous prostate cells. 

3 Investigate the mechanisms behind LGMN activity through identification of any 

novel interactions via BioID and confirmation of interaction by co-

immunoprecipitation. 

4 Determine the phenotypic effects on PCa cells of knockdown of any identified 

interactors and investigate the wider family of proteins to further identify 

potential targets for therapeutic interventions.  

Chapter 4: Characterising the Role of TBX2 in Prostate Cancer 

1. Produce TBX2 stable overexpression cell lines to determine the effect of 

elevated TBX2 on gene suppression and phenotype in PCa with viability, 

clonogenic and migration assays. 



 Introduction 

39 

 

2. Further investigate TBX2 role in PCa pathogenesis via silencing of 

endogenous TBX2 and determination of subsequent phenotypic changes in 

PCa cells, via RNAi silencing and development of inducible shRNA cell lines 

with subsequent cell survival, clonogenic and migration assays. In addition 

use immunoblotting and RT-qPCR to measure protein and mRNA levels of 

genes that are candidates for TBX2 repression.  

3. Confirm presence of TBX2 on candidate gene promoters identified in aim 2 

via chromatin immunoprecipitation qPCR assays in PCa cells. 

4. Determine phenotypic effect, if any, of silencing any TBX2 repressed genes in 

prostate cancer, using clonogenic, viability and migration assays.  

Chapter 5: Characterising the TBX2 repression complex in prostate cancer 

1. Previous work has identified that TBX2 can recruit repressive complexes to 

enact gene suppression, and work within the group has identified the CoREST 

complex as a top candidate in breast cancer. This project aims to determine if 

a similar interaction occurs in PCa utilising co-immunoprecipitation. 

2. Determine effect of inhibition of LSD1 binding to ZNF217 via SP2509 

treatment, to investigate whether similar effects can be observed as with TBX2 

silencing to and determine if this complex is a potential therapeutic target to 

supress TBX2 function in PCa. 

3. Determine if apoptosis or senescence is induced with SP2509 treatment, 

additionally further investigate whether this phenotype is reversable upon 

withdrawal of treatment utilising flow cytometry and survival assays.  

4. Compare the effect of LSD1i to silencing of LSD1 and ZNF217 via siRNA and 

shRNA using immunoblotting, survival assays and drug response assays to 

determine if the two approaches produce similar effects on PCa cells. Also 

determine if knockdown of the target proteins or potential downstream 

effectors alters the  response of PCa cells to drug treatment.  

5. Perform combination studies of SP2509 with treatments that target other 

members of the CoREST complex to identify if synergistic or additive effects 

on PCa cells can be achieved with a dual CoREST member inhibitor approach. 

6. Lastly chromatin immunoprecipitation qPCR assays and chromatin 

recruitment assays will be utilised in the presence of TBX2 knockdown to 

investigate if there is any alteration in LSD1 chromatin recruitment or promoter 

binding of ZNF217, to aid in determining if TBX2 recruits the CoREST complex 

to enact gene suppression. 
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2.  

2.1 Cell Culture Techniques  

2.1.1 General Materials  

Cell culture reagents are detailed in Appendix 1: Buffers & Reagents.  

2.1.2 Prostate Cancer Cell Lines  

Cell lines utilised in this thesis and their key characteristics:  

Non-cancerous Prostate Epithelium:  

RWPE-1: immortalised with human papilloma virus 18 (HPV-18) 

Prostate cancer cell lines: 

LNCaP: epithelial cells, derived from metastatic site left supraclavicular lymph node 

from patient with confirmed metastatic prostate carcinoma, p53 type, PTEN, AR 

positive,  

C4-2B: epithelial like with thin processes, adherent, derivative of LNCaP-derived C4-

2 cells. 

22RV1: epithelial, derived from a xenograft that was serially propagated in mice after 

castration-induced regression and relapse of the parental, androgen-dependent 

CWR22 xenograft.  

PC3: epithelial, derived from metastatic site: bone from grade IV adenocarcinoma  

Lentivirus Producer Cell Line:  

HEK-293T: transformed human embryonic kidney cell line (able to produce envelope 

protein and gag-pol) 

2.1.3 Culturing of Human Prostate Cell Lines  

Cell lines were cultured in RPMI media (all prostate cell lines) or Keratinocyte Serum 

Free Medium (K-SFM) (RWPE-1) supplemented with bovine pituitary extract (BPE) 

and human recombinant epidermal growth factor (EGF) (Invitrogen) (RWPE-1 cells) 

in Nunc tissue culture flasks and maintained at 37oC and 5% CO2 incubators. All cell 

culture was performed in BioMAT Class II Microbiological Laminar Downflow Safety 

Cabinets. Regular contamination checks for mycoplasma were performed using the 

MycoAlert Mycoplasma Detection Kit (Lonza, BioScience).  
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Once 80% confluency of cells was reached, cells were passaged by removing all 

media and washing once with 5 ml 1x Phosphate-buffered saline (PBS) referred from 

now on as PBS. After removal of the PBS, 2 ml of 0.05% Trypsin was added to the 

flask and incubated at 37oC until cells detached. 8 ml of relevant fresh media was 

added, dependent on growth phenotype cells were split to a ratio of 1:4 to 1:10. 

RWPE-1 cells were centrifuged for 5 minutes at 125 x g and all media containing 

trypsin removed before resuspension in K-SFM. Fresh media and the cell suspension 

were added to a new T-75cm2 tissue culture flask to a total volume of 15 ml.  

2.1.4 Cell Counting  

Cells were trypsinised with relevant volume of 0.05% Trypsin. Once cells detached 

from the flask, trypsin was neutralised with at least an equal volume of media and 

cells suspended with gentle pipetting. 100μl of cell suspension was added to 10 ml of 

COULTER® ISOTON® II Diluent solution in a transparent Counter Vial. Cells were 

counted using the COULTER® Z2 particle count and size analyser set at 9μm-21μm. 

Each count was carried out in duplicate and average cell count calculated.  

2.1.6 Thawing Cryopreserved Cells 

10 ml of relevant media was prewarmed in a T-25cm2 at 37oC. Cryovials in liquid 

nitrogen storage were thawed at room temperature, and thawed cell suspension 

quickly added to the prewarmed media. After 24 hrs, to allow for cells to adhere to the 

flask, cells were washed once with PBS to remove DMSO and relevant fresh media 

added.   

2.1.7 Cryopreservation  

Once approximately 80% confluence had been achieved in a T-75cm2, cells were 

trypsinised as described above, and 5 ml of fresh media added. The cell suspension 

was centrifuged at room temperature at 1000 rpm for 5 minutes, and the cell pellet 

resuspended in chilled FBS-10% DMSO at approximately 2x106 cells/ml. 1 ml aliquots 

were transferred to a 1.8 ml CyroTube vials (Nunc, Thermo Fisher Scientific). The 

cryovials were stored overnight in a Mr Frosty Freezing Container (Thermo Fisher 

Scientific) at -80oC freezer before transferal to liquid nitrogen storage the following 

day. 
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2.2 Nucleic acid methods 

2.2.1 DNA Transfections  

For plasmid DNA transfections of cells Gene Juice Reagent (Novagen) was utilised 

as per the manufacturer’s instructions. Cells were seeded to achieve approximately 

70% confluency at the time of transfection, usually 1.2 x 106 in a p90 Nunc dish in 10 

ml of media. 20 µL of GeneJuice Reagent (Merck Millipore) was mixed with 500 µL of 

OptiMEM in a sterile 1.5 ml tube and incubated for 5 minutes at room temperature. 

Then 5 µg of plasmid DNA was added to the mixture and mixed by pipetting and 

incubated at room temperature for a further 15 minutes. This transfection solution was 

then added dropwise to the appropriate culture dish, which was then gently tipped 

side to side to ensure adequate mixing. After incubation at 37oC and 5% CO2 for 48-

72 hrs the cells were harvested. 

2.2.2 Small Interfering RNA (siRNA) Transfections 

The siRNA sequences utilised are listed in Appendix 2: siRNA Sequences.  

For the siRNA transfections Lipofectamine RNAiMAX Reagent (Invitrogen) was used 

as per the manufacturer’s instructions. All transfections were conducted with a non-

targeting control siRNA sequence (scrambled). 8.25µL of Lipofectamine RNAiMAX 

reagent was incubated with 1.25 ml of OptiMEM (Gibco) serum free media for 5 

minutes. In a separate tube 6.25 µL of 40 μM siRNA was incubated for 5 minutes with 

OptiMEM. After the incubations at room temperature the two solutions were gently 

mixed together and incubated at room temperature for a further 15 minutes. The final 

solution was mixed with 7.5 ml of cell suspension at 8x105 cells per ml and all plated 

into a p90 Nunc dish. After incubation at 37oC and 5% CO2 for 24-72 hrs the cells 

were harvested. 

2.2.3 RNA Extraction  

RNA extraction was performed using the guanidium isothiocyanate-phenol-

chloroform method.  The harvested cells were pelleted using centrifugation at 1000 

rpm at room temperature for 5 minutes. Any media was discarded and in a fume 

cupboard, 1 ml of RNA STAT-60™ (Roche) was added to the cells in a 1.5 ml tube 

and the pellet broken up by pipetting before the tubes left at room temperature for 5 

minutes. 200 µl Chloroform was added and the solution homogenised by vortexing 

for 45 s. The tubes were centrifuged at 16,100 x g for 15 minutes at 4oC, the upper 

aqueous layer containing the RNA was carefully removed to a clean 1.5 ml tube. 500 
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µl of ice cold 2-propanol was added and the tubes centrifuged at 16000 x g for 10 

minutes after inverting the tubes 8 times to precipitate the RNA. The RNA pellet was 

washed twice with ice cold 70% ethanol and 10 minutes centrifugation at 16,100 x g 

at 4oC, without resuspending the pellet. All 70% ethanol was discarded, and the pellet 

left to air dry at room temperature for no more than 10 minutes. The RNA pellet was 

resuspended in 30 µl DNAse/RNAse free H2O, and RNA either kept on ice for next 

steps or immediately flash frozen and stored at -80oC. 

2.3.4 Quantification of RNA and DNA  

All extracted RNA and DNA was quantified using the NanoDrop 1000 

spectrophotometer (Thermo Fisher Scientific). The NanoDrop was first cleaned with 

nuclease free H2O and then 1 µL of fresh nuclease free H2O was used to generate a 

blank. 1 µL of each sample was pipetted onto the instrument and the optical 

absorbance was measured at 260nm and 280nm. Any absorbance between 1.8 and 

2.0 was deemed sufficient purity for continuation of use of the RNA or DNA sample. 

2.2.5 cDNA synthesis from extracted RNA samples  

Once quantified, the RNA was used to in complimentary DNA (cDNA) synthesis using 

the Transcriptor First Strand cDNA Synthesis Kit (Roche) as per to the manufacturer’s 

instructions. To summarise, 2 µg of RNA and 2 µL of 600 pm/µL Random Hexamer 

Primers were made up to 13 µL total volume with nuclease free H2O and incubated 

at 65oC for 5 minutes to ensure annealing of primers. Then, 4µL of 5x reaction buffer 

was added along with, 2 µL dNTP mixture, 0.5 µL Reverse transcriptase enzyme and 

0.5 µL RNAse inhibitor to a final volume of 20 µL. This mixture was incubated to the 

following program: 25oC for 10 minutes, 55oC for 30 minutes. 85oC for 5 minutes, 

synthesis mixture cooled and kept at 4oC. cDNA was either kept on ice for next steps 

or immediately stored at -20oC. 

2.2.6 Real-time Quantification PCR (RTqPCR) 

2.2.6.1 Real time (RT) Primer Sequence Design 

To begin the RefSeq accession code, obtained from the National Centre of 

Biotechnology Information database, of the gene of interest was put into Roche 

Universal Probe Library Assay Design Centre. Selection was made to remove any 

intron spanning PCR products. Real time (RT) primer sets were designed to achieve: 

30-70% G-C content; a melting temperature of 55oC, a primer sequence length of 

approximately 20 base pairs (bp) an amplicon length between 75 and 175 bp and a 

low self-complimentary score. 
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Four known concentrations of reference cDNA, prepared from RNA (see section 

2.2.5) from a selection of human cell lines, were used in the validation RT-qPCR of 

all candidate RT primer sets. In this RTqPCR validation a standard curve was 

generated, and primer sets passed under the condition that only one melting peak 

was observed and the assay had a slope close to -3.32 (100% efficiency). This 

ensured that the RT primer set only amplified one PCR product. All validated RT 

primer sequences used are detailed in Appendix 2: Primer sequences. 

2.2.6.2 Real time qPCR Assay (RTqPCR) 

cDNA samples were usually prepared by diluting 1:10 with nuclease free H2O. All RT-

qPCR assays were performed on the LightCycler platform (Roche) in a white 

LightCycler® 480 96-well plate (Roche). For each gene of interest a mastermix was 

prepared, resulting in the following reaction mix in each well:  

• 5 µl LightCycler® 480 SYBR Green I Master Mix (Roche) 

• 0.5 µl 10 µM Forward primer  

• 0.5 µl 10 µM Reverse primer  

• 2 µl Nuclease free H2O 

To each well 2 µl of relevant cDNA sample was added to the 8 µL of reaction mix and 

the plated carefully sealed to separate each well. The plate was then gently vortexed 

and centrifuged for 20 s. The RTqPCR was then performed using the following cycles 

in Table 2.1 

Table 2.1: PCR amplification cycle parameters 

Step no. No. Cycles Temperature (oC) Time (s) 

1 1 95 300 

2 45 

95 

55 

72 

10  

10  

20  

3 (Melt Curve) 1 65-97 ramp rate of 2.2oC/second, 5 acquisitions per oC. 

4 1 40 30  

5 1 4 Hold 
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2.2.6.3 Quantification of Relative Gene Expression 

As detailed above a standard curve was generated using four known concentrations 

of reference cDNA in the LightCycler 480 software and this was used to generate a 

value for the relative expression of the gene of interest. All cDNA relative gene 

expression values were then normalised to at least one housekeeping gene to allow 

for variation of cDNA quantity between samples. The normalised gene expression of 

the sample was then divided by the normalised gene expression of the control sample 

to determine relative transcript fold change of the gene of interest.  

2.2.7 Chromatin Immunoprecipitation Assays 

2.2.7.1 Fixation of cells 

Cells were cultured as relevant, the cells were collected and counted with a 

haemocytometer. 2 x107 cells were collected into a 15 ml falcon. Cells were washed 

twice with 10 ml PBS and resuspended in 9.4 ml PBS and 625 µL 16% methanol-free 

formaldehyde was added, the cell suspension was rotated for 10 minutes at room 

temperature.   

The formaldehyde was quenched by adding 4 ml cold 2.5 M glycine and rotating for 

5 minutes at room temperature. Cells were spun at 500 x g for 5 minutes at 4oC and 

washed twice with cold PBS.   

2.2.7.2 Lysis of cells 

The pelleted cells were resuspended in 10 ml cold Cytoplasmic Lysis Buffer and 

rotated at 4oC for 15 minutes, the chromatin fraction was pelleted 1000 x RCF 4oC for 

10 minutes, the supernatant discarded, and the pellet again resuspended in 10 ml 

Cytoplasmic Lysis Buffer and rotated at 4oC for 15 minutes. After spinning as before, 

and again discarding the supernatant the chromatin fraction was resuspended in 10 

ml. Nuclear Lysis Buffer and rotating at 4oC for 15 minutes. The chromatin fraction 

was pelleted as before, and the supernatant discarded, and the pellet resuspended 

in 1.8 ml Nuclear Lysis Buffer.  

2.2.7.3 Sonication of Chromatin suspension 

To six TPX 2 ml tubes 330 µL of Chromatin suspension was added and sonicated in 

UCD-500 water bath sonicator prechilled to 4oC for three sets of 11 cycles. The tubes 

were inverted 6 times between sets of cycles. The SDS was sequestered with addition 

of 30 µl 10% Triton X-100 to each tube and spinning at 13000 rpm for 10 minutes.  
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2.2.7.4 Chromatin preclearing and IP of protein/DNA complexes 

30 µl of protein G dynabeads per sample, was washed twice in Beads Wash Buffer 

and resuspended in Ch-IP dilution buffer. The beads were then added to the pooled 

sonicated chromatin in a 2 ml DNA lobind tube.   

The chromatin-beads mix was rotated for at least 2 hrs at 4oC, after which the pre-

cleared lysate was moved to a 15 ml falcon and diluted 1:6 with Chip Dilution Buffer. 

180 µl of diluted chromatin was removed and saved as the input sample.  

3 µg of antibody of IgG was added to relevant tube and lysate/ antibody suspension 

was incubated overnight at 4oC with rotation.  

After incubation 60 µl of protein G beads per IP were collected and washed twice with 

CHIP beads wash buffer. After resuspension with CHIP dilution buffer, the beads were 

added to the lysate/antibody suspension and incubated for 2 hrs at 4oC with rotation 

to allow capture of the antibody/DNA complexes to the beads. The beads were 

collected into a new 1.5 ml lobind tube with CHIP cytoplasmic lysis buffer. The beads 

were washed twice again with CHIP cytoplasmic lysis buffer, then washed twice with 

high salt buffer, washed once with lithium chloride buffer and finally washed in low TE 

buffer. 

2.2.7.5 Purification of DNA  

The beads were resuspended in 300 µl Ch-IP elution buffer. The saved input samples 

were made up to 300 µl with Ch-IP elution buffer. All samples were incubated at 65oC 

with shaking at 1000 RPM overnight.  

The next day 50 µL of Proteinase K was added to each sample and incubated for 2 

hrs at 55oC with shaking at 1000 RPM. 300 µl of room temperature phenol chloroform 

isoamyl alcohol was added to each sample and each tube was inverted 8 times until 

milky in appearance. After 3 minutes the samples were spun at maximum speed for 

5 minutes at room temperature.  

The clear supernatant at the top of each sample was collected into a new 1.5 ml lobind 

tube. To each tube 30 µl sodium acetate, 1 µl glycoblue and 300 µl cold isopropanol 

was added. The tubes were vortexed for 30 s and immediately incubated at – 80oC 

for at least 30 minutes.  

After freezing the samples were thawed on the bench and then immediately spun at 

maximum speed for 30 minutes. The supernatant was removed, and the blue pellet 

washed with cold ethanol. The DNA pellet was resuspended in 100 µl Low TE buffer.  
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The DNA was quantified using the qBit software with the dsDNA kit (Qiagen). The 

DNA was then either immediately used or stored at -20oC. 

DNA levels in Chromatin-Immunoprecipitation were quantified using RT-qPCR, set up 

as in section 2.2.6 but with PCR cycles as in Table 2.2, with primer sets designed to 

a gene’s promoter or a negative control of a region within the gene. Ct values were 

made relative to the Ct value of the relative input sample and compared to the IgG 

sample to ensure any DNA pull down was not due to unspecific biding of the 

protein/DNA complexes to IgG.  

Table 2.2: qPCR amplification cycle parameters for ChIP RTqPCR  

Step no. No. Cycles Temperature (oC) Time (seconds) 

1 1 95 300 

2 45 

95 

61 

72 

10  

30 

45  

3 (Melt Curve) 1 
65-97 ramp rate of 2.2oC/second, 5 acquisitions 
per oC. 

4 1 40 30  

5 1 4 Hold 

    

2.3 Recombinant DNA techniques 

2.3.1 Restriction Enzyme Digest  

Restriction Enzyme Digestion was used to determine success of cloning of the insert 

DNA into the desired vector and utilised NEB restriction endonucleases, as per 

manufacturer’s instructions. A 10 µl reaction mix was composed of: 

• 1 µl 10x Restriction buffer 

• 0.5 µl Restriction enzyme 1 

• 0.5 µl Restriction enzyme 1 

• 1 µg DNA 

• Remaining 10 µl volume made up with DPEC treated H2O 
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The reaction mix was incubated at 37oC for 1 hr in a water bath. The restriction 

digested fragments were resolved via agarose gel electrophoresis, see 2.3.2 Agarose 

gel electrophoresis.  

2.3.2 Agarose Gel Electrophoresis 

1 % Agarose gel was made up with 1g of Ultrapure Agarose (Invitrogen) and 100 ml 

1x TBE buffer in a plastic conical flask. To dissolve the agarose the solution was 

heated in a microwave for periods of 30 s with stirring. Once sufficiently cooled 5 µL 

SYBR Safe DNA Gel Stain (Invitrogen) was added, the gel solution was mixed gently 

and poured into the gel casting tray with the appropriate comb. When set the agarose 

gel, still in the casting tray, was inserted into the electrophoresis tank. The comb was 

removed, and the wells flooded with 500 ml of 1x TBE buffer. The relevant molecular 

weight marker, either Gel Pilot 1kb or 100 bp ladders (Qiagen), was loaded into the 

first well. The DNA was mixed in 5:1 with 5x Orange G loading dye and loaded into 

the appropriate wells. The gel was electrophorized at 100 volts until DNA fully 

separated down the gel. The individual bands were imaged under UV light using 

GeneSnap software (Syngene) on the ChemiGenius transilluminator (Syngene) 

platform.   

2.3.3 DNA Purification from Agarose Gel 

The area of gel containing desired DNA fragment/plasmid was identified and the area 

surrounding it was excised with a fresh scalpel. The piece of gel was transferred to a 

1.5 ml tube. The QIAquick Gel Extraction Kit (Qiagen) was used according to the 

manufacturer’s instructions to extract and purify the DNA from the gel. DNA samples 

were then used immediately or stored at -20oC. 

2.3.4 Oligo annealing and DNA ligation 

The oligos were reconstituted in ddH2O to 0.1 nmol/µl. 11.25 µl of each oligo (top and 

bottom) were combined with 2.5 µl 10x annealing buffer in a 500 µl PCR tube. The 

tube was placed in a beaker containing H2O above 95oC and left to cool on the bench 

to 30oC. The annealed oligo mixture was diluted 1:400 with 0.5 x annealing buffer.  

DNA ligation was performed with the linearized vector, via restriction digest (see 

section 2.3.1), desired DNA insert and T4 DNA ligase (NEB) at a molar ratio 

calculated with Equation 1, with final vector concentrations of between 1 and 10 ng/µl.  

• 1 µl 10x T4 DNA Ligase Reaction Buffer  

• 1 µl T4 DNA Ligase 
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• Calculated µg of vector DNA 

• Calculated µg of Insert DNA 

• Reaction made up to 10 µl with Nuclease free H2O 

To ensure efficient ligation two negative controls were prepared, one with no DNA 

insert added and another with neither the insert nor the T4 DNA ligase added. All 

ligation reaction mixes were incubated for at least 16 hrs at 4oC.  

Equation 1 Calculation of molar ratio of insert to vector 

𝐼𝑛𝑠𝑒𝑟𝑡 𝑚𝑎𝑠𝑠 (𝑛𝑔) =  (
(𝑖𝑛𝑠𝑒𝑟𝑡 𝑙𝑒𝑛𝑔𝑡ℎ (𝑏𝑝)𝑥 𝑉𝑒𝑐𝑡𝑜𝑟 𝑚𝑎𝑠𝑠 (𝑛𝑔))

𝑉𝑒𝑐𝑡𝑜𝑟 𝐿𝑒𝑛𝑔𝑡ℎ (𝑏𝑝)
)  𝑥 𝑀𝑜𝑙𝑎𝑟 𝑅𝑎𝑡𝑖𝑜 𝑜𝑓 𝑖𝑛𝑠𝑒𝑟𝑡 𝑣𝑒𝑐𝑡𝑜𝑟 

2.3.5 Transformation of competent cells 

Competent E coli DH5a bacterial cells (Invitrogen) were transformed with the ligated 

DNA. 50 µl of bacterial cells were mixed with the ligated DNA in a 1.5 ml tube and 

stored on ice for 15 minutes. The bacteria: DNA mix was then treated to heat shock 

by heating for 1 minute in a water bath at 42oC.  

200 µl of sterile RT Lysogeny Broth (LB) was added to the bacteria: DNA mix and 

incubated with shaking for an hr at 37oC. This bacteria/DNA mix was spread on to 

prepared LB agar plates, containing the relevant selection antibiotic, typically 

ampicillin. The bacteria were incubated overnight at 37oC to develop colonies. 

2.3.6 Mini prep for extraction of Plasmid DNA 

LB media was prepared and autoclaved and was cooled sufficiently, 2 ml of LB media 

was added, along with 1:1000 of the selection antibiotic 50 µM Ampicillin, into a 13 ml 

culture tube.  A single bacterial colony was selected using a p10 pipette tip and the 

tip placed into the 13 ml culture tube.  This bacterial colony was incubated in the LB 

media in an orbital shaker and shaken overnight at 170 rpm at 37oC. The desired 

plasmid was isolated from the bacterial suspension the next day via the resource 

Plasmid miniKit (bioscience) as per manufacturer’s instructions.  

Plasmid DNA was quantified via the Nanodrop 1000 Spectrophotometer as in section 

2.3.4, before storage at -20oC.  

2.3.7 Maxi prep for extraction of Plasmid DNA 

200 ml of LB media was prepared and autoclaved in a glass conical flask. The 

selection antibiotic 50 µM Ampicillin was added 1:1000 into the prepared LB media 
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with 1 ml of glycerol stock (prepared as in section 2.3.5) or 1.5 ml of bacteria 

suspension. The conical flask was placed in an orbital shaker and shaken overnight 

at 170 rpm at 37oC. The desired plasmid was isolated from the bacterial suspension 

the next day via the GenoPure Maxi Kit (Roche) as per manufacturer’s instructions.  

Plasmid DNA was quantified via the Nanodrop 1000 Spectrophotometer as in section 

2.3.4, before storage at -20oC.  

2.3.8 Bacterial stock preparation 

To ensure long term storage of the prepared bacterial colonies, in a cryovial 1 ml of 

bacterial suspension was mixed with 1 ml of 1:1 solution of glycerol: LB media. These 

bacterial stocks were stored at -80oC. 

2.3.9 Plasmid DNA sequencing 

For sequencing of plasmids of interest Eurofins Genomics LIGHTRUN Sequencing 

service was used. Plasmids were prepared using the Mix2Seq Kit with primers 

specific to the plasmid backbone, as per manufacturer’s instructions. The returned 

FASTA file was analysed using GenoComplier software.  

 2.3.10 Stable transduction with lentivirus 

During all work with the lentivirus SOP for viral work was followed, including UV 

treatment of any waste in double bags for 1 hr before disposal and PPE including 

double gloves.  

2x 106 HEK-293T cells were plated into a Nunc P90 culture dish and left to adhere 

overnight at 370C and 5% CO2. The next day the following transfection mixture was 

combined: 

• 200 µL OptiMEM 

• 20 µL GeneJuice transfection reagent 

• 4 µg DVPR packaging plasmid 

• 1.5 µg VSVG packaging plasmid 

• 5 µg of the desired DNA plasmid 

The mixture was gently mixed and incubated for 15 minutes at room temperature. The 

transfection solution was then added dropwise to the relevant p90 dish and gently 
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rocked side to side to mix. The HEK293T cells were incubated with the transfection 

mix overnight at 370C and 5% CO2.  

The next day all media and transfection reagents were removed and replaced with 6 

ml of fresh DMEM media and again the cells were cultured overnight at 370C and 5% 

CO2. 

The next day the infectious media was collected into a 15 ml tube and stored at 4oC 

(Collection 1). 6 ml of fresh media was carefully added to the P90 and the cells were 

cultured overnight at 370C and 5% CO2 

The final day of collection of infectious media, the infectious media was removed from 

the P90 (Collection 2) and combined with the relevant Collection 1. The infectious 

media was filtered with a 0.45 nM filter to remove any HEK293T cells but retain 

prepared Lentivirus.  

1 ml of infectious media, with 1:1000 Polybrene, was added to P90 plates of desired 

cell line, seeded the previous day at 1.7 x106 cells per P90 culture dish. One P90 dish 

was left without infectious media to act as the antibiotic selection control. The cells 

were cultured overnight with the infectious media at cells were cultured overnight at 

370C and 5% CO2. 

The following morning the infectious media was removed from the P90 dish and the 

cells washed twice with PBS. The PBS was replaced with the usual culture media and 

returned to 370C and 5% CO2. After 6 hrs the media was removed and replaced with 

media containing relevant antibiotic selection and cultured at 370C and 5% CO2 until 

all cells in the selection (non-transduced) control plate died.  

The transduced cells were then cultured as a mixed population as in section 2.1.3. To 

induce shRNA expression cells were cultured with doxycycline at 0.5 µg/ml and 1 

µg/ml for C42B and PC3 cell lines respectively. 
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2.4 Protein Methods 

All lysis buffers and reagents used in the following protein methods are detailed in 

Appendix 3: Protein buffers and reagents 

2.4.1 Protein Extraction 

2.4.1.1 Whole cell lysis 

At relevant time of harvest the culture media was removed from P90 Nunc culture 

dish and the plate washed once with chilled 1x PBS. Once the PBS was removed. 

Erythrocyte Lysis Buffer (ELB), containing 1:1000 protease inhibitor cocktail (PIC) 

(Roche), was added, typically 200 µl per confluent P90 dish. The ELB was left to lysis 

for 5 minutes on ice before a clean plate scraper was used to harvest the total cell 

lysed protein into a 1.5 ml tube. The protein sample was vortexed for 15 s before 

centrifugation at 16000 x g at 4oC for 10 minutes. The cleared protein lysate was 

removed to a clean 1.5 ml tube. The protein samples were then stored on ice before 

quantification, see section 2.4.2, and then stored at -20oC.  

2.4.1.2 Cytoplasmic fractionation 

At relevant time of harvest the culture media was removed from P90 Nunc culture 

dish and the plate washed once with chilled 1x PBS. Once the PBS was removed, 1 

ml of fresh chilled PBS was added, and the cells harvested gently with a plate scraper 

and collected in a clean 1.5 ml tube. The cells were pelleted by centrifugation at 1000 

rpm for 5 minutes at 4oC. The PBS was removed, and Nuclear/Cytoplasmic Buffer A 

was added, typically 250 µl for a confluent P90 dish, and the pellet was broken up by 

passing the cell suspension 10 times through a 21-gauge needle. The samples were 

left to lyse for 15 minutes on ice before centrifugation at 16000x g for 2 minutes at 

4oC.  

The supernatant was removed to a clean tube and cleared of cell debris by 

centrifugation at 16,100 x g and 4oC for 2 minutes. Again the supernatant was retained 

as the cytoplasmic fraction and removed to a clean 1.5 ml tube and the pellet 

discarded. 

The pellet from above was washed twice with Nuclear/cytoplasmic buffer A, by 

resuspension by vortexing for 15 s of the pellet and centrifugation at 16,100 x g and 

4oC for 2 minutes. All buffer A was removed, and the pellet was lysed with relevant 

volume of Nuclear/Cytoplasmic Buffer C. The samples were left on ice for 20 minutes 

to allow for lysis before sonication at 40% power for two 15 s cycles, and chilled on 
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ice between cycles. The samples were then centrifugation at 16,100 x g and 4oC for 

5 minutes and the supernatant removed to a clean 1.5 ml tube as the nuclear fraction.  

The protein samples were then stored on ice before quantification, see section 2.4.2, 

and then stored at -20oC 

2.4.1.3 Chromatin fractionation 

At relevant time of harvest the culture media was removed from P90 Nunc culture 

dish and the plate washed once with chilled 1x PBS. Once the PBS was removed, 2 

ml of fresh chilled PBS was added, and the cells harvested gently with a plate scraper. 

The cells were split evenly between two clean 1.5 ml tubes. Both tubes containing 

cells were pelleted by centrifugation at 1000 rpm for 5 minutes at 4oC, with one pellet 

taken for whole cell lysis, see section 2.4.1.1. 

The other pellet was resuspended in Chromatin fractionation buffer, containing PIC at 

1:1000, and left to lyse for 15 minutes on ice. The samples were centrifuged for 5 

minutes at 2000 g at 4oC, and the supernatant removed to a clean 1.5 ml tube as the 

soluble fraction.  

The remaining pellet was washed three times with Chromatin fractionation buffer 

without resuspending the pellet, before the pellet was resuspended in 100 µL of fresh 

Chromatin fractionation buffer. The samples were then sonicated to break up the 

chromatin at 40% power for two 15 s cycles, and chilled on ice between cycles. The 

resulting solution is the chromatin fractionation. All samples were then quantified 

before storage at -20oC. 

2.4.2 Protein quantification and preparation 

Protein Assay Dye Reagent (BioRad) was diluted 1:5 with deionised H2O. 2 µL of 

protein sample and 198µL of 1x Bradford assay was added to each well of a 

transparent Nunc 96 well plate and mixed by gentle pipetting. The absorbance was 

read at 570 nm by FLUOstar Omega Plate Reader (BMG Labtech) and four protein 

samples of known BSA concentration in duplicate were used to generate a standard 

curve and a lysis buffer only sample to control for baseline absorbance. The standard 

curve was used to calculate the concentration from the average of duplicates from 

each protein sample.  

The protein was then made up to a standard concentration, usually 1.5 µg/µL, with 

1:4 dilution of 4x Bolt LDS Sample Buffer (Novex Life Technologies), 1:10 dilution 
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of DTT and made up to volume with the relevant lysis buffer. The samples were then 

heated to 95oC for 5 minutes with a hot block.  

The samples were then cooled on ice before use in western blotting (see section 

2.4.4) or stored at -20oC.  

2.4.3 Co-Immunoprecipitation 

Cells were harvested and lysed either as described above in section 2.4.1.1 for total 

cell lysis or section 2.4.1.2 for cytoplasmic fraction and the nuclear fraction used, with 

care taken to keep samples cold. The samples were quantified as above. 

50µL of DynaBeads (Invitrogen) were used for each pull down. The breads washed 

three times with 1 ml of ELB buffer with added 1:1000 PIC, using a magnetic holder. 

The ELB was discarded and twice the original volume of the beads of ELB added and 

the beads resuspended, 100 µL of beads was added to four 1.5 ml tubes. 1 mg of 

protein sample was added to two tubes each containing beads. 3 µg of antibody 

specific to the protein of interest was added to one of the remaining 1.5 ml tubes 

containing beads. To the last 1.5 ml tube, 0.3 µg of the appropriate IgG control 

(Dakocytomation) was added. All volumes were made up to 1 ml with ELB +PIC, 

sealed with parafilm, and rotated for at least four hrs at 4oC to preclear the protein 

and allow the antibody and IgG control to attach to the beads respectively.  

After 4 hrs the DynaBeads with conjugated antibody or IgG were placed in a magnetic 

holder and left for at least 1 minute to allow the beads to adhere to the wall of the 

tube. All supernatant was removed and the beads washed of any unattached antibody 

or IgG with 1 ml ELB + PIC three times. All ELB was then removed and replaced with 

1 ml of the precleared protein. All tubes were then sealed and rotated at 4oC for a 

further 16 hrs.  

After overnight incubation the tubes were placed on a magnetic holder and all liquid 

removed, the beads were washed as before for a total of five times with ELB + PIC, 

before all liquid was removed. 20 µL of 2x Protein sample buffer (10 µl Bolt LDS Dye, 

2 µl 1M DTT, 13 µl ELB) was added to the DynaBeads. The tubes were then heated 

for 10 minutes at 95oC and briefly vortexed every 2 minutes, to allow for any 

interacting protein attached to the DynaBeads to be removed.  

The total 20 µL of antibody and IgG control pull downs were loaded alongside 15 µg 

of Input control into an SDS poly-acrylamide gel and run as in section 2.4.4. 
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2.4.4 Western blot assay 

2.4.4.1 Preparation of SDS-polyacrylamide Gels 

Using BioRad apparatus 10% Tris/Glycine SDS-Polyacrylamide gels were hand 

poured. The solutions for both the resolving and stacking gels were prepared then 

poured between two glass plates set on a casting stand. The appropriately 

numbered well comb was added prior to polymerisation of the resolving gel. 

Alternatively protein Gel electrophoresis was conducted using Bolt 4-12% Bis-Tris 

Plus pre-cast gels (Invitrogen) that were set up according to manufacturer’s 

instructions. 

2.4.4.2 Sodium dodecyl sulfateVpolyacrylamide gel electrophoresis 

(SDSVPAGE) and protein transfer 

Protein samples, typically 30 µg, were loaded into the relevant wells of a Bolt-tris Plus 

precast gel alongside 5 µL of pre-stained molecular weight protein ladder (PageRuler 

Plus) (Thermo Fisher Scientific) in a separate well. All empty wells were loaded with 

equal volume of 1x protein loading buffer. The gel was electrophoresed with 500 ml 

of 1 x running buffer to resolve the proteins by size through the gel, typically 120 volts 

(V), until the dye front reached the bottom of the gel.  

 

The proteins were then transferred to polyvinylidene fluoride (PVDF) transfer 

membrane (Thermo Fisher Scientific), activated in 100 % methanol for 1 min, using 

wet transfer in a Bio-Rad electrophoresis tank with chilled 1x Transfer buffer with 15 

% methanol for 1 hr at 100 V at 4oC.  

Quality of transfer was assessed with Ponceau S (Sigma-Aldrich), which was washed 

with 1 x Tris-Buffered Saline with Tween (TBST). The membranes were ten blocked 

with 5% powdered milk (Sigma-Aldrich) in TBST for 1 hr. 

 2.4.4.3 Immunoblotting 

The blocked membranes were rolled in overnight at 4oC in milk containing primary 

antibody for the protein of interest. All primary antibodies were optimised previously 

in the lab or for this project by knockdown or overexpression of target to determine 

antibody specificity. The following day membranes were washed three times for at 

least 5 minutes with TBST before applying the relevant HRP conjugated secondary 

antibody for 1 hr at room temperature. Membranes were washed again with TBST 

three times for 5 minutes, and subsequently incubated with enhanced 

chemiluminescence substrate (Luminata Western HRP substrate (Millipore) and HRP 



2.Experimental Procedures  

57 

 

activity assessed by imaging using GeneSys software (Syngene) in a Syngene G-box 

imager. Densitometry was performed on using ImageJ software with all protein levels 

normalised to housekeeper protein, generally β tubulin, GAPDH or vinculin, for whole 

cell or cytoplasmic fractions and TBP or H3 for nuclear fractions.   

2.4.5 Legumain activity assay  

At relevant time of harvest the culture media was removed from P90 Nunc culture 

dish and the plate washed once with chilled 1x PBS. Once the PBS was removed, 1 

ml of fresh chilled PBS was added, and the cells harvested gently with a plate scraper 

and collected in a clean 1.5 ml tube. The cells were pelleted by centrifugation at 1000 

rpm for 5 minutes at 4oC. The PBS was removed and 150 µL of chilled LGMN activity 

buffer with 1:1000 PIC was added, to ensure homogenous lysing the pellets were 

passed through a 21 Gauge needle 10 times and left for 10 minutes on ice.  

The cell suspension was then centrifugated at 16000 x g for 10 minutes at 4oC and 

the supernatant transferred to a clean tube. The protein concentration was quantified 

as above in section 2.4.2, and 20-25 µg of each sample added with LGMN activity 

assay to a volume of 30 µL in duplicate to a black clear bottom 96 well plate. LGMN 

substrate, Z-Ala-Ala-Asn-MCA (peptides institute cat. No 3209-v), was diluted in fresh 

chilled LGMN activity assay and inverted to several times to mix. 70 µl of substrate-

LGMN activity buffer mix was immediately added to each well, final concentration 10 

µM substrate. Fluorescence, as achieved by cleavage of LGMN substate by active 

LGMN protein, was measured by FLUOstar Omega Plate Reader (BMG Labtech) for 

6 hrs with measurements taken every 10 minutes. Data was corrected to substrate 

only controls. 

For optimisation of the assay, synthetic human legumain assay (RhLGMN, R and D 

systems, Cat no. 2199-CY) was utilised instead of cell extract.  

2.5 Flow cytometry  

All reagents and buffers utilised in the flow cytometry are listed in Appendix 4: Flow 

cytometry. Cellular DNA content of cells was quantified using a propidium-iodide (PI) 

based flow cytometry analysis, where fluorescing PI intercalates into double-stranded 

DNA in a stoichiometric manner to determine the cell cycle phase.  
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2.5.1 Fixing of cells  

At time of measurement all culture media was collected into a 15 ml tube, the cells 

were washed once with PBS and this also collected into the 15 ml tube. This tube was 

stored on ice while the cells were incubated with 1 ml chilled PBS-0.5% EDTA for ten 

minutes to allow for cell detachment. This was collected into the relevant 15 ml tube 

and centrifugated at 1250 rpm for 5 minutes at 4oC and all liquid removed. The cell 

pellets were washed once by resuspension in 5 ml PBS -1% FCS and again 

centrifuged at 1250 rpm for 5 minutes at 4oC all liquid removed. The cell pellets were 

resuspended in 1 ml PBS -1% FCS and 4 ml of ice-cold ethanol was added slowly 

while gently vortexing the tube. The cells were then fixed for at least 12 hrs at 4oC. 

2.5.2 Staining and running of flow cytometry 

After fixing the cells were centrifuged at 1250 rpm for 5 minutes at 4oC and all liquid 

discarded. The fixed cells were washed once by resuspension in 5 ml PBS -1% FCS 

and again centrifuged at 1250 rpm for 5 minutes at 4oC. The pellets were resuspended 

in 360 µL of Flow Staining Solution containing propidium iodide (PI) and transferred 

to a flow tube and incubated for 30 minutes at 37oC.  

The cells were then analysed using the LRS2 Flow Cytometer to analyse cell cycle 

by PI staining.   

2.6 Phenotypic assays 

To determine effect of drug or protein levels changes on the cells phenotype the 

following assays were utilised. All buffers and reagents used are listed in Appendix 3: 

Buffers 

2.6.1 Drug dose respondent curves 

Cells were plated in 90 µL of media per well in a 96 well plate, typically at 2000 cells 

per well. The following day to determine 50% growth inhibition (IC50) values for 

compounds, the test compounds were first diluted in a serial 1:2 dilution to create 

stock solutions. A 1:100 dilution of the stock solution into culture media was then 

prepared. 10 μl of diluted compound was added in at least triplicate to the relevant 

wells, giving a final dilution of 1:1000 of compound in media and a concentration of 

1µL vehicle, typically DMSO, per 1 ml of media.  

Cell growth was assessed using the MTT assay, detailed in section 2.7.3, 72 hrs after 

addition of the compounds. The percentage cell growth was calculated using  
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Equation 2, and the IC50 values were determined using the curve-fitting method 

(GraphPad Prism software). 

Equation 2: Cell growth (%) calculation: 

𝐶𝑒𝑙𝑙 𝑔𝑟𝑜𝑤𝑡ℎ = (
𝑀𝑒𝑎𝑛 𝑂𝐷 𝑠𝑎𝑚𝑝𝑙𝑒

𝑀𝑒𝑎𝑛 𝑂𝐷 𝐷𝑀𝑆𝑂 𝑐𝑜𝑛𝑡𝑟𝑜𝑙
) 𝑥 100  

2.6.2 Combination therapy assay  

Cells were plated in 90 µL of media per well in a 96 well plate, typically at 2000 cells 

per well. The following day the effect of combination of two compounds was 

determined with four doses of each drug. The test compounds were first diluted in a 

serial 1:2 dilution to create stock solutions. A 1:50 dilution of the stock solution into 

culture media was then prepared. 5 μl of diluted compound was added in at least 

duplicate to the relevant wells, giving a final dilution of 1:1000 of compound in media 

and a concentration of 1µL vehicle, typically DMSO, per 1 ml of media. Each dose of 

drug was combined across the plate so that there was duplicate well of each drug with 

DMSO control and a combination of every dose of Drug1 and Drug2.  Cell growth was 

assessed using the MTT assay, detailed in section 2.7.3, 72 hrs after addition of the 

compounds. The Fa (effect of drug on viability) was calculated using  Equation 2. This 

Fa for each drug alone and in combination was inputted into the CompuSyn software, 

using Equation 3 the software calculated the CI (combination index) value, where 

synergism is defined as: synergism (CI<1), additive effect (CI=1) and antagonism 

(CI>1), and produces a combination index plot of Fa against CI. 

 

Equation 3 Combination index equation 

 

Where (Dx)1 is for (D)1 “alone” that inhibits a system x%, and (Dx)2 is for (D)2 “alone” 

that inhibits a system x% whereas in the numerator, (D)1 + (D)2, “in combination” also 

inhibit x%. Note that the denominators of the last two terms are the expression of 

MEE. Fa = effect of inhibition on viability. 

2.6.3 MTT Cell Viability assay  

MTT (3-[4,5-dimethylthiazol-2-yl]-2,5-diphenyltetrazolium bromide thiazolyl blue) is 

converted in viable cells by active metabolism to a purple formazan product. This 

assay uses this conversion to measure cell viability via the activity of cell metabolism. 
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10 μl of 5mg/ml solution of MTT (Sigma-Aldrich) was added to 100 µl of media in each 

well of a 96 well plate and incubated for 2 hrs at 37oC and 5% CO2. After incubation 

the media was removed by pipetting and the plate gently tapped dry. After drying 

overnight, 100 µl of DMSO was added to each well and the plate shaken gently for 20 

minutes.  Absorption of the formazan solution at 570nm was quantified on a FLUostar 

Omega Plate Reader (BMG Labtech) using Omega software.  

2.6.4 Sulphorhodamine B (SRB) assay 

The Sulphorhodamine B (SRB) assay uses the measurement of cellular protein 

content to assess cell number. Cells were fixed by removing all media from each well 

and adding 100 µl ice-cold 20% trichloroacetic acid (TCA) and incubating at 4°C for 1 

hr prior to washing 6 times in ddH2O. 100 μl of 1% acetic acid plus 0.4% SRB (Sigma-

Aldrich) was added to each well and left for 1 hr at room temperature. The plates were 

then washed 6 times with 1% acetic acid to remove any unbound dye and tapped 

gently to dry. After air drying overnight the bound SRB was solubilised with addition 

of 100μl of 10 mM Tris-base and shaken for 20 minutes at room temperature. The 

absorbance was read at 492nm with FLUostar Omega Plate Reader.  

2.6.5 Clonogenic assays 

Cells were seeded at 1000 cells per well in a clear Nunc 6-well plate (Thermo Fisher 

Scientific) in at least duplicate. Compounds if any were added 4 hrs after plating. The 

cells were incubated for at least 10 days, cell line dependent, at 37oC, 5% CO2.  

To fix the colonies all media was removed and 1 ml of 0.5% crystal violet with 80% 

Methanol solution was added to each well. The plates were gently rocked at room 

temperature for at least 10 minutes before gently washing 6 times in water to remove 

all residual stain. The plates were tapped gently dry and left to air dry at room 

temperature overnight.  

To count the colonies of each well the plate was imaged and counted using GelCount 

software. The number of colonies was average for each sample and this value divided 

by the average number of colonies in the control to determine fold change in clonal 

growth. 

2.6.6 Migration assays  

Cells were plated to achieve 100% confluency the following day, typically 2x 105 per 

well in a Nunc 24 well plate (Thermo Fisher Scientific). The next day using a pipette 

tip a uniformly even scratch was made down the centre of the well. All media was 
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carefully removed and the well gently washed once with 1 ml PBS. The PBS was 

replaced with 1 ml fresh media. A line was drawn across the bottom of the well, 3/4s 

down the well perpendicular to the scratch. An image was taken at x4 magnification 

at 0 hr, 8 hr and 24 hr time points. The size of the scratch was measured using ImageJ 

software and Equation 4 was used to assess % wound closure. The % closure of the 

three replicates for each sample were then averaged for each time point. 

Equation 4: Calculation of % wound scratch closure 

𝑊𝑜𝑢𝑛𝑑 𝑐𝑙𝑜𝑠𝑢𝑟𝑒 =  (1 − 
𝑠𝑖𝑧𝑒 𝑜𝑓 𝑠𝑐𝑟𝑎𝑡𝑐ℎ 

𝑠𝑖𝑧𝑒 𝑜𝑓 𝑠𝑐𝑟𝑎𝑡𝑐ℎ 𝑎𝑡 0ℎ𝑟
)  𝑥100 

 

2.6.7 Invasion assays 

Boyden chambers were added to a well in a 24 well plate. Using cold tips Matrigel 

(Coning) was mixed with OptiMEM and 150 µL of this solution was added to a Boyden 

chamber insert (Merck Millipore) for a final physiology relevant concentration of 0.222 

mg/ml. The Matrigel was allowed to set for 24 hrs.  The next day the cells were 

harvested with trypsinization, then centrifuged at 1200 rpm for 5 minutes at room 

temperature and resuspended in OptiMEM serum free media to remove all trypsin 

and serum starve the cells. The cell suspension was counted as in section 2.1.4. 1 

x106 cells were made up to 1 ml volume with OptiMEM, mixed gently and 250 µL (2.5 

x 105 per insert) added in triplicate on top of the Matrigel (2.5 x 105 cells per chamber). 

250 µL OptiMEM only was added the control chambers to generate a blank.  

Below each Boyden chamber 500 µL culture media with 10% FCS was added to 

generate a nutrient gradient. The cells in the insert were incubated for 24 hrs at 37oC 

and 5% CO2 to allow the cells to migrate down the nutrient concentration and become 

trapped in the insert membrane.  

After incubation, the Matrigel was carefully and thoroughly removed using a cotton 

bud, with care taken not to disturb the bottom of the membrane. The cleaned Boyden 

chambers were placed in a well of a fresh 24 well plate containing 500 µL 100% 

methanol to fix all cells on the membrane. After ten minutes of gentle shaking at room 

temperature the Boyden chambers were removed to a new well containing 700 µL 

0.5% crystal violet stain and incubated at room temperature for 30 minutes.  

The inserts were washed 6 times in water and left to airdry overnight upside down. 

The following day the membranes were carefully removed from the chamber using a 
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scalpel and placed in 300 µl of 0.2 M Sodium Citrate solution in a new 24 well plate. 

After shaking for 1 hr to solubilise the crystal violet dye the membranes were removed 

from the solution, 200 µl of the solution was pipetted to the appropriate well of a 96 

well plate and read at 570 nm using FLUostar Omega Plate Reader (BMG Labtech). 

The absorbances of the 3 wells for each condition were averaged and the absorbance 

of the blank subtracted. This value was divided by the control condition to achieve fold 

change in invasion.  

2.6.8 Soft agar assays 

24 well culture dishes were coated with a 1:1 mixture of sterile agarose (low melting 

temperature) (1%) and 2x DMEM, 10% FBS, 2% penicillin-streptomycin. This formed 

a base layer to prevent a monolayer formation. Cells from relevant condition were 

collected via trypsination, centrifugation at 1200 rpm for 5 minutes and responded in 

2x DMEM, 10% FBS, 2% penicillin-streptomycin.  

Cells (2 x104 per ml) were incorporated into the top agarose layer with a 1:1 mix with 

sterile agarose (low melting temperature) (0.7%), final total of 5000 cells per well.  

Overlying DMEM media, supplemented with 10% FBS and 1% penicillin-

streptomycin. 

For testing of inhibitors, test compound or DMSO control was added to the overlying 

media in triplicate. Media was refreshed every 4 days.  Once colonies were observed 

in the all the control well the plates were imaged using Microscope and 4 images of 

each well were taken in the same locations at the same elevation. The colonies in 

each image were counted using ImageJ software after blinding and the total of the 4 

images for each well collected. This total was average for the 3 well for each sample. 

This final total was divided by the average number of colonies for the control sample 

to obtain the fold change in colony growth.  

2.7 BioID: BiR staining 

The basic outline of the protocol is outlined in the schematic of Figure 2.1.  

2.7.1 Cell preparation 

Cells were transfected with BirA fusion protein (LGMN-BirA) and allowed to reach 

~80% confluency, the medium was changed to fresh media supplemented with 50 µM 

Biotin. After 24 hrs the cells were trypsinised, washed twice with 1x PBS, pelleted 

then frozen. The pellet was weighed and thawed on ice. BioID lysis buffer was added 

in a 4:1 ratio (i.e. 400 µl buffer to 100 mg pellet) and pellet pipetted up and down to 
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homogenise. The sample was flash frozen on dry ice and then immediately incubated 

with agitation in a water bath at 37oC until ice was on the verge of thawing. Buffer-cell 

mix was incubated at 4oC for 30 minutes with rotation. 20 µl of solubilised solution 

was retained for western blot analysis see section 2.4.4. Samples were centrifuged at 

16000xg at 4oC for 20 minutes and supernatant collected to fresh 1.5 ml tube.  

2.7.2 Streptavidin-Sepharose bead pull down 

The Streptavidin-Sepharose beads (20 µl per sample) were washed three times with 

1 ml BioID lysis buffer. Beads were resuspended in BioID lysis buffer in 60% of original 

bead volume. Add 15 µl of bead mix to each sample and rotate at 4oC overnight. 

Samples were centrifuged at 500g at 4oC for 2 minutes. Supernatant was removed 

and beads resuspended in 500 µl of BioID and removed to a fresh tube. Beads were 

washed in the following sequence with centrifugation at 500g at 4oC for 2 minutes and 

removal of supernatant in between; once with BioID wash Buffer; twice with BioID 

Lysis Buffer; three times with 50 mM ammonium bicarbonate solution (ABC). 

Beads were resuspended in 100 µl ABC supplemented with 1 µl trypsin and incubated 

at 37oC with rotation for 4 hrs. Fresh trypsin (1 µl) was added to each sample and 

incubated at 37oC with rotation overnight. Samples were centrifuged at 500g at 4oC 

for 2 minutes and the supernatant containing digested peptides removed to a fresh 

1.5 ml tube. Beads were washed in 100 µl ddH2O and the ddH2O added to relevant 

peptide mix. Formic acid was added to samples to give final concentration of 2% and 

vortexed. Samples were centrifuged at 16000g at 4oC for 5 minutes to remove debris 

and supernatant transferred to fresh tube. Peptides were dried by centrifugal 

evaporation without heat and stored at -80oC until analysis by mass spectrometry.   

2.7.3 Immunoblotting of Biotin samples 

Immunoblotting and preparation of retained samples was performed as in section 

2.4.4. The gel was silver stained using the  

SilverXpress™ Silver Staining Kit (Thermo Fisher Scientific) according to the 

manufacturer’s instructions and imaged using GeneSys software in a Syngene G-box 

imager. 
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Figure 2.1 Schematic outlining BioID protocol: cells are transfected with BirA fusion to 

protein of interest. This biotin ligase fusion protein biotinylates proximal proteins. The cells are 

lysed and undergo biotin-affinity capture. Biotinylated proteins pulled down are identified by 

mass spectrometry. 

2.8 Statistical Analyses  

Data were analysed using Microsoft Excel or GraphPad Prism software (GraphPad) 

and presented as mean values ± standard error of the mean (SEM). All data represent 

the mean of at least three biological repeats. Statistical analyses were performed 

using unpaired 2-sided Students T-test was used to compare two experimental 

conditions. Significance was set at p<0.05 and indicated with asterisk: *p<0.05, 

**p<0.01; ***p<0.001; ****p<0.0001  
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3.1 Rationale  

Prostate cancer (PCa) is one of the most commonly diagnosed male cancers. While 

there have been significant advances in treatment for advanced stage prostate 

cancer, which principally rely on inhibition of AR hyperactivity, a significant proportion 

of patients progress to so called castrate resistant disease on these therapies. 

Therefore, there is still an urgent unmet need for novel therapeutics that can 

effectively treat these patients to prevent recurrence and metastasis. 

Understanding the mechanisms that drive prostate cancer, aside from the well 

investigated AR signalling pathway, is of key importance to developing novel 

therapeutics that have alternative strategies. Our group has historically been 

interested in the role of TBX2 in breast cancer, where TBX2 is upregulated generating 

a change in gene expression through TBX2’s role as a transcriptional repressor. The 

cysteine protease inhibitor, CST6, is the major endogenous inhibitor of LGMN and is 

a known target of TBX2. Increased TBX2 elevated levels have been shown to 

downregulate CST6 levels and therefore increase LGMN hyperactivity 

(272),contributing to breast cancer progression.  LGMN is a cysteine protease, which 

has also been observed to be overexpressed in advanced prostate cancers. 

Additionally, many cancers including PCa show downregulation of CST6 expression. 

These observations suggest a role for uncontrolled LGMN activity in prostate 

carcinogenesis and establishes LGMN as a possible therapeutic target.  However, 

LGMN functionality and how it may regulate tumorigenesis is poorly understood.  

This chapter seeks to investigate LGMN’s role in prostate cancer, to investigate novel 

interactors and to characterise the phenotype produced following loss of LGMN 

activity in prostate cancer cells compared to non-cancerous cells, via use of novel 

small molecule inhibitors and RNAi.  

There are a narrow range of prostate cancer cell lines that mostly account for models 

of later stages of disease. For the purposes of this study five cell lines representing 

some of the most widely utilised cell lines were selected to account for the widest 

possible coverage of disease stage modelling. These include (i) RWPE-1, a cell model 

of non-cancerous epithelium, (ii) the androgen sensitive cell line LNCaP and (iii) its 

derivative sub cell line, C4-2B cells, (iv) the AR splice variant AR-V7 expressing, 

22RV1 cell line and (v) the androgen insensitive (AR negative) PC3 cell line. For more 

intensive study, the cell lines C42B and 22RV1 were selected to represent AR 

dependent and independent stages of PCa.  
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3.2  Optimisation of a LGMN activity assay  

LGMN activity is not solely regulated by LGMN protein expression levels (see section 

3.1). To determine the activity levels of LGMN in prostate cell lines the LGMN activity 

assay was optimised. LGMN activity is pH dependent, therefore a specific LGMN 

activity buffer at pH 5.8 was utilised for the assay. The first optimisation step utilised 

recombinant human LGMN (rhLGMN), a serial dilution of which demonstrated the 

expected reduced levels of activity, as measured by fluorescence generated following 

cleavage of a fluorogenic LGMN substrate (final concentration 1 µM) (Figure 3.1A). 

Experiments were conducted using cells plated onto 96 well plates and lysed in situ, 

with an accompanying MTT plate used to normalise for cell number after any 

treatment. However, despite adjustments to number of cells plated, no consistent 

fluorescence could be obtained above baseline levels (data not shown). It was 

hypothesised that the relatively small number of cells plated did not provide high 

enough levels of LGMN protein to produce any measurable fluorescence. 

An alternative approach was taken with whole cell extract, this had the advantage of 

addition of a known concentration of protein to each well, voiding the need for 

normalisation to a separate plate. Whole cell extract from C42B and 22RV1 cells were 

used with a range of 10 to 30 µg protein added to the relevant well (Figure 3.1B and 

C respectively). As expected, the 30 µg samples had the highest activity, congruent 

with these samples possessing the highest volume of protein and therefore LGMN 

added. There was little difference in the signal between the 30 µg samples and 25 µg 

sample for both cell lines, suggesting the fluorescence measured was reaching peak 

values for the ratio of substrate added. Therefore, this concentration of protein was 

taken as the upper threshold and for all subsequent LGMN activity assays, 20-25 µg 

of protein from whole cell extracts were loaded per well.  

3.3 Investigation of TBX2 pathway component expression and 

activity in panel of prostate cell lines  

There is rationale for determining if there is differing expression of the downstream 

components of the TBX2 pathway in PCa cell lines compared to the non-cancerous 

cell line, RWPE-1. Given that the 5 models of prostate cells used in this thesis are 

representative of non-cancerous, progressing and advanced prostate carcinoma, it is 

of interest to determine if expression of TBX2 pathway components increase with 
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progression of the disease. Therefore, the protein and RNA levels of TBX2, LGMN 

and CST6 was determined via western blot and RT-qPCR, respectively.  

As expected, the most phenotypically aggressive PCa line, PC3, expressed the 

highest levels of TBX2 mRNA and PCa lines in general showed a significant increase 

in TBX2 mRNA compared to RWPE-1 (Figure 3.2A). LGMN mRNA levels were also 

upregulated in LNCaP, C42B and PC3 cells, compared to non-cancerous RWPE-1 

cells, although only significantly for C42B and LNCaP cells (Figure 3.2B). Perhaps 

unsurprisingly given their close relation, LNCaP and C42B cells have very similar 

levels of LGMN expression. However, interestingly the mRNA levels of CST6 were 

lower in C42B cells compared to LNCaP cells (Figure 3.2C). The higher levels of 

TBX2 in C42B compared to LNCaP may account for the lower transcript levels of 

CST6 measured in C42B cells. Whilst the most aggressive cell line, PC3, have the 

highest level of TBX2 expression it did not show the lowest CST6 mRNA levels.  

In accordance with the mRNA expression, TBX2 protein was highest in PC3 cells, 

(Figure 3.3A). LGMN is expressed as an inactive pro-form (56 kDa) which is 

processed to remove the C-terminal domain which binds and inactivates the active 

site once in the acidic environment of the lysosome. This cleavage removes the pro-

domain to a smaller and active LGMN (~36 kDa). The levels of the pro-LGMN are 

significantly elevated in PCa cell lines, LNCaP and C42B with a trend of increase in 

PC3 cells compared to RWPE-1 cells, in keeping with LGMN mRNA expression 

(Figure 3.3A and C). Intriguingly, with higher levels of pro LGMN in C42B cells with 

similar levels of cleaved LGMN it appears that a higher proportion of total LGMN is 

cleaved in LNCaP cells (Figure 3.3A, C and D). This suggests that LGMN activity may 

be elevated in LNCaP cells, compared to the more advanced disease model C42B. 

To contrast this theory, mRNA and protein levels of CST6, the endogenous inhibitor 

of LGMN, are much lower in C42B cells compared to LNCaP cells, suggesting higher 

LGMN activity in the former (Figure 3.3A and E).  

Expression of LGMN and CST6 are not necessarily indicative of LGMN activity levels. 

To determine whether the activity levels of LGMN differ across the panel of prostate 

cell lines, a LGMN activity assay was used (Figure 3.4A). As hypothesised, C42B 

cells have higher LGMN activity levels than their parental cell line. All PCa cell lines 

had significantly higher LGMN activity than RWPE-1 cells, consistent with the theory 

that RWPE-1 cells are a non-cancerous cell line and LGMN activity has been shown 

to be upregulated in several types of carcinomas (in addition to PCa).   
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Figure 3.1 Optimisation of a LGMN activity assay using whole cell protein extracts. Bar 

graphs of LGMN activity as expressed as RFU as a function of time with A, serial dilution of 

human recombinant LGMN (RhLGMN), and a range µg of protein extracted from B, C42B and 

C, 22RV1 cells. Data represents one repeat. 

  



3.Characterising the Therapeutic Potential of Targeting Legumain in Prostate Cancer 

70 

 

 

Figure 3.2 TBX2 pathway components expression levels in panel of prostate cell lines. 

Bar graphs showing mRNA levels of A, TBX2, B, LGMN and C, CST6 as measured by RT-

qPCR and normalised to housekeepers TBP1 and HRPT1 for LGMN and CST6 and SDHA for 

TBX2. Error bars on graphs represent mean +/- SEM of three independent experiments. 

Unpaired T-test statistical analysis; * (p=<0.05), ** (p=<0.01). 
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It has been demonstrated that C42B and 22RV1 have very similar levels of LGMN 

activity (Figure 3.3B). This is interesting as 22RV1 cells have lower expression levels 

of LGMN, both at the mRNA and protein level and have higher CST6 levels. This 

indicates that there are alternative mechanisms of upregulating LGMN activity other 

than baseline LGMN protein levels or CST6 expression (Figure 3.3A and B,) 

respectively.   

PSA is an androgen regulated gene, cell lines with elevated AR activity have lower 

levels of PSA. To characterise and give an indication of AR activity across the panel 

of cell lines, PSA levels were also measured by RT-qPCR. As expected RWPE-1 cells 

have the lowest PSA expression, given their status as a non-cancerous cell line 

(Figure 3.4B). Due to PC3 cells having an AR null status, as expected they had the 

lowest PSA expression of the PCa lines. LNCaP cells have the highest expression of 

all the cells measured, which is surprising given that AR activity would be supposed 

to be higher in C42B cells which are a more advanced disease model.   

To determine the role of LGMN in advanced PCa, two advanced PCa cell line models 

with the highest and lowest LGMN expression but with similar levels of activity were 

chosen for this study. Based on the expression levels as detailed above, the cell line 

with the highest LGMN RNA and protein levels is C42B and the cell line with the 

lowest is 22RV1. Additionally these cell lines represent (i) AR responsive PCa, with 

C42B cells responding to androgen deprivation therapy (ADT) and (ii) AR 

independent PCa, as 22RV1 express a splice variant of AR which renders the cell line 

more resistant to ADT. It was therefore decided that these cell lines are the best 

available models to determine the role of LGMN in advanced PCa.    

 

 

  



3.Characterising the Therapeutic Potential of Targeting Legumain in Prostate Cancer 

72 

 

 
Figure 3.3 TBX2 pathway components expression levels in panel of prostate cell lines. 

A, Immunoblot of TBX2 pathway components, TBX2, LGMN (pro form 56 kDa and mature 

form 36 kDa) and CST6 levels with β-tubulin loading control. * represents unspecific band. B-

E, Bar graphs of densitometric analysis of protein levels normalised to loading control. Error 

bars on graph represent mean +/- SEM of three independent experiments. Unpaired T-test 

statistical analysis; * (p=<0.05), ** (p=<0.01), compared to RWPE-1 cells. 
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Figure 3.4 PSA mRNA expression levels in panel of prostate cell lines. Bar graph of A, 

LGMN activity levels and B, mRNA levels of PSA as measured by RT-qPCR and normalised 

to housekeepers TBP1 and HRPT1 in a panel of prostate cell lines. Error bars on graph 

represent mean +/- SEM of three independent experiments. Unpaired T-test statistical 

analysis; * (p=<0.05), ** (p=<0.01), *** (p=<0.001) compared to RWPE-1 cells. 
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3.4 Optimisation of siRNA against LGMN 

To determine the role of LGMN in advanced prostate cancer the LGMN gene was 

knocked out via CRISPR-cas9 technology. It was not possible to produce any cell 

lines with permanent knockdown of LGMN via CRISPR-cas9 as none survived 

through selection, despite multiple attempts. It was hypothesised that permanent 

knockdown of LGMN is lethal to advanced PCa cells. A more transient knockdown of 

LGMN using short interfering RNA (siRNA) transfection was therefore performed to 

provide an alternative method of studying the phenotypic effects of LGMN. 

Several siRNA sequences were designed and transfected into both C42B and 22RV1 

cells for 72 hours (Figure 3.5A and B respectively). The siRNA sequences that 

produced the most significant and consistent knockdowns were siRNAs #1 and #2. 

Therefore, these two sequences were chosen to proceed with in all further 

experiments. 

3.5 Effect of LGMN knockdown via RNAi 

C42B and 22RV1 cells were transfected with siRNA against LGMN for 24 hours 

before re-plating for viability and clonogenic growth assays. Both siRNA sequences 

caused significant reduction of LGMN activity in both cell lines compared to the Scr 

control, in addition to downregulation of the protein levels as observed above (Figure 

3.6). LGMN activity levels were shown to be vital to the viability of C42B cells, as 

measured by MTT assay in C42B cells at 3 post re-plating (Figure 3.7A). At the 7-day 

timepoint there continued to be an observable effect by siRNA #1, with a significant 

reduction in viability (Figure 3.7B). In 22RV1 cells, only siRNA #1 reduced proliferation 

significantly at 3 and 7 days, with proliferation with siRNA #2 reduced at 7 days.   

Additionally LGMN knockdown in C42B cells generated a stronger reduction in 

formation of 2D colonies with both siRNA sequences (Figure 3.8A). These data 

indicate that LGMN expression is necessary to maintain the colony formation and 

viability of C42B cells. 22RV1 cells had reduced 2D colony number with siRNA#1 and 

a significant reduction of clonal growth with LGMN siRNA #2. This indicates that 

LGMN knockdown does cause a reduction in the viability of 22RV1 cells but that the 

effect is much greater in C42B cells.  
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Figure 3.5 Optimisation of LGMN siRNA in C42B and 22RV1 cells. Immunoblot of LGMN 

(pro form 56 kDa and mature form 36 kDa) in A, C42B and B, 22RV1 cells transfected with 

LGMN siRNA knockdown (3 siRNAs) compared to a scrambled (Scr) control in with β-tubulin 

and vinculin loading controls. * represents unspecific band.    
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For 3D colony assays and wound closure assays the cells were incubated with the 

siRNA for 48 hours prior to re-plating. A soft agar assay was used to determine effect 

on 3D colony formation, i.e. anchorage independent growth. It was shown that 

anchorage independent growth was reduced by over 50% in C42B cells with LGMN 

knockdown, and by over 20% in 22RV1 cells (Figure 3.8B). Again indicating the vital 

role of LGMN activity for viability in C42B cells and to a lesser extend in 22RV1 cells.  

Cellular migration is an indicator of metastatic potential of cancer cells. To determine 

effect of siRNA knockdown on metastatic potential, a wound scratch assay was 

utilised on cells 72hr post siRNA transfection, with time points at 8hr and 24 hr after 

wounding with a pipette tip. Migration was reduced significantly in C42B cells with 

LGMN knockdown at both time points (Figure 3.9A and B). However, LGMN 

knockdown had a more varied effect on migration of 22RV1 cells (Figure 3.9A and C). 

LGMN siRNA #2 caused a significant reduction in migration at both 8 and 24 hr time 

points, with siRNA #1 having no significant effect at 8 hr compared to Scr control and 

a small but significant increase at the 24-hr time point. These data indicated that not 

only was LGMN vital to proliferation of C42B cells, LGMN was also vital for cellular 

migration. Therefore, LGMN could be considered a good therapeutic target for 

prostate cancer cells as it is a positive regulator of both PCa proliferation and invasion 

potential. 
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Figure 3.6 LGMN knockdown via RNAi reduces LGMN activity. Bar graph of 

LGMN activity expressed as RFU at assay end point in C42B and 22RV1 cells 

transfected with LGMN siRNA knockdown (two siRNAs). Data made relative to 

relevant scrambled (Scr) control. Error bars on graphs represent mean +/- SEM of 

three independent experiments. Unpaired T-test statistical analysis; * (p=<0.05), ** 

(p=<0.01).  
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Figure 3.7 LGMN knockdown via RNAi reduces PCa cell viability. Bar graphs of 

viability as measured by MTT assay in C42B and 22RV1 cells transfected with LGMN 

siRNA knockdown (two siRNAs) at A, 3 and B, 7 days after replating 24hr post 

transfection. Data made relative to relevant scrambled (Scr) control and normalised 

to 0hr time point. Error bars on graphs represent mean +/- SEM of three independent 

experiments. Unpaired T-test statistical analysis; * (p=<0.05), ** (p=<0.01), *** 

(p=<0.001).  
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Figure 3.8 LGMN knockdown via RNAi reduces PCa cell clonal growth. Bar graphs of 

clonogenic growth in A, 2D assay and in C42B and 22RV1 cells transfected with LGMN siRNA 

knockdown (two siRNAs) after replating 24hr post transfection. Colonies fixed with crystal 

violet and counted with GelCount Software. B, 3D growth in soft agar assay, replated 48 hr 

after transfection, colonies counted using ImageJ. Data made relative to relevant scrambled 

(Scr) control. Error bars on graphs represent mean +/- SEM of three independent experiments. 

Unpaired T-test statistical analysis; * (p=<0.05), ** (p=<0.01), *** (p=<0.001).  
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Figure 3.9 LGMN knockdown via RNAi reduces PCa cellular migration. A, representative 

images of scratch assay in C42B and 22RV1 cells transfected with LGMN siRNA knockdown 

(two siRNAs) at 8 and 24 hr timepoints after replating 48hr post transfection. Bar graphs of 

relative wound closure using ImageJ software in B, C42B and C, 22RV1 cells. Data made 

relative to relevant Scr control. Error bars on graphs represent mean +/- SEM of at least three 

independent experiments. Unpaired T-test statistical analysis; * (p=<0.05), ** (p=<0.01), *** 

(p=<0.001).  

A 
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3.6 Effect of LGMN knockdown in RWPE-1 non-cancerous 

prostate epithelial cells 

As determined above, LGMN knockdown has detrimental effects on viability and 

migration of PCa cells, particularly C42B cells. LGMN is therefore a very good 

candidate target for the development of a novel inhibitor for PCa treatment. However, 

in order to avoid toxicity of non-cancerous prostate cells, it is vital for any therapy to 

avoid toxic side effects for LGMN inhibition to be selective to PCa cells. To determine 

the role of LGMN in non-cancerous epithelial prostate cells, use of RNAi to silence 

LGMN in RWPE-1 cells was performed.   

Knockdown of LGMN levels was achieved via RNAi as measured by western blot and 

RT-qPCR (Figure 3.10A and B). Despite the silencing of LGMN, there was no 

reduction in viability of RWPE-1 cells as measured by MTT assay at 3 days post re-

plating (Figure 3.10C). This indicates that LGMN is not required for the viability of 

RWPE-1 cells, which is encouraging for the potential of LGMN as a novel therapeutic. 

RWPE-1 cells are representative of non-cancerous epithelium, as such do not have 

clonogenic growth capabilities, and therefore not possible to determine effect of 

LGMN knockdown on 2D or 3D colony growth.  

3.7 Effect of LGMN inhibitors on prostate cancer cells 

A small molecule drug programme in Dr Williams’ group previously produced a LGMN 

inhibitor called QDD100531 (abbreviated to 531). This was used to determine the 

effect of inhibition of LGMN and whether this effect mirrored that of knockdown of 

LGMN via siRNA.  

An IC50 was generated for each cell line with a range of concentrations of 531 with 

treatment for 3 days (Figure 3.11A). Unexpectedly, the IC50 generated for RWPE-1 

cells was shown to be lower than that generated for the PCa cell lines C42B and 

22RV1 (5.0, 10.9, 16.9 μM, respectively). Given that LGMN knockdown produces no 

effect on viability at 3 days (as measured by MTT) in RWPE-1 cells, this indicates that 

inhibition of LGMN has more severe effects on viability in RWPE-1 than siRNA 

knockdown, or more likely the drug has off target effects. This obviously would raise 

concerns for use of this drug as a potential PCa therapeutic if it is not specific to 

LGMN.  
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Figure 3.10 LGMN knockdown via RNAi is not toxic to non-cancerous prostate 

epithelium. A, Immunoblot of LGMN (pro form 56 kDa and mature form 36 kDa) with vinculin 

loading control, one independent experiment. B, Bar graph of LGMN mRNA levels as 

measured by RT-qPCR and normalised to SDHA housekeeper. Data made relative to Scr 

control. Error bars on graphs represent mean +/- SEM of two independent experiments. C, 

Bar graph of viability as measured by MTT assay of RWPE-1 cells transfected with LGMN 

siRNA knockdown (two siRNAs) at 3 and 7 days after replating 24hr post transfection. Protein 

and RNA extracted from remaining cells replated and grown for a further 48 hrs for analysis in 

A and B respectively. Data made relative to relevant scrambled (Scr) control and normalised 

to 0 hr time point. Error bars on graphs in C represent mean +/- SEM of three independent 

experiments. Unpaired T-test statistical analysis, ns.  
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Figure 3.11 LGMN inhibition is toxic to some PCa cells. A, Bar graph of 531 dose-response 

curve normalised to vehicle control and analysed by GraphPad software. B, Effect of 30 μM 

531 on LGMN activity expressed as RFU at assay end point in C42B and 22RV1 cells. Data 

made relevant to DMSO control. Error bars on graphs represent mean +/- SEM of three 

independent experiments. Unpaired T-test statistical analysis; *** (p=<0.001). 
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Given these concerns it was still of interest to pursue the drug as a further tool of the 

role of LGMN activity in PCa cells, as a LGMN activity assay (Figure 3.11B), does 

show that 531 at 30 μM does significantly reduce LGMN activity in both C42B and 

22RV1 cells by over 70%. Therefore, effect of 531 on clonogenicity was determined 

with treatment of C42B and 22RV1 cells at a range of doses from 1 to 30 μM. 

Treatment with 531 caused complete inhibition of 2D clonogenic growth at 30 μM and 

near complete inhibition with treatment at 10 μM (>90% reduction in clonal growth) in 

both cell lines (Figure 3.12A and 12B, respectively). There was a smaller effect on 

colony diameter of C42B cells with a small relative diameter decrease (15% and 42% 

respectively for 5 and 10 μM) (Figure 3.12C). Interestingly, while reduction of 22RV1 

colony formation was observed at the higher 531 doses, there was almost no 

difference in diameter of colonies at any dose of 531 where 22RV1 cells were able to 

form colonies (Figure 3.12D). 

The effect of 10 μM 531 on 2D colony growth was mirrored in the 3D soft agar 

clonogenic assay with both cell lines (Figure 3.13A and B, respectively). Additionally, 

5 μM had the effect of reducing total 2D and 3D colonies by ~50% in both C42B and 

22RV1 lines. This is a far greater reduction in both 2D and 3D clonal formation than 

would be predicted by the IC50 generated of 10.9 and 27.2 μM, respectively. This 

indicates that 531 has a greater effect on colony growth (clonogenicity) than on 

proliferation. It is possible that the drug has little to no effect on speed of colony growth 

in 22RV1 cells compared to a marginal inhibition at 5 and 10 μM doses in C42B cells.  
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Figure 3.12 LGMN inhibition reduces PCa cell clonal growth. Bar graphs of clonogenic 

formation in 2D assay in A, C42B and B, 22RV1 cells transfected with LGMN siRNA 

knockdown (two siRNAs) after replating 24hr post transfection. Relative colony diameter of 

cells in A and B, C, C42B and D, 22RV1 cells. Colonies fixed with crystal violet and counted 

with GelCount Software. Data made relative to relevant scrambled (Scr) control. Error bars on 

graphs represent mean +/- SEM of three independent experiments. Unpaired T-test statistical 

analysis; * (p=<0.05), ** (p=<0.01), *** (p=<0.001). 
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Figure 3.13 LGMN inhibition reduces PCa cell anchorage independent clonal growth. 

Bar graphs of 3D clonogenic growth in a soft agar assay of A, C42B and B, 22RV1 cells treated 

with a range of doses of LGMN inhibitor, 531. Colonies counted using ImageJ software. Data 

made relative to relevant DMSO control. Error bars on graphs represent mean +/- SEM of 

three independent experiments. Unpaired T-test statistical analysis; * (p=<0.05), ** (p=<0.01), 

*** (p=<0.001)  
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Intriguingly while there was little effect on cell survival, treatment with 531 had a 

stronger effect on colony formation than siRNA. This may be explained by the larger 

reduction of LGMN activity in 22RV1 cells with the highest dose of 531, 82 %, 

compared to 77% with siRNA #1 and only 45% with siRNA #2.     

Higher doses of 531 had to be administered to achieve an effect on viability compared 

to clonal formation. It is of interest to determine if co treatment with another drug can 

improve the efficacy of LGMN inhibition on viability and whether this effect can 

achieve synergy, i.e. the effect of the combination of the two drugs is higher than 

would be expected from addition of the individual effect. Given that the current 

treatment of choice for PCa is ADT it was decided to combine 531 with an AR inhibitor. 

Enzalutamide (enz) was chosen as it is one of the more potent AR inhibitors available 

commercially. Given that 22RV1 cells express an AR splice variant, ARV7, the cells 

are resistant to treatment with enz. Therefore, only C42B cells were treated with the 

combination therapy.  

First an enz IC50 of 38.6 µM in C42B cells was generated (Figure 3.14A). For the co-

treatment assay, C42B cells were treated with a combination of 4 doses of each drug, 

531 (10-30 μM), ENZ (5-40 μM), for 72 hours before cell viability was measured via 

MTT assay. For simplicity the matched combinations of the lowest to highest doses 

i.e. 531 10uM + enz 5 μM and 531 30 μM+ enz 40 μM were plotted against the effect 

of the drugs on their own (Figure 3.14B). There was little difference in effect observed 

for the highest and lowest dose of 531, with the combination of doses having a very 

similar inhibitory effect on viability. A combination index plot of CI (combination index) 

value vs Fa (effect of drug(s) on viability) was generated using CompuSyn software 

for all combination doses using Equation 3 (Figure 3.14C). Synergism is defined as: 

synergism (CI<1), additive effect (CI=1) and antagonism (CI>1). All 531/enz 

combinations had a CI value >1 indicating that the doses chosen had an antagonistic 

effect when combined. This lack of difference in response to the doses chosen for 

531 may have masked any additional effect that could be had with the combination of 

531 and Enz. However, as indicated by the table of CI values, (Figure 3.14D), it is 

clear that the highest antagonistic values are for combinations of enz with the lowest 

531 dose (10 μM), particularly for the higher doses of enz. This mutual antagonism 

between the two drugs may reflect their vastly differing mechanisms of action and 

which may impede the growth inhibitory effects of each drug individually.  
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Figure 3.14 AR inhibition is toxic to C42B cells, combination of 531 and AR inhibition 

can be antagonistic. Bar graphs of A, Enzalutamide (Enz) dose-response curve in C42B 

cells normalised to vehicle control and analysed by GraphPad software. C42B cell line treated 

with various concentrations of 531 (10-30 μM), ENZ (5-40 μM), and 531/enz (10/5 -30/40 μM) 

for 72 hr. B, Dose effect curve of combination and of each agent alone are presented for 

comparison. C, Combination index (CI) plot and D, Table of CI values vs Fa (viability inhibitory 

effect) of combinations doses of 531 (10-30 μM) and ENZ (5-40 μM) generated using 

CompuSyn software. CI> 1 (above dashed line) = antagonistic effects. All cells plated in 

stripped media treated with DHT. As measured by MTT assay after 72hrs.  Error bars on 

graphs represent mean +/- SEM of three independent experiments.  
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3.8 Identification of novel LGMN interactors, HSD17B4 and 

HSP90 via BioID  

LGMN aberrant upregulation correlates with tumours with a more aggressive 

phenotype (288) and poorer prognosis (287). It is believed that LGMN contributes to 

invasion and metastasis (292), however the precise mechanisms behind this role are 

yet to be determined. Therefore it was of interest to the group to determine any novel 

interactors of LGMN to possibly elucidate LGMN’s role in advanced prostate cancer.  

Work performed by Dr Parkinson in the group involved the investigation of novel 

LGMN interactors, which theoretically could be targeted in addition to LGMN itself, as 

a novel therapeutic strategy. This employed a technique called Biotinylation 

Identification (or Bio-ID) which involved the cloning of LGMN into an expression vector 

containing a mutant version of the E. Coli biotin ligase BirA, which would generate a 

LGMN-BirA fusion protein. When transfected into cells in the presence of exogenous 

biotin, this construct autobiotinylates in addition to catalysing the biotinylation of any 

protein in close proximity to the LGMN-BirA fusion protein, with even transient 

interactors theoretically biotinylated also. Cell lysates are then subjected to pulldowns 

using streptavidin coated magnetic beads, with a small quantity of pulldowns ran on 

SDS PAGE, gels silver stained (Figure 3.15A), and then mass spectrometry (MS) 

performed in order to identify novel interactors. As predicted, following MS analysis, 

it was shown that the LGMN-BirA construct biotinylated principally itself (Figure 3.15B) 

The next highest scoring interactor was HSD17B4, a bifunctional enzyme. HSD17B4 

has multifunctional properties, the first peroxisomal β-oxidation of both long chain and 

branched fatty acids and second oxidation of estradiol to estrone (300, 303–305).  

Additionally, HSD17B4 oxidises the testosterone precursor ∆5-androstenediol to 

DHEA, with HSD17B4 representing as far as we were aware, a novel interactor of 

LGMN. HSD17B4 role in both producing testosterone precursors, and generating the 

less active estrone from estradiol, which could be crucial in steroid recycling. 

HSD17B4’s important role in steroidogenesis and its interaction with LGMN a known 

driver of PCa has important implications to understanding progression of prostate 

cancer as steroid hormone pathway and AR have well described roles in driving 

prostate cancer. The next highest scoring hit was HSP90, a heat shock protein. This 

chaperone protein is likely to have a role in the assisting the correct folding and 

possibly stabilisation of LGMN.   



3.Characterising the Therapeutic Potential of Targeting Legumain in Prostate Cancer 

90 

 

 

 

Figure 3.15 Identification of LGMN interactors using BioID. LGMN-BirA fusion protein 

transfected into cells with exogenous biotin, biotinylates proteins in close proximity. Cell 

lysates after pull-down with streptavidin coated magnetic beads and run on SDS page 

compared to empty vector (EV) control, A, subsequent silver staining of proteins after running 

out on SDS-page. B, Table of mass spectrometry analysis performed on biotinylated peptides. 

Data produced by Dr Sharon Parkinson  
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Given that recent findings have indicated that HSD17B4 is overexpressed in PCa 

(299, 309), it was of interest to determine whether HSD17B4 does have a role in 

driving PCa and whether interaction of HSD17B4 and LGMN were required for either 

proteins’ function in driving oncogenesis.  

First the interaction between HSD17B4-LGMN and HSP90-LGMN was confirmed 

using Co-immunoprecipitation in C42B and 22RV1 cells with LGMN pull down (Figure 

3.16A and B, respectively). This interaction was also observed in LNCaP and PC3 

cells (Figure 3.17A and B, respectively). These data confirm that the LGMN-HSD17B4 

interaction does occur in C42B, 22RV1, LNCaP and PC3 cells. Given that these cell 

lines are a broad selection of both AR dependent, AR variant and AR negative lines, 

it is likely that this interaction is characteristic in many stages of PCa. As with LGMN, 

HSD17B4 is expressed in a pro form (~80kDa) that is cleaved to the active form (~35 

kDa). It appears that LGMN interacts with both forms of HSD17B4, although more 

strongly with the pro form in all cell lines, possibly indicating that HSD17B4 is a LGMN 

substrate and potentially is cleaved by LGMN to generate the active form.  

To determine if the observations of overexpression of HSD17B4 are mirrored in PCa 

cell lines, HSD17B4 expression both at the mRNA and protein levels were determined 

in a panel of PCa cell lines and compared to non-cancerous cell line RWPE-1. In the 

PCa cell lines HSD17B4 is significantly overexpressed compared to RWPE-1 at the 

mRNA level (Figure 3.18 A). However this is with the exception of PC3 cells which is 

significantly lower. Levels of both the pro-domain and cleaved HSD17B4 are elevated 

in the AR positive PCa cell lines compared to RWPE-1 cells, significantly for the pro-

domain, indicating that activity levels of HSD17B4 may be elevated in these PCa lines 

Figure 3.18 B-D.  
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Figure 3.16 LGMN and HSD17B4 interact in C42B and 22RV1 cells. Immunoblot of HSD90, 

HSD17B4 and LGMN (pro form 56 kDa and mature form 36 kDa) on samples from a Co-

Immunoprecipitation assay pull down with agarose beads conjugated overnight to either 

LGMN antibody or IgG control in A, C42B and B, 22RV1 cells. IgG chains shown for loading 

control. * represents unspecific band. Data represents three independent repetitions. 
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Figure 3.17 LGMN and HSD17B4 interact in LNCaP and PC3 cells. Immunoblot of HSD90, 

HSD17B4 and LGMN (pro form 56 kDa and mature form 36 kDa) on samples from a Co-

Immunoprecipitation assay pull down with agarose beads conjugated overnight to either 

LGMN antibody or IgG control in A, LNCaP and B, PC3 cells. IgG chains shown for loading 

control. * represents unspecific band. Data represents one independent repetition. 
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Figure 3.18 HSD17B4 expression levels in panel of prostate cell lines. A, Bar graph 

showing mRNA levels of HSD17B4 as measured by RT-qPCR and normalised to 

housekeepers TBP1 and HRPT1. B, Immunoblot of HSD17B4 protein levels with β tubulin 

loading control in in panel of prostate lines. C and D, Bar graphs of densitometric analysis of 

protein levels normalised to loading control. Error bars on graphs represent mean +/- SEM of 

three independent experiments. Unpaired T-test statistical analysis; * (p=<0.05), ** (p=<0.01), 

*** (p=<0.001), **** (p=<0.0001)  
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3.9 HSD17B4 knockdown via siRNA effect on LGMN activity  

HSD17B4 knockdown was performed with 2 siRNA sequences, and the knockdown 

confirmed by western blot in both C42B and 22RV1 cells. There was an effective and 

consistent knockdown of HSD17B4 produced by the two siRNA sequences compared 

to the Scr siRNA control (Figure 3.19A and B). HSD17B4 knockdown in C42B cells 

via siRNA #2 caused a small significant increase in mature LGMN but siRNA #1 had 

no effect on its binding partners levels (Figure 3.19D). In 22RV1 cells, there was a 

small increase in mature LGMN levels with siRNA #1 however siRNA #2 had the 

opposite effect to cause a small reduction in the active form of LGMN protein (Figure 

3.19F).  

In order to further determine effect of HSD17B4 on its binding partner, LGMN, a 

LGMN activity assay was performed, 72 hrs post knockdown. There was no alteration 

of LGMN activity at the 72 hr timepoint with HSD17B4 silencing in C42B cells had no 

effect (Figure 3.20). In contrast, HSD17B4 knockdown caused a small reduction in 

LGMN activity in 22RV1 cells, which was significant for siRNA #2 (Figure 3.20). Whilst 

there were no significant alterations in either the pro or mature form of HSD17B4 with 

either LGMN siRNA in C42B cells there was a trend for an increase in the pro-form 

(Figure 3.21A and D). This may indicate that with LGMN knockdown there is less 

cleavage of HSD17B4. This of interest as it is our hypothesis that LGMN, an AEP, 

may cleave HSD17B4 upon interaction with the pro-domain. In 22RV1 cells there was 

a significant decrease in the mature form of HSD17B4 with LGMN siRNA #1, with a 

similar trend with siRNA #2. This also in line with the above hypothesis. However 

there was no subsequent increase in the pro-form with either siRNA (Figure 3.21B 

and F). This may indicate that LGMN may have an effect on either the stability or 

expression of HSD17B4. Further investigation, possibly at other timepoints with 

LGMN knockdown is required. 
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Figure 3.19 HSD17B4 silencing in C42B and 22RV1 cells effect on the binding partners 

protein expression levels. Immunoblot of LGMN and HSD17B4 with β-tubulin and GAPDH 

loading controls respectively in A, C42B and B, 22RV1 cells with HSD71B4 knockdown (2 

siRNAs) compared to a scrambled (Scr) control extracted 72 hrs after transfection. * 

represents unspecific band. Bar graphs of densitometric analysis of pro-HSD17B4 (85KdA), 

mature HSD17B4 (32kDa), pro-LGMN (55kDa) and mature LGMN (36kDa) protein levels 

normalised to loading control and made relevant to Scr C and D for C42B and E and F for 

22RV1. Error bars on graphs represent mean +/- SEM of three independent experiments. 

Unpaired T-test statistical analysis; * (p=<0.05), ** (p=<0.01), *** (p=<0.001), **** (p=<0.0001).  
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Figure 3.20 Effect of HSD17B4 knockdown on LGMN activity. Bar graph of LGMN activity 
expressed as RFU at assay end point in cells with HSD71B4 knockdown (2 siRNAs) compared 
to a scrambled (Scr) control extracted 72 hrs after transfection. Error bars on graphs represent 
mean +/- SEM of three independent experiments. Unpaired T-test statistical analysis; * 
(p=<0.05) 

 

3.10 Effect of HSD17B4 and LGMN knockdown via siRNA effect 

on AR activity  

Co treatment of LGMN inhibitor 531 and enzalutamide had an antagonistic effect on 

C42B cell viability (Figure 3.14). This may be due to the high efficacy of chosen 531 

doses, meaning no extra effect would be observed. Alternatively LGMN inhibition 

could cause an AR effect that is antagonistic to Enzalutamide’s mechanism of action. 

In order to determine if AR activity changes with LGMN activity alteration, AR 

subcellular localisation was measured with one HSD17B4 and one LGMN siRNA with 

cytoplasmic fractionation. It was theorised that AR subcellular localisation could be 

used as a substitute measure of AR activity as upon activation AR translocates to the 

nucleus. here appears to be no change in AR subcellular localisation with either 

knockdown in C42B cells compared to the control siRNA (Figure 3.22A). As a further 

measure, C42B PSA mRNA levels were examined by RT-qPCR also 72 hrs after 

transfection with all HSD17B4 and LGMN siRNAs (Figure 3.22B). When compared to 

the Scr control there was no significant difference in PSA expression with either 

knockdown. This indicates that LGMN or HSD17B4 may not affect AR activity at the 

72hr time point.   
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Figure 3.21 LGMN silencing in C42B and 22RV1 effect on the binding partners protein 

expression levels. Immunoblot of LGMN and HSD17B4 with β-tubulin and vinculin loading 

controls respectively in A, C42B and B, 22RV1 cells with LGMN knockdown (2 siRNAs) 

compared to a scrambled (Scr) control extracted 72 hrs after transfection. * represents 

unspecific band. Bar graphs of densitometric analysis of pro-HSD17B4 (85KdA), mature 

HSD17B4 (32kDa), pro-LGMN (55kDa) and mature LGMN (36kDa) protein levels normalised 

to loading control and made relevant to Scr C and D for C42B and E and F for 22RV1. Error 

bars on graphs represent mean +/- SEM of three independent experiments. Unpaired T-test 

statistical analysis; * (p=<0.05), ** (p=<0.01), *** (p=<0.001), **** (p=<0.001).  
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Figure 3.22 LGMN and HSD17B4 knockdown via RNAi does not affect AR activity. A, 

Immunoblot of Androgen Receptor (AR), HSD17B4 and LGMN with cytoplasmic fractionation 

in C42B cells transfected with HSD17B4 and LGMN siRNA knockdown compared to a 

scrambled (Scr) and untreated (Unt) control with Vinculin (cytoplasmic) and Histone H3 

(nuclear) as loading controls. One independent repeat. * represents unspecific band B, Bar 

graphs of PSA mRNA levels as measured by RT-qPCR and normalised to HRPT1 and TBP1 

housekeepers in C42B cells transfected HSD17B4 and LGMN siRNA (2siRNAs). Data made 

relative to relevant Scr control. Error bars on graphs represent mean +/- SEM of three 

independent experiments. Unpaired T-test statistical analysis; ns  
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Figure 3.23 HSD17B4 knockdown via RNAi reduces PCa cell viability. Bar graphs of 

viability as measured by MTT assay in C42B and 22RV1 cells transfected with HSD17B4 

siRNA knockdown (two siRNAs) at A, 3 and B, 7 days after replating 24hr post transfection. 

Data made relative to relevant scrambled (Scr) control and normalised to 0hr time point. Error 

bars on graphs represent mean +/- SEM of three independent experiments. Unpaired T-test 

statistical analysis; Unpaired T-test statistical analysis; * (p=<0.05), ** (p=<0.01), *** 

(p=<0.001) **** (p=<0.0001).  
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3.11 HSD17B4 knockdown via siRNA reduces the viability and 

clonal growth of PCa cells  

HSD17B4 has been observed to be overexpressed in PCa (299), therefore it is 

possible that HSD17B4 is required for maintenance of PCa cells’ viability. In order to 

investigate the role of HSD17B4 in cell viability, an MTT assay was performed in C42B 

and 22RV1 cells after RNAi mediated HSD17B4 knockdown. HSD17B4 knockdown 

reduced C42B cell survival by 50% at three days (Figure 3.23A) and this increased to 

above 60% at seven days, post re-plating of cells (Figure 3.23B). By the three-day 

timepoint, neither HSD17B4 siRNA had a significant effect on viability of 22RV1 cells 

(Figure 3.23A).  However, at the seven-day time point there was a significant (>25%) 

drop in 22RV1 cell viability, with both siRNA sequences. This indicates that HSD17B4 

is required for the viability of both C42B and 22RV1 cells.  

Colony formation in both 2D and 3D formation with HSD17B4 knockdown was also 

measured. C42B colony formation with HSD17B4 knockdown was severely reduced 

to less than 10% for 2D clonogenic assay (Figure 3.24A) and to 30% for 3D soft agar 

assays (Figure 3.24B). These data reveal that HSD17B4 knockdown causes a large 

reduction in C42B clonogenic formation. There was a lesser but still significant effect 

of HSD17B4 knockdown in 22RV1 cells, with 3D clonogenic growth reduced to less 

than 65% (Figure 3.24B). There was a similar significant effect on reduction of 22RV1 

2D growth observed with HSD17B4 siRNA #1 and a non-significant trend downwards 

with siRNA #2 (Figure 3.24A).  
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Figure 3.24 HSD17B4 knockdown via RNAi reduces PCa cell clonal growth. Bar graphs 

of clonogenic growth in A, 2D assay and in C42B and 22RV1 cells transfected with HSD17B4 

siRNA knockdown (two siRNAs) after replating 24hr post transfection. Colonies fixed with 

crystal violet and counted with GelCount Software. B, 3D growth in soft agar assay, replated 

48 hr after transfection, colonies counted using ImageJ Data made relative to relevant 

scrambled (Scr) control. Error bars on graphs represent mean +/- SEM of three 

independent experiments. Unpaired T-test statistical analysis; * (p=<0.05), ** 

(p=<0.01), *** (p=<0.001). 
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3.12 HSD17B4 knockdown via siRNA reduces the migration of 

PCa cells  

Given the vital role of HSD17B4 in PCa viability, it was of interest to determine the 

role if any of HSD17B4 in PCa metastatic potential. Therefore to measure effect of 

HSD17B4 knockdown on migration C42B and 22RV1 cells were plated 48 hours after 

siRNA transfection and a wound scratch assay was performed. It was observed that 

both sequences of HSD17B4 siRNA significantly reduced migration at both timepoints 

in both cell lines (Figure 3.25A-C). In 22RV1 cells, there was a smaller effect at the 

24 hr time point with both sequences compared to C42B (Figure 3.25B and C). This 

indicates that HSD17B4 not only has a role in C42B and 22RV1 viability and colony 

growth but also in migration. This provides evidence that HSD17B4 may be a viable 

potential novel target in for some prostate cancer tumours.   

 

3.13 HSD17B family knockdown via pool of esiRNA in panel of 

PCa and Prostate cell lines 

As shown above knockdown of HSD17B4 produces toxic effects on PCa cells. If 

HSD17B4 is to be investigated as a potential therapeutic target, it is vital that the toxic 

effects of HSD17B4 inhibition are selective to carcinogenic tissues to reduce any 

possible cytotoxicity to normal cells. To investigate the effects of HSD17B4 silencing 

on non-cancerous epithelium, HSD17B4 was silenced via RNAi in RWPE-1 cells, with 

knockdown confirmed by western blot or RT-qPCR (Figure 3.26A and B). This 

downregulation of HSD17B4 did not produce any negative effect on RWPE-1 viability 

at a 3-day time point, in contrast HSD17B4 siRNA #1 significantly increased RWPE-

1 viability (Figure 3.26C).  

There are 12 members of the HSD17B family, each possessing their own cell specific 

expression, regulatory mechanisms and substrate specificity (298). This family has a 

vital role in steroidogenesis, either through oxidation of C17 alcohol to a less active 

ketone (B2, B4, B8, B9, B10 and B11) or reduction of the ketone to an active steroid 

(dihydrotestosterone, testosterone or estradiol) (B1, B3, B5, B6, and B7) (299). To 

determine if other members of this family could be potential therapeutic targets an 

esiRNA screen was performed, in conjunction with Dr Parkinson, on the panel of 

prostate cancer cell lines and compared to RWPE-1 cells (Figure 3.27).   
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EsiRNA, endoribonuclease-prepared siRNA, is a complex pool of heterogeneous 

siRNA-like oligonucleotides that cover an expanded region, 300-600bp, of the target 

mRNA. As the pool consists of partially overlapping sequences, there is additive 

silencing capacity for the target mRNA. However, as all the sequences have differing 

potential off-target effects, the end result and hence benefit of pooling is limited off-

target effects.  

For the screen, PLK1 was used as a positive control siRNA, and RLuc as the negative 

control, with the screen normalised to the relevant RLuc control. B11 was included in 

the screen due to difficulties producing esiRNA to the target mRNA. Any reduction in 

viability over 20% compared to the control was labelled green. Knockdown of many 

family members, B2, B4, B6, B7, B9, B12 and B14, reduced survival in C42B, PC3 

and 22RV1 cells (Figure 3.27C-E). The screen in RWPE-1 cells showed fewer family 

members knockdown had an effect on viability, only B2, B7 and B14 with >20% 

reduction (Figure 3.27A). Given the family’s importance to the steroid production it is 

not surprising that some members are vital for normal cellular viability. These HSD17B 

members were the only ones whose knockdown also produced a viability effect in 

LNCaP cells (Figure 3.27B). As a larger effect on viability was observed in LNCaP 

cells compared to RWPE-1 cells, there is potential for a therapeutic window for 

treatment of early-stage disease, although care would need to be taken to avoid 

cytotoxicity to healthy cells.  

For more aggressive disease treatment it is likely that family members that only 

produced a viability effect in late-stage models, B6, B9 and B12 are most likely the 

more viable targets to probe further. B4 knockdown did produce in three out of the 

four PCa lines with no effect on RWPE-1 control cells, again indicating that it should 

be taken forward as a potential therapeutic target. 
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Figure 3.25 HSD17B4 knockdown via RNAi reduces PCa cell migration. A, representative 

images of scratch assay in C42B and 22RV1 cells transfected with HSD17B4 siRNA 

knockdown (two siRNAs) at 8 and 24 hr timepoints after replating 48hr post transfection. Bar 

graphs of relative wound closure using ImageJ software in B, C42B and C, 22RV1 cells. Data 

made relative to relevant Scr control. Error bars on graphs represent mean +/- SEM of three 

independent experiments. Unpaired T-test statistical analysis; * (p=<0.05), ** (p=<0.01). 

 

  

A 
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Figure 3.26 HSD17B4 knockdown via RNAi is not toxic to non-cancerous prostate 

epithelium. A, Immunoblot of HSD17B4 (pro form 85 kDa and mature form 32 kDa) with 

vinculin loading control, one independent experiment. B, Bar graph of HSD17B4 mRNA levels 

as measured by RT-qPCR and normalised to SDHA housekeeper. Data made relative to Scr 

control. Error bars on graphs represent mean +/- SEM of two independent experiments. C, 

Bar graph of viability as measured by MTT assay of RWPE-1 cells transfected with HSD17B4 

siRNA knockdown (two siRNAs) at 3 and 7 days after replating 24hr post transfection. Protein 

and RNA extracted from remaining cells replated and grown for a further 48 hrs for analysis in 

A and B respectively. Data made relative to relevant scrambled (Scr) control and normalised 

to 0 hr time point. Error bars on graphs represent mean +/- SEM of three independent 

experiments. Unpaired T-test statistical analysis, * (p=<0.05).  
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Figure 3.27 Knockdown of HSD17B family has greater effect on PCa cells than RWPE-1 

cells. esiRNA screen of HSD17B family compared to knockdown of PKL1 and RLUC, green 

bars signal any decrease in cell survival over 20% compared to Rluc control siRNA. Data 

made relative to Rluc and PKL1 used as a positive control. Error bars on graphs represent 

mean +/- SEM of three independent experiments.   
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3.14 Chapter Conclusions 

Endogenous LGMN expression and enzymatic activity were shown to be heightened 

in prostate cancer cell lines compared with non-cancerous epithelium. This mirrors 

findings of a meta-analysis that showed LGMN to be overexpressed in cancer, 

particularly in later stages of the disease (287). Levels of LGMN mRNA expression 

were found to be highest in LNCaP and C42B lines, with the lowest expression of 

LGMN mRNA in 22RV1 cells. This does not mirror findings by Peng et al., who 

compared levels in PC3, 22RV1 and DU145 PCa cell lines, with 22RV1 cell found to 

have the highest levels of protein and mRNA expression of LGMN (390). 

Diversification in the same cell line cultured by different groups has been reported, 

such as findings in alteration of genetic sequence and RNA expression between 

variant of the HeLa cell line, which also could explain the different findings. Despite 

the lower comparative LGMN expression, 22RV1 cells still were found to have the 

highest LGMN activity indicating similar LGMN dependent between the variants (391).  

To elucidate the role of LGMN in PCa cells attempts were made to produce LGMN 

knockout PCa cell via a CRISPR cas9 system, however they were not successful. 

This may indicate that this technique was not successful in deleting LGMN and 

therefore there was no subsequent insertion of the required antibiotic resistance for 

selection to be attained. Alternatively the LGMN knockdown and subsequent stress 

through antibiotic selection proved lethal to the PCa cells. If the later, this lethality to 

PCa cells may not be organism wide as it is possible to generate knockout mice, of 

which the largest defect observed is in hyperplasia of in proximal tubular cells of the 

kidney, glomerular cysts, proteinuria and decreased glomerular filtration (392). This 

indicates that LGMN is cancer specific and has taken on an oncogenic function.  

Therefore an alternative approach was devised to target LGMN expression transiently 

through RNAi. To that end two LGMN siRNA sequences were optimised to produce 

consistent knockdown of LGMN protein levels. This knockdown was also able to 

achieve lowering of LGMN enzymatic activity levels, as shown by a LGMN activity 

assay. It was shown that downregulation of LGMN activity, has a wide range of effects 

on PCa cells. LGMN downregulation lowered the viability of PCa cells at both time 

points measured. In addition, LGMN appears to be vital to tumorigenic growth, as 

there is notable loss of colony formation in anchorage-independent growth assays in 

PCa cell lines that represent different stages of disease. These results are supported 
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by findings that LGMN is vital to the proliferation and invasion of both 22RV1 and PC3 

cells (390), reinforcing LGMN as a potential therapeutic target for PCa.  

Most encouragingly these data indicate that targeting LGMN appears to be selectively 

toxic to cancer cells, with limited effects observed in the non-cancerous prostate 

epithelium cell line, RWPE-1. This may be explained by the PCa cells becoming 

dependent on LGMN activity, this oncogene addiction has been hypothesised to result 

from inactivation of a parallel pro-survival signalling pathway (393). Therefore before 

aberrant activation of LGMN to novel oncogene status it is not required for normal 

prostate cell survival. Supporting this theory is the observation that expression of 

CST6, LGMN’s endogenous inhibitor, is lost in breast cancer cells, induced 

expression of CST6 causes apoptosis in breast cancer cells, which is dependent on 

the subsequent decreased LGMN activity, however there is no effect of CST6 

upregulation on normal breast cells (272).  

The effects observed by RNAi were mirrored by via novel small molecule inhibitors 

LGMN activity. Although the replication of toxic effect of targeting LGMN activity by 

alternative mechanism in PCa cells is an encouraging sign to the potential of LGMN 

as a novel therapeutic, more work is needed to understand the toxic effects observed 

in RWPE-1 cells with treatment with 531. It is likely that further iterations of the inhibitor 

are needed before targeting LGMN can progress to trials in vivo, especially due to the 

solubility concerns of the 531 inhibitor. 

It may be possible to target LGMN activity alongside other therapeutics, although 

indications are that one such therapy may not be ADT. Co-treatment with 531 and 

enz, an AR inhibitor, appeared to be antagonistic. Despite LGMN not appearing to 

affect AR activity in either direction, the mechanism of action of the two drugs may 

not be compatible in producing an additive or synergistic effect on cell death. LGMN 

may increase invasion and proliferation in PCa cells through activation of the P13K-

AKT pathway (390), therefore combination with a therapy targeting this signalling axis 

may produce synergistic effects on PCa growth. Alternatively it was demonstrated 

that radiation induced LGMN knockdown produced an additive effect on reducing the 

migration and clonal growth in in breast cancer cells over radiation alone (394). As 

radiation is already an established therapy, both alone for low grade and in 

combination for PCa that has spread locally, combination with LGMNi could be an 

effective strategy for PCa that has not metastasised widely.  
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To further elucidate the molecular mechanisms which allow LGMN to drive 

tumorigenic signalling, novel interactors/substrates of LGMN were identified by 

employing BioID. This system, which employs promiscuous biotin ligase labelling of 

any proximal proteins to the BirA-LGMN fusion protein identified HSD17B4 and 

HSP90 as the top candidates of LGMN interactors. HSP90 is known LGMN to bind 

and promote LGMN intracellular stability (395), and was therefore used a positive 

control when confirming this novel LGMN-HSD17B4 interaction via co-

immunoprecipitation in a number of PCa cell lines.  

Pro-HSD17B4 is proteolytically cleaved to split the first of its three functional domains 

to form an N terminal dehydrogenase capable of fatty acid β-oxidation (32kDa) (396). 

The remaining two domains form a larger domain (50kDa) hydratase-SCP-2L domain 

which can oxidate steroids (301, 302). The multifunctional activity of HSD17B4 

complicates elucidation of HSD17B4’s role in the cell. There was potent effect of 

HSD17B4 knockdown on C42B clonogenicity both in a 2D assay and in an anchorage 

independent assay. While there was a smaller decrease in both viability and clonal 

formation with HSD17B4 RNAi in 22RV1 cells, there was still a significant response. 

In another similarity to LGMN knockdown, there was an over 40% reduction in the 

migration capacities of both cell lines investigated at either timepoint, indicating that 

knockdown of HSD17B4 phenocopies that of LGMN silencing in PCa cells. Again 

these effects were observed in a cancer-specific manner, with no viability effect 

observed on RWPE-1 cells. This indicates that LGMN, alongside its novel binding 

partner HSD17B4, is a driver of PCa and both are potential therapeutic targets.  

Frasinyuk et al. identified a number antineoplastic agents that had strong inhibitory 

effects on both colon and prostate cancer cell proliferation (314). Further investigation 

proved the target of one agent is HSD17B4, specifically the C terminus. Inhibition of 

only the enoyl CoA hydratase activity produced downregulation of proliferation. 

Further studies are required to determine if this is the only activity of HSD17B4 which 

has a role in PCa proliferation and further explore the used of these agents for use in 

targeting HSD17B4 in PCa.  

LGMN appeared to bind the pro-form of HSD17B4 more than the cleaved form, this 

might indicate that LGMN may cleave HSD17B4 to produce the active form. HSD17B4 

is reported to be cleaved between amino residues 311 and 312 by trypsin-like serine-

type endopeptidase (TYSND1) (397). In accordance with the theory LGMN may also 

cleave HSD17B4, the 311th residue is an asparagine (398), with LGMN able to 
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hydrolyse peptides on the carboxyl side of asparagine residues (283). If this 

hypothesis is corrected, the linked activity may explain the similar phenotypes 

achieved with either HSD17B4 or LGMN knockdown, particularly if this interaction is 

cancer specific.  

While in C42B cells LGMN silencing increased the levels of uncleaved HSD17B4, the 

reverse occurred in 22RV1 cells. However neither HSD17B4 or LGMN knockdowns 

This may call into question the theory that LGMN is able to cleave HSD17B4 to alter 

its activity, although further work examining the effect on HSD17B4 substrates 

alongside LGMN inhibition may answer this question.    

There is an interesting dichotomy within effect of HSD17B4 knockdown in non-

cancerous cells compared to PCa cells. It is possible that as silencing of HSD17B4, 

with both siHSD17B4 #1 and esiRNA, increases viability in non-cancerous prostate 

cells, HSD17B4 may have a role in RWPE-1 cells as a tumour suppressor. Given that 

RNAi and esiRNA against HSD17B4 illicit the opposite effect of HSD17B4 in many 

late stage PCa models, there may be a switch of HSD17B4 function to an oncogenic 

role during PCa progression.  

The HSD17B4 family consists of members that have varying roles in steroidogenesis. 

As such it was of scientific interest to determine if any family members other than B4 

are potential therapeutic targets. An esiRNA pool screen has highlighted that three 

other HSD17B family members, B6 B9 and B12, may also be valid targets for novel 

therapeutics in advanced PCa and may warrant further investigation and 

characterisation of their role in PCa.  This screen also confirmed earlier observations 

of B4’s role in viability of PCa cells compared to RWPE-1 cells.   

It is important for the development of new therapeutics with alternative strategies to 

ADT, that the drivers of PCa are fully elucidated and their mechanisms of action 

explained. This chapter has identified LGMN as a potential therapeutic and has further 

described two novel interactors, HSD17B4 and HSP90, the former of which appears 

to have a similar role in PCa as LGMN. Further investigation into the interaction of 

LGMN and HSD17B4 may be key to understanding the clear role LGMN has in driving 

prostate cancer and producing a new and much needed therapeutics to target 

castrate resistance in PCa.  
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4. 4.Characterising the Role of TBX2 in Prostate 
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4.1 Chapter Rationale  

Historically, focus has predominantly centred on the role of the AR in driving PCa 

progression and targeting this for therapeutics. However, the efficacy of targeting AR 

is limited as a number of resistance mechanisms are known to develop. Additionally, 

AR activity is not the only driver of PCa progression.  

In order to further understand the complex biology of PCa and to develop new 

therapies it is vital to understand other signalling mechanisms and transcription 

factors (TF) that may have a role in driving PCa progression. One such TF is TBX2, 

which has been shown to negatively regulate genes such as NDRG1 and p21WAF1 in 

other cancers, such as breast cancer (277, 279). In addition to breast cancer, TBX2 

has been shown to drive proliferation in melanoma (278) and in neuroblastoma (399). 

Findings detailed in chapter 3 indicate that LGMN, the downstream effector of TBX2 

(272), has a role in PCa. This coupled with the similarities between prostate and 

breast cancer, suggests TBX2 may contribute towards PCa progression. TBX2 is 

understudied in PCa, with only a handful of examples in recent literature investigating 

TBX2 in PCa (271, 400). These works have indicated a role for TBX2 in PCa but much 

more investigation is needed to confirm and expand effect of TBX2 activity and 

determine possible mechanisms of action in PCa.  

This aim was first investigated through the development of stable TBX2 

overexpression lines using both PCa and normal prostate epithelium cell lines. This 

project sought to investigate the phenotype TBX2 overexpression generates. In 

addition, silencing of TBX2 was explored through the use of both transient and 

inducible knockdowns.  

4.2 TBX2 expression profiles in PCa cell lines and production of 

TBX2 stably overexpressing cell lines  

As an oncogene TBX2 has been observed to be overexpressed in breast cancer and 

drive proliferation (281). However, to date, TBX2 expression levels in the context of 

PCa is poorly understood and therefore further study is required. TBX2 expression at 

the mRNA and protein level was examined in a panel of prostate cell lines, as shown 

in section 3.2. TBX2 was elevated in the PCa cell lines with the highest expression 

occurring in PC3 cells. This is of interest as PC3 cells are a model of advanced PCa.  

C42B cells are the derivative subline of LNCaP, a human PCa cell line. This subline 

was generated from in vitro culturing of a tumour excised from a murine host. The 
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C42B cell line was derived from a subsequent co-inoculation of these cells with MS 

osteosarcoma fibroblasts in a castrated athymic male nude mouse. As such C42B 

cells represent a more advanced model of PCa then the parental LNCaP cells. Given 

this, it is of note that C42B cells have higher expression levels of TBX2 than LNCaP. 

Therefore, it is possible that TBX2 levels correlate with the metastatic potential of the 

PCa cell line.  

Table 4.1: TBX2 observed as amplified in tumour samples, via cancer outlier prolife 

analysis (COPA), in 11 of 23 data sets sourced from Oncomine. Gene rank reflects 

the rank of the expression of that gene in the dataset, which is then converted into a 

% compared to total number of genes measured (TBX2 ranked in top 20%, fold 

change >2, p value <0.001) 

COPA 

Score 

Over-

expression 

gene rank 

Outlier 

% 

Study No. of 

patients 

No. of 

genes 

10.07 15% 95 Magee (401) 15 5338 

7.63 2% 95 Best (402) 20 12624 

5.54 12% 95 Vanaja (403) 40 17779 

5.16 5% 95 Wallace (404) 89 12603 

4.41 14% 95 Yu (405) 112 8603 

4.12 13% 90 Varambally (406) 19 19574 

3.71 13% 90 Arredouani (407) 21 19574 

3.37 20% 95 Nannai (408) 30  12624 

3.14 19% 95 Setlur (409) 388 3084 

2.62 19% 90 Setlur-2 (409) 108 6084 

1.32 17% 75 Glinsky (410) 79 12624 

 

To further examine this hypothesis, analysis was performed on human PCa 

microarray data sets publicly available on the Oncomine platform. This platform uses 

cancer outlier prolife analysis (COPA) to analyse potential oncogenes that have high 
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expression in a subset of tumours rather than the total population. A higher COPA 

score indicates increased significance of that gene expression within the subset 

analysed, this can be taken together with gene rank which indicates how many other 

genes have higher expression with that subset. In just under half of the data sets 

COPA analysed, TBX2 expression falls within the top 20% of ranked genes in a 

subset of tumour samples, with size of subset shown by outlier % (Table 4.1). It must 

be noted that many of the data sets listed have a small sample size, 15 to 40 patients, 

so only limited conclusions can be made. However, the observation that TBX2 

overexpression is reported in osteoblastic bone metastases in CRPC patients (11) 

supports the finding that TBX2 is possibly overexpressed in a subset of PCa tumours. 

Additionally, blocking of endogenous TBX2 has been shown to reduce bone 

metastasis (400). Furthermore, RT-qPCR analysis of a panel of PCa lines (Chapter 

3.3) reveals TBX2 is upregulated in the most aggressive models of PCa, C42B and 

PC3 cell lines. Taken together this suggests that TBX2 may be involved in the 

metastasis of PCa.  

4.3 Stable TBX2 overexpression cell lines generation 

As shown above TBX2 overexpression is likely to play a role in PCa, the mechanisms 

of this role are worth examining to further understand the drivers of PCa. To determine 

what effect TBX2 overexpression has on non-cancerous prostate and PCa cells, 

stably overexpressing TBX2 cell lines were generated. A lentivirus vector was used 

to produce a stable overexpression of the target protein. As opposed to transient 

transfection, this method has the advantage of long-term TBX2 overexpression and 

is highly reproducible (411). TBX2 transcript variant 1was inserted into pLenti-Puro-

CMV and pLenti-Blast-CMV lentivirus vectors. After infection with the lentivirus and 

subsequent relevant antibiotic selection, the overexpression rate was examined by 

both RT-PCR and immunoblotting.  

Previous work has shown that TBX2 is a regulator of p21WAF1 in multiple cancer cell 

lines (278, 281). P21WAF1 plays a vital role in the cell cycle and can cause cell arrest; 

TBX2 suppression of p21WAF1 expression is a senescence avoidance mechanism. 

Additionally, TBX2 had been observed by our group to regulate NDRG1 levels 

indirectly via EGR1 to avoid senescence in carcinoma. Immunoblotting was used to 

determine the effect of TBX2 on NDRG1 and p21WAF1 in PCa cells. 

The overexpression of TBX2 was confirmed to be elevated and consistent over long-

term passage by compared to the empty vector (EV) derived from parental cell lines 
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RWPE-1 and LNCaP (Figure 4.1 A-C, respectively). In RWPE-1 and LNCaP cells, 

TBX2 overexpression caused significant decrease in NDRG1 levels, with similar 

results for p21WAF1 protein levels, whilst the decrease was not significant for LNCaP 

cells. Additionally similar results were observed for TBX2 overexpression in C42B 

cells, with a small but not significant decrease in NDRG1 levels and a significant 

decrease in p21WAF1 protein levels (Figure 4.2A and C). TBX2 overexpression in PC3 

cells additionally causes a large decrease in p21WAF1 protein levels however in 

contrast there is a significant increase in NDRG1 levels. (Figure 4.2B and C). This 

may be attributed to stable TBX2 overexpression not having an additional effect on 

NDRG1 levels in PC3 due to the higher levels of endogenous TBX2 present in the 

parental cell line compared to the other PCa cells.  

Much higher fold upregulation of TBX2 mRNA levels was observed in LNCaP and 

C42B-TBX2 cell lines relative to EV control lines (Figure 4.3A), compared to the fold 

increases in RWPE-1 and PC3 cell lines (Figure 4.3B). The effect seen by western 

blot analysis of LNCaP-TBX2 cells on protein levels was not mirrored in mRNA levels 

(Figure 4.3A). Whilst there was no change in p21WAF1 mRNA levels in C42B-TBX2 

cells, there was a significant downregulation of NDRG1 expression (Figure 4.3A). 

Whilst there were no significant changes, PC3-TBX2 cells NDRG1 and p21WAF1 levels 

did trend downwards (Figure 4.3B). Interestingly, RWPE1-TBX2 cells did have 

significantly lower NDRG1 and p21WAF1 mRNA levels, indicating that TBX2 

upregulation may confer a more carcinogenic phenotype in non-cancerous prostate 

cells (Figure 4.3B). 
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Figure 4.1 TBX2 overexpression can decrease senescence markers in RWPE-1 and 

LNCaP cells. Immunoblots for TBX2, NDRG1 and p21 WAF1 with vinculin loading controls for 

A, RWPE-1 and B, LNCaP, cells with stable overexpression of TBX2 compared to empty 

vector (EV) control. C, Bar graphs of densitometric analysis of protein levels normalised 

to loading control and made relevant to EV. Error bars on graphs represent mean +/- 

SEM of three independent experiments. Unpaired T-test statistical analysis; * 

(p=<0.05), ** (p=<0.01), *** (p=<0.001). 
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Figure 4.2 TBX2 overexpression can decrease senescence markers in C42B and PC3 
cells. Immunoblots for TBX2, NDRG1 and p21 WAF1 with β-tubulin and vinculin loading controls 
for A, C42B and B, PC3, cells with stable overexpression of TBX2 compared to empty vector 
(EV) control. C, Bar graphs of densitometric analysis of protein levels normalised to loading 
control and made relevant to EV. Error bars on graphs represent mean +/- SEM of three 
independent experiments. Unpaired T-test statistical analysis; * (p=<0.05), ** (p=<0.01).  
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Figure 4.3 TBX2 overexpression can downregulate senescence markers NDRG1 and 

p21WAF1. Bar graph showing mRNA levels of TBX2, NDRG1 and p2 WAF1 as measured by RT-

qPCR and normalised to housekeeper SDHA in A, LNCaP and C42B and B, RWPE-1 and 

PC3 cells with stable overexpression of TBX2 compared to empty vector (EV) control. Error 

bars on graphs represent mean +/- SEM of three independent experiments. Unpaired T-test 

statistical analysis; * (p=<0.05), ** (p=<0.01), *** (p=<0.001). 
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4.4 TBX2 is located in the nucleus in the stably overexpressing 

cell lines and does not influence AR cellular location 

Multiple studies have shown TBX2 to be predominantly located in the nucleus in both 

cancerous and normal cells. Therefore, to ascertain if overexpressed TBX2 followed 

the pattern of endogenous TBX2 cellular location, cytoplasmic fractionation of C42B 

and PC3 cells was performed followed by subsequent immunoblotting. It was 

observed that the majority of TBX2 overexpressed was indeed found in the nucleus 

of C42B and PC3 cells (Figure 4.4 A). Additionally, the effect of TBX2 overexpression 

on AR cellular location was examined. As AR translocates to the nucleus when 

activated by ligand the subcellular location of AR is an indication of activity. No 

difference in AR total, cytoplasmic nor nuclear levels were observed in C42B cells 

with elevated TBX2 (Figure 4.4 A and B respectively). These data indicate that TBX2 

expression may not impact AR activity.  

4.5 TBX2 overexpression can increase colony formation but not 

proliferation of PCa cell lines  

Work within our group has shown upregulation of TBX2 contributes to uncontrolled 

proliferation of breast cancer cell lines (281). Furthermore, downregulation of p21WAF1 

levels, a known regulator of the cell cycle was observed in some TBX2 stable lines, 

above. It is of scientific interest then to determine the proliferation rate of prostate cells 

with long-term overexpression of TBX2. Effect of TBX2 overexpression on RWPE-1, 

C42B and PC3 cell proliferation was characterized by an MTT assay over a time 

course. The low adherent nature of LNCaP cells introduced difficulty when utilising an 

MTT assay to compare effect of TBX2 overexpression on proliferation. The high 

detachment caused very high variability and inaccuracy of measurement of the true 

number of viable cells. Therefore, an alternative approach for LNCaP cells was taken. 

LNCaP EV/TBX2 cells were plated in a 12 well dish and every 2 days the number of 

cells present in a well was determined via trypsinisation and counting, with total cell 

number was used as a measure of proliferation (Figure 4.5D).  

By either measurement, MTT or cell counting, TBX2 overexpression did not have a 

significant effect on number of viable cells in the PCa cell lines, (i) C42B, (ii) PC3 and 

(iii) LNCaP, over the course of five to seven days (Figure 4.5 B-D respectively). This 

lack of effect of TBX2 upregulation on PCa proliferation could be explained by three 

theories; the first that the level of TBX2 has no role in PCa cell proliferation so 



4.Characterising the Role of TBX2 in Prostate Cancer 

121 

 

upregulation does not increase proliferation. The second is TBX2 may have a role in 

PCa but consistent elevation of TBX2 rather than acute activation may not alter 

cellular proliferation levels. A third option is that these cells are close to a maximal 

proliferation rate, so TBX2 alone cannot increase proliferation. However, to call into 

question the second and third theories is the data indicating that TBX2 overexpression 

does not alter RWPE-1 proliferation rates.  

An alternative measure of growth is colony formation; TBX2 overexpression has a 

varied effect on colony growth, for both 2D and anchorage independent growth 

(Figure 4.6). TBX2 overexpression alone was not sufficient to produce clonogenicity 

in RWPE-1 cells, data not shown. TBX2 upregulation moderately but not significantly 

increased both 2D and 3D growth (Figure 4.6A and B). Overexpression of TBX2 in 

PC3 cells significantly, although moderately, increased number of 2D colonies (Figure 

4.6A), while there was no increase in anchorage independent clonal growth (Figure 

4.6B), compared to the EV control. This indicates that TBX2 overexpression can in 

some cases increase colony formation of PCa cells.  
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Figure 4.4 TBX2 overexpression does not impact AR subcellular location. Immunoblot of 

Androgen Receptor (AR) and TBX2 with cytoplasmic fractionation in A, C42B and PC3 cells 

with stable overexpression of TBX2 compared to empty vector (EV) control with β-tubulin 

(cytoplasmic) and TBP (nuclear) loading controls. C42B cells plated in stripped RPMI media 

supplemented with DHT (1 nM/ml). Bar graphs of densitometric analysis of B, AR and C, 

TBX2 protein levels normalised to loading control in C42B EV and TBX2 cells. Error 

bars on graphs represent mean +/- SEM of three independent experiments. Unpaired 

T-test statistical analysis; ns.   

A 
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Figure 4.5 TBX2 overexpression has no effect on proliferation of PCa cells. Bar graph of 

proliferation of A, RWPE-1, B, C42B and C, PC3 cells with stable TBX2 overexpression 

compared to empty vector (EV) control, as measured by MTT assay at 0, 1,2, 3, 5 and 7 days. 

D, LNCaP EV and TBX2 cells were plated in a 6 well plate and cells trypsinised and counted 

every 2 days, from 1 to 5 days. Error bars on graphs represent mean +/- SEM of three 

independent experiments.  
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Figure 4.6 TBX2 overexpression increases colony formation in some PCa cells. Bar 

graphs of clonogenic formation in A, 2D assay in C42B and PC3 cells with stable 

overexpression of TBX2. Colonies were fixed with crystal violet and counted with GelCount 

Software. B, 3D growth in soft agar assay, colonies counted using ImageJ. Data made relative 

to relevant empty vector (EV) control. Error bars on graphs represent mean +/- SEM of three 

independent experiments. Unpaired T-test statistical analysis; *** (p=<0.001). 
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4.6 TBX2 overexpression increases migration and invasion of 

PCa and prostate cells.   

TBX2 has been demonstrated to play a role in metastasis of multiple cancers, 

including PCa, therefore it may be assumed that increased TBX2 could increase the 

invasive phenotypes of both PCa and non-cancerous prostate cells. To measure if 

elevated TBX2 can increase metastatic potential, a wound closure assay was utilised 

with RWPE-1, C42B and PC3 TBX2 stable cell lines and compared to the relative EV 

control to measure cellular migration (Figure 4.7 and Figure 4.8).  

RWPE1-TBX2 cells had increased migration at both time points measured, but the 

largest increase, 1.7-fold, was observed at the earlier 8 hr time point (Figure 4.7A and 

B). LNCaP cells with their low adherent nature generated issues with creating uniform 

scratches, as such LNCaP cells were deemed unsuitable for the wound closure 

assay. In similar results TBX2 overexpression caused significant increase in C42B 

and PC3 migration at both timepoints measured (Figure 4.8A-C). 

Wound healing assays are a slightly primitive measure of migration as there can be 

no chemical attractant gradation applied in the well. Additionally, the size of wound 

can influence the percentage closure and therefore alter the measured relative 

migration, furthermore not all cell lines are suitable for this assay. To combat these 

issues an alternative invasion assay which utilises Boyden chambers, was used to 

measure the invasion potential of the stably overexpressing cell lines compared to 

their respective EV control. The Matrigel coating on the chambers mimics invasion 

through ECM and an additional advantage is a chemical attract, RPMI with 10% FCS, 

can be added below the chamber containing cells in low serum media. 

In all cells lines higher TBX2 expression correlated to increased invasion when 

measured by Boyden chambers. TBX2 overexpressing PC3 cells did have increased 

invasion but this was not significant (Figure 4.9D.) PCa cell lines, LNCaP-TBX2 and 

C42B-TBX2 had significant increase in invasion compared to EV control cells (Figure 

4.9B and C respectively). Interestingly the PCa cell line with the lowest endogenous 

TBX2, LNCaP, saw the biggest increase in invasion with TBX2 expression, with a 2.3-

fold increase. Additionally, mirroring observations on migration, TBX overexpression 

increases invasion significantly in RWPE-1, with a 2.6-fold increase (Figure 4.9A).  

Similar results were observed in the PCa cell lines with significantly increased 

migration in both C42B-TBX2 and PC3-TBX2 cells at all time points compared to the 
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EV cells (Figure 4.7B and C, respectively). This indicates that TBX2 expression 

increases migration and possibly has transforming potential for non-cancerous 

prostate cells.   

4.7 TBX2 overexpression effect on EMT markers  

The increased invasion and migration observed with TBX2 overexpression indicates 

an EMT phenotype. Therefore, to examine this, the effect of elevated TBX2 on EMT 

markers was determined via western blot analysis. Epithelial marker E-cadherin 

expression was lower in all PCa cells lines with stable TBX2 overexpression 

compared to EV control although not significantly (Figure 4.10 B, C, E and F 

respectively). In comparison, the mesenchymal marker vimentin was upregulated in 

RWPE-1 cells (Figure 4.10 A and E). This trend in change in some epithelial and 

mesenchymal markers correlates with an increase in EMT phenotype with stable 

TBX2 overexpression and may account for the increase in invasion and metastasis 

phenotypes observed. Although further EMT markers will need to be measured to 

confirm this.  
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Figure 4.7 TBX2 overexpression increases RWPE-1 cell migration. A, representative 

images of a scratch assay measured by scratch assay in RWPE-1 cells with stable TBX2 

overexpression B, Bar graph of relative wound closure at 8 and 24 hr timepoints quantified 

using ImageJ software. Data made relative to relevant empty vector (EV) control. Error bars 

on graphs represent mean +/- SEM of three independent experiments. Unpaired T-test 

statistical analysis; * (p=<0.05), ** (p=<0.01).  
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Figure 4.8 TBX2 overexpression increases cell migration. A, representative images of a 

scratch assay measured by scratch assay in C42B and PC3 cells with stable TBX2 

overexpression. Bar graphs of relative wound closure at 8 and 24 hr timepoints quantified 

using ImageJ software in B, C42B and C, PC3 cells. Data made relative to relevant empty 

vector (EV) control. Error bars on graphs represent mean +/- SEM of three independent 

experiments. Unpaired T-test statistical analysis; * (p=<0.05), ** (p=<0.01), *** (p=<0.001). 

  

A 
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Figure 4.9 TBX2 overexpression increases cell invasion. Bar graph showing relative 

invasion in A, RWPE-1, B, LNCaP, C, C42B and D, PC3 cells with stable TBX2 overexpression 

plated into a Matrigel coated Boyden chamber in OptiMEM media, with 10% RPMI media 

added below Boyden chamber. Invasion towards chemical gradient measured after 24 hr via 

crystal violet staining. Data made relative to relevant (empty vector) EV control. Error bars on 

graphs represent mean +/- SEM of three independent experiments. Unpaired T-test statistical 

analysis; * (p=<0.05), **** (p=<0.0001). 
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Figure 4.10 TBX2 overexpression increases epithelial and increase mesenchymal 

markers in PCa and prostate cells. Immunoblots for E-cadherin (epithetical) and Vimentin 

(mesenchymal) with β-tubulin and vinculin loading controls for A, RWPE-1, B, LNCaP, C, 

C42B, D, PC3 cells with stable overexpression of TBX2 compared to empty vector (EV) 

control. Bar graphs of densitometric analysis densitometric analysis of protein levels 

normalised to loading control and made relevant to EV control. E, for RWPE-1 and LNCaP 

cells, F, for C42B and PC3 cells. Error bars on graphs represent mean +/- SEM of three 

independent experiments. Unpaired T-test statistical analysis; ns.  
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4.8 TBX2 overexpression effect on drug response to docetaxel 

Docetaxel is the preferred chemotherapeutic agent for treatment of CRPC. Therefore, 

docetaxel is one of the last lines of treatment for these patients and once resistance 

occurs to mainstream therapies such as ADTs, there are few options left. It is 

important to understand whether the transcriptional changes that may occur with 

TBX2 have any impact on PCa response to docetaxel. Docetaxel has been observed 

to be selectively cytotoxic to cells in the S-phase of the cell cycle (412). TBX2 is known 

to control the cell cycle and therefore it was hypothesised that TBX2 overexpression 

may increase resistance to docetaxel treatment. Therefore, an IC50 for docetaxel was 

generated in all TBX2 overexpression PCa and non-cancerous prostate cell lines and 

compared to the EV control.   

Overexpression of TBX2 in RWPE-1 cells had almost no discernible effect on 

response to docetaxel treatment at any dose measured (Figure 4.11A). LNCaP-TBX2 

cells had no significantly different number of viable cells, as measured by an MTT 

assay, with any dose of docetaxel treatment. The sigmoid dose response curve 

trended to be more sensitive to docetaxel treatment at the higher doses with TBX2 

overexpression (Figure 4.11B). C42B-TBX2 cells had significantly higher cell survival 

at the lowest 3 doses of docetaxel, with no difference in drug response at the higher 

doses (Figure 4.11C). PC3 cells had a trend of slightly higher cell survival at all doses 

with TBX2 overexpression, with significant resistance to the lowest concentration of 

docetaxel (15.6 nM) (Figure 4.11D).  
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Figure 4.11 TBX2 has a minor effect on increasing resistance of PCa cells to treatment 

with docetaxel. Bar graph of docetaxel dose-response curve as measured by MTT assay 

after 3 days, normalised to vehicle control and analysed by GraphPad software in, A, RWPE-

1, B, LNCaP C, C42B and D, PC3 cells with stable TBX2 overexpression compared to empty 

vector (EV) control. Error bars on graphs represent mean +/- SEM of three independent 

experiments. Unpaired T-test statistical analysis; * (p=<0.05) 

  



4.Characterising the Role of TBX2 in Prostate Cancer 

133 

 

4.9 TBX2 overexpression effect on cell cycle 

As indicated by the IC50 data presented above, there is some effect of TBX2 on a 

subset of PCa cells response to docetaxel. This may be due to faster cycling through 

the cell cycle, particularly at S-phase. This is supported by in some cases TBX2 

overexpression silencing p21WAF1, which is known to have a role in cell cycle arrest 

through regulation of cell cycle checkpoint proteins.  

Cells were plated and harvested after 48 hours and the cell cycle was examined by 

PI and flow cytometry staining of fixed cells. Cell cycle analysis indicated that LNCaP-

TBX2 cells have increased accumulation of cells in the G1 phase of the cell cycle with 

a small decrease observed in both the S and G2/M phase (Figure 4.12A). This 

indicates that TBX2 overexpression does impact the cell cycle of LNCaP cells, 

accumulation in G0/G1 would suggest slower progression through the cell cycle.  

In comparison to LNCaP cells, RWPE-1, C42B and PC3 cells did not have any 

difference in cell cycle profile with elevation of TBX2 expression at either the 48 or 72 

hr time points (Figure 4.12A, B and C, respectively). The cells were plated for an 

extended time, 72 hr, to reveal if an extended time point, would reveal any differences 

in cell cycle not observable at 48 hr. Future work to confirm that TBX2 overexpression 

has no effect on these cells cell cycle prolife could involve synchronisation of cells 

before plating to allow a clearer picture of cell cycle progression timings.  
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Figure 4.12 Effect of TBX2 overexpression on LNCaP cell cycle as measured by PI 

staining. A, Bar graph of cell cycle of LNCaP cells with TBX2 stable overexpression after 48 

hr, stained with PI and profiled via flow cytometry and compared to the empty vector (EV) 

control. Error bars on graph represent mean +/- SEM of three independent experiments. B, 

Table of averages of A and unpaired T-test statistical analysis; * (p=<0.05). 
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Figure 4.13 Effect of TBX2 overexpression on cell cycle as measured by PI staining. Bar 

graph of cell cycle of A, RWPE-1, B, C42B and C, PC3 cells with TBX2 stable overexpression 

after 48 and 72 hr, stained with PI and profiled via flow cytometry and compared to the empty 

vector (EV) control. Error bars on graph represent mean +/- SEM of three independent 

experiments, unpaired T-test statistical analysis; ns.   
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4.10 Silencing of TBX2 in prostate cell lines via siRNA causes 

reduction in cellular migration and viability, and upregulation of 

NDRG1 and p21WAF1. 

As illustrated above TBX2 overexpression has significant effects on gene regulation 

and causes phenotypic changes in non-cancerous prostate epithelial and cancer 

cells. This indicates that TBX2 is relevant in a PCa context, with studies showing that 

TBX2 is overexpressed in a subset of PCa tumours, Table 4.1. To further investigate 

a TBX2 role in PCa pathogenesis it was decided to silence endogenous TBX2 and 

investigate the phenotypic effects of this downregulation. Therefore, the translation of 

TBX2 mRNA into TBX2 protein was silenced transiently via siRNA knockdown (see 

appendix for sequence). PC3 cells were chosen as the highest TBX2 expressing cell 

line.  

PC3 cells were re-plated for subsequent viability, clonogenic and wound closure 

assays, 72hrs after transfection with siRNA. TBX2 siRNA #1 caused a significant 

downregulation of TBX2 mRNA and subsequent significant upregulation of CST6, 

NDRG1 and p21WAF1 mRNA (Figure 4.14A). Combined with data for RWPE-1 cells 

with stable TBX2 overexpression this indicates that TBX2 regulates expression of 

NDRG1 and p21WAF1. TBX2 silencing also caused a 30% reduction in PC3 cells 

viability after 3 days as measured by an MTT assay (Figure 4.14B) and reduced PC3 

colony formation to ~ 35% of Scr control (Figure 4.14C). However, surprisingly given 

the large effect observed on viability, there was a surprisingly low effect of TBX2 

siRNA on the size of colonies formed, with only a ~10% reduction compared to the 

control (Figure 4.14D). TBX2 knockdown additionally had a significant effect on 

migration of PC3 cells at both 8 and 24 hr timepoints, reducing migration consistently 

to ~50% of the relative siRNA Scr control Figure 4.15A and B. This is further evidence 

that TBX2 has a significant role in driving advanced PCa cellular migration, invasion, 

viability and clonogenicity. Targeting TBX2 activity therefore could have the potential 

for a potent therapeutic that abrogates the carcinogenic phenotype of advanced 

prostate tumours.  
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Figure 4.14 Knockdown of TBX2 via siRNA in PC3 cells upregulates expression of CST6, 

NDRG1 and p21WAF1 and causes reduction in PC3 cell viability and colony formation. 

Bar graphs of A, TBX2, CST6, NDRG1 and p21WAF1 mRNA levels as measured by RT-qPCR 

and normalised to SDHA housekeepers and B, viability as measured by MTT assay at 3 days 

after replating and of 2D clonogenic C, formation and D, diameter in PC3 cells transfected with 

TBX2 siRNA (1 siRNA) plated 72 hr after transfection. Colonies fixed with crystal violet and 

counted with GelCount Software. Data made relative to relevant Scr control. Error bars on 

graphs represent mean +/- SEM of three independent experiments. Unpaired T-test statistical 

analysis; * (p=<0.05), *** (p=<0.001).; **** (p=<0.0001),  
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Figure 4.15 Silencing of TBX2 causes reduction in PC3 cell migration. Representative 

images of a scratch assay in PC3 cells transfected with TBX2 siRNA (1 siRNA) re plated 72 

hr after transfection. B, Bar graph of migration as measured by a wound assay after 8 and 24 

hr timepoints using ImageJ software. Data made relative to relevant Scr control. Error bars on 

graphs represent mean +/- SEM of three independent experiments. Unpaired T-test statistical 

analysis; *** (p=<0.001).  
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4.11 Generation of inducible models of silencing TBX2 in prostate 

cell lines   

Knockdown via siRNA is transient and can be variable between transfections, so other 

models of inducible inhibition of TBX2 transcription regulation were therefore explored 

for longer-term assays. I decided therefore to generate a ‘TET off’ dominant negative 

TBX2 (DN-TBX2) model in C42B and PC3 cells, as these two cell lines had the 

highest TBX2 expression of the panel of PCa lines, see chapter 3.3.  

The DN-TBX2 construct is a truncated version of TBX2, amino acid residues 1- 361, 

retaining the N-terminal and therefore conserving the T-box binding domain while 

deleting the carboxy-terminal residues required for transcription repression, see 

Figure 4.16 schematic. The promoter is TET repressed, so removal of TET from the 

culture media induces expression of DN-TBX2. This construct has been used in 

melanoma cells (278), in addition to and work within our group in breast cancer (281). 

Nandana et al. demonstrated that DN-TBX2 can outcompete endogenous TBX2, 

shown by observation of DN-TBX2 causing upregulation of p21WAF1 and reducing PC3 

cell proliferation (400).  

 

Figure 4.16 Schematic representation of TBX2 protein. A, full-length TBX2 and B, 

Dominant Negative TBX2 (DN-TBX2) construct, showing the position of the T-box, repression 

domain (RD) and the flag-tag. Numbers denote the amino acid residue at the boundary of 

each domain.  
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Despite multiple attempts at clonal selection, induction of consistent expression of 

DN-TBX2 with removal of TET could not be achieved. This is probably due to the 

protocol requiring the successful and permanent uptake of four separate plasmids 

containing the Dominant Negative construct, the TET-off promoter, and two antibiotic 

selection vectors. Attempts could have been made to clone each construct into a 

lentivirus vector to enable easier and more reliable transfection and subsequent 

antibiotic selection. However, efforts were instead focussed on short-hairpin (shRNA), 

a more modern technique that enables inducible knockdown of endogenous TBX2 

without the requirement to produce a dominant negative construct to outcompete WT 

TBX2.  

Two shRNA TBX2 sequences were cloned into separate tet-pLKO lentivirus vectors, 

analysed by restriction digest and subsequent gel electrophoresis and the plasmid 

sequenced to ensure successful insert of shRNA into the plasmid (Figure 4.17A and 

B respectively). ShTBX2#1 and shTBX2#2 were then stably transduced into C42B 

and PC3 lines via lentivirus transfection and which then underwent puromycin 

selection. Successful knockdown of TBX2 with shRNA expression induced with 

seven-day treatment with doxycycline (dox) was confirmed by western blot for PC3 

cells. Lower endogenous levels of TBX2 in C42B cells made successful knockdown 

confirmation by western blot difficult, thus RT-qPCR was used for validation instead. 

Dox treatment of parental lines was optimised, see Appendix 3: Figure 7.2. 

4.12 Silencing of TBX2 effect on EMT and senescence markers 

Silencing of TBX2 by shRNA appeared to cause the expected reverse effect observed 

with TBX2 overexpression. Senescence markers NDRG1 and p21WAF1 appeared to 

increase with TBX2 knockdown in C42B cells at both the mRNA and protein level, 

although this was not consistent enough to be significant (Figure 4.18A and B, 

respectively). Similar results with PC3 cells were observed at the protein level, with 

upregulation of E-cadherin with both shRNA sequences and consistent upregulation 

of NDRG1, p21WAF1 with shTBX2 #1 (Figure 4.19). This indicates that TBX2 negatively 

regulates both senescence and epithelial markers in PCa cells.  
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Figure 4.17 Successful cloning of TBX2 shRNA tet-pLKO plasmids. Agarose gel images 

of Xho1 restriction enzyme digested tet-pLKO plasmids with TBX2 A, shRNA#1 and B, 

shRNA#2 cloned into them. Arrows indicate double band indicating successful cloning, due to 

addition of Xho1 cut site in shRNA sequence. One plasmid was selected for subsequent 

sequencing. 
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Figure 4.18 C42B shTBX2 cell lines effect on protein and mRNA. Bar graph of A, mRNA 

levels of TBX2, NDRG1 and p21WAF1 as measured by RT-qPCR and normalised to 

housekeeper SDHA and B, immunoblot of E-cadherin, NDRG1 and p21WAF1 protein levels 

compared to vinculin loading control in C42B TBX2 shRNA cell lines treated with dox for 7 

days prior to replating. C-E, Bar graphs of densitometric analysis of B protein levels compared 

to dox negative parental line. Error bars on graphs represent mean +/- SEM of three 

independent experiments. Unpaired T-test statistical analysis; * (p=<0.05).   
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Figure 4.19 PC3 shTBX2 cell lines effect on protein. A, Immunoblot of TBX2, E-cadherin, 

NDRG1 and p21WAF1 protein levels compared to GAPDH loading control in PC3 TBX2 shRNA 

cell lines treated with dox for 7 days prior to replating. B and C, Bar graphs of densitometric 

analysis of protein levels compared to dox negative parental line. Error bars on graphs 

represent mean +/- SEM of three independent experiments. Unpaired T-test statistical 

analysis; * (p=<0.05).   

Dox 
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4.13 The effect of TBX2 shRNA knockdown on the survival and 

migration of C42B and PC3 cells 

TBX2 has been shown to increase proliferation in breast cells and siRNA silencing of 

TBX2 in PC3 cells has been shown to reduce cellular viability (section 4.12). 

Therefore, it was expected that silencing of TBX2 in PC3 cells via the two shRNA 

sequences would reduce cellular viability of PC3 cells and likely have similar effects 

in C42B cells. To determine the effect of TBX2 shRNA on C42B and PC3 cells, 

viability was measured by MTT assay at 1, 3, 5 and 7 day time points post replating 

and normalised to 0 hr plating efficiency and the relevant dox negative control.  

There was a significant reduction in C42B viability with shTBX2 #1 at the 7-day time 

point and a smaller but still significant reduction at 5 days with TBX2 sh2 (Figure 

4.20A). There is a smaller but more consistent reduction in viability in PC3 cells with 

both shRNA sequences (Figure 4.20B). A more significant effect of TBX2 knockdown 

was observed on clonogenic growth in C42B cells, TBX2 knockdown with both shRNA 

sequences reduced 2D clonal growth by over 35% (Figure 4.21A). In comparison 

there was no significant effect on PC3 clonal growth with either shTBX2 (Figure 

4.21B). TBX2 may therefore a role in the cellular survival of some PCa lines but this 

does not appear to be consistent across all PCa lines. 

As TBX2 has been linked with metastatic spread of PCa and following observations 

of reduced PCa cellular migration with TBX2 siRNA knockdown, it was hypothesised 

that shRNA knockdown of TBX2 would also decrease migration. A wound assay was 

therefore conducted to measure cellular migration of C42B and PC3 cells with 

knockdown of TBX2 induced pre-plating for 7 days. TBX2 silencing in C42B with either 

shRNA significantly reduced migration at both 8 hr (21-31%) and shRNA#2 24 hr (18-

25%) time points (Figure 4.22A and B). There was similar effect of TBX2 

downregulation on PC3 migration, with a trend for lower inhibition at the 24 hr 

timepoint (16-33%) compared to the 8 hr timepoint (20-46%) (Figure 4.23A and B) 
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Figure 4.20 shTBX2 silencing reduces C42B and PC3 cell viability. Bar graphs of viability 

as measured by MTT assay at 1 to 7 day timepoints in A, C42B and B, PC3 shRNA cell lines 

treated with dox for 7 days prior to replating. Data normalised to 0hr plating efficiency and 

made relative to relevant dox negative parental control. Error bars on graphs represent mean 

+/- SEM of three independent experiments. Unpaired T-test statistical analysis; * (p=<0.05), ** 

(p=<0.01) 
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Figure 4.21 shTBX2 silencing reduces clonogenic growth in C42B cells. Bar graphs of 

clonogenic growth in 2D assay in A, C42B and B, PC3 TBX2 shRNA cell lines treated with 

dox for 7 days prior to replating. Colonies fixed with crystal violet and counted using GelCount 

software. Data made relative to relevant dox negative parental control. Error bars on graphs 

represent mean +/- SEM of three independent experiments. Unpaired T-test statistical 

analysis; * (p=<0.05), ** (p=<0.01) 
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Figure 4.22 shTBX2 silencing reduces migration in C42B cells. A, representative images 

and B, Bar graph of relative wound closure as measured by scratch assay in C42B TBX2 

shRNA cell lines treated with dox for 7 days prior to replating at 8 and 24 hr timepoints 

analysed with ImageJ software. Data made relative to relevant dox negative parental control. 

Error bars on graphs represent mean +/- SEM of three independent experiments. Unpaired T-

test statistical analysis; * (p=<0.05).  
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Figure 4.23 shTBX2 silencing reduces migration in PC3 cells. A, representative images 

and B, Bar graph of relative wound closure as measured by scratch assay in PC3 TBX2 

shRNA cell lines treated with dox for 7 days prior to replating at 8 and 24 hr timepoints 

analysed with ImageJ software. Data made relative to relevant dox negative parental control. 

Error bars on graphs represent mean +/- SEM of three independent experiments. Unpaired T-

test statistical analysis; * (p=<0.05), ** (p=<0.01), *** (p=<0.001)  

A 
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4.14 Effect on Docetaxel response and cell cycle with shRNA 

silencing of TBX2 in PCa cells. 

C42B cells with stably overexpressed TBX2 were more resistant to docetaxel 

treatment at lower doses (15.6 – 313 nM) (Figure 4.11C), with PC3-TBX2 cells also 

significantly resistant to treatment of 15.6 nM (Figure 4.11D). Therefore, it is of interest 

to determine if silencing of TBX2 can induce sensitivity to docetaxel treatment since 

it is an important treatment for PCa clinical management. After induction of shTBX2 

#1 and #2 with dox treatment for 7 days, C42B and PC3 cells were replated in a 96 

well plate and an IC50 assay performed. When compared to no dox treatment, there 

was no significant difference in C42B response to docetaxel treatment with either 

TBX2 shRNA (Figure 4.24A and B, respectively). Similarly, TBX2 silencing did not 

alter PC3 cells response to docetaxel treatment (Figure 4.24C and D, respectively). 

The lack of significant difference in response to docetaxel implies that there was no 

difference in cell cycle regulation with downregulation of TBX2 in C42B and PC3 cells. 

As previously mentioned, response to docetaxel treatment has been linked to 

changes in cell cycle. The lack of alteration in docetaxel response may indicate that 

TBX2 silencing does not change the cell cycle profile.  

Therefore, PI staining and FACS analysis was used to profile the cell cycle post TBX2 

shRNA induction for seven days. For C42B cells, in keeping with the docetaxel 

observations from Figure 19, there was no difference in cell cycle profile with either 

shTBX2 compared to the dox negative control (Figure 4.25A). Only shRNA #1 

appeared to change PC3 cell cycle prolife, with a small accumulation of cells in the 

G0/G1 stage, which could imply senescence induction, albeit with a very marginal 

effect (Figure 4.25B).  
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Figure 4.24 No effect of shTBX2 in C42B and PC3 cells on docetaxel response. Bar graph 

of docetaxel dose-response curve as measured by MTT assay after 3 days, normalised to 

DMSO control and analysed by GraphPad software in, A, C42B TBX2 shRNA #1, B C42B 

shRNA #2, C, PC3 shRNA#1  and D, PC3 shRNA #2 cell lines treated with dox for 7 days prior 

to replating compared to parental dox negative control. Error bars on graphs represent mean 

+/- SEM of three independent experiments. Unpaired T-test statistical analysis; ns. 
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Figure 4.25 Effect of TBX2 shRNA on cell cycle. Bar graph of cell cycle of A, C42B and B, 

PC3 TBX2 shRNA cell lines treated with dox for 7 days prior to fixing, then stained with PI and 

profiled via flow cytometry and compared to the dox negative parental control. Error bars on 

graph represent mean +/- SEM of three independent experiments. C, Table of averages of A 

and unpaired T-test statistical analysis; ns.   
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4.15 TBX2 regulates CST6, E-cadherin, NDRG1 and p21WAF1 in 

PCa. 

As detailed above, in certain cases of overexpression and knockdown of TBX2, levels 

of CST6, E-Cadherin, NDRG1 and p21WAF1 were altered, consistent with negative 

regulation of expression by TBX2. To validate whether TBX2 binds to the promoters 

of these genes ChIP-PCR was performed in PC3 cell lines. Target ChIP primers were 

designed from the nucleotide sequences below ChIP peaks identified from ChIP-seq 

data performed in the breast cancer cell line, MCF7. Additional negative control ChIP 

primers were designed from nucleotide sequences ~1.5kb upstream of TBX2 putative 

binding sites (sequences detailed in Appendix). NDRG1 and p21WAF1 had relatively 

high levels of enrichment (3.4 and 4.9-fold), although the data was variable (Figure 

4.26A). CST6 and E-cadherin had lower levels of enrichment (both 1.6-fold) however 

the variability was much lower (Figure 4.26A). There may be a fair amount of 

background signal around the putative TBX2 binding regions. For example, the 

upstream region for E-cadherin, supposedly a negative control, had high levels of 

TBX2 enrichment relative to the IgG and Input sample. When normalised to IgG 

binding only, all NDRG1, E-cadherin and p21WAF1 promoters had enrichment of over 

4-fold, with CST6 at 3.6-fold enrichment (Figure 4.26B). These ChIP-PCR data 

confirm that TBX2 is enriched on these 3 promoter regions, presumably as part of a 

transcriptional repression role.   
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Figure 4.26 ChIP PCR enrichment of TBX2 on genomic binding sites with formaldehyde 

crosslinking. Bar graphs of ChIP qPCR enrichment values following formaldehyde fixation 

and pulldown using the TBX2 antibody (abcam) in the PC3 cell line. A, Fold enrichment on the 

genomic binding sites in CST6, E-cadherin, NDRG1 and p21WAF1 promoter regions relative to 

‘input’, normalised first to IgG control and then to Upstream Regions (UR) (designed 

specifically to a genomic location within 1.5kb upstream of each peak). B, Enrichment of same 

regions normalised to IgG control only. Error bars represent mean +/- SEM of three 

independent experiments. 
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4.16 Knockdown of TBX2 downstream targets NDRG1 CST6 

reduces cell viability and colony formation in PCa cells 

TBX2 is known to negatively regulate senescence markers NDRG1 and p21WAF1, as 

well as LGMN’s endogenous inhibitor CST6, to increase cell proliferation in breast 

cancer (279). TBX2 can also reduce the expression of these target genes in PCa lines 

when TBX2 was overexpressed. We would therefore hypothesise that knock down of 

these three proteins would increase the viability of PCa cells. To determine if this was 

the case, CST6, NDRG1 and p21WAF1 were silenced via siRNA in both C42B and PC3 

cells with confirmation of significant knockdown of the relevant protein shown by 

immunoblotting and subsequent densitometric analysis (Figure 4.27A-E).  

Knockdown of p21WAF1 had no significant effect on growth in PC3 cells with a small 

increase in viability observed in C42B cells after three days (Figure 4.28A). 

Conversely, both NDRG1 and CST6 knockdown unexpectedly had the reverse effect, 

with viability and colony growth significantly reduced in both cell lines (Figure 4.28A 

and B respectively). However, p21WAF1 knockdown did result in a pronounced (albeit 

non-significant) increase in colony formation (Figure 4.28B). NDRG1 has been 

reported to be a metastasis suppressor so we were particularly interested in its role 

in migration and invasion. However, the effect of NDRG1 siRNA on migration at the 8 

hr timepoint showed no significant decrease observed in either C42B or PC3 cells 

(Figure 4.28C and D). This may indicate that while upregulation of NDRG1 and CST6 

can be induced to enact slower proliferation and possible onset of senescence, a 

consistent low level of expression is required for the cells to survive and have clonal 

growth. Therefore acute knockdowns may activate default stress pathways which 

activate apoptosis. However this strategy would have to be targeted to the tumour as 

silencing of these tumour suppressor pathways may induce oncogenesis in other 

tissues 
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Figure 4.27 Confirmation of CST6, NDRG1 and p21WAF1 knockdown in C42B and PC3 

cells. A, Bar graph of mRNA levels of CST6 as measured by RT-qPCR and normalised to 

housekeeper SDHA. Immunoblot of A, CST6 and B, NDRG1 and p21WAF1 protein levels 

compared to GAPDH or vinculin loading control in C42B, PC3 cells transfected with CST6, 

NDRG1 or p21WAF1 siRNA knockdown (1 siRNA) compared to relevant scrambled (Scr) 

control. Bar graphs of densitometric analysis of C, CST6, D, NDRG1 and E, p21WAF1. Error bars 

on graphs represent mean +/- SEM of three independent experiments. Unpaired T-test 

statistical analysis; * (p=<0.05), ** (p=<0.001), *** (p=<0.001) and **** (p=<0.0001).  
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Figure 4.28 CST6, NDRG1 and p21WAF1 knockdown in C42B and PC3 cells. Bar graphs of 

A, viability as measured by MTT assay after 3 days and normalised to 0hr time point B, 

clonogenic growth in a 2D assay with colonies fixed with crystal violet and counted with 

GelCount in C42B and PC3 cells replated 48 hrs after transfection with CST6, NDRG1 or 

p21WAF1 siRNA knockdown (1 siRNA) C, representative images of scratch assay (0hr and 8hr) 

and D, relative wound closure as measured utilising ImageJ software in cells transfected with 

NDRG1 siRNA. Data made relative to relevant scrambled (Scr) control. Error bars on graphs 

represent mean +/- SEM of three independent experiments. Unpaired T-test statistical 

analysis; * (p=<0.05), ** (p=<0.01), *** (p=<0.001).  

C 
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4.17 Chapter Conclusions 

TBX2 expression was determined to be upregulated in a subset of PCa tumours via 

analysis of Oncomine datasets. The aim of this work was to examine if this 

upregulation has a role in driving PCa progression. To this end TBX2 was stably 

overexpressed in both a non-cancerous cell line, RWPE-1, and PCa cell lines and a 

series of assays used to characterise the resultant phenotypes. First the 

overexpression levels were validated by immunoblotting and RT-qPCR which 

revealed consistent high levels of TBX2 upregulation in all cell lines. As TBX2 is a 

known negative transcription factor, effect on two known TBX2 targets, NDRG1 and 

p21WAF1 was determined (278, 281). Although the effect of TBX2 overexpression was 

not as pronounced as expected, there was evidence of TBX2 upregulation resulting 

in the silencing of these targets in PCa cells.  

However, the more interestingly, TBX2 overexpression significantly downregulated 

p21WAF1 and NDRG1 mRNA levels in RWPE-1 cells, indicating that TBX2 activity can 

contribute towards a carcinogenic phenotype. The subcellular location of the elevated 

TBX2 was nuclear, this is consistent with reporting that the endogenous protein is 

mostly found in the nucleus in PCa cells (400). We also hypothesised that TBX2 

overexpression models would have increased cellular viability. However, cell survival 

measured over a time course of seven days revealed that stable overexpression of 

TBX2 had no effect on number of viable cells of any cell line. 

Whilst proliferation rates were not elevated by increased TBX2, there were small 

increases in 2D and anchorage independent growth of PC3 and C42B cells 

respectively. This was slightly unexpected given the requirement of breast cancer 

cells of TBX2 for proliferation (279)  A more prominent phenotypic change was 

observed in migration and invasion of all TBX2- stable cell lines. This increase 

indicated that TBX2 upregulation is able to increase the metastatic potential of both 

PCa and non-cancerous prostate cells. Metastasis is often accompanied by an EMT, 

and although not interchangeable, this transition can explain the progression of 

tumour cells to a more invasive phenotype. Therefore, levels EMT markers were 

measured and evidence of a downregulation of epithelial and upregulation of 

mesenchymal markers was observed in TBX2 cells compared to the EV control. This 

increase in invasion phenotype correlates with previous observations that TBX2 plays 

a role in promoting metastasis in PCa (400). 
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Given the downregulation of p21WAF1 mRNA observed in RWPE1-TBX2 cells, TBX2 

overexpression was expected to increase the cycling rate of at least this stable cell 

line. However, there was a less potent effect of TBX2 overexpression on the cell cycle 

than expected. Only LNCaP cells had an altered cell cycle profile, with a decrease in 

cells accumulated in G2/M but accumulated in G0/G1. Whilst this change to a possibly 

slower cycling rate was the reverse of expected results, it may go some way to 

explaining the surprising cell viability data. 

Docetaxel is a chemotherapeutic agent which is one of the last lines of therapeutic 

options available to PCa patients. An analogue of paclitaxel, docetaxel is a member 

of the taxane classes of chemotherapeutics and reversibly binds to and stabilise 

microtubules. Additionally the drug has been found to lead to phosphorylation of Bcl-

2, together with the accumulation of the microtubules this leads to onset of apoptosis 

(413). While some PCa patients initially do not respond to docetaxel treatment, those 

that do will develop resistance. A study in synchronised HeLa cells revealed that 

docetaxel toxicity was selective to cells in S phase, with partial effects in mitosis and 

cells that progressed to G1 largely immune (412). As TBX2 has shown some effect 

on developing resistance to other drugs such as cisplatin (414) and described to have 

a role in the cell cycle, it was hypothesised that TBX2 may influence docetaxel 

response. Despite the apparent lack of changes in cell cycle profile, C42B and PC3 

cells with TBX2 upregulation were resistant to lower concentration(s) of docetaxel 

treatment.  

In C42B-TBX2 cells there was significant resistance to docetaxel concentrations of 

15-312 nM, with a similar effect was observed in PC3-TBX2 cells compared to EV 

control. This is a modest effect given that the IC50 of C42B and PC3 EV cells were 0.7 

µM and 1.17 µM respectively, so the resistance was observed at lower doses that 

would not be therapeutically relevant. Of note is the slight increase in IC50 from cell 

lines with lower to higher endogenous expression of TBX2 and the modest increase 

in IC50 of the other TBX2 stable cell lines. This implies that TBX2 is involved in 

developing resistance to low concentrations of docetaxel by a method other than cell 

cycle regulation, or that alternative methods are required to measure any possible cell 

cycle changes with upregulated TBX2 expression. However, no change in docetaxel 

response was observed with TBX2 shRNA. As there were no cell cycle changes after 

7 days of TBX2 shRNA, exploration of longer dox pre-treatment followed by docetaxel 

treatment could answer the question of relevance of TBX2 expression to resistance 

to docetaxel.  
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As TBX2 has been implicated in resistance to DNA damaging agents, cisplatin and 

doxorubicin (282, 415), which are not commonly used in PCa treatment but are under 

investigation. In the case of frequent use of DNA damaging agents for PCa 

therapeutics it would be of importance to determine if TBX2 expression in PCa is 

relevant to these drug treatments.  

In order to further investigate the role of TBX2 in PCa cells, TBX2 was downregulated 

via RNAi. This silencing of TBX2 in PC3 cells caused a large change in the phenotype 

of PC3 cells, with a stark decrease in both viability and clonal growth. TBX2 depletion 

also caused a significant decrease in migration, this occurred alongside a subsequent 

upregulation of CST6, NDRG1 and p21WAF1 mRNA levels. These data indicate that 

endogenous TBX2 drives the viability and metastatic potential of PC3 cells through 

target gene repression which correlates with known effects of TBX2 in 

nasopharyngeal cancer (NPC) (416) and breast cancer (277, 279).  

Inducible shRNA cell lines in both the C42B and PC3 backgrounds were successfully 

generated to determine long term effect of TBX2 suppression. Use of shRNA to 

knockdown TBX2 in PC3 cells produced less stark downregulation of viability and 

clonal growth, with some upregulation of p21WAF1 and NDRG1 protein. These 

observed trends supported those indicated through RNAi. Interestingly, shRNA 

mediated TBX2 silencing in C42B, a cell line with lower endogenous TBX2 levels, 

produced effects on viability, clonal growth and downregulation of p21WAF1 and 

NDRG1. This indicates that the lower TBX2 levels in PCa cells than described in 

breast cancer cells are still vital for oncogenic phenotypes, such as clonal growth and 

migration. 

ChIP-PCR analysis confirmed that in PC3 cells, TBX2 can be found bound to the 

promoters of CST6, NDRG1, p21WAF1 and E-cadherin. Alongside being a known 

senescence markers and an epithelial marker respectively, NDRG1 and E-cadherin 

have been identified as metastasis suppressor genes (MS genes) in prostate cancer 

via MSGene, a literature-based gene database to identify MS genes (417). 

Additionally this resource identified CST6 in breast cancer, with p21WAF1 long identified 

as a key tumour suppressor (418). Through combination of repression of these vital 

genes, TBX2 may drive senescence bypass and EMT to promote the progression of 

PCa, with subsequent effects on migration and invasion. This role in PCa would mirror 

findings in other cancers such as breast cancer and NPC (277, 279, 416).  
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Finally, the effect of silencing TBX2 negatively regulated genes, CST6, NDRG1 and 

p21WAF1 was determined on C42B and PC3 cell viability and clonal formation. 

Unexpectedly, CST6 and NDRG1 downregulation mirrored the effect of an oncogene, 

with dramatic decreases in both cell survival and colony growth for both cell lines. 

This is not totally surprising, however, as there are numerous examples of how acute 

loss of tumour suppressor activity (e.g. BRCA1, PTEN) results in decreased viability, 

rather than increased cell survival. p21WAF1 knockdown gave more expected results 

with a small increase in growth and clonal proliferation observed. Additionally, the 

effect of NDRG1 siRNA on migration was also measured with no significant decrease 

observed in either C42B or PC3 cells. This may explain the unexpected lack of effect 

on proliferation observed with forced overexpression of TBX2. 

All these data support the theory that TBX2 is able to regulate senescence regulators 

NDRG1 and p21WAF1 in PCa cells. In addition, TBX2 activity may help drive an EMT, 

and cause an increase in metastatic potential. This upregulation of TBX2 appears 

more common in advanced PCa models such as PC3 so at present it is unclear if 

TBX2 is an initiating event aiding in prostate cells overcome senescence barriers, or 

a later event where it collaborates with other oncogenic events in the cell. Regardless 

of the temporal involvement of TBX2, downregulation of TBX2 activity in PCa cells 

may prove an exciting new therapeutic target, particularly for advanced PCa that is 

prone to metastasis and is acquiring resistance to ADT, Docetaxel or other 

mainstream PCa therapies. 
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5.  

5.1 Chapter Rationale  

TBX2 activity is upregulated in at least a subset of PCa and silencing of TBX2 can 

reduce PCa cell viability and reverse the EMT phenotype. These observations 

together indicate that targeting TBX2 gene regulation may be a therapeutic option for 

PCa. Considering that TBX2 is a transcription factor, its functional inhibition may prove 

difficult, therefore alternative targets are required. Whilst TBX2 has been 

demonstrated to bind directly to target promoters in its many roles in embryogenesis, 

our group have observed that in breast cancer TBX2 rarely directly regulates its gene 

targets, requiring instead for recruitment of other proteins, such as chromatin 

remodelling enzymes, to form a repressive complex, as outlined in Figure 1.5. 

The objective of this project is to investigate the biology of TBX2 mediated gene 

repression by identifying the components of the TBX2 repression complex.  Previous 

work within our group by Dr Amy Templeman, sought to further identify these 

enzymes in breast cancer with the use of an extensive esiRNA screen against 

different classes of epigenetic regulators in three TBX2-dependent breast cell lines; 

(i) MCF-7, (ii) T47D and (iii) BT474, see Appendix 3: Figure 7.3, Figure 7.4 and Figure 

7.5. Four candidate epigenetic enzymes were identified from the screen, Sirtuin-3 

(SIRT3), Lysine Demethylase 1 (LSD1), Histone Deacetylase 7 (HDAC7) and Lysine 

Demethylase 4B (KDM4B), all causing a decrease in viability of all three cell lines. 

These candidates were then taken forward for validation of knockdowns, including 

their effect on co-repressing the TBX2 regulated gene, CST6. Of these targets LSD1 

was identified as the strongest candidate, as its knockdown caused the most elevated 

upregulation of CST6 levels.  

LSD1 is a member of the CoREST complex, a large multiunit repression complex 

comprised of over 12 other members, including Zinc Finger Protein 217 (ZNF217), 

RCOR1 and a number of key epigenetic enzymes such as HDAC1, HDAC2 and G9A. 

To support the theory of TBX2 recruitment of the CoREST complex, TBX2 has been 

identified to recruit HDAC1 in Melanoma cells (278). Sehrawat et al. recently 

demonstrated the efficacy of an inhibitor of LSD1, SP2509, in prostate cancer (141). 

This inhibitor targets the interaction of LSD1 its co-binding partner ZNF217 but does 

not target the lysine demethylase activity of LSD1. SP2509 therefore was used in this 

study to identify the therapeutic potential of targeting the non-histone demethylase 
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activity of LSD1 in PCa and whether the effects of this inhibitor overlapped with the 

phenotypic effects of TBX2 knockdown in PCa.  

5.2 TBX2 interacts with the CoREST complex 

Previous work in the group has demonstrated that TBX2 needs to recruit other 

enzymes to negatively regulate gene transcription, of these some are chromatin 

regulating proteins (278). In order to identify alternative approaches to target TBX2 

function in cancer, it is of interest to determine which chromatin remodelling enzymes 

TBX2 interacts with. LSD1 was identified by an esiRNA screen as a candidate for 

TBX2 recruitment to a repressive, see Appendix 3: Figure 7.3, Figure 7.4 and Figure 

7.5. 

LSD1 has been identified to have a role in prostate cancer independent of its lysine 

specific demethylase activity (141). LSD1 is also a member of the CoREST complex, 

alongside HDAC1 and ZNF217. As HDAC1 has been identified as a known TBX2 

interactor in melanoma and breast cancer (278, 281), it was hypothesised that TBX2 

may recruit the CoREST complex in order to facilitate target gene repression.  

First the levels of LSD1 and ZNF217 protein were determined in a panel of PCa cell 

lines and one non-cancerous prostate cell line (Figure 5.1). Interestingly there was 

progressive elevation of both LSD1 and ZNF217 protein levels from non-cancerous, 

(RWPE-1), cell line to a model of prostate cancer metastasised to a lymph node, 

(LNCaP), to a more aggressive derivative cell line, C42B, having the highest levels. 

These data suggest that LSD1 and ZNF217 levels may increase with increasing 

progression of prostate cancer. The two advanced models of PCa, C42B and PC3 

had no significant difference in either LSD1 or ZNF217 levels (Figure 5.1B and C). 

While 22RV1 cells have significantly lower levels of both proteins than C42B but not 

PC3 cells.  

Whilst knockdown of LSD1 appeared to phenocopy TBX2 knockdown, these may be 

completely independent events. Therefore to determine if TBX2 interacts with 

members of the CoREST complex co-immunoprecipitation with TBX2, LSD1 and 

ZNF217 pull down was performed in C42B cells. With TBX2 pulldown, TBX2 was 

revealed to interact with both LSD1 (Figure 5.2A), and ZNF217 (Figure 5.2B). To 

enrich for TBX2 as it has low endogenous expression in C42B, the ZNF217 and LSD1 

IP pull downs were performed in nuclear fraction of C42B cells. Despite this the 

interaction of endogenous TBX2 with LSD1 and ZNF217 was not detectable with co-
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immunoprecipitation in nuclear extract of C42B cells, however LSD1 and ZNF217 

binding was confirmed in the context of C42B cells (Figure 5.2C). To further confirm 

whether LSD1 and ZNF217 interact with TBX2 in C42B cells, the co-

immunoprecipitation was repeated in the stable C42B-TBX2 overexpressing cell line 

with the hypothesis that higher levels of TBX2 would make detection of this interaction 

more apparent. There is a clear interaction between overexpressed TBX2 and LSD1 

and with ZNF217 (Figure 5.3). It may be argued that this interaction is a result of 

forced overexpression of TBX2. However, in support of findings of endogenous TBX2 

interaction with these enzymes is the confirmation of endogenous TBX2 interacting 

with LSD1 and ZNF217 in the reverse pull downs.  

These co-immunoprecipitation experiments were also performed in PC3 cells, the 

most phenotypically aggressive PCa line investigated. The pull downs were 

performed alongside treatment with 0.5 µM SP2509 to determine if inhibition of LSD1 

binding to ZNF217 also disrupts possible TBX2 interactions. To achieve this aim PC3 

cell extracts with and without SP2509 treatment for 48 hr were utilised for the TBX2 

pull down. This assay first confirmed the interaction of TBX2 with both LSD1 and 

ZNF217 (Figure 5.4). Treatment with SP2509, did cause a small inhibition of 

LSD1/ZNF217 interaction with TBX2. This may be accounted for by the lower TBX2 

levels in the pull down of the treated sample.  
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Figure 5.1 CoREST complex members LSD1 and ZNF217 expression levels in panel of 

prostate cell lines. Immunoblot of CoREST complex components, ZNF217 and LSD1 levels 

with β-tubulin loading control. B Bar graph of LGMN activity levels in panel of prostate cell 

lines. Error bars on graph represent mean +/- SEM of three independent experiments. 
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Figure 5.2 TBX2 interacts with LSD1 and ZNF217 in C42B cells. Immunoblot of LSD1, 

TBX2 and ZN217 in on samples from a Co-Immunoprecipitation assay. A, and B, pull down 

with agarose beads conjugated overnight to either TBX2 antibody or IgG control in C42B whole 

cell extracts. C, agarose beads conjugated to either LSD1, ZNF217 or IgG control in C42B 

nuclear fraction extracts. IgG chains shown for loading control. 
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Figure 5.3 TBX2 interacts with LSD1 and ZNF217 in C42B TBX2 overexpressing cells. 

Immunoblot of LSD1, TBX2 and ZN217 in samples from a Co-Immunoprecipitation assay with 

pull down with agarose beads conjugated overnight to either LSD1 or ZNF217 antibodies 

compared to an IgG control in C42B stably overexpressing TBX2 cell whole cell extracts. IgG 

chains shown for loading control.  

Figure 5.4 TBX2 interacts with LSD1 and ZNF217 in PC3 cells. Immunoblot of LSD1, TBX2 

and ZN217 in samples from a Co-Immunoprecipitation assay with pull down with agarose 

beads conjugated overnight to either TBX2 antibody or IgG control in PC3 cells treated with 

0.5 µM SP2509 for 48 hrs compared to DMSO control. IgG chains shown for loading control. 

Blots run on same SDS page gel and with same exposure.   



5.Characterising the TBX2 repression complex in prostate cancer 

168 

 

When repeated with LSD1 pull down, there did not appear to be a noticeable decrease 

of LSD1 interaction with ZNF217 and the interaction of LSD1 with TBX2 may increase 

with SP2509 treatment (Figure 5.5A). However there is a noticeable decrease of 

LSD1 binding to ZNF217 with SP2509 treatment with ZNF217 IP, again there was no 

noticeable decrease in TBX2 interaction with ZNF217 after SP2509 treatment (Figure 

5.5B). However these assays have revealed a strong interaction of TBX2 with LSD1 

and ZNF217 in PC3 cells.  This confirms that TBX2 interacts with the CoREST 

complex members in prostate cancer which is a novel finding.  

5.3 Inhibition of interaction of LSD1 and ZNF217 causes drastic 

decrease in PCa cell viability and clonogenic growth  

There are an increasing number of LSD1 inhibitors currently in the process of clinical 

assessment for treatment of various cancers, especially for acute myeloid leukaemia 

(AML). These inhibitors such as GSK inhibitor target the demethylase activity of LSD1. 

SP2509 has an alternative mechanism of action, instead targeting LSD1 binding to 

ZNF217. To determine the efficacy of targeting LSD1 binding to ZNF217 instead of 

the demethylase activity of LSD1 in prostate cancer, SP2509 was compared to GSK 

(Figure 5.6).  

Treatment of the panel of PCa and non-cancerous prostate cell lines with SP2509 

caused a large inhibitory effect on cell viability and generated a classic sigmoidal 

curve (Figure 5.6A and C). RWPE-1 cells had a slightly lower IC50 than all PCa cell 

line tested excluding LNCaP cells, which is of some concern if non-cancerous cells 

are also sensitive to SP2509 treatment (Figure 5.6C). For comparison of mechanism 

of LSD1 inhibitors all PCa panel cell lines were also treated with an alternative LSD1 

inhibitor, GSK-LSD1, and using C42B cells, this catalytic inhibitor is compared to 

SP2509 (Figure 5.6B). Even treatment with high doses of GSK-LSD1 had no effect 

on the viability of any PCa cell line. As GSK-LSD1 does not target LSD1 binding to 

ZNF217, this suggests that the activity of LSD1 binding to ZNF217 is driving the 

survival of PCa cells. Therefore targeting this protein-protein scaffold function of LSD1 

has greater therapeutic potential than inhibiting LSD1’s better described lysine 

demethylase activity.   
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Figure 5.5 TBX2 interacts with LSD1 and ZNF217 in PC3 cells. Immunoblot of LSD1, TBX2 

and ZN217 in samples from a Co-Immunoprecipitation assay with pull down with agarose 

beads conjugated overnight to A, LSD1 antibody and B, ZNF217 antibody compared to IgG 

control in PC3 cells treated with 0.5 µM SP2509 for 48 hrs compared to DMSO control IgG 

chains shown for loading control.     
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For further investigation of the effect of targeting specific LSD1 activity, C42B and 

PC3 cells were treated with a range of concentrations around the SP2509 IC50. To 

begin the effect of SP2509 treatment on viability of C42B and PC3 cells was 

determined by MTT assay over a time course from one to seven days. Treatment with 

0.5 µM SP2509 in C42B cells reduces survival slightly but significantly from three 

days onwards of treatment (Figure 5.7A). Treatment with the higher doses of SP2509, 

1 µM and 3 µM reduced viability of C42B cells to below 50% of the vehicle control 

also from three days onwards. In addition the highest dose had an effect to 

significantly reduce cellular viability from just 24 hours of treatment (Figure 5.7A). PC3 

cells were more sensitive to SP509 treatment, there was significant and increasing 

reduction of viability with treatment of 0.5 µM and 1 µM SP2509 from three-day time 

point onwards, (Figure 5.7B). 

As a further measure of the effect of SP2509 treatment on growth of PCa cells, 2D 

and 3D clonogenic assays were performed. SP2509 caused a large reduction in 

clonogenicity of both C42B and PC3 cells. At the higher doses of SP2509, C42B and 

PC3 cells were unable to form any 2D colonies, with PC3 cells particularly sensitive 

to the higher doses (Figure 5.8 A and B, respectively). These effects of SP2509 on 

C42B and PC3 2D growth were mirrored on the 3D clonogenic growth as measured 

by soft agar assay (Figure 5.8 C and D, respectively). It appears that SP2509 

treatment is a more potent inhibitor of 3D growth due the larger reduction in clonal 

growth with treatment of lower concentrations of SP2509. It should be noted, however, 

that this may be an artefact of the protocol as the 3D soft agar assay requires 

replacement of media, and therefore replenishment of SP2509 every 4 days.  

A wound scratch assay was utilised to identify if SP2509 treatment also has an 

inhibitory effect on migration, in addition to viability. To avoid possible artefact of 

reduction in viability on measured migration, cells were treated for just 24 hr before a 

wound scratch assay was performed. In addition, 3 µM dose was excluded as this 

was the only dose that caused a significant reduction of PCa viability at the 24hr time 

point.  

There was a significant reduction in migration at the 8hr timepoint with 1 µM SP2509 

treatment in C42B (Figure 5.9A and B). All doses tested (0.25 -1 µM) reduced C42B 

cellular migration at the 24 hr timepoint however in comparison to the larger viability 

inhibition in PC3 cells, PC3 cellular migration was less inhibited than C42B cells after 

24 hrs (Figure 5.10B).   
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Figure 5.6 Inhibition of LSD1 binding to ZNF217 is toxic to PCa cells. Bar graphs of 

SP2509 dose-response curve in A, RWPE-1, LNCaP, PC3 and 22RV1 cells and B, compared 

to GSK-LSD1 in C42B cells, response normalised to vehicle control and analysed by 

GraphPad software. As measured by MTT assay after 72 hrs. C, Table of IC50 data. Error bars 

on graphs represent mean +/- SEM of three independent experiments.  
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Figure 5.7 SP2509 treatment reduces PCa cell viability. Bar graphs of viability as measured 

by MTT assay in A, C42B and B, PC3 cells treated with a range of SP2509 concentrations for 

1 -7 days. Data made relative to relevant DMSO control. Error bars on graphs represent mean 

+/- SEM of three independent experiments. Unpaired T-test statistical analysis; * (p=<0.05), ** 

(p=<0.01), *** (p=<0.001), **** (p=<0.0001).  
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Figure 5.8 SP2509 treatment reduces PCa cell clonal growth. Bar graphs of clonogenic 

formation in a 2D assay in A, C42B and B, PC3 cells treated with SP2509 6 hrs after plating 

in a 6 well plate. Colonies fixed with crystal violet and counted with GelCount Software. Bar 

graphs of 3D growth in soft agar assay treated with SP2509 6 hrs after plating in C, C42B and 

D, PC3 cells, colonies counted using ImageJ Data made relative to relevant DMSO control. 

Error bars on graphs represent mean +/- SEM of three independent experiments. Unpaired T-

test statistical analysis; * (p=<0.05), *** (p=<0.001), **** (p=<0.0001)  
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Figure 5.9 SP2509 treatment reduces C42B cellular migration. A, representative images 

of scratch assay and B, bar graph of relative wound closure quantified utilising ImageJ 

software C42B cells 24 hrs after treatment with SP2509 at 8 and 24 hr timepoints. Data made 

relative to relevant DMSO control. Error bars on graphs represent mean +/- SEM of three 

independent experiments. Unpaired T-test statistical analysis; * (p=<0.05).  

A 
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Figure 5.10 SP2509 treatment reduces PC3 cellular migration. A, representative images 

of scratch assay and B, bar graph of relative wound closure quantified utilising ImageJ 

software PC3 cells 24 hrs after treatment with SP2509 at 8 and 24 hr timepoints. Data made 

relative to relevant DMSO control. Error bars on graphs represent mean +/- SEM of three 

independent experiments. Unpaired T-test statistical analysis; * (p=<0.05). 

  

A 
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5.4 LSD1 inhibition causes an increase in senescence markers  

TBX2 has been shown to interact with both LSD1 and ZNF217, it is of interest to 

determine if inhibition of LSD1 binding to ZNF217 can phenocopy the effect of TBX2 

silencing can have on downregulation of gene expression of targets such as NDRG1 

and p21WAF1 in PCa, see previous chapter. Therefore a time course of SP2509 

treatment (1 µM) was performed for 24 -96 hrs in C42B cells (Figure 5.11A).  

Interestingly total protein levels of LSD1 significantly decreased with SP2509 

treatment after 96 hrs, possibly indicating that the inhibitor causes a downregulation 

of LSD1 expression (Figure 5.11A and C). There was no increase in PARP1 cleavage, 

an apoptosis marker, with the trend of total levels decreasing with treatment from 48 

hours (Figure 5.11A and B). In comparison there was an increase in levels of mature 

LGMN at 72 and 96 hour time points (Figure 5.11E). DEC1 levels significantly fell after 

24 hours of treatment after which there was an inconsistent upregulation of the protein 

levels in subsequent timepoints (Figure 5.11F). 

Additionally SP2509 treatment induced increasing upregulation of NDRG1 and 

p21WAF1 protein levels over the course of the treatment with significant upregulation 

over 4-fold of the DMSO control after 96 hours (Figure 5.11G and H respectively). 

These two proteins are indicators of senescence induction (419, 420). In comparison 

to the lack of cleavage PARP this indicates senescence induction.  

This SP2509 treatment time course was repeated in PC3 cells, with the effects 

mirroring that seen in C42B cells, with LSD1 levels significantly lowered with SP2509 

treatment at the last time point (Figure 5.12A and C).  There was a clear and 

significant upregulation of NDRG1 levels with increased time of treatment, with some 

inconsistent upregulation of p21WAF1 (Figure 5.12E and F respectively). In addition 

there was also a trend of increase in another senescence marker DEC1 (421) at the 

early timepoint a difference to the response observed in C42B cells (Figure 5.12D). 

This contrasted with PARP which did not appear to be cleaved after SP2509 

treatment, with total levels seeming to remain consistent (Figure 5.12A and B). 

The mRNA levels of CST6, another gene known to be regulated by TBX2, were also 

measured following treatment with SP2509 cells in C42B and PC3 cells by RT-qPCR.  

In both C42B and PC3 cells there was upregulation of CST6 and LGMN levels with 

treatment of 1 µM S52509 from 24 hrs, with a particularly large upregulation at the 

9hr time point in both cell lines, compared to DMSO control. However, only in PC3 
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cells after 24 hrs treatment was this CST6 mRNA upregulation significant. The 

relatively low expression of CST6 in both cell lines ensures that small changes in 

upregulation can cause a large variation in relative upregulation, inducing large 

variability between values (Figure 5.13 A and B, respectively).  

As CST6, p21WAF1 and NDRG1 are all known to be regulated by TBX2, the increase 

in the expression of these targets in both cell lines implies that TBX2 activity in PCa 

cells may also be inhibited with SP2509 treatment. This indicates that TBX2-mediated 

transcriptional repression requires LSD1 and ZNF217 interactions. Treatment with 

SP2509 also decreases LSD1 levels, indicating that binding to ZNF217 is required for 

LSD1 protein stability or LSD1 is involved in a positive feedback loop with ZNF217 for 

LSD1 expression.  
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Figure 5.11 Treatment with SP2509 alters protein 

expression in C42B cells. A, Immunoblot of PARP, LSD1, 

LGMN (pro-form 56kDa, mature form 36 kDa), NDRG1, 

DEC1 and p21WAF1 with vinculin loading control in C42B cells 

treated with either DMSO or 1µM SP2509 for 24 to 96 hrs. * 

represents unspecific band.  B-H Bar graphs of densitometric 

analysis of protein levels in A made relevant to a DMSO 

control. Error bars on graph represent mean +/- SEM of three 

independent experiments. Unpaired T-test statistical 

analysis; * (p=<0.05), ** (p=<0.01), *** (p=<0.0001)   
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Figure 5.12 Treatment with SP2509 alters protein expression in PC3 cells. A, Immunoblot 

of PARP, LSD1, DEC1, NDRG1, and p21WAF1 with vinculin loading control in PC3 cells treated 

with either DMSO or 1µM SP2509 for 24 to 96 hrs. B-F Bar graphs of densitometric analysis 

of protein levels in A made relevant to a DMSO control. Error bars on graph represent mean 

+/- SEM of three independent experiments, except for PARP which is two. Unpaired T-test 

statistical analysis; ** (p=<0.01)  
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Figure 5.13 SP2509 treatment alters CST6 expression in PCa cells. Bar graph showing 

mRNA levels of CST6 as measured by RT-qPCR and normalised to housekeeper SDHA in A, 

C42B and B, PC3 cells after treatment with 1 µM SP2509 for 24-96 hrs. Error bars on graph 

represent mean +/- SEM of three independent experiments. Unpaired T-test statistical 

analysis; * (p=<0.05).  
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5.5 LSD1 inhibition does not decrease LGMN activity 

As shown above, inhibition of LSD1 binding to ZNF217 causes an increase in CST6 

mRNA levels in C42B cells. This promoted the hypothesis that SP2509 also reduces 

the function of TBX2, possibly through disruption of recruitment of the enzymes it 

requires to transcriptionally repress target genes. It was thought with increased CST6 

mRNA levels it is likely that LGMN activity will be downregulated, since CST6 has a 

key role as the endogenous inhibitor of LGMN. Therefore in a similar time frame of 

treatment, 48 to 96 hr, the effect of SP2509 at 2 doses, 0.5 and 1 µM, was determined 

using a LGMN activity assay and compared to the known LGMN inhibitor 531 (30 µM). 

SP2509 treatment did not decrease LGMN activity, surprisingly the LGMN activity 

significantly increased (Figure 5.14A). This may be explained by the levels of pro-

LGMN decreasing with cleaved LGMN increasing following prolonged treatment of 

SP2509 on C42B cells, (Figure 5.11). This is accompanied by an upregulation of 

LGMN mRNA at 24, 48 and 96 hr time points (Figure 5.14B). LGMN activity levels 

may increase as a stress response but downregulation of LGMN, through inhibition of 

TBX2 is likely not the mechanism of activation underlying response to SP2509.   

5.6 SP2509 treatment causes senescence initiation 

Treatment over time with SP2509 increases senescence markers DEC1, NDRG1 and 

p21WAF1 in both cell lines. In comparison there is no detectable increase in cleaved 

PARP1, an apoptosis marker. This would indicate that SP2509 causes a cell cycle 

arrest rather than total cell death. For further confirmation that SP2509 treatment 

generates a senescence phenotype the cell cycle profile was analysed with PI staining 

and flow cytometry.  

As the 72 and 96 hr time points had the highest upregulation of senescence markers 

compared to the vehicle control, these time points were taken forwarded for cell cycle 

analysis. Treatment with 1 µM SP2509 caused a significant increase in cells 

accumulated in the S phase and decrease in cells in the G0/G1 phase after both 72 

hours and 96 hr treatments (Figure 5.15A and B, respectively). Surprisingly, given 

that 0.5 µM dose is close to the C42B IC50 generated, there were only small and non-

significant increases in S Phase at 72 hr (Figure 5.15A) and no other changes in the 

cell cycle observed at both time points with this dose.  

Treatment with SP2509 had a much more potent effect on PC3 cell cycle which was 

not predicted by the SP2509 IC50 in PC3 cells which was similar to that of C42B cells. 



5.Characterising the TBX2 repression complex in prostate cancer 

182 

 

PC3 cells treated for 72 hr at all doses of SP2509 had significantly fewer cells in the 

G0/G1 phase than the DMSO control with cells accumulating in both S and G2/M, 

(Figure 5.16A). There was a similar trend for treatment for 96 hr, of large decreases 

in G0/G1 in the two higher doses, and an accumulation of cells in the other phases, 

with slightly higher variability (Figure 5.16B).    

Replicative senescence limits the proliferation of somatic cells and is a tumour 

suppressor mechanism to prevent the transmission of potentially damaged DNA onto 

daughter cells. The most widely used marker for senescence is SA β gal (senescence-

associated beta galactosidase). Whilst not thought to be required for initiation of 

senescence, SA-β gal activity can be detected in senescence cells but is not exhibited 

in immortal cells (422). This activity is utilised in the SA-β gal assay to cleave a 

substrate, X-gal, which produces a blue stain which can be quantified via light 

microscopy. The proportion of blue stained cells indicates the proportion of cells that 

are in replicative senescence.  

C42B cells were treated with 1 µM SP2509 for 72 and 96 hours, fixed and then 

incubated with the X-gal substrate for 6 hrs. With treatment of SP2509 the C42B cells 

change morphological shape, becoming enlarged and irregular in shape, 

characteristic changes of senescent initiation (Figure 5.17A). The blue stain as a 

result of SA-β gal activity in C42B cells is perfuse but primarily located at the poles of 

the cells. The proportion of cells with increased SA-β gal activity with SP2509 

treatment at 72 and 96 hours drastically increased, with 39.7 and 43.0 % cells positive 

respectively (Figure 5.17B). Use of the SA-β gal assay requires further optimisation 

for PC3 cells as no induction of blue stain could be detected in PC3 cells, however 

mirroring C42B cells the morphology of PC3 cells drastically alters with SP2509 

treatment at 72 hr, indicative of senescence (Figure 5.17A). 
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Figure 5.14 SP2509 treatment increases LGMN activity in C42B cells. Bar graph of A, 

LGMN activity expressed as RFU at assay end point and compared to 30 µM 531 treatment 

for 48 hrs B, mRNA levels of LGMN as measured by RT-qPCR and normalised to housekeeper 

SDHA in C42B cells after treatment with 1 µM SP2509 for 24-96 hrs. Data made relative to 

relevant DMSO control. Error bars on graph represent mean +/- SEM of three independent 

experiments. Unpaired T-test statistical analysis; * (p=<0.05), ** (p=<0.01). 
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Figure 5.15 Effect of SP2509 treatment on C42B cell cycle as measured by PI staining. 

Bar graph of cell cycle of C42B cells treated for A, 72 and B, 96 hr with SP2509, stained with 

PI and profiled via flow cytometry and compared to the DMSO control. Error bars on graph 

represent mean +/- SEM of three independent experiments. C, Table of averages of A and B 

and unpaired T-test statistical analysis; * (p=<0.05), ** (p=<0.01).   
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Figure 5.16 Effect of SP2509 treatment on PC3 cell cycle as measured by PI staining. 

Bar graph of cell cycle of PC3 cells treated for A 72 and B 96 hr with SP2509, stained with PI 

and profiled via flow cytometry and compared to the DMSO control. Error bars on graph 

represent mean +/- SEM of three independent experiments. C Table of averages of A and B 

and unpaired T-test statistical analysis; * (p=<0.05), ** (p=<0.01), *** (p=<0.001)  
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Figure 5.17 SP2509 treatment induces SA B gal activity in C42B cells. A, Images of 

SP2509 treated C42B and PC3 cells following SA B gal staining assay compared to DMSO 

control. Arrow shows example of positive cells. B, Bar graph of levels of stained SA B-gal 

positive C42B cells. After 72 hrs of treatment with 1 µM SP2509. Analysis by ImageJ.  Error 

bars on graph represent mean +/- SEM of three independent experiments. Unpaired T-test 

statistical analysis; ** (p=<0.01), **** (p=<0.0001)   
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5.7 Release of prostate cells from SP2509 treatment spurs 

senescence reversal 

The above results indicate that at least a subset of C42B and PC3 enter cellular arrest 

rather than undergo apoptosis in response to SP2509 treatment. Therefore, there is 

a scientific question to be asked whether this senescence undertaken by the treated 

cells is permanent, or if with withdrawal and release from treatment the quiescence is 

temporary, and the cells are able to become proliferative once again. Therefore, a 

series of washout studies were designed and undertaken in order to ascertain the 

reversibility of this phenotype and the duration of LSD1 inhibition required to 

permanently arrest PCa cells.  

C42B and PC3 cells were treated with SP2509 for either 5 or 7 days. After which the 

cells were washed twice to remove the drug and replated for subsequent assays, 

either with continued treatment with the same dose of SP2509 or released from 

treatment. The proliferation rate of these released cells was measured by MTT assay 

at two-day intervals up to 7 days and compared to the continued treatment and DMSO 

control. After release from 1 µM pre-treatment of either 5 and 7 days, C42B cells had 

significantly higher cell viability after 7 days than the cells with continued treatment, 

which did not proliferate (Figure 5.18A, B and C, respectively). However, the released 

cells did not recover to proliferative rates comparable to the DMSO control. In 

comparison cells pre-treated for both 5 and 7 days with the highest dose, 3 µM, and 

subsequently released, did not recover compared to the continued treatment (Figure 

5.18A and B, respectively). There was almost no difference in cell viability between 

either the released or continued treatment of 0.5 µM SP2509 compared to the DMSO 

control, with either length of pre-treatment (Figure 5.19A and B). 

In similar results PC3 cells treated with the lower dose of 0.5 µM and released from 

treatment were able to partially recover to control levels of cellular viability with both 

5 and 7 days pre-treatment (Figure 5.20A and B, respectively). However, once 

released from pre-treatment with the higher dose of SP2509 (1 µM) PC3 cells did not 

recover and had no significant difference in growth compared to continued treatment 

within the 7 days measured. 
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Figure 5.18 Effect of release compared to continued treatment of SP2509 on cell 

survival of C42B cells. Bar graphs of cell viability as measured from 1 to 7 days by MTT 

assay in C42B cells released or continued treatment after pre-treatment for A, 5 or B, 7 days 

with 1 and 3 µM SP2509 compared to DMSO control. Error bars on graphs represent mean 

+/- SEM of three independent experiments. Unpaired T-test statistical analysis; * (p=<0.05), ** 

(p=<0.01), *** (p=<0.001). C, Table of p values compared to DMSO control and release to 

continued treatment.  
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Figure 5.19 Effect of release compared to continued treatment of 0.5 μM SP2509 on cell 

survival of C42B cells. Bar graphs of viable cells as measured from 1 to 7 days by MTT 

assay in C42B cells released or continued treatment after pre-treatment for A, 5 or B, 7 days 

with 0.5 µM SP2509 compared to DMSO control. Error bars on graphs represent mean +/- 

SEM of three independent experiments. Unpaired T-test statistical analysis; ns. 
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Figure 5.20 Effect of release compared to continued treatment of SP2509 on cell 

survival of PC3 cells. Bar graphs of cellular viability as measured from 1 to 7 days by MTT 

assay in PC3 cells released or continued treatment after pre-treatment for A, 5 or B, 7 days 

with 0.5 and 1 µM SP2509 compared to DMSO control. C, Table of p values compared to 

DMSO control and release to continued treatment. Error bars on graphs represent mean +/- 

SEM of three independent experiments. Unpaired T-test statistical analysis; * (p=<0.05), ** 

(p=<0.01), *** (p=<0.001).  
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In a more longitudinal measure, the effect of release compared to continued 

treatment of SP2509 on 2D colony growth was measured after pre-treatment again 

for five and seven days. Continued treatment or release with either length pre-

treatment with the highest doses of SP2509 (1 and 3 µM) almost completely 

removed C42B cells’ ability to develop colonies (Figure 5.21A and B, respectively). 

C42B cells with continued treatment at 0.5 µM saw colony formation reduced by 78 

and 96 % for 5 and 7 day pre-treatment, respectively. In comparison, C42B cells 

released from SP2509 had significantly higher colony formation than cells with 

continued treatment. However, C42B cells released from 0.5 µM SP2509 had 

significantly reduced clonogenicity compared the DMSO control. (Figure 5.21A and 

B). C42B cells released from pre-treatment with 1µM SP2509 for 5 days did not 

have a significant difference in colony number compared to cells with continued 

treatment, although there was a trend towards an increase in released C42B 

colonies (Figure 5.21A). With 1µM pre-treatment for 7 days the released cells did 

form significantly more colonies than the continued treatment, however this 

difference was only 5% compared to the DMSO control.  

This lack of difference from colonies formed from cells released to continued 

treatment and the large reduction compared to the DMSO control was not expected 

from the cellular viability data. However, more in line with the expected results, there 

was a significant difference in diameter of the colonies from cells released from 1 µM 

after either pre-treatment to the continued treatment (Figure 5.21). Additionally 

diameter size of cells continued or released from 0.5 µM pre-treatment did not differ 

significantly from either condition or the DMSO control (Figure 5.21C). These data 

indicate that colony growth is more sensitive to prolonged SP2509 treatment than 

growth of cells plated in a monolayer and measured by MTT.  

Similarly PC3 cell clonal growth recovery was slower than predicted from the MTT 

assay. PC3 cells released from either duration of 0.5 µM pre-treatment had less than 

50% of colony formation of to the DMSO control (Figure 5.22A and B). PC3 cells with 

continued treatment with the higher SP2509 dose (1 µM) after pre-treatment for either 

length were virtually unable to form any colonies. There was a small trend in increased 

number of colonies with release (Figure 5.22A and B). Again, there were larger 

differences in released cells colony size compared to continued treatment. PC3 cells 

released from 1 µM 5 day pre-treatment had a smaller reduction in colony diameter 

relative to the DMSO control compared to total number. Additionally, the released 

cells colonies were significantly larger than the continued treatment.  
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PC3 cells released from 7 day pre-treated with 0.5 µM SP2509 had significantly 

increased colony size compared to continued treatment (Figure 5.22B), with a similar 

but not significant trend in the PC3 cells pre-treated for 5 days (Figure 5.22A). 

Additionally the colony size of PC3 cells released from 0.5 µM was not significantly 

smaller than the DMSO control with either length of pre-treatment. This indicates that 

SP2509 treatment has stronger inhibitory effects on PC3 clonal formation than cell 

survival.  

Given effect on the viability and clonal growth and PCa cells with release of treatment 

it was of interest to observe how SP2509 addition alters the cell cycle and whether 

with removal of SP2509 the cell cycle returned to a more normal profile. Therefore 

cells were treated for 5 days before either release or continuation of treatment, before 

fixation, PI staining and analysis by flow cytometry. The cells fixed at day 5, continued 

treatment or release were compared to a control of DMSO (5 day). The cells with 

continued DMSO showed no significant difference in cell cycle profile, data not shown. 

C42B cells treated with 1 µM for 5 days had a significantly smaller proportion of cells 

in G0/G1 compared to the control, with the remaining cells accumulating in the S and 

G2/M phases (Figure 5.23A). In comparison 5-day treatment with a higher dose of 

SP2509, 3 µM, caused the cells to slightly accumulate in G0/G1, with a similar S 

phase size and smaller G2/M phase although all changes did not reach significance.  

C42B cells treated with SP2509 1 or 3 µM continued for another 5 days had a large 

increased in proportion of cells in G0/G1 with a significant decrease in the fraction of 

cells in G2/M. C42B cells released from either of these treatments were more similar 

in cell cycle profile to DMSO control cells (Figure 5.23A). This indicates that initial 

treatment with SP2509 at a low enough dose causes G2/M arrest, with prolonged 

treatment or higher doses causing G0/G1 arrest. Additionally release of treatment 

allows cells to begin to recover and return to a more normal cell cycle profile. 

Interestingly prolonged treatment of SP2509 has a different effect on the cell cycle of 

PC3 cells compared to C42B cells. Treatment for 5 days with either 0.5 or 1 µM 

SP2509 was sufficient to cause a significant accumulation in G2/M and S phase with 

a large decrease in cells in G0/G1 (Figure 5.24A). In comparison to C42B cells, 

prolonged treatment of PC3 cells with either dose of SP2509 accumulated 

significantly in S phase, with non-significant increase in G2/M, and significant 

decrease in proportion of cells in G0/G1 (Figure 5.24A).  
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Figure 5.21 Effect of release compared to continued treatment of SP2509 on C42B 

clonal growth. Bar graphs of clonogenic formation in 2D assay with C42B cells released or 

continued treatment after pre-treatment with SP2509 for A, 5 or B, 7 days. C, Relative colony 

diameter of cells in A and B. Colonies fixed with crystal violet and measured with GelCount 

Software. Data made relative to relevant DMSO control. Error bars on graphs represent mean 

+/- SEM of three independent experiments. Unpaired T-test statistical analysis; * (p=<0.05), ** 

(p=<0.01), *** (p=<0.001).  
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Figure 5.22 Effect of release compared to continued treatment of SP2509 on PC3 clonal 

growth. Bar graphs of clonogenic formation in 2D assay with PC3 cells released or continued 

treatment after pre-treatment with SP2509 for A, 5 or B, 7 days. C, Relative colony diameter 

of cells in A and B. Colonies fixed with crystal violet and measured with GelCount Software. 

Data made relative to relevant DMSO control. Error bars on graphs represent mean +/- SEM 

of three independent experiments. Unpaired T-test statistical analysis; * (p=<0.05), ** 

(p=<0.01), *** (p=<0.001).  
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Figure 5.23 Effect of release compared to continued treatment of SP2509 C42B cell 

cycle as measured by PI staining. A, Bar graph of cell cycle of C42B cells released or 

continued treatment after pre-treatment with SP2509 for 5 days, stained with PI and profiled 

via flow cytometry and compared to the DMSO control. Error bars on graph represent mean 

+/- SEM of three independent experiments. Table of averages of B, G0/G1 and C, S and G2/M 

phases and unpaired T-test statistical analysis; * (p=<0.05), ** (p=<0.01), *** (p=<0.001). 
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Figure 5.24 Effect of release compared to continued treatment of SP2509 PC3 cell cycle 

as measured by PI staining. A, Bar graph of cell cycle of PC3 cells released or continued 

treatment after pre-treatment with SP2509 for 5 days, stained with PI and profiled via flow 

cytometry and compared to the DMSO control. Error bars on graph represent mean +/- SEM 

of three independent experiments. Table of averages of B, G0/G1 and C, S and G2/M phases 

and unpaired T-test statistical analysis; * (p=<0.05), ** (p=<0.01), *** (p=<0.001).  
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5.8 P53 phosphorylation difference with SP2509 treatment 

Treatment of C42B and PC3 cells with SP2509 over a period of 10 days causes arrest 

at different stages of the cell cycle in the two cell lines, G0/G1 arrest and S phase 

arrest, respectively. One major difference between the two lines is that PC3 cells are 

WT p53 null. With p53 long being described to have a major role in cell cycle 

regulation, particularly in G1 arrest as a cellular response to stress, it was 

hypothesised that lack of WT p53 is possibly the cause of arrest in S phase as 

opposed to the G0/G1 arrest observed in C42B cells. P53 can be phosphorylated at 

serine 15 which has been shown to be required for p53 mediated growth arrest (423). 

Therefore phosphorylation of serine 15 of P53 was measured by western blot after 

treatment for 5 days with 2 doses of SP2509. In C42B cells treatment with SP2509 

appears to dramatically induce p-53 ser15 phosphorylation compared to the control, 

with no changes in total p53 protein level. Cell cycle regulator p21WAF1 levels also 

increase at both doses of SP2509, with increases also seen for NDRG1 at the lower 

dose (Figure 5.25A). Interestingly in both C42B and PC3 cells levels of LSD1 protein 

appear decrease substantially. In PC3 cells, although p53 null, appear to have 

substantial upregulation of NDRG1 and p21WAF1 sustained at 5 days of treatment 

(Figure 5.25B).    

5.9 Knockdown of CoREST members  

SP2509 treatment causes significant decreases in viability and migration of AR 

dependent and independent PCa models. As SP2509 mechanism of action is 

reported to be inhibition of LSD1 binding to ZNF217 (141), it is of interest to determine 

if knockdown of the individual binding partners mimics the response to SP2509 

treatment. To begin effect of LSD1 silencing via RNAi on protein levels was 

determined by western blot analysis (Figure 5.26 and Figure 5.27). LSD1 knockdown 

by either siRNA caused significant downregulation of LSD1 protein levels, in both 

C42B and PC3 cells. Additionally levels of ZNF217 protein also fell with LSD1 

knockdown, in PC3 cells and (Figure 5.27A and B). Indicating that LSD1 is possibly 

required for either ZNF217 expression or protein stability.  

Protein levels of TBX2 regulated genes, CST6, NDRG1 and p21WAF1 were also 

examined following LSD1 knockdown. In C42B cells NDRG1 and p21WAF1 were 

significantly upregulated following either siRNA, with smaller effects observed on E-

cadherin and a trend in increase of CST6 (Figure 5.26A, C, D and E respectively). 

Surprisingly there was a trend for decrease of H3K9me2 levels, which is inconsistent 
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with the known role of LSD1 As expected, due to LSD1’s role as a histone 

demethylase, there was a decrease in H3K9me2 levels (Figure 5.26E). In addition 

PC3 cells with LSD1 knockdown had and a trend in increase of E-cadherin and 

NDRG1 (Figure 5.27A and D). In addition there was a significant increase in p21WAF1 

levels with siRNA #2. (Figure 5.27A and E) This indicates that at least in part LSD1 

knockdown has similar effects to TBX2 silencing. 

Levels of CDK1 were also measured and showed downregulation with LSD1 siRNA 

#1, however there was no alteration with LSD1 siRNA #2 (Figure 5.27A and C). 

Surprisingly there was a trend for increase of H3K9me2, which is inconsistent with the 

known role of LSD1 (Figure 5.27A and E). 

Protein levels were also examined 4 days after ZNF217 siRNA transfection. ZNF217 

protein was reduced significantly in C42B cells, indicating the success of the 

transfection. ZNF217 knockdown caused a small decrease in LSD1 levels, as 

observed with SP2509 treatment and the reverse of the effect seen with LSD1 

knockdown (Figure 5.28A and B). ZNF217 caused a large upregulation of p21WAF1 

levels, although upregulation of NDRG1 was less consistent (Figure 5.28A, C and E). 

Both LSD1 and ZNF217 knockdowns therefore cause elevated levels of p21WAF1, 

which is known to be regulated by TBX2. This result also phenocopies drug inhibition 

of LSD1 and ZNF217 by SP2509. There was a large decrease in CDK1 with siRNA 

#1 with inconsistent effects with siRNA #2 (Figure 5.28A and D).EMT markers levels 

were also examined, with E-cadherin levels increasing with siRNA #1 (Figure 5.28A 

and C).  

ZNF217 siRNA caused similar effects on LSD1 and ZNF217 levels in PC3 cells 

(Figure 5.29A and B). There was no alteration in p21WAF1 levels (Figure 5.29E), with 

small increases in NDRG1 and E-cadherin with the latter significant for siRNA #2 

(Figure 5.29A and C) However, vimentin levels actually rose in PC3 cells with siRNA 

#2 (Figure 5.29A and C). CDK1 levels significantly decreased with both siRNAs with 

a surprising similar decrease in H3K9me2 (Figure 5.29C and E respectively). 

Together these observations indicate that with ZNF217 silencing there is some 

upregulation of TBX2 regulated genes.  
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Figure 5.25 Treatment with SP2509 alters protein expression and phosphorylation in 

PCa cells. Immunoblot of LSD1, p53 total and phosphorylated at Ser
 
15, NDRG1, and p21WAF1 

in A, C42B B, PC3 cells treated with SP2509 for 5 days compared to a DMSO control with 

vinculin and β-tubulin loading controls 
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Figure 5.26 LSD1 silencing effect of protein levels in C42B cells. A, immunoblot of extracts 

from C42B cells 48 hrs after transfection with LSD1 siRNA (two siRNAs) compared to a 

scrambled (Scr) control with Vinculin and GAPDH loading control. Bar graphs of densitometric 

analysis of B, LSD1, ZNF217, C, E-cadherin, NDRG1 D, CDK1, p21WAF1 and E, CST6 and 

H3K9Me2. Error bars on graph represent mean +/- SEM of three independent experiments. 

Unpaired T-test statistical analysis; * (p=<0.05), ** (p=<0.01).  
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Figure 5.27 LSD1 silencing effect of protein levels in PC3 cells. A, immunoblot of extracts 

from PC3 cells 48 hrs after transfection with LSD1 siRNA (two siRNAs) compared to a 

scrambled (Scr) control with Vinculin and GAPDH loading control. Bar graphs of densitometric 

analysis of B, LSD1, ZNF217, C, Vimentin, CDK1, D, E-cadherin, NDRG1 and E, p21WAF1 and 

H3K9Me2. Error bars on graph represent mean +/- SEM of three independent experiments. 

Unpaired T-test statistical analysis; * (p=<0.05), *** (p=<0.001). 
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Figure 5.28 ZNF217 silencing in C42B cells effect on protein levels. A, immunoblot of 

extracts from C42B cells 4 days after transfection with ZNF217 siRNA (two siRNAs) compared 

to a scrambled (Scr) control with β-tubulin loading control. Bar graphs of densitometric analysis 

of B, ZNF217, LSD1, C, E-cadherin, NDRG1 D, Vimentin, CDK1 and E, p21WAF1 and 

H3K9Me2. Error bars on graph represent mean +/- SEM of three independent experiments. 

Unpaired T-test statistical analysis; * (p=<0.05), ** (p=<0.01), *** (p=<0.001, **** (p=<0.0001).  
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Figure 5.29 ZNF217 silencing in PC3 cells effect on protein levels. A, immunoblot of 

extracts from PC3 cells 4 days after transfection with ZNF217 siRNA (two siRNAs) compared 

to a scrambled (Scr) control with β-tubulin loading control. Bar graphs of densitometric analysis 

of B, ZNF217, LSD1, C, E-cadherin, NDRG1 D, Vimentin, CDK1 and E, p21WAF1 and 

H3K9Me2. Error bars on graph represent mean +/- SEM of three independent experiments. 

Unpaired T-test statistical analysis; * (p=<0.05), ** (p=<0.01), *** (p=<0.001, **** (p=<0.0001).  
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The effect of these siRNAs against LSD1 and ZNF217 on mRNA levels of CST6, 

NDRG1 and p21WAF1 were also determined by RT-qPCR. LSD1 #2 had insufficient 

quality RNA for the third repetitions in PC3 cells, therefore this knockdown has two 

independent repetitions. LSD1 siRNAs produced a strong downregulation of over 

80% of LSD1 mRNA, in C42B cells (Figure 5.30A), with the trend repeated in PC3 

cells (Figure 5.30B). However, the same result was not observed with ZNF217 siRNA, 

with ZNF217 #2 appearing to slightly increase ZNF217 mRNA. As this ZNF217 siRNA 

sequence has the effect of lowering ZNF217 total protein in matched samples, this 

elevation of mRNA levels is likely a false result and not due to the siRNA not being 

specific or successful for its target mRNA, Additionally, this phenomenon may be 

explained by the location that the qPCR primer pair recognises, relative to the region 

complementary to the siRNA. Degradation of the mRNA by the RNAi pathway is 

initiated by cleavage at the region the siRNA is complementary to. Holmes et al. have 

found that for mRNA, degradation of 3’ mRNA fragments can be inhibited for certain 

mRNAs, with the remaining intact fragment acting as a template for cDNA synthesis 

and promoting a false negative qPCR value (424). As all ZNF217 primer sets utilised 

are ‘downstream’ of both siRNA sequences this could be the reason behind this 

negative result. Additionally, another possibility is that by 72 hr the siRNA has 

degraded, and the mRNA levels have increased to normal levels before protein levels 

can return to normal also. As this second scenario still leaves protein levels desirably 

downregulated, the high ZNF217 mRNA is not of concern.  

In C42B cells LSD1 siRNA #1 caused a significant upregulation of NDRG1 levels, with 

a trend towards a large upregulation of both CST6 and p2 WAF1 mRNA. LSD1 siRNA 

#2 had a similar effect on NDRG1 and p21WAF1 levels, with a smaller but significant 

increase in p21WAF1 mRNA, however there was no effect on CST6 mRNA. ZNF217 

siRNAs both caused a large but not significant upregulation of CST6 levels. ZNF217 

siRNA #2 also appeared to increase NDRG1 and p21WAF1 levels, with ZNF217 #1 

producing a significant upregulation of NDRG1 mRNA (Figure 5.30A). In PC3 cells a 

very similar trend was observed with both LSD1 siRNA appearing to increase 

expression of all 3 genes (Figure 5.30B). ZNF217 #1 and #2 caused a significant 

upregulation of NDRG1 mRNA levels, with similar trends for p21WAF1 and CST6 levels.  

LSD1 and ZNF217 knockdown did not cause a consistent downregulation of 

interacting partners’ mRNA levels, with the exception of ZNF217 #1 causing a small 

but significant decrease in LSD1 mRNA in PC3 cells. However, this was countered 

by ZNF217 #2 appearing to increase LSD1 mRNA in both cell lines. This trend was 
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observed in the reverse knockdown, with LSD1 #2 actually causing a significant 

upregulation of ZNF217 mRNA in C42B cells. Given the lack of consistent 

downregulation of mRNA with the binding partner knockdown, the downregulation in 

protein with some siRNA of the other binding partner or inhibition of binding is more 

likely to be due to a protein stability effect, rather than any depression of mRNA levels, 

with either drug treatment or siRNA knockdown.   

48 hrs after transfection with either LSD1 or ZNF217 siRNA, C42B and PC3 cells 

were re-plated for a series of assays to determine if RNAi silencing of LSD1 and 

ZNF217 causes similar effects on viability and clonogenicity to those observed for the 

LSD1i, SP2509 (Figure 5.7 and Figure 5.8). Knockdown of ZNF217 caused a larger 

decrease in viability of both C42B and PC3 cells compared to LSD1 at 3 days, 

although there were significant effects of LSD1 RNAi on cell viability (Figure 5.31A).  

Clonogenicity of C42B and PC3 cells after LSD1 and ZNF217 knockdown was also 

determined on 2D clonal growth. There was a very large decrease in 2D colony 

formation compared to Scr control, particularly with ZNF217 siRNAs, in both cell lines 

(Figure 5.31B). The diameter of the remaining colonies in C42B and PC3 cells with 

LSD1 and ZNF217 knockdown did not differ dramatically from the Scr controls, 

despite the large effect on total number of colonies (Figure 5.31B). This is very 

interesting as it phenocopies effects seen on clonal formation but not size with 

treatment of SP2509. The similar effects shown by LSD1 and ZNF217 knockdowns 

(effectively phenocopying LSD1 inhibition by SP2509), further supports the theory that 

the interactions of these 2 proteins and their roles in the CoREST complex are key to 

how TBX2 is able to achieve transcriptional repression of targets, such as NDRG1 

and p21WAF1.   

In addition cellular migration with ZNF217 knockdown via RNAi was also measured 

by wound scratch assay as the western blot analysis results indicated MET had 

occurred with ZNF217 knockdown. Previous observations would predict a decrease 

in migratory capability of C42B and PC3 cells following ZNF217 silencing. As 

expected, in C42B cells, silencing of ZNF217 with both sequences caused a 

significant decrease in migration at both 8 and 24 hr time points (Figure 5.32A and 

B). Transfection with ZNF217 #2 caused a large reduction in migration of PC3 cells, 

however surprisingly, ZNF217 #1 had no significant effect on PC3 cellular migration 

(Figure 5.32A and C). These results indicate that ZNF217 is vital to C42B cell 

migratory capacity and is possibly also required for PC3 cellular migration.   
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Figure 5.30 mRNA expression with LSD1 and ZNF217 knockdown in PCa cells.  Bar 

graph showing mRNA levels of LSD1, ZNF217, CST6, NDRG1 and p21WAF1 in A, C42B and 

B, PC3 cells transfected with LSD1 and ZNF217 siRNA to a scrambled (Scr) control for 72 hrs 

as measured by RT-qPCR and normalised to housekeepers SDHA. Error bars on graphs 

represent mean +/- SEM of three independent experiments, with the exception of PC3 LSD1 

siRNA #2 which consists of two independent repeats. Unpaired T-test analysis * (p=<0.05), ** 

(p=<0.01), *** (p=<0.001). 
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Figure 5.31 LSD1 and ZNF217 knockdown via RNAi reduces PCa cell viability and 

clonogenicity. A, Bar graph of viability as measured by MTT assay after 3 days, normalised 

to 0hr time point. Bar graphs clonogenic B, formation and C, diameter in 2D assay in C42B 

and PC3 cells replates 48hrs after transfected with LSD1 and ZNF217 siRNA knockdown (two 

siRNAs). Colonies fixed with crystal violet and counted with GelCount Software. Data made 

relative to relevant scrambled (Scr) control. Error bars on graphs represent mean +/- SEM of 

three independent experiments. Unpaired T-test statistical analysis; Unpaired T-test statistical 

analysis; * (p=<0.05), ** (p=<0.01), *** (p=<0.001) **** (p=<0.0001).  
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Figure 5.32 ZNF217 knockdown via RNAi reduces PCa cell migration. A, representative 

images and bar graphs of relative wound closure as measured by scratch assay in B, C42B 

and C, PC3 cells transfected with ZNF217 siRNA knockdown (two siRNAs) at 8 and 24 hr 

timepoints after replating 48hr post transfection, analysed using ImageJ software. Data made 

relative to relevant Scr control. Error bars on graphs represent mean +/- SEM of three 

independent experiments. Unpaired T-test statistical analysis; *** (p=<0.001), **** 

(p=<0.0001).  

A 
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5.10  LSD1 shRNA cell line generation 

For longer term assays it is desirable to induce longer term knockdown of target genes 

and therefore it is preferable to have an inducible shRNA model, rather than 

transfection with siRNA. Two LSD1 shRNA cell lines were generated in both C42B 

and PC3 parental cell lines.  Two pairs of shRNA LSD1 DNA primers (57 base pairs 

each) representing hairpin loop sequences were cloned into the tet-pLKO puromycinR 

lentivirus vector, then analysed following a restriction digest by gel electrophoresis 

(Figure 5.33). Restriction digest of plasmids with XhoI would indicate the presence, 

or absence of cloned shRNA sequences (via the release of an additional 150bp band 

as shown by arrows in Figure 31). Positive plasmids were selected after digestion and 

the DNA sequenced to ensure successful cloning. ShLSD1#1 and shLSD1#2 were 

then stably transduced via lentivirus into C42B and PC3 lines, utilising puromycin 

selection.  

The shRNA effect on LSD1 protein was determined by immunoblotting after dox 

treatment for 5 days (Figure 5.34A). LSD1 was successfully knocked down with both 

shRNA sequences compared to the dox negative control. ZNF217 levels were also 

somewhat downregulated with LSD1 shRNA#1 (as with the previous siRNA 

treatments) (Figure 5.34A and B).  

Effect on genes shown to be regulated by the LSD1 siRNA knockdown were also 

determined. Levels of p21WAF1 had a small trend of increase, (Figure 5.34D), in 

comparison NDRG1 levels were upregulated in C42B cells with both shRNA 

sequences, significantly for shRNA #1, with similar upregulation of E cadherin (Figure 

5.34C), which is in line with previous findings with LSD1 siRNA.  

The mRNA levels of TBX2 regulated proteins were also determined by RT-qPCR. 

LSD1 mRNA was significantly downregulated, mirroring the effects seen on LSD1 

protein. NDRG1 and CST6 mRNA was significantly upregulated with shRNA #2, a 

similar trend was observed with shLSD1 #1 on NDRG1 mRNA, but the elevation was 

not significant. However, p21WAF1 levels were not upregulated and surprisingly CST6 

levels were significantly downregulated with shLSD1 #1 (Figure 5.34E).  

This validation was repeated in PC3 cells, with LSD1 shRNA sequences producing a 

downregulation of LSD1, which also caused a downregulation of ZNF217 protein 

levels (Figure 5.35A and B). NDRG1 was not consistently upregulated with both 

shRNA compared to the dox negative control, however there was a larger trend of 
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increase of E cadherin levels (Figure 5.35C). Levels of, p21WAF1 also increased with 

shLSD1#1 with more inconsistent results with shLSD#2 (Figure 5.35D). For an 

alternative measure of expression, mRNA levels following shRNA knockdown for 5 

days were also examined. LSD1 was observed to be significantly downregulated, 

however there was no significant effect on NDRG1 or p21WAF1 levels. However, there 

was a trend in increasing CST6 levels, although not this increase was not significant 

(Figure 5.35E). In either C42B or PC3 there was no consistent change in CDK1 

protein levels (Figure 5.34D and Figure 5.35D).   
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Figure 5.33 Successful cloning of LSD1 shRNA tet-pLKO plasmids. Agarose gel images 

of restriction Xho1 enzyme digested tet-pLKO plasmids with LSD1 A, shRNA#1 and B, 

shRNA#2 cloned into them. Arrows indicate double band indicating successful cloning. One 

plasmid was selected for subsequent sequencing. 
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Figure 5.34 LSD1 shRNA silencing in C42B cells effect on protein and mRNA levels. A, 

Immunoblot of ZNF217, LSD1, E-cadherin, NDRG1, and p21WAF1 with β-tubulin loading 

control. B, Bar graphs showing densitometric analysis of B, LSD1 and ZNF217, C E-cadherin 

and NDRG1, D, CDK1 and p21WAF1 protein levels. E, mRNA levels of LSD1, ZNF217, CST6, 

NDRG1 and p21WAF1 as measured by RT-qPCR and normalised to housekeepers SDHA in 

C42B LSD1 shRNA cell lines treated with dox for 5 days compared to dox negative control 

Error bars on graph represent mean +/- SEM of three independent experiments. Unpaired T-

test statistical analysis; * (p=<0.05).  

A 
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Figure 5.35 LSD1 shRNA silencing in PC3 cells effect on protein and mRNA levels. A, 

Immunoblot of ZNF217, LSD1, E-cadherin, NDRG1, and p21WAF1 with β-tubulin loading 

control. B, Bar graphs showing densitometric analysis of B, LSD1 and ZNF217, C E-cadherin 

and NDRG1, D, CDK1 and p21WAF1 protein levels. E mRNA levels of LSD1, ZNF217, CST6, 

NDRG1 and p21WAF1 as measured by RT-qPCR and normalised to housekeepers SDHA in 

pc3 LSD1 shRNA cell lines treated with dox for 5 days compared to dox negative control Error 

bars on graph represent mean +/- SEM of three independent experiments. Unpaired T-test 

statistical analysis; **** (p=<0.0001).    
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5.11 Effect of LSD1 silencing via shRNA on viability and clonal 

growth 

To determine the effect of LSD1 shRNA on viability of C42B and PC3 cells, a cell 

viability assay via an MTT assay was performed over a time course of 1 to 7 days 

(after induction of shRNA with dox treatment for 5 days to ensure knockdown at start 

of time course). There was a small but significant reduction of viability with shLSD1 

#2 on C42B cells after 5 and 7 days. There was a similar trend on viability with shLSD1 

#1 but not significant (Figure 5.36A). There was a slightly larger effect of LSD1 shRNA 

on PC3 viability and significant effects were observed from 3 days, although the 

reduction in viability was small. After 5 and 7 days there was a larger effect on 

reduction by both shRNA sequences on PC3 cells compared to the dox negative 

parental cells (Figure 5.36B).  

After induction of shRNA by dox treatment for 5 days, the cells were also plated for a 

2D clonogenic assay, to determine the effect of LSD1 shRNA on clonal growth. 

Induction of shLSD1 #1 caused a small reduction of 2D clonal formation of C42B cells, 

there was a larger reduction of number of colonies with shLSD1 #2 (Figure 5.37A). 

However, there was a much smaller response in colony formation in PC3 cells, with 

only shLSD1 #1 producing a significant downregulation of number of colonies (Figure 

5.37B). To determine there was a difference in size of colony with LSD1 knockdown 

via shRNA, relative colony diameter was also examined. However, there was a very 

small reduction in relative diameter with shRNA in C42B cells, with only shLSD1 #2 

producing a significant reduction, despite the large effect on clonal formation (Figure 

5.37C). Similarly, there was a very small reduction in size of colonies in PC3 cells with 

both LSD1 shRNA, with only shLSD1 #1 producing a significant reduction (Figure 

5.37D). This reduction in both viability and clonal growth with LSD1 shRNA was much 

less potent than LSD1 knockdown with siRNA in both C42B and PC3 cells.  
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Figure 5.36 shLSD1 silencing causes reduction in C42B and PC3 cell viability. Bar 

graphs of viability as measured by MTT assay at 1, 3, 5 and 7 day timepoints in A, C42B and 

B, PC3 LSD1 shRNA cell lines treated with dox for 5 days prior to replating. Data normalised 

to 0hr plating efficiency and made relative to relevant dox negative parental control. Error bars 

on graphs represent mean +/- SEM of three independent experiments. Unpaired T-test 

statistical analysis; * (p=<0.05), ** (p=<0.01)  
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Figure 5.37 shLSD1 silencing reduces clonogenic growth in C42B and PC3 cells. Bar 

graphs of clonogenic formation in 2D assay in A, C42B and B PC3 and colony diameter in C 

C42B and D PC3 LSD1 shRNA cell lines treated with dox for 5 days prior to replating. Colonies 

fixed with crystal violet and measured using GelCount software. Data made relative to relevant 

dox negative parental control. Error bars on graphs represent mean +/- SEM of three 

independent experiments. Unpaired T-test statistical analysis; * (p=<0.05), ** (p=<0.01). 
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There was alteration in epithelial and mesenchymal markers, suggesting an MET 

phenotype and therefore less migratory potential. Therefore, the cellular migration of 

C42B and PC3 cells with LSD1 shRNA was measured with a scratch assay. There 

was a strong and significant reduction in migration with shLSD1 #1 in C42B cells 

compared to dox negative parental line at both time points measured (Figure 5.38A 

and B). There was also a significant but smaller reduction in migration with shLSD1 

#2. In PC3 cells there was a reduction of 33-38% in migration at 24 hr with both LSD1 

shRNAs (Figure 5.39A and B). At the 8hr time point there was a similar reduction with 

shLSD1 #2, with a smaller but still significant reduction with shLSD1 #1. This indicates 

that targeting LSD1 activity will have significant effects on the migratory capacity of 

PCa cells, with potential benefits in also reducing invasion.   

As some changes in cell cycle regulators CDK1 and p21WAF1 was observed with 

silencing of LSD1 with siRNA and inhibition of LSD1 by SP2509 generated potent 

changes in cell cycle prolife. It was therefore of interest to determine if shRNA 

knockdown of LSD1 initiated alteration in the cell cycle profile. After inducing shRNA 

production with dox treatment for 7 days the cells were fixed, and PI stained before 

flow cytometry analysis. In C42B cells there was larger variability with shLSD1 #1, 

however the proportion of cells in each phase remained very similar to the dox 

negative control (Figure 5.40). Again, there was almost no difference with shRNA #2 

induction in C42B cells. Similarly, there was no significant effect of either LSD1 

shRNA on PC3 on any stage of the cell cycle as measured by PI staining (Figure 

5.41A). This indicates that LSD1 knockdown alone is not enough to induce changes 

in the cell cycle compared to LSD1 inhibition. However, this may also be due to 

insufficient time for the effect of shRNA against LSD1 to induce a significant change 

in cell cycle profile, supported by observations that increased viability changes were 

mostly observed another 5-7 days post incubation for 5 days with dox. Therefore, 

future experimentations should be done to determine the longer-term effect of shRNA 

on cell cycle of C42B and PC3 cells with shRNA.  
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Figure 5.38 shLSD1 silencing reduces migration in C42B cells. A, representative images 

and B, Bar graph of relative wound closure as measured by scratch assay in C42B LSD1 

shRNA cell lines treated with dox for 5 days prior to replating at 8 and 24 hr timepoints using 

ImageJ software. Data made relative to relevant dox negative parental control. Error bars on 

graphs represent mean +/- SEM of three independent experiments. Unpaired T-test statistical 

analysis; * (p=<0.05), ** (p=<0.01), **** (p=<0.0001). 

  

A 



5.Characterising the TBX2 repression complex in prostate cancer 

219 

 

Figure 5.39 shLSD1 silencing reduces migration in PC3 cells. A, representative images 

and B, Bar graph of relative wound closure as measured by scratch assay in PC3 LSD1 

shRNA cell lines treated with dox for 5 days prior to replating at 8 and 24 hr timepoints using 

ImageJ software. Data made relative to relevant dox negative parental control. Error bars on 

graphs represent mean +/- SEM of three independent experiments. Unpaired T-test statistical 

analysis; * (p=<0.05), ** (p=<0.01), **** (p=<0.0001). 

  

A 



5.Characterising the TBX2 repression complex in prostate cancer 

220 

 

 

 

 

 

Figure 5.40 Effect of LSD1 shRNA on C42B cell cycle. A, Bar graph of cell cycle of C42B 

LSD1 shRNA cell lines treated with dox for 7 days prior to fixing, then stained with PI and 

profiled via flow cytometry and compared to the dox negative parental control. Error bars on 

graph represent mean +/- SEM of three independent experiments. B, Table of averages flow 

analysis and unpaired T-test statistical analysis; ns. 
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Figure 5.41 Effect of LSD1 shRNA on PC3 cell cycle. A, Bar graph of cell cycle of PC3 

LSD1 shRNA cell lines treated with dox for 7 days prior to fixing, then stained with PI and 

profiled via flow cytometry and compared to the dox negative parental control. Error bars on 

graph represent mean +/- SEM of three independent experiments. B, Table of averages flow 

analysis and unpaired T-test statistical analysis; ns. 
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5.12 Combinations of SP2509 treatment 

Treatment with SP2509 causes significant changes in PCa viability and migration, it 

therefore can be considered a potential novel therapeutic for PCa. However our 

results indicate that treatment induces a senescence phenotype, at least in a 

subpopulation of cells treated. Additionally, when treated in the short term (5-7 days), 

removal of the drug allows for some recovery of both C42B and PC3 cells. After drug 

release cellular viability, in particular for the lower doses, is not significantly different 

from the DMSO control. Senescence initiation is an emerging mechanism for 

treatment of cancer cells, and it is widely known that many chemotherapies, most 

notably DNA damaging chemotherapies, lead to a significant induction of senescence 

in tumour tissue. However it may be that these mechanistic drugs require combination 

of drugs that either increase their toxicity to cancer cells or specifically target 

senescent cells. The fields on Senolytics and Senotherapeutics are now gathering 

momentum as researchers consider novel treatments to counteract the chronic 

effects of senescence for diseases such as cancer and other ageing related disorders. 

Therefore it is of interest to determine if other drugs can generate an additive, or 

ideally a synergistic effect.  

In order to maximise potential for synergy it was determined to trial co treatment with 

drugs that target other members of the CoREST complex. It was hoped that through 

this targeting, that specifically the CoREST complex would receive the most combined 

inhibition. This is important given that LSD1 and the other members of the CoREST 

complex have other multifaceted and important roles in the cell, particularly important 

for the health of normal cells. Targeting only the CoREST complex activity may go 

some way to making a drug combination selectively cytotoxic to cancer cells, 

important given the relatively similar response of RWPE-1 cells in the SP2509 IC50 

assay to the PCa cell lines.  

The drugs selected were entinostat, a HDAC1 inhibitor, and Bix-01924 and UNC0694, 

both G9A inhibitors. Both HDAC1 and G9A are known members of the CoREST 

complex. Our group have shown that treatment with a G9A inhibitor effectively 

reversed TBX2 repression of NDRG1 and synergistically downregulated cell survival 

following TBX2 functional inhibition in breast cancer cells (281). TBX2 has also been 

shown to recruit HDAC1, and entinostat is already used in combination therapies with 

hormone therapy in breast cancer (373). Therefore a strategy based on the 

combination of entinostat and SP2509 may help target any recruitment by TBX2 of 
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the other CoREST complex members and therefore represent a novel therapeutic 

approach.   

First an IC50 for both entinostat was generated for PCa cell lines C42B and PC3 and 

compared to that in non-cancerous cell line RWPE-1. C42B cells were much more 

sensitive to entinostat, with an IC50 of 0.3 µM compared to the similar sensitivity seen 

with PC3 and RWPE-1 cells, 1.72 and 2.19 µM, respectively (Figure 5.42A).  

Sensitivity to Bix-01924 and UNC0694 were compared in PCA cell lines, with Bix-

01924 proving to be a more potent inhibitor of viability in both cell lines, (Figure 5.42B 

and C, respectively). As with entinostat, C42B cells were more sensitive to treatment 

with Bix-01294 compared to PC3 cells, but to a lesser extent and RWPE-1 and PC3 

also had a similar IC50 (Figure 5.42D). Therefore Bix-01294 was chosen to progress 

with as the more potent G9A inhibitor (than UNC0694).  
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Figure 5.42 HDAC1 and G9A inhibition is toxic to PCa cells. Bar graphs of A, entinostat 

(HDAC1i), B, Bix-01294 (G9Ai) and C, UNC0694 (G9Ai) dose-response curve in RWPE-1, 

C42B and PC3 cells, response normalised to vehicle control and analysed by GraphPad 

software. As measured by MTT assay after 72 hrs. D, Table of IC50 data. Error bars on graphs 

represent mean +/- SEM of three independent experiments. 
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For the first combination assay C42B cells were treated with a combination of 4 doses 

serially diluted 1:2 of SP2509 (0.5 -4 μM) and entinostat (0.075-0.6 μM) for 72 hours 

before cell viability was measured via MTT assay. CI (combination index) values from 

Fa (effect of drug(s) on viability) were generated using CompuSyn software for all 

combination doses utilising Equation 3. The CI value produce is a measured of 

synergism: synergism (CI<1), additive effect (CI=1) and antagonism (CI>1). A 

normalised isobologram was also produced by the CompuSyn software which is a 

graphical way of visualising effect of combination of drugs. Drug A and B Fa without 

combination is used to produce the additive line which connects the a and B phases. 

Combination doses that fall on this line, have a CI value of 1 and can produce a Fa 

expected by the combination. Combination doses that fall above the additive line are 

antagonistic and those that are below have synergy.  

The matched combinations of the lowest to highest doses i.e. SP2509 0.5 µM + 

entinostat 0.075 μM and SP2509 4 µM + entinostat 0.6 μM were plotted against the 

effect of the drugs on their own and then combined (Figure 5.43A). The drugs 

combined had a more potent effect on C42B cell viability at all matches doses. The 

isobologram and table of CI values, (Figure 5.43C and E) shows that the effect of the 

combinations of SP2509 and entinostat were mostly additive. The combinations that 

had the most antagonistic values were the lowest doses of both SP2509 and 

entinostat.  

For combination of SP2509 and entinostat in PC3 cells, higher concentrations of 

entinostat (4-0.5 µM) were used to account for the higher IC50 recorded for PC3 cells 

compared to C42B cells. The normalised isobologram revealed that combinations 

tested of SP2509 and entinostat were almost universally synergistic, with all but one 

CI value under 0.64 (Figure 5.43 D and F). This implies that combination of entinostat 

and SP2509 is potentially a very potent therapeutic combination for advanced PCa. 

However, this result must be taken in the context that PC3 cells did have a linear 

response to SP2509 across all repeats (Figure 5.43B), if the higher SP2509 doses 

alone did not have the expected inhibitory effect, the combinations effect may appear 

more synergistic than the true effect.   

As above SP2509 was also combined with Bix-01294 in C42B cells in order to 

determine the effect of both G9A and LSD1/ZNF217 inhibition. The doses chosen for 

combination were SP2509 (4.0-0.5 μM) and Bix-01294 (6.0-0.75 μM). This 

combination also a mostly additive effect, (Figure 5.44B and C). However, 
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interestingly some doses combinations had completely opposing antagonistic and 

synergistic effects (Figure 5.44A).  There was one combination with a very 

antagonistic value of 2.51 which was the combination of the two lowest doses. In 

contrast, C1 values below 0.8 occurred with treatment of Bix01924 at the highest dose 

in combination with all but the lowest dose of SP2509 and combination of 3 µM 

Bix01294 with the highest dose of SP2509 (4 µM). This has interesting consequences 

for the possible combination of these two drugs, as most synergistic effects come 

from the higher doses, but these are also most likely to cause the highest toxicity to 

normal cells. Combination studies of SP2509 and Bix01924 used higher 

concentrations of Bix01924 (13-1.63 µM) in C42B cells as the IC50 recorded was 

higher than C42B cells. The combinations recorded an additive or synergistic effect 

(9 to 7, respectively). This indicates that combination of SP2509 and Bix01924 is more 

potent in PC3 cells compared to C42B cells.  

In very similar results, the combinations of Bix0294 (0.75-6 µM) and Entinostat (0.075-

0.6 µM) in C42B cells were mostly additive at the higher doses of Bix01294 (Figure 

5.45A and C). However, at doses of 1.5 µM of Bix01294 as the concentration of 

entinostat decreased, the effect trended towards more antagonism (Figure 5.45E), 

interestingly at the lowest dose this trend returned to additive effects, with the anomaly 

of the synergistic dose of Bix01294 0.75 µM and entinostat 0.15 µM.  It is likely that 

further investigation of effect of combination of smaller concentrations of Bix0294 and 

either SP2509 or entinostat is needed to determine a therapeutic window for optimum 

treatment. The combination of Bix01294 and entinostat in PC3 cells had more synergy 

in effect, with the highest synergy again coming from the lowest dose of Bix01294 

(1.63 µM) with the second lowest dose of entinostat (1 µM). This is of interest as PC3 

cells are a more aggressive model of disease. If the combination of entinostat and 

bix01294 has higher synergetic value in the more advanced disease, this could 

possibly aid in the pursuit of exciting new therapeutic approaches for the unmet need 

for advanced and castrate resistant PCa.  
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Figure 5.43 Combination of SP2509 with entinostat is toxic to PCa cells. Bar graphs of 

dose effect plots of combination SP2509 and entinostat (ent) and of each agent alone are 

presented for comparison in A, C42B and B, PC3 cell lines. Bar graph of normalised 

isobologram of Fa of combination of SP2509 (0.5-4 μM) and C, entinostat (0.075-0.6 μM) in 

C42B cells and D, (0.5-4 μM) in PC3 cells. CI =1 visualised by line joining axis. Table of 

Combination index (CI) values of combinations in E, C42B and F, PC3 cells. Measured by 

MTT assay after 72hrs, data made relative to DMSO control. Error bars on graphs represent 

mean +/- SEM of three independent experiments.  
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Figure 5.44 Combination of SP2509 with Bix01294 is toxic to PCa cells. Bar graphs of 

dose effect plots of combination SP2509 and Bix01294 (Bix) and of each agent alone are 

presented for comparison in A, C42B and B, PC3 cell lines. Bar graph of normalised 

isobologram of Fa of combination of SP2509 (0. 5-4 μM) and C, Bix01294 (0.75-6.0 μM) in 

C42B cells and D, (0.5-13.0 μM) in PC3 cells. CI =1 visualised by line joining axis. Table of 

Combination index (CI) values of combinations in E, C42B and F, PC3 cells. Measured by 

MTT assay after 72hrs, data made relative to DMSO control. Error bars on graphs represent 

mean +/- SEM of three independent experiments.  
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Figure 5.45 Combination of Bix01294 and entinostat is toxic to PCa cells. Bar graphs of 

dose effect plots of combination Bix01294 (Bix) entinostat and of each agent alone are 

presented for comparison in A, C42B and B, PC3 cell lines. Bar graph of normalised 

isobologram of Fa of combination of C, Bix01294 (0.75-6.0 μM) and entinostat (0.075-0.6 μM) 

in C42B cells and D, Bix01294 (0.5-13.0 μM) and entinostat (0.5-4 μM) in PC3 cells. CI =1 

visualised by line joining axis. Table of Combination index (CI) values of combinations in E, 

C42B and F, PC3 cells. Measured by MTT assay after 72hrs, data made relative to DMSO 

control. Error bars on graphs represent mean +/- SEM of three independent experiments.  
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To further investigate the effect of combination of SP2509 and entinostat, C42B cells 

were treated for 48 hr with 2 doses of SP2509 (0.5 and 1 µM) and entinostat (0.3 and 

0.6 µM) (Figure 5.46A). The highest dose of each drug was combined with the lower 

of the other and western blot analysis was used to determine combined drugs effect 

on protein levels compared to the drugs in monotherapy. Interestingly E-cadherin and 

NDRG1 were upregulated the highest with the two combination therapies, although 

only significantly for E-cadherin in C42B cells treated with SP2509 0.5 µM combined 

with 0.6 µM entinostat, suggesting the combination has an additive effect on some 

EMT markers (Figure 5.46A and C). Also of interest was the effect on H3Ac which is 

removed by HDAC1, the target of entinostat. A higher increase was observed with 

both combinations than of entinostat alone at either dose (Figure 5.46A and E). The 

reverse effect was observed on CDK1, with combined doses producing the only 

significant reduction of CDK1 protein. However it appears that p21WAF1 is not 

upregulated in an additive manner but is increased compared to the DMSO control at 

all doses (Figure 5.46A and D). Interestingly there was no upregulation of H3K9me2, 

with SP2509 treatment alone, only in combination with the highest dose of entinostat, 

although not significantly (Figure 5.46A and E). This again indicates that SP2509 does 

not target LSD1 demethylase activity, at least for the mark examined. Additionally the 

lower levels of LSD1 and ZNF217 were with treatment of SP2509 alone, potentially 

the entinostat increasing levels of LSD1 and ZNF217 may act to cancel the effect of 

SP2509 on protein stability.  

In PC3 cells the doses combined were expanded to all four combinations possible of 

the two doses of SP2509 (0.5 and 1 µM) and entinostat (2 and 4 µM). NDRG1 and 

p21WAF1 were upregulated at all doses, however this effect did not appear to be 

synergistic in the doses combined (Figure 5.47A and D). CDK1 was significantly 

lowered for entinostat monotherapy and all combined treatments, vimentin levels 

were only lowered with combined treatments (Figure 5.47A and C), indicating a 

combined effect of treatments on reversal of the EMT phenotype. With SP2509 

treatment H3K9me2 levels significantly fell while there was a trend of increase with all 

other doses (Figure 5.47A and E). The only significant increase in H3Ac levels was 

with the highest two doses combination, although both entinostat and the highest 

concentration of SP2509 monotherapies caused a similar fold increase, which may 

indicate the effect is not additive (Figure 5.47A and E). This additional effect on CDK1 

and H3Ac levels compared to SP2509 treatment alone at 48 hrs may explain go some 

way to explaining the potent effect on viability of the combined treatment.    
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Figure 5.46 Combination of SP2509 and entinostat effect on protein in C42B cells. 

Immunoblot of ZNF217, LSD1, E-cadherin, NDRG1, CDK1, H3Ac and H3K9me2 and p21WAF1 

with vinculin loading control in C42B cells treated with entinostat (+ 0.3 μM, ++ 0.6 μM) alone 

and in combination with SP2509 (+ 0.5, ++ 1 μM). B-E, Bar graphs of densitometric analysis 

of protein levels compared to DMSO control. Error bars represent mean +/- SEM of three 

independent experiments. Unpaired T-test statistical analysis; * (p=<0.05), ** (p=<0.01), *** 

(p=<0.001).  
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Figure 5.47 Combination of SP2509 and entinostat effect on protein in PC3 cells. A, 

Immunoblot of ZNF217, LSD1, E-cadherin, NDRG1, CDK1, H3Ac and H3K9me2 and p21WAF1 

with vinculin and β-tubulin loading control in PC3 cells treated with entinostat (+ 2 μM, ++ 4 

μM) alone and in combination with SP2509 (+ 0.5 μM, ++ 1 μM). B-E, bar graphs of 

densitometric analysis of protein levels relative to DMSO control. Error bars represent mean 

+/- SEM of three independent experiments. Unpaired T-test statistical analysis; * (p=<0.05), ** 

(p=<0.01), *** (p=<0.001).   
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5.13 Effect of gene silencing and overexpression on drug 

response  

In order to determine mechanism of action of the SP2509 an IC50 assay was 

performed alongside knockdown of (i) the CoREST members, LSD1 and ZNF217; (ii) 

their novel binding partner TBX2 and (iii) TBX2-CoREST target genes. These 

experiments were aimed at investigating (i) the individual roles of CoREST members 

in maintaining PCa cellular viability; (ii) the role of TBX2 in PCa survival and (iii) the 

potential roles in downstream (repressed) targets in mediating pro-apoptotic or MET 

phenotypes in response to SP2509 treatment, to see if their removal abrogated 

responses to the drug.  

C42B and PC3 cells were transfected with LSD1 siRNA 48 hrs before plating for an 

IC50 viability assay for treatment with a SP2509 inhibitor. At the lowest dose of 

SP2509, there was a trend for increased sensitivity with LSD1 knockdown in C42B 

cells with both LSD1 siRNAs (Figure 5.48A). However, silencing of LSD1 in PC3 cells 

had no effect on SP2509 response after 3 days (Figure 5.48B).  

In addition to silencing of LSD1, another target of SP2509, ZNF217, was also silenced 

before treatment with the drug. Knockdown of ZNF217 with siRNA #1 in C42B cells 

generated a significant difference in response to the lower doses of SP2509 

compared to Scr control. This indicates that treatment with SP2509 does not generate 

any bigger decrease in viability of C42B cells, compared to ZNF217 knockdown. 

However, when examining drug response with ZNF217 #2 there does not appear to 

be the same trend, with larger variability, although further repeats would confirm this 

(Figure 5.48C). In PC3 cells there appears to be a trend towards lower effect of the 

drug at the highest doses with both ZNF217 siRNAs, however neither result is 

significant (Figure 5.48D).  These data indicate that ZNF217 knockdown may in part 

abrogate response to SP2509 at the higher doses, while LSD1 silencing can act to 

sensitise C42B cells to the lower doses.  
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Figure 5.48 Effect of LSD1 and ZNF217 knockdown via RNAi on SP2509 dose response 

in PCa cells. Bar graphs of SP2509 dose-response curve in A, C42B and B, PC3 cells 

replated 48 hrs post transfection with LSD1 siRNA (2 siRNAs) and C, C42B and D, PC3 cells 

transfected with ZNF217 siRNA (2 siRNAs), as measured by MTT assay after 72 hrs. 

Response normalised to DMSO control and analysed by GraphPad software and compared 

to relevant scrambled (Scr) control. Error bars on graphs represent mean +/- SEM of three 

independent experiments, with the exception of ZNF217 #2 in C42B cells which is 

representative of two. Unpaired T-test statistical analysis; * (p=<0.05), ** (p=<0.01). 

  



5.Characterising the TBX2 repression complex in prostate cancer 

235 

 

Knockdown of LSD1 was induced via shRNA for 5 days before replating for the IC50 

assay for SP2509 inhibitor. At the lowest doses of SP2509, there was a trend for 

increased sensitivity with LSD1 knockdown in C42B cells with both LSD1 shRNAs 

(Figure 5.49A and B), with more doses appearing to have differing response with 

shRNA knockdown rather than siRNA. However as with LSD1 siRNA knockdown, in 

PC3 cells with either LSD1 shRNA, there was no difference in cellular viability at any 

dose of SP2509 compared to the dox negative control (Figure 5.49C and D).   

We hypothesise that TBX2 recruits the CoREST complex to target gene 

promoters/enhancers to primarily repress gene regulation. Therefore, TBX2 activity 

may be required for maximal CoREST oncogenic capabilities. It was of interest 

therefore to determine if TBX2 silencing via shRNA alters the response to SP2509. 

To investigate this an IC50 assay was performed on C42B and PC3 cells after inducing 

shRNA by dox treatment for 7 days. In both C42B and PC3 cells there was no 

difference in SP2509 sensitivity with either shRNA at any dose (Figure 5.50A-D). This 

indicates that knockdown of TBX2 at the timepoint measured does not have any 

impact on SP2509 effect on PCa viability.  

The next series of siRNA knockdowns targeted proteins that are upregulated with 

SP2509 treatment, which are also targets of TBX2; CST6, NDRG1 and p21WAF1. As 

these proteins are upregulated downstream of SP2509 treatment it may be that one 

or all are required for the SP2509 mechanism of action. Therefore these proteins were 

silenced individually via RNAi and an IC50 assay performed 48 hr post transfection. 

None of the knockdowns produced any effect on LSD1 protein levels (data not shown) 

so any changes in SP2509 response were assumed to be as a direct result of 

silencing the target protein. Unexpectantly knockdown of either NDRG1 and p21WAF1 

did not abrogate S2509 response in either cell line (Figure 5.50E and F). However, 

C42B cells with CST6 knockdown were significantly more resistant to the highest dose 

of SP2509 (Figure 5.50E). In PC3 cells a similar trend was observed with CST6 

knockdown at the most concentrated doses of SP2509 although this was not 

significant (Figure 5.50F). However knockdown of CST6, particularly in C42B cells, 

has potent toxic effects on viability at the same time point measured. The high 

negative effect of this knockdown may mean that no extra effect can be exerted with 

addition of SP2509. Further experimentation, possibly with CST6 overexpression, is 

required to elucidate if CST6 upregulation is required for SP2509 effect on viability of 

PCa cells.   
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Figure 5.49 Effect of LSD1 shRNA on SP2509 dose response in PCa cells. Bar graphs of 

SP2509 dose-response curve in C42B cells with A, shLSD1 #1 and B, shLSD1 #2 and  PC3 

cells with C, shLSD1 #1 and D, shLSD1 #2 replated 5 days after dox treatment, as measured 

by MTT assay after 72 hrs. Response normalised to DMSO control, analysed by GraphPad 

software and compared to relevant dox negative parental cell line control. Error bars on graphs 

represent mean +/- SEM of three independent experiments. Unpaired T-test statistical 

analysis; ns. 
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Figure 5.50  Effect of TBX2 shRNA and CST6, NDRG1 and p21WAF1 knockdown via RNAi 

on SP2509 dose response in PCa cells. Bar graphs of SP2509 dose-response curve in 

C42B cells with A, shTBX2 #1 and B, shTBX2 #2 and PC3 cells with C, shTBX2 #1 and D, 

shTBX2 #2 replated 7 days after dox treatment, compared to dox negative parental cell line. 

Bar graphs of SP2509 dose-response curve in E, C42B and F, PC3 cells replated 48 hrs post 

transfection with CST6, NDRG1 and p21WAF1 siRNA (1 siRNA), compared to relevant 

scrambled (Scr) control, as measured by MTT assay after 72 hrs. Response normalised to 

DMSO control and analysed by GraphPad software. Error bars on graphs represent mean +/- 

SEM of three independent experiments. Unpaired T-test statistical analysis; * (p=<0.05).  
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The IC50 (MTT) assay is only a short-term measure of one effect of SP2509 on PCa 

cells. To determine if knockdown of LSD1 alters PCa cellular response to SP2509 

over longer timepoints a clonogenic assay was used. The LSD1 shRNA cell lines were 

selected for these assays as they can sustain long term knockdown of LSD1 with 

addition of dox alongside SP2509 treatment. However, despite expectations that 

treatment of SP2509 alongside either LSD1 shRNA would alter colony formation, 

there was no consistent trend to either sensitisation or resistance at all doses. The 

only dose similar across C4B2 shRNA cell lines, was a small trend to increased 

inhibition of colony formation at 0.25 µM SP2509 (Figure 5.51A and B). This trend 

was repeated at the same dose in PC3 shRNA cells compared to dox negative control. 

The only significant difference was a small decrease in colonies at 0.75 µM SP2509 

with the addition of shLSD1#2 in PC3 cells (Figure 5.51A-D). This possibly indicates 

that lowering LSD1 levels does not impact the response to SP2509. This warrants 

further investigation, possibly with other timepoints of dox treatment or a LSD1 

knockout (CRISPR) cell line.  

Additionally the effect of the of LSD1 and TBX2 shRNA was also determined on 

response of C42B and PC3 cells to a IC50 assay with entinostat. As LSD1 inhibition 

with SP2509 produced additive effects, it is possible that the mechanism of action of 

entinostat cytotoxic response in cells requires moderation of LSD1 activity, particularly 

as the known target of entinostat, HDAC1, can exist in a complex with both LSD1 and 

ZNF217. Despite this theory there was no significant alteration in response of C42B 

cells with either LSD1 shRNA (Figure 5.52A and B). In similar results, PC3 cells with 

LSD1 shRNA knockdown additionally had no difference in response to the IC50 

entinostat assay (Figure 5.52C and D). As a further measure this assay was repeated 

with TBX2 shRNA knockdown. In C42B cells there was a trend for slight resistance to 

entinostat at the lowest concentration with shTBX2 #1 (Figure 5.52E). However, with 

shTBX2 #2 in C42B cells and both shRNAs in PC3 cells, there was no difference in 

response to entinostat (Figure 5.52F, G and H, respectively). 
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Figure 5.51 Effect of LSD1 shRNA and SP2509 treatment on clonogenic growth in PCa 

cells. Bar graphs of clonogenic formation in C42B cells with A shLSD1 #1 and B shLSD1 #2 

and PC3 cells with C shLSD1 #1 and D shLSD1 #2 replated 5 days after dox treatment and 6 

hrs post plating treated with either SP2509 or DMSO control. Colonies fixed with crystal violet 

and counted with GelCount Software, made relative to relevant DMSO control and compared 

to dox negative parental cell line. Error bars on graphs represent mean +/- SEM of three 

independent experiments. Unpaired T-test statistical analysis; * (p=<0.05). *** (p=<0.01). *** 

(p=<0.001).  
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Figure 5.52 Effect of LSD1 and TBX2 shRNA entinostat dose response in PCa cells. Bar 

graphs of entinostat dose-response curve in C42B cells with A, shLSD1 #1 and B, shLSD1 #2 

and PC3 cells with C, shLSD1 #1 and D, shLSD1 #2 replated 5 days after dox treatment. Bar 

graphs of C42B cells with E, shTBX2 #1 and F, shTBX2 #2 PC3 cells with G, shTBX2 #1 and 

H shTBX2 #2 replated 7 days after dox treatment. As measured by MTT assay after 72 hrs 

and compared to dox negative parental cell line. Error bars on graphs represent mean +/- SEM 

of three independent experiments. Unpaired T-test statistical analysis; ns.  
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As a final determination of whether LSD1 and TBX2 shRNA knockdown effects drug 

response an IC50 MTT assay was also performed with Bix01294 treatment with LSD1 

and TBX2 knockdown after 5 days. As with drug response to entinostat there was no 

alteration in relative cell viability with shLSD1 #1 in C42B cells (Figure 5.53A). 

However, at the lowest doses of Bix01924 there was significantly lower response in 

PC3 cells with LSD1 shRNA knockdown, with either shRNA compared to dox control 

(Figure 5.53C and D).  In C42B cells with shLSD1 #2 there was a significantly more 

resistant response at the very lowest concentration (Figure 5.53B). This indicates that 

LSD1 may be required for the mechanism of action of Bix01294 and removal of LSD1 

abrogates response to Bix01294, at the lower concentrations. The target of Bix01294 

is G9A, which is another key member of the CoREST complex and G9A activity 

requires LSD1 in some instances. So physical removal (by knockdown) of LSD1 may 

lower the effectivity of targeting G9A.  

This Bix01924 IC50 MTT assay was repeated with TBX2 shRNA knockdown. 

However, in similar results to TBX2 shRNA and entinostat response there was very 

little difference on viability with or without TBX2 shRNA in either cell line. This 

indicates that TBX2 is possibly not vital to how PCa cells respond to inhibition of G9A 

activity (Figure 5.53E-H). 
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Figure 5.53 Effect of LSD1 and TBX2 shRNA Bix01924 dose response in PCa cells. Bar 

graphs of Bix01924 dose-response curve in C42B cells with A, shLSD1 #1 and B, shLSD1 #2 

and PC3 cells with C, shLSD1 #1 and D, shLSD1 #2 replated 5 days after dox treatment. Bar 

graphs of C42B cells with E, shTBX2 #1 and F shTBX2 #2 PC3 cells with G, shTBX2 #1 and 

H shTBX2 #2 replated 7 days after dox treatment. As measured by MTT assay after 72 hrs 

and compared to dox negative parental cell line. Error bars on graphs represent mean +/- SEM 

of three independent experiments. Unpaired T-test statistical analysis; ns. 
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5.14 TBX2 overexpression does not affect response to SP2509, 

entinostat or Bix01924 

As there were no conclusive results of shRNA knockdown affecting response to any 

of the three drugs tested, it was decided to investigate if TBX2 overexpression can 

rescue response to any of the drugs tested, compared to the EV controls. In the lower 

expressing TBX2 cell lines, RWPE-1 and LNCaP, SP2509 at the lowest doses had a 

trend for more resistance, however, this was not significant (Figure 5.54A and B). 

However, in the cell lines with the highest endogenous TBX2 expression, additional 

stable overexpression of TBX2, had no effect on SP2509 responses (Figure 5.54C 

and D).  

When PC3 cells (with stable TBX2 overexpression) were treated with entinostat there 

again was no difference in response compared to EV control cells (Figure 5.55C). 

However, RWPE-1 and C42B cells with TBX2 overexpression had a trend towards 

sensitivity to entinostat, with a large decrease in viability at the lower doses of 

entinostat. This was not significant and warrants further investigation to determine if 

elevated TBX2 causes RWPE-1 and C42B cells to be more reliant on HDAC1 activity 

(Figure 5.55A and B). TBX2 overexpression in RWPE-1 and PC3 cells had no effect 

on Bix01924 response (Figure 5.55D and F), with only a slight non-significant trend 

towards resistance in C42B-TBX2 cells compared to the EV control line (Figure 

5.55E). This indicates that TBX2 overexpression does not alter the viability of prostate 

and PCa cells treated with Bix01294. As TBX2 was shown to have a greater impact 

on EMT and metastatic potential, further future investigation with all three drugs to 

determine if TBX2 overexpression alters the phenotypic changes in EMT observed 

with SP2509 and potentially entinostat and Bix01924 is of scientific interest.  
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Figure 5.54 Effect of TBX2 stable overexpression on SP2509 dose response in prostate 

cells. Bar graphs of SP2509 dose-response curve in A, RWPE-1, B, LNCaP, C, C42B and D, 

PC3 cells with stable TBX2 overexpression, compared to empty vector (EV) control. As 

measured by MTT assay after 72 hrs, response normalised to DMSO control and analysed by 

GraphPad software. Error bars on graphs represent mean +/- SEM of three independent 

experiments. Unpaired T-test statistical analysis; ns 
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Figure 5.55 Effect of TBX2 stable overexpression on entinostat and Bix01294 dose 

response in prostate cells. Bar graphs of entinostat dose-response curve in A, RWPE-1, B, 

C42B and C PC3 cells with stable TBX2 overexpression, compared to empty vector (EV) 

control. Bar graphs of Bix01294 dose-response curve in D, RWPE-1, E, C42B and F, PC3 

cells with stable TBX2 overexpression, compared to empty vector (EV) control. As measured 

by MTT assay after 72 hrs, response normalised to DMSO control and analysed by GraphPad 

software. Error bars on graphs represent mean +/- SEM of three independent experiments. 

Unpaired T-test statistical analysis; ns. 
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5.15  Cathepsin B does not affect C42B viability or response to 

SP2509 in C42B cells.  

CST6 was the only CoREST target in this study whose knockdown showed resistance 

to SP2509 treatment in C42B cells. As discussed, this could be due to the high toxicity 

of the CST6 knockdown in C42B cells, distorting the assay. However, it is also 

possible that CST6 upregulation is required for SP2509 inhibitory effects. LGMN 

activity has already been shown to be unaltered in C42B cells with SP2509 treatment 

within 96 hrs. As the MTT assay is within this timeframe, the resistance observed to 

SP2509 is unlikely to be through CST6 function with respect to inhibition of LGMN. 

Therefore it was decided to determine if another target of CST6 inhibitory capabilities 

can mediate a cellular toxicity. Cathepsin B (CSTB) is potently inhibited by CST6 and 

its expression decreases with CST6 upregulation (425). In addition CSTB inhibition 

decreased the invasion of breast cancer to the bone (426) and  CSTB is upregulated 

in prostate cancer and was found to be located at the leading edge of invading cells 

(427). Therefore, it was decided that CSTB is a good candidate for CST6 inhibition 

and effect on SP2509 drug response. After knockdown of CSTB (via siRNA) the 

efficiency of knockdown was quantified by RT-qPCR in C42B cells and compared to 

Scr control, with over 50% reduction in CSTB mRNA levels achieved (Figure 5.56A). 

The effect of this CSTB silencing was determined by an MTT assay 3 days post re-

plating, with no significant difference in viability observed (Figure 5.56B). Additionally, 

the role of CSTB in colony formation was determined by a 2D clonogenicity assay 

which revealed that CSTB knockdown did not alter clonal formation (Figure 5.56C). 

As a final measure of the role of CSTB downstream of SP2509 treatment, an IC50 

assay was performed as before with SP2509 treatment, again with no significant 

alteration in response with knockdown of CSTB in C42B cells (Figure 5.56D). These 

data indicate that CSTB does not have a role in C42B cellular viability or clonogenicity. 

However it cannot be ruled out that CSTB has a role in cellular migration of PCa cells 

as previously reported, which could be determined via invasion assay (Boyden 

Chamber) experimentation.                 
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Figure 5.56 Silencing of CSTB has no viability or SP2509 drug response effect in C42B 

cells. Bar graph of A, CSTB mRNA levels as measured by RT-qPCR and normalised to SDHA 

housekeeper, B, viability as measured by MTT assay 3 days post plating, C, 2D clonogenic 

formation. Colonies fixed with crystal violet and counted with GelCount Software and D, 

SP2509 dose-response curve after 72 hrs of treatment in C42B cells transfected with CSTB 

siRNA (1 siRNA). Data made relative to relevant Scr control and cells plated 48 hrs post 

transfection. Error bars on graphs represent mean +/- SEM of three independent experiments. 

Unpaired T-test statistical analysis; * (p=<0.05). 

 

5.16 LSD1 overexpression 

SP2509 is reported to act via inhibiting LSD1 binding to ZNF217, therefore, it is of 

interest if overexpression of LSD1 can convey resistance to SP2509 treatment. LSD1 

was subcloned into a lentivirus plasmid with puromycin resistance (pLenti Dest Puro). 

After production of the LSD1 and EV lentiviral preparations, PC3 cells were 

transfected and selected through puromycin treatment. Despite multiple rounds of 

transfection, the overexpression was not successful (Figure 5.57).  
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Figure 5.57 Attempt at producing LSD1 stably overexpressing PCa cell lines. Immunoblot 

of LSD1 protein levels compared to vinculin loading control in C42B and PC3 cells transfected 

with lentivirus compared to relevant empty vector (EV) control. 

 

5.17 Effect of TBX2 silencing on recruitment of LSD1 and ZNF217 

to chromatin 

TBX2 activity can drive PCa progression, particularly migration. However, in cancer 

studies previously performed by the Mullan group it has been observed that TBX2 

achieves transcriptional repression of target genes indirectly through recruitment of 

co-repressor transcription factors, rather than direct DNA binding through its 

dedicated T-Box DNA binding domain. Inhibition of LSD1 and ZNF217 binding and 

knockdown of these two proteins in PCa cells phenocopies TBX2 knockdown. 

Additionally, TBX2 has been shown to bind to both LSD1 and ZNF217. It is our 

hypothesis therefore that TBX2 recruits as yet unidentified transcription factors, in 

addition to LSD1 and ZNF217 (most likely as part of the CoREST complex) to 

chromatin.  

To determine if this is the case, chromatin fractionation was performed with and 

without TBX2 shRNA knockdown and the levels of LSD1 and ZNF217 in whole cell 

extract, the soluble nuclear fraction (nucleoplasm) and the chromatin fraction 

analysed via immunoblotting. 

After TBX2 silencing with either shRNA the proportion of ZNF217 and LSD1 in the 

chromatin fraction of PC3 cells appeared to fall (Figure 5.58A). These immunoblots 

were digitised and analysed via densitometry in the ImageJ software, for semi 
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quantitative analysis. This revealed this fall of ZNF217 and LSD1 was significant with 

shTBX2 #2 (Figure 5.58B and C, respectively) although there appeared to be a 

decrease in the soluble fraction. This may be accounted for by a trend for ZNF217 

total levels to lower slightly, although LSD1 levels appeared to increase.  There was 

a similar trend with shTBX2 #1, with no reduction in total levels of either protein. This 

indicates that TBX2 expression is required for both LSD1 and ZNF217 recruitment to 

the chromatin fraction 

 When comparing the levels in the soluble fraction there was a corresponding rise of 

both LSD1 and ZNF217 with shTBX2 #1. However there was only a small and non-

significant rise in with shTBX2 #2 compared to the dox negative control. This may be 

due to some inaccuracy in the digital analysis of a non-quantitative technique.  

A very similar trend was observed with TBX2 shRNA knockdown in PC3 cells 

compared to dox negative control Induction of shTBX2 #2 led to a significant decrease 

in the proportion of ZNF217 and LSD1 in the chromatin fraction.  

The chromatin fractionation implies that both LSD1 and ZNF217 are recruited by 

TBX2. A Ch-IP qPCR assay was optimised for ZNF217 pulldown for a more 

quantitative method to confirm these findings. This technique was used to determine 

if ZNF217 binding to NDRG1 and E-cadherin promoters decreases with TBX2 

knockdown. PC3 cells were the only model selected for this assay due to time 

constraints. PC3 TBX2 shRNA lines were dox treated for 7 days before collection and 

fixation with formaldehyde to cross-link any bound proteins to the DNA. The samples 

were then fractionated, and the chromatin fraction was sonicated for 33 cycles. 

Subsequently a ZNF217 and control IgG pull down was performed in each shRNA 

sample and dox negative control. The binding of ZNF217 was quantified by qPCR, 

normalised to input signal, then IgG and then finally to an upstream region which acted 

a negative control.  

The enrichment of ZNF217 in the dox negative controls was first assessed and the 

binding for E-cadherin and NDRG1 by ZNF217 was 1.63 and 1.22, respectively 

compared to the UR (Upstream Region – i.e. negative) control (Figure 5.59A). The 

lower cell number utilised in the assay in order to perform the knockdown probably 

accounts for the low enrichment rather than weak binding. 

Data for TBX2 shRNA #2 accounts for two independent repeats, as a sample was 

discarded due to failure of the dox negative control enrichment not passing the 

threshold. ZNF217 bound to the E-cadherin promoter decreased by ~ 40% with 
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shTBX2 #1 in PC3 cells, although this did not quite reach significance. Additionally 

PC3 cells with shTBX2 #2 knockdown had a trend of ~20% reduction of ZNF217 

bound to the same site (Figure 5.59B). 

There were more potent effects of TBX2 knockdown of ZNF217 binding to the two 

promoters measured in PC3 cells. TBX2 shRNA #1 caused a significant decrease of 

over 60% of ZNF217 binding to NDRG1 promoter in PC3 cells compared to the dox 

negative control. There was also a trend of ~30% lower ZNF217 bound to NDRG1 

promoter with shTBX2 #2 (Figure 5.59A). This indicates that TBX2 may be able to 

recruit ZNF217 to the promoters of E-cadherin and NDRG1, to drive the progression 

of PCa.  
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Figure 5.58 Effect of TBX2 shRNA on chromatin recruitment in PC3 cells. A, Immunoblot 

of ZNF217, LSD1 and TBX2 compared to GAPDH (cytoplasmic) and TBP loading controls 

(chromatin) in whole, soluble and chromatin fractionations of PC3 shTBX2 #1 and shTBX2 #2 

cell lines after 7 days of dox treatment as compared to dox negative parental cell line. Data 

represents three independent experiments. Bar graphs of densitometry of immunoblots of B, 

ZNF217 and C, LSD1 relative to loading control in PC3 cells. Unpaired T-test statistical 

analysis; * (p=<0.05), ** (p=<0.01).  
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Figure 5.59 ChIP qPCR enrichment of ZNF217 on genomic binding sites with 

formaldehyde crosslinking after TBX2 shRNA knockdown in PC3 cells. Bar graphs of 

ChIP qPCR enrichment values following formaldehyde fixation and pulldown using the 

ZNF217 antibody. A, Fold enrichment on the genomic binding sites in E-cadherin, NDRG1 

promoter regions in PC3 dox negative cell line. Fold enrichment on the genomic binding sites 

in B, E-cadherin and C, NDRG1 promoter regions in PC3 shTBX2 #1 and #2 cells lines after 

dox treatment for 7 days. Enrichment relative to ‘input’, normalised first to IgG control and then 

to Upstream Regions (UR) (designed specifically to a genomic location within 1.5kb up stream 

of each peak. Error bars represent mean +/- SEM of three independent experiments for 

shTBX2#1 and two independent experiments for shTBX2 #2. 
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5.18 Chapter Conclusions  

Data shown in the previous chapter indicate that targeting TBX2 may have therapeutic 

benefit for advanced PCa. TBX2 has to recruit other proteins to enact negative 

regulation of its target proteins. It was hypothesised that these proteins would likely 

be chromatin remodelling enzymes. Therefore the aim of this work was to identify 

proteins recruited by TBX2 and determine if targeting their activity could be a 

surrogate for inhibiting TBX2.  

Previous work within the group utilised a screen in breast cancer cells against 50 

different epigenetic regulators of a variety of classes. This screen identified LSD1 as 

the best candidate, as knockdown of LSD1 phenocopied that of TBX2 knockdown, 

with pronounced growth inhibition and strong re-expression of TBX2 target genes.  

Therefore to begin the levels of LSD1 and its binding partner ZNF217 were 

determined in a panel of PCa cell lines and compared to non-cancerous cell line 

RWPE-1. In all PCa lines, except 22RV1 cells, LSD1 and ZNF217 were upregulated 

compared to the non-cancerous cells, with highest levels observed in C42B and PC3 

cells. This is in line with findings that LSD1 is upregulated in CRPC and PC3 cells 

have higher levels than LNCaP cells (428). Given C42B and PC3 lines have the 

highest TBX2 expression while representing androgen responsive and unresponsive 

states of the disease respectively, these two lines were selected for use in this study.  

The binding of TBX2 and LSD1/ZNF217 was confirmed in PC3 cells via individual co 

-immunoprecipitation with pull-down of each of the three proteins. In C42B cells TBX2 

pull down identified both LSD1 and ZNF217 as interactors of TBX2. This interaction 

was supported via LSD1 and ZNF217 co-immunoprecipitation in the C42B TBX2 

stable overexpression cell line. Additionally treatment with an inhibitor of 

LSD1/ZNF217, SP2509, appeared to slightly reduce binding of TBX2 to 

LSD1/ZNF217. Taken together these data indicate that TBX2 interacts with members 

of the CoREST complex. This is perhaps not surprising as TBX2 has been confirmed 

to interact with HDAC1 (278), also a member of the CoREST complex.  

The inhibitor SP2509 was taken forward to identify the phenotypic effects treatment 

generates in PCa cells. An IC50 assay revealed that PC3 the most advanced PCa 

model, are marginally more sensitive to SP2509 treatment, with RWPE-1 cells having 

a similar IC50. This is similar to finding by Sehrawat et al. who demonstrated similar 

sensitivity of SP2509 treatment for the PCa cell lines LNCaP, C42B and PC3, 
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however they did publish effect on RWPE-1 cells (141). The effect of SP2509 was 

compared to treatment with GSK-LSD1, which does not target binding of LSD1 to 

ZNF217 but acts as a catalytic inhibitor of LSD1 demethylase activity (141). It was 

clear that the allosteric inhibitor, SP2509, which targeted LSD1 binding to ZNF217, 

had the most potent effects against PCa cell viability. C42B and PC3 cells viability 

was increasingly reduced when treated for an extended period (1-7 days). The effects 

on clonogenicity were also examined in both 2D and 3D anchorage-independent 

assays. This revealed that treatment with the highest doses of SP2509 almost 

completely abrogated C42B and PC3 ability cells to form colonies in both assays. To 

determine effect of disruption of LSD1 binding to ZNF217 on the migration of cells, a 

wound assay was utilised, post 24 hr following SP2509 treatment. At both time points 

measured SP2509 reduced the migration of C42B and PC3 cells, mirroring Wang et 

al. findings (429).This indicates that SP2509 is potentially a potent therapeutic, due 

to its targeting of LSD1 binding to ZNF217, causing downregulation of the viability, 

clonogenicity and finally migratory capabilities of PCa cells.  

To determine the mechanisms of action of SP2509 treatment, the effects on 

downstream targets of TBX2-CoREST were determined. In C42B cells treatment with 

SP2509 induced upregulation of the TBX2 regulated proteins, NDRG1 and p21WAF1, 

with similar findings in PC3 cells for NDRG1 and the earliest time point for p21WAF1. In 

comparison there appeared to be no induction of PARP cleavage, with SP2509 

treatment in either cell line. The upregulation of senescence markers with no increase 

in the apoptosis marker cleavage indicated that treatment with SP2509 causes a 

senescence, rather than apoptotic phenotype. However others have found that 

apoptosis is generated as a result of SP2509 treatment, therefore it is likely that 

senescence only occurs in a subset of cells (141, 429).  

The time course also determined CST6 mRNA levels in matched samples via RT-

qPCR, although not significant, there was a noticeable trend for increasing CST6 

expression with treatment beyond 48 hrs in both cell lines. This is important in the 

context of LGMN activity as CST6 is LGMN’s endogenous inhibitor (272). As elevated 

CST6 levels reduced LGMN activity in breast cancer cells (272), it was thought that 

this CST6 elevation with SP2509 treatment may account for the potent effects 

observed on both PCa cell viability and migration. To ascertain this a LGMN assay 

was performed on C42B cells treated with SP2509 from 48 to 96 hr. However, LGMN 

activity was not reduced and was in fact upregulated at the timepoints measured. The 

upregulation of LGMN mRNA and mature protein in C42B cells may account for the 
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small increase in LGMN activity and may be due to a stress response. It is therefore 

likely that inhibition of LGMN through CST6 upregulation does not have a role in early 

phenotypic responses to SP2509 treatment and further experimentation, with longer 

treatment will be required to fully determine the role of LGMN activity in SP2509 

response.   

All cyclin/CDK complexes can be inhibited by p21WAF1, through this action p21WAF1 

acts as a checkpoint inhibitor, in response to stimuli from a multitude of tumour 

suppressor pathways. As p21WAF1 was upregulated early with SP2509 treatment it 

was of interest to determine what if any this upregulation had on the cell cycle of PCa 

cells. Flow cytometry analysis of PI-stained cells revealed small changes in the profile 

of C42B cell cycle, with higher doses causing an S phase arrest. In comparison the 

cell cycle was far more altered in treated PC3 cells. Cells accumulated in both S and 

G2/M phases with large decrease in cell proportion in G0/G1. While consistent with 

previous findings of SP2509 treatment (429) this is unexpected as upregulation of 

p21WAF1 was shown to induce G1 arrest in PC3 cells (430). However as p21WAF1 also 

controls the G2/M transition alternative effects of p21WAF1 can be explained (431).   

These data point to a senescence phenotype in at least a proportion of cells treated 

with SP2509, to further confirm these findings an SA-βgal assay was performed which 

uses β-galactosidase activity, a common senescence marker, to produce a blue stain 

with addition of X-gal substrate. After treatment for 72-96 hrs 40-43% of C42B cells 

were positively stained for SA-βgal activity, a large upregulation from the control. In 

addition the morphological shape of the C42B cells altered substantially to flatter cells 

with long polar projections and greatly reduced confluency. This indicates that by 72 

hr at least 40% of treated C42B cells are senescent. Further optimisation of the SA-β 

gal assay is required for PC3 cells, however SA-β gal is not a definitive marker of 

senescence so other markers could be investigated to confirm senescence in SP509 

treated PC3 cells. This mechanism is supported by light microscopy revealing that 

similar changes occurred in PC3 cellular morphology. Treatment of SP2509 over a 

time course of 96 hours also indicated that proteins associated with senescence, such 

as NDRG1, were upregulated with no PARP cleavage. It is therefore likely that the 

predominant mechanism of SP2509 is to initiate senescence in PCa cells.  

It is important to determine if the levels of senescence induced by SP2509 is a 

permanent change, or if given time and or withdrawal of the drug, whether PCa cells 

would be able to recover and begin proliferating again. To answer this scientific 
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question, a washout study was designed to test both strength and duration of 

treatments required. First pre-treated cells (5 or 7 days) were re-plated with either (i) 

a continuation of previous treatment, or (ii) release from drug and then effects on 

cellular viability assessed by an MTT assay, or a clonogenic assay. These 

experiments revealed that continuation with treatment with the higher doses of 

SP2509 was sufficient to irreversibly inhibit cell viability or colony formation. However, 

with release from the lower dose both cell lines were able to recover to viable cell 

numbers near to the DMSO control, with clonogenic formation more sensitive to pre-

treatments with the drug.  

Flow cytometry analysis of cell cycle revealed that release from the pre-treatment of 

either dose in C42B and the lower dose in PC3 cells returned to a more ‘normal’ cell 

cycle prolife, indicating a return to proliferative capabilities. This analysis also showed 

that prolonged treatment in switched the cell cycle prolife of C42B cells from that of S 

and G2/M accumulation seen at 96 hr and 1 µM at 5 day to G0/G1 arrest. Interestingly 

treatment of PC3 cells for longer timepoints continued to cause accumulation in S and 

G2/M phases.  

Treatment of C42B cells with SP2509 for 72-96 hrs causes S phase arrest, treatment 

for longer or at higher doses causes G0/G1 arrest. Similar effects were observed with 

either SP2509 treatment or LSD1 depletion in clear cell renal cancer (ccRCC) cells 

(432). This is consistent with initiation of senescence, originally described as an 

irreversible arrest in G1, triggered by the inactivation of CDK4/6-cyclin D1 and Cdk2-

cyclin E1 (reviewed in (433)). This senescence initiation may be triggered by a variety 

of signals, one pathway is inappropriate oncogene stimulated proliferation with the 

resulting error prone DNA synthesis triggering ATM activation, p53 activation with 

subsequent p21WAF1 induction and permanent cell cycle arrest (434). SP2509 

treatment in C42B cells leads to p53 phosphorylation at ser15, this combined with the 

lack of suppression of CoREST complex of the CDKN1A gene leads to strong p21WAF1 

upregulation. Withdrawal of SP2509 treatment at lower doses in C42B cells prompted 

a return to proliferative capabilities. However, pre-treatment with 3 µM was sufficient 

that even after withdrawal, C42B cells did not recover significant growth capabilities. 

This implies that either continuation of treatment with lower doses or initial treatment 

with high enough doses causes irreversible G1 arrest. Care must be taken not to 

confuse quiescence with senescence as cell cycle arrest is not synonymous with 

senescence. A universal senescence marker has yet to be identified, instead there is 

a general set of agreed upon hallmarks that describe senescence, of these SA β gal 
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activity is most prevalent, which was upregulated with SP2509 treatment of C42B 

cells. 

The consistent upregulation of p21WAF1, alongside alterations in cell morphology to 

enlarge and flattened cells and the activation of SA β gal activity all indicate that 

treatment with SP2509 induces senescence in C42B cells. However, NDRG1 has 

been associated with p53 apoptosis (435) in addition CST6 upregulation in breast 

cancer (272), LSD1 depletion in mantel cell lymphoma (436) and treatment of PCa 

cells with SP2509 (141) have all shown to induce apoptosis. As SA β gal activity was 

present in only 40% of C42B cells after treatment with SP2509 for 96 hrs, it is possible 

that a subset of cells also underwent apoptosis. PARP cleavage is only one measure 

of apoptosis, additional examination after prolonged treatment is required to confirm 

senescence induction and to investigate apoptosis signalling, for example, with 

caspase cleavage and Annexin-V staining.  

Treatment of PC3 cells caused a slightly different phenotype compared to C42B cells, 

with loss of cells in G0/G1 and accumulation in S and G2/M phases of the cell cycle. 

PC3 cells treated with SP2509 for 5 days or LSD1 and ZNF217 siRNA had a large 

upregulation of p21WAF1. This is despite the p53 null status of PC3 cells. This indicates 

that TBX2 activity may be supressed in PC3 cells treated with SP2509, with the 

resulting lack of TBX2 suppression, p21WAF1 is upregulated. The upregulation of 

p21WAF1 appears that first to be inconsistent with a lack of G1 arrest. However p21WAF1 

is also involved in the G2/M checkpoint regulation (437, 438), and is able to induce 

senescence with G2 arrest via blocking of Rb phosphorylation (439) and irreversibly 

inhibiting cyclin B1-Cdk1 complexes (440). Studies in breast cancer and melanoma 

identified that TBX2 RNAi caused a robust G2/M arrest that correlates with a reduction 

in phosphorylated CHK2, which may explain this phenomenon  (414). Alongside 

upregulation of p21WAF1, through lack of suppression by the CoREST complex, the 

action of induced NDRG1 may also play a role. NDRG1 has been shown to 

antagonise ubiquitinoylation of p21WAF1 and therefore stabilise it (441). SP2509 

mediated upregulation of NDRG1 was found in p53-independent in neuroblastoma 

cells, and this may explain the similarity of NDRG1 upregulation in p53 WT and null 

cells (442). In addition Dec1 was also upregulated in PC3 cells with SP2509 treatment 

at 48 hours. Dec1 is a basic helix-loop-helix transcription factor, described to be 

upregulated by p53 and to mediate p53 induced senescence (443). Overexpression 

of Dec1 in breast cancer in a mouse xenograft model caused lengthening of the S-

phase (444). The induction of Dec1 expression in the absence of p53 shows that 
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alternate mechanisms of Dec1 regulation likely exist to mediate senescence and 

cause S phase arrest with SP2509 treatment.  

RNAi was utilised in order to determine if knockdown of either binding partner targeted 

by the drug phenocopied the effects of SP2509 and TBX2 knockdown. In both cell 

lines, ZNF217 and LSD1 knockdown had similar effects. P21WAF1 was observed to be 

upregulated with both knockdowns, with a similar trend observed with NDRG1, similar 

to TBX2 knockdown and SP2509 treatment. Interestingly CDK1 levels were observed 

to decrease with siRNA #1 for LSD1 and both siRNAs for ZNF217, which may account 

for the S and G2/M phase accumulation observed as CDK1 is known to have a role 

in G2/M transition (445). Also measured were epithelial and mesenchymal markers, 

with changes in the levels of each indicating an MET. The effect on cell viability was 

measured and after 3 days there was large reduction in both C42B and PC3 viability 

with ZNF217 silencing and a smaller but still significant effect of LSD1 knockdown. 

Mimicking SP2509 treatment, there was a larger effect of both knockdowns on colony 

formation but not colony size. These data together indicate that LSD1 and ZNF217, 

whilst having a proliferative effect, are more vital for colony formation. LSD1 and 

ZNF217 knockdown also caused reduced the migratory capability of both C42B and 

PC3 cells, which may be linked to the MET phenotype described above. This theory 

is supported by LSD1 siRNA reducing PCa viability and clonal growth (141) with 

similar results with downregulation of ZNF217 in ovarian cancer (446). 

Inducible shRNA cell lines were also generated to enable longer term inducible LSD1 

silencing in both C42B and PC3 cell lines. These lines produced a consistent and 

effective knockdown of LSD1. LSD1 shRNA in both cell lines caused a similar trend 

in upregulating E-cadherin, NDRG1 and p21WAF1. However the changes in mRNA 

were less consistent at the timepoint measured in PC3 cells. LSD1 shRNA mediated 

knockdown had less potent effects on viability at 3 days post replating but by 7 days 

there was significant reduction in viability of both cell lines. In C42B cells there was a 

reduction in colony formation with both shRNAs, however there was considerably less 

change in the number of PC3 colonies with shRNA compared to siRNA. Additionally 

as with siRNA and SP2509 treatment there was very little effect observed on colony 

diameter, indicating that LSD1 has a role in maintaining proliferative capability of PCa 

cells but is not entirely essential. 

A much larger phenotypic change was observed on cellular migration with both 

shRNA at all timepoints in both cell lines. This reduced migratory capability is 
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important mechanistically to the potential therapeutic targeting of PCa as advanced 

stages of disease have proclivity to metastasis to the bone and become a more 

difficult disease to cure. Therapeutic strategies that target this metastatic potential of 

PCa are vital. SP2509 while causing significant reduction in PCa cell viability and 

metastatic potential, causes senescence initiation in a subset of cells. This 

senescence may be reversable, therefore this drug may require co treatment to 

generate an effective therapeutic strategy. 

Targeting the CoREST complex presents an exciting therapeutic opportunity for PCa 

as it possesses a number of targetable enzymes. To this aim it was decided to 

combine SP2509 with two drugs that target other members of the CoREST complex. 

The CoREST complex is clearly overactive in PCa but has members which have a 

multitude of other roles important to normal and carcinogenic cells. Identifying a 

synergistic to targeting the CoREST complex would potentially generate a wider 

therapeutic window allowing us to lower the doses of individual drugs to prevent off 

target toxicities and therefore provide more effective targeting of PCa cells.  

The drugs selected for combination studies inhibited HDAC1, entinostat, and G9A, 

Bix01924, both influential members of the CoREST complex. The combination studies 

of all drugs in C42B cells produced a mostly additive effect, with the occasional dose 

combination that was synergistic. However, of great interest were the results in PC3 

cells, which indicated a large synergistic effect of entinostat and SP2509. This 

difference in response to this combination from C42B cells may be accounted for by 

PC3 cells relative resistance to entinostat, appearing that combination with SP2509 

sensitised the cells to this treatment. SP2509 combined with pan-HDAC inhibitor 

Panobinostat produced strong synergistic effects on AML tumours, giving support to 

co-treatment of SP2509 and HDAC inhibition (376).   

When effect on protein was examined of combination of entinostat and SP2509 in 

PCa cells after 48 hr there was an upregulation of NDRG1 across all combination or 

single agent doses, with combination producing higher upregulation than SP2509 

alone in C42B cells. While p21WAF1 was upregulated with all combinations and single 

agents, the highest effect was observed with entinostat as a monotherapy. TBX2 

recruits HDAC1 to the CDKN1A gene to repress p21WAF1 expression in melanoma 

(278), entinostat may effect reduce TBX2 repression more swiftly than SP2509, it 

would be of interest to expand the treatment to determine over a longer period the 

effect of the combination on gene regulation.  Interestingly, combination with 
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entinostat caused a downregulation of CDK1 not observed with SP2509 alone after 

48 hrs. Encouragingly largest additive effect observed was on H3Ac levels which were 

highest with combination therapy, suggesting the two drugs act together to inhibit 

HDAC activity. This is particularly interesting as there was only a modest increase in 

H3Ac with SP2509 alone. This is supported by findings that combination of LSD1 

inhibitor with a pan-HDAC inhibitor can produce synergistic results for treatment of 

Ewing sarcoma cells (447). Only knockdown of ZNF217 and CST6 generated 

resistance to SP2509 treatment, in either short or long-term assays with a slight trend 

towards more sensitivity to the lowest doses of SP2509 in C42B cells with LSD1 

shRNA. This may be accounted for by a dual effect of reducing the LSD1 available by 

shRNA and then successfully targeting the remaining with the sp2509 to increase the 

efficacy of the lower doses.  

The final aim of this project was to determine whether TBX2 recruits ZNF217 and 

LSD1 onto chromatin to alter chromatin dynamics and shut down gene expression. 

Lysates with and without induced TBX2 shRNA were fractionated to divide the lysate 

into a nucleosome soluble fraction and a chromatin fraction. It appeared that LSD1 

and ZNF217 recruitment to the chromatin lowered in the absence of TBX2 in PC3 

cells. The matched whole cell lysates did not indicate that this was due to lower total 

levels of ZNF217 or LSD1. To further confirm that TBX2 recruits ZNF217 a ChIP 

assay was performed and enrichment to NDRG1 and E-cadherin promoter regions in 

PC3 cells. Both TBX2 shRNAs lowered ZNF217 recruitment to the NDRG1 and E-

cadherin promoters to differing degrees, consistent with the theory that TBX2 recruits 

chromatin remodelling enzymes around target promoters such as HDAC1 (278). 

TBX2 has been shown in a previous chapter to have a role in PCa progression. 

Knockdown of TBX2 lowers the viability and migratory capability of advanced PCa 

models. This silencing of TBX2 causes upregulation of target genes, NDRG1 and 

p21WAF1. This work has identified that inhibition of LSD1 and its binding partner either 

by RNAi or SP2509 treatment, phenocopies TBX2 knockdown. LSD1 and ZNF217 

are vital to PCa viability and metastatic capability.  TBX2 has been shown to recruit 

these two CoREST members to chromatin and likely ZNF217 to NDRG1 and E-

cadherin promoters. Treatment with other CoREST inhibitors is therefore an exciting 

new therapeutic strategy for PCa, particularly in castrate resistant PCa where 

conventional therapies have failed. 
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6.1 LGMN - a prognostic marker for PCa? 

The 5-year survival rate for men diagnosed with local PCa nears 100%, however, in 

men that have aggressive disease that has metastasised, this figure drops 

dramatically to 31% (448). It is vital that better treatments with novel targets and 

biomarkers of disease state are developed. Currently the only biomarker used widely 

clinically is PSA, which is not specific to cancer development and therefore can lead 

to false positives.   

One of the potential oncogenic markers investigated in this thesis was, LGMN, an 

asparaginyl endopeptidase (AEP) which has a role in autoimmunity and also cancer 

(272, 286). LGMN has been found to be upregulated in various cancers (287), 

including prostate (291). This upregulation has also been linked to poorer prognoses 

(287) and a more aggressive phenotype (288). It was of interest to determine if LGMN 

expression could be useful to stratify prostate tumours that have potential to become 

more aggressive, i.e. a potential prognostic marker. LGMN is synthesised as a pro-

LGMN, that is auto-catalytically cleaved to the active LGMN enzyme (283). 

Measurement of enzymatic activity presented with its own technical problems and 

was not as straightforward as measuring increased expression levels. Theoretically, 

measuring levels of cleaved LGMN via immunoblotting with an antibody specific to 

mature LGMN, could be used to directly estimate LGMN enzymatic activity and hence 

the potential of a tumour to more aggressive. In this study, C42B cells, which had 

higher cleaved and total LGMN, were among one of the panel of cell lines to have the 

highest activity levels. However, this must be tempered by findings that 22RV1 cells 

had lower levels of both cleaved LGMN and mRNA expression compared to other 

PCa cell lines and yet had the highest LGMN activity. This could mean that screening 

a tumour solely based on total LGMN expression would miss those that have elevated 

LGMN activity by other factors.  

An alternative mechanism could utilise the protocols developed by Chen et al. which 

monitor LGMN activity intratumorally, with either an MRI contrast agent or a near-

infrared (NIR) fluorescence probe (449). For the first protocol, tumour bearing nude 

mice were intravenously injected with either an MRI contrast agent (Gd-NBCB-TTDA-

Leg(L) or a control agent. Cleavage of the substrate (Leg(L): a Leu-Asn bond) by 

LGMN, present in the tumour, caused an increase in the water exchange rate of the 

Gd(III) ion remaining in the contrast agent. Subsequent binding by HSA leads to 

formation of macromolecules. In vivo MR imaging indicated a 250 % increase in 
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contrast enhancement, 2hr after injection with Gd-NBCB-TTDA-Leg(L)), compared to 

just 3% with the control which lacks the LGMN cleavage site. For the optical imaging 

protocol, a NIR fluorescent probe (CyTE777-Leg(L)-CyTE807) was designed. 

Cleavage by LGMN of the probe increases the distance between the two 

fluorochromes, preventing quenching by CyTE807 and revealing the fluorescent 

emission by CyTE777. In similar results injection of mice with LGMN positive tumours 

along with the probe, caused over 15-fold higher fluorescent signal from the tumour 

area compared to a control probe. Either the MR or optical imaging could be a vital 

tool to stratify PCa tumours by LGMN activity for diagnoses and possible targeted 

therapy, without the need for biopsy.  

One factor that influences LGMN activity is Cystatin 6 (CST6), also referred to as 

cystatin E/M. CST6 is a member of a family of protease inhibitors that can target the 

activity of lysosomal cysteine proteases and AEPs. CST6 has a role as a tumour 

suppressor, with induced expression causing breast cancer selective reduction of cell 

proliferation and migration (272). Epigenetic silencing may play a role in the loss of 

CST6 expression observed in PCa and re-expression of CST6 in human prostate 

cancer cells significantly reduced in vitro cell proliferation and matrigel invasion (450) 

Uncontrolled LGMN activity was reported in cst6-deficient mice alongside disruption 

of normal skin development (451). This is of note as C42B cells had similar LGMN 

expression to the parental cell line LNCaP but much higher LGMN activity. This can 

be explained by the lower expression of CST6 in C42B cells which ties in with the 

more aggressive phenotype of C42B cells (as they are metastatic derivatives of 

LNCaP cells). C42B cells also had higher TBX2 expression compared to LNCaP cells, 

which may explain the downregulation of CST6 and subsequent higher LGMN activity. 

Our group has shown in breast cancer that TBX2 is able to suppress CST6 expression 

and therefore bypass the apoptotic effects of this tumour suppressor and promote 

uncontrolled LGMN activity (272).  

However, as mentioned, this reasoning does not quite line up with findings in 22RV1 

cells as they had higher CST6 expression, with lower LGMN levels and yet similar 

LGMN activity to C42B cells. It is therefore possible that there are alternative 

endogenous inhibitors that are suppressed in 22RV1 cells, which warrants further 

investigation in order to completely understand mechanisms leading to uncontrolled 

LGMN activity. Certainly a LGMN assay/probe which could be utilised on fresh tissue, 

for example, would have utility in a range of cancer types. 
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6.2 The potential of targeting LGMN in PCa? 

LGMN has been linked to an aggressive phenotype and poorer prognosis. It therefore 

was of interest to determine what effect LGMN silencing had on PCa cell viability. 

LGMN silencing via RNAi was found to PCa cancer selective effects on viability. 

RWPE-1 cells showed no significant changes in viability even after 7 days, with a 

significant reduction in LGMN levels. In comparison, LGMN depletion in C42B cells 

caused a significant decrease in cell viability and even more dramatic effect on 

clonogenicity. Silencing of LGMN in 22RV1 cells had slightly less potent but still 

significant effects on both viability and clonal formation. This was interesting as in both 

gastric and breast cancer cells LGMN was found to not have a role (288, 452). 

However, these findings conflict with data describing the use of LGMN ‘vaccine’ in 

breast cancer that reduced tumour load (453) and LGMN’s role in promotion of liver 

cell proliferation, independently of the AEP activity (289). Studies addressing the role 

of LGMN in cancer have been conflicting. To further elucidate whether LGMN 

expression has clinical significance Zhen et al. performed a meta-analysis of case 

controlled studies (287). Their findings that LGMN overexpression is correlated with 

tumour progression and poor prognosis ties in with our results of the importance of 

LGMN to PCa viability and clonogenic growth.  

Our findings also implicate that LGMN has another role in PCa migration, with 

knockdown reducing C42B cell migration, at both time points measured. Studies that 

have found LGMN to have a role in cancer metastasis have focused on the cleavage 

by LGMN of the matrix metalloproteinase (MMP-2). The removal of a pro-peptide from 

the N terminus causes activation of MMP-2 and degradation of the ECM and therefore 

the tumour cells have an easier route through which to invade (454). Use of AEP 

inhibitors found that MMP-2 activity was blocked and there was subsequent reduction 

in invasion of breast cancer in vivo (452) . LGMN itself can cleave fibronectin, a major 

component of the ECM (455). Whilst this undoubtedly has a role to play in invasion 

and metastasis of cancer cells, our results indicate an additional role to promoting the 

migratory capability of PCa cells.  Our study utilised a migration assay that is fairly 

rudimentary, as such it does not have an ECM mimic component. Therefore, the 

results observed with LGMN downregulation reducing migration cannot be due to any 

lack of ECM degradation. Our findings are supported by a study that utilised a trans-

well migration assay, and found that LGMN knockdown decreased migration of THP-

1 cells, a model of human acute monocytic leukaemia (456). It is possible that this 

alternative mechanism is through LGMN cleavage and inactivation of WT-p53 (457).  
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P53 in its role as a tumour suppressor has wide ranging effects on the cell. Loss or 

inhibition of p53 can bypass cellular senescence and also apoptosis. More recent 

work has revealed that p53 has functions in cellular migration and invasion. P53 has 

been reported to maintain the epithelial phenotype of cells through degradation of 

Slug, a EMT mediator, and subsequent upregulation of E-cadherin, a classic epithelial 

marker (458). In addition to preventing EMT, widely linked to metastasis, p53 can 

prevent cellular polarity. Migration of cells requires polarisation, which requires 

remodelling of the actin cytoskeleton and ultimately determines the direction of 

migration. The Rho GTPases, particularly Cdc42, are fundamental to this 

reorganisation (459). Cdc-42 is negatively regulated by p53, therefore activation of 

p53 can prevent filopodia formation as well as Golgi apparatus reorientation and 

ultimately migration of cells (460).  Future work involving LGMN mechanisms of action 

should involve investigation of p53 status/function following LGMN downregulation 

and whether p53 upregulation can abrogate LGMN dependent cell proliferation and 

migration.  

There were slightly less potent effects of RNAi against LGMN on 22RV1 cellular 

migration. As 22RV1 cells have lower LGMN expression, yet high activity, total LGMN 

levels may not dictate LGMN activity and therefore RNAi may not have such a potent 

effect. However, this theory is called into question when LGMN activity is examined 

following RNAi, although siRNA #2 in 22RV1 cells had higher activity than in C42B 

cells, siRNA #1 did not. These levels of activity correlate with the higher effect on the 

viability of siRNA #1 in 22RV1 cells but the reverse is observed with migratory 

capability. An alternative explanation is that non optimum time points following 

transfection may have been used.  

These observations together indicate that targeting LGMN could hold potential for a 

cancer selective potent therapeutic in both AR dependent and independent PCa.  

6.3 Inhibition of LGMN in PCa 

A small molecule drugs programme in Dr Rich William’s group produced a novel 

LGMN inhibitor, QDD100531 (531). This inhibitor was utilised in our study to further 

elucidate the role of LGMN in PCa progression and the viability of targeting LGMN for 

novel therapeutics. LGMN inhibition at higher doses of 531 caused a decrease in PCa 

cell viability. Encouragingly, there was notable loss of colony formation in C42B and 

22RV1 cell lines with 531 treatment in both 2D and anchorage independent 

clonogenic assays, showing that inhibition of LGMN could have therapeutic benefit to 
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PCa treatment. There was a smaller reduction in colony diameter of PCa cells treated 

with 531 relative to the control compared to the number. These data alongside the 

smaller effects of LGMN depletion on viability, implies that LGMN has a key role in 

cell survival and is pivotal to PCa clonogenicity in both AR dependent and 

independent models.  

Encouragingly, there was very similar responses on clonogenic growth observed with 

531 compared to the slight disparity observed with RNAi between C42B and 22RV1 

cells. This is supported by LGMN activity reduced by 75 to 82% respectively, 

indicating that treatment of cell lines with differing levels of LGMN expression results 

in very similar toxic effects.  

When tested against RWPE-1 cells there was a large disparity in effect compared to 

RNAi. Silencing of LGMN produced no toxic effects in the non-cancerous cell line, 

however, drug inhibition proved toxic to RWPE-1 cells. There are a number of 

explanations for this, including that 531 has off target effects that cause toxicity. 

Compound 531 was tested against other proteases including cathepsin S, cathepsin 

B, caspase-3, caspase-8, and USP17. There was no cross reactivity with any of these 

other enzymes, showing that 531 is a selective LGMN inhibitor (compound 9h in 

supplemental figures) (461). It cannot be ruled out that 531 has additional unreported 

inhibitory effects against unknown proteins, vital to RWPE-1 cell viability. Another 

factor is that RWPE-1 cells are immortalised and are relatively fast growing, they are 

not a model of a ‘normal prostate’ cell line, treatment of alternative non-cancerous 

prostate cell lines or other tissues such as kidney and in vivo experimentation with 

531 could determine its toxicity to healthy prostate tissues and the wider organism. 

This may be of particular importance in the kidney , where LGMN is particularly 

abundant (392) and in the brain, as reduction of LGMN has been observed to impair 

axonal regeneration after injury in zebrafish (462). However this may not be of too 

much concern due to the reported neurodegenerative role of LGMN via degradation 

of the neuroprotective tau in the human brain (463). 

Unfortunately 531 lacks metabolic stability (data not reported), therefore this 

compound is sub-optimal for further study in vivo. However, an alternative covalent 

LGMN inhibitor, LI-1, was used to treat mice with a xenograft implantation of oral 

squamous cell carcinoma, with the aim of reducing pain. While the key findings that 

LI-1 prevented LGMN cleavage of the activated receptor-2 (PAR2) to prevent pain, 

there was no reported toxic effects on the mice used in the study. This study indicates 
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the potential for LGMN to be a selective target for cancer, however, it must be noted 

that the mice used were female and therefore lack a prostate. Further study with use 

of this inhibitor is required to determined efficacy and selectivity of targeting LGMN in 

vivo.  

Other strategies of LGMN inhibition could involve combination therapy, however, 

when 531 was tested in combination with enzalutamide there appeared to be 

antagonism in C42B cells. In drug antagonism there are two possible sources of this 

outcome; one of the inhibitors suppresses the action of the other. An example of this 

is co-treatment of dexamethasone and paclitaxel in the context of lung cancer (464). 

It is possible that the two drugs, 531 and Enzalutamide, have very different 

mechanisms of action. Enzalutamide is known to induce apoptosis (465), therefore if 

LGMN inhibition induces senescence, the two diverging pathways may cancel each 

other out.  

Another possibility is that due to network topological arrangement of the inhibitor 

targets, the effects of one drug could dilute the action of other, for instance where 

there is positive feedback (466). This second theory invokes the possibility that LGMN 

alters the activity of the AR pathway or vice versa. When AR subcellular location was 

used as a measure of AR activity, there did not appear to any alteration with LGMN 

knockdown. However, this would need repeating to confirm, a more accurate 

measurement of this process could be provided with AR luciferase reporter cells and 

LGMN depletion, or overexpression. A measure of LGMN activity with AR inhibition 

would answer the other half of this scientific question. Investigation of LGMN with 

other alternative therapies is also possible, for instance, radiotherapy which has 

shown synergy with LGMN depletion in breast cancer cells (394).  

6.4 LGMN and HSD17B4: a novel interaction with novel 

application?  

LGMN’s biology has so far been poorly characterised and there are few substrates 

that have been confirmed. To elucidate LGMN’s mechanism of action it was decided 

to attempt to identify novel LGMN interactors in cancer cells. To this aim a BioID 

system was utilised. Through subsequent mass spectrometry the top candidate 

identified was HSD17B4, a bifunctional steroidogenic enzyme.    

HSD17B4 has dual roles in the cell due to its multidomain structure, which consists of 

a dehydrogenase domain fused to a hydratase and a lipid transfer domain, which 
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makes HSD17B4 unique among its family members (300). HSD17B4 is modified post 

translationally processed to produce a smaller (32ka) N-terminal fragment, with D-3-

hydroxyacyl CoA dehydrogenase (SCAD) activity. This enables HSD17B4 to perform 

peroxisomal β-oxidation of both long chain and branched fatty acids (300). The 

second fragment is the larger (50kDa) C-terminal domain with enoyl CoA hydratase 

activity and 3-ketoacyl CoA thiolase (SCP2) activity (301, 302). This allows HSD17B4 

to oxidate estradiol (E2) to estrone (E1) (300, 303–305). Additionally, HSD17B4 

oxidises the testosterone precursor ∆5-androstenediol to DHEA, similar to HSD17B2 

(304).  

As E1 is a less potent steroid hormone than E2, it may be supposed that HSD17B4 

has tumour suppressive capabilities, indeed this may be the case in adrenocortical 

carcinoma (467). However, this may context dependent as HSD17B4 was reported to 

be upregulated in PCa compared to matched normal epithelial tissue (299, 309). This 

elevation of HSD17B4 correlates with poor prognosis (299), alongside higher Gleason 

grading (310). Given HSD71B4 has multiple functions, this may not be surprising, 

additionally HSD17B4 may be involved in intratumoral steroid recycling to 

circumnavigate ADT and lead to CRPC.  

This interaction of HSD17B4 and LGMN was confirmed in a number of PCa cell lines 

via co immunoprecipitation, with HSP90 as a positive control. This identifies that this 

LGMN-HSD17B4 binding is present in a number of different models of PCa, indicating 

that LGMN activity with HSD17B4 starts early in PCa progression. It would be of 

interest to determine if this interaction occurs outside of the PCa, in normal tissue, or 

if this interaction is characteristic of a carcinogenic phenotype. 

LGMN was observed to particularly interact with the un-cleaved form of HSD17B4, 

with a lower interaction with the 32 kDa mature form. As the C terminal fragment is 

not detected with the antibody utilised, it is not possible to determine if this interaction 

with HSD17B4 C-terminal also occurs.  

HSD17B4 has five alternative slice forms, of various lengths, of which only isoform 2 

has a complete N terminus and is therefore, the only isoform that is able to inactivate 

steroids such as DHT. This activity of HSD17B4 isoform is at odds to the vital role 

HSD17B4 plays in PCa progression and cell survival that we and others have 

demonstrated (299). In a study investigating these isoforms Ko et al overexpressed 

isoform 2 to produce decreased proliferation of 22RV1 cells, and when selectively 

supressed in 22RV1 cell xenografts, there was increased CRPC and tumour growth. 
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This was linked to isoform 2 downregulation increasing the ratio of 17B-OH androgens 

available and subsequently AR signalling (468). The authors kindly supplied the 

plasmids to allow for individual flag tagged isoform overexpression, see Figure 7.1. 

Only isoforms 2, 3 and 4 produced detectable flag tagged protein. Despite 

overexpressing Isoform 2 in both C42B and 22RV1 cells we were unable to 

recapitulate the results and observed no ablation of either cell line in terms of cellular 

viability or clonal growth. Additionally, it was a surprise that overexpression of isoform 

3 and 4 which has intact C terminal activity, caused no increase in C42B or 22RV1 

cell survival. However, effects of isoforms 1 and 5 were not investigated, but it is 

postulated that these isoforms may cause increase in PCa cell viability.  

As LGMN interacts with the larger form of HSD17B4 it is our hypothesis that LGMN 

depletion is mediated through loss of HSD17B4 activity. This is supported by 

HSD17B4 knockdown having no impact on LGMN activity. It is possible that LGMN 

cleaves HSD17B4 to produce its active form, supported by LGMN’s interaction with 

the pro-form of HSD17B4 and the presence of asparagine where HSD17B4 has been 

reported to be cleaved (397, 398). However, there was no consistent lowering of 

HSD17B4 smaller ‘active’ form and subsequent increase in the mature form with 

LGMN knockdown. It is possible that an alternative antibody would pick up any 

changes in levels of the C terminus, although it is likely that the pre-form levels should 

increase with LGMN knockdown if LGMN has a role in this cleavage, which was not 

observed.  

This cancer specific role of HSD17B4 is potentially targetable for therapeutic 

intervention itself if production of more successful new generations of LGMN inhibitors 

proves challenging.  

6.5 Potential of targeting HSD17B family members 

Of the 14 members of the family that exist in vertebrates, all but one, are conserved 

in humans. Their expression is widespread across human organs, with each family 

member typically having its own niche of tissue distribution and selective substrate 

specificity, reviewed in (469, 470). The family can be split into reductive enzymes that 

are involved in local production of hormone, B1, B3, B5, B7 and B12. The other family 

members are oxidative enzymes, which inactive steroids (469). As there is a function 

and subcellular localisation unique to each family member, identifying a family 

member as a novel therapeutic target and producing a specific inhibitor should be 

achievable. As such, we performed an esiRNA screen in both PCa and non-
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cancerous prostate cell lines. In RWPE-1 cells knockdown of B2, B7 and B14 caused 

over 20% reduction in cell viability so these family members possibly are required for 

recycling of intracellular hormones or other functions of non-cancerous prostate tissue 

and therefore are not good candidates for therapeutic targets.  

Knockdowns that produced selective effects in PCa cells and caused negative viability 

effects in all three more aggressive cells, C42B, PC3 and 22RV1 were B6, B9 and 

B12. The screen also confirmed effects of HSD17B4 knockdown. These three family 

members are therefore the most likely most viable targets to probe further. B6, via its 

3α-HSD activity, is able to catalyse the conversion of androstanediol to DHT in the 

prostate (471). B9, also known as RDH5, is typically described as an oxidating cis-

isomer of retinol in extra-ocular tissues, however, it is also able to recognise the 

steroids androsterone and androstanediol as its substrates (472). B12 is able to 

convert E1 to E2 and has been reported to be upregulated in breast cancer (473). 

This would imply that these enzymes have been utilised by advanced PCa for local 

production of steroid hormone, enabling progression of disease and eventually ADT 

resistance. This supported by evidence that B9 is involved in combatting steroid 

pathway blockade to produce DHT in PCa (474). However, B12 has been observed 

to be overexpressed in Ovarian cancer,  rather than its conversion of E1, and its ability 

to catalyse elongation of long chain fatty acids has been linked to the progression of 

both breast and ovarian cancer (473, 475), much like HSD17B4.  

In addition to those above, 22RV1 and PC3 cells also viability loss with B1 knockdown 

and to a greater extent with B3. This is interesting as previously mentioned B1 acts in 

opposition of B2 to convert E1 to E2 and can be upregulated in breast cancer 

compared to normal epithelial cells (476). B3 converts androstenedione to 

testosterone in the Leydig cells of the testes (477). This implies that in the ADT 

resistant cell lines the PCa cells are able to produce their own intracellular hormones, 

although this does not quite concur with the AR negative status of PC3 cells. It is 

possible that other steroid receptors take the place of AR in PC3 cells such as ER. 

This could be of interest to investigate further, supported by evidence that a drug 

programme to develop inhibitors of B3, demonstrated that this could be an effective 

treatment of PCa via a study in castrated mice (478). Future work will involve 

validating the findings of the esiRNA screen and further investigation of the potential 

of candidate HSD family members as novel therapeutic targets.  
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6.6 TBX2 and PCa pathogenesis  

The T-box genes encode a family of transcription factors that have various vital roles 

in developmental gene regulation, particularly embryonic development of mammary 

tissue (479). Alongside this, TBX family members function to maintain proliferation 

and tissue integrity (480, 481). TBX2, a potent transcriptional inhibitor, is steadily 

gaining recognition for having a role in a wide range of cancers.  

In 20% of primary breast cancer TBX2 is elevated through amplification of the 

chromosome region the TBX2 gene is location on, 17q23 (269). This is notable as 

this amplification leading to TBX2 overexpression is featured in high grade tumours 

as well as BRCA1/2 mutant breast cancers (482, 483). High level amplification of this 

chromosome region was not reported in prostate tumours in a large multi cancer 

tissue microarray study (484). However, of note that although rare in primary prostate, 

at just 3%, increased 17q23 copy number was frequent in late-stage prostate tumours, 

which included hormone refractory adenocarcinomas (46%) and metastases (31%). 

Evidence of increasing expression of TBX2 with advancement of disease stage 

implicates TBX2 in driving PCa cancer. Indeed, this study has shown that a 

downstream effector of TBX2, LGMN, has a clear role in PCa progression and 

metastatic phenotype. To support findings that TBX2 may be elevated and play a role 

in at least a subset of PCa, an Oncomine database search revealed that TBX2 

expression has been shown to be upregulated in a half of PCa tumours profiled. 

Additionally two of the more aggressive models of PCa in our panel have the highest 

levels of TBX2 expression. It is our hypothesis that TBX2 has a role in development 

and progression of PCa through downregulation and bypass of the senescence 

pathway.  

6.7 The role of TBX2 transcriptional repression in PCa 

Cell lines with stable overexpression of TBX2 were generated to aid with 

determination of what effect overexpression of TBX2 has on PCa and non-cancerous 

prostate cells. The phenotypic characterisations revealed that TBX2 was subcellularly 

compartmentalised in the nucleus, consistent with its role as a transcription factor. As 

TBX2 has been demonstrated to act in the PTEN/PI3K/AKT pathway via repression 

of PTEN in both rhabdomyosarcoma cells and NPC (416, 485). As AKT has been 

implicated in AR activation (486) it was thought that TBX2 overexpression may effect 

AR activity indirectly. AR subcellular location was used as a proxy of AR activity, but 

we observed that TBX2 overexpression did not impact AR localisation or activity (as 
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measured by PSA mRNA expression changes). Therefore it is possible that TBX2 

does not regulate AR activity. Further work is required to confirm these assumptions, 

if true TBX2, and transcriptional complexes it controls, could represent therapeutic 

targets independent of AR, with applications for the treatment of ADT resistant 

tumours. 

There was evidence of downregulation of levels of NDRG1 and p21WAF1, with TBX2 

stable overexpression. These are known targets of TBX2 repressive regulation in 

breast and melanoma, respectively (278, 281). Of particular note was the significant 

downregulation of both protein and mRNA levels of NDRG1 and p21WAF1 in RWPE1-

TBX2 cells, which further implicates TBX2 in promoting carcinogenesis of non-

cancerous prostate cells. As predicted, depletion of TBX2 via siRNA caused the 

reverse effects in PC3 cells, with significant mRNA upregulation (i.e. de-repression) 

of NDRG1 and p21WAF1 with the addition of induction of CST6. Our group has shown 

that TBX2 maintains the proliferation of breast cancer cells through suppression of 

CST6 expression (272). I generated inducible shRNA TBX2 cell lines in both C42B 

and PC3 cells to further examine the effects of TBX2 depletion in PCa. In C42B cells, 

knockdowns with either shTBX2 induced the upregulation of p21WAF1 and NDRG1 

protein levels and recapitulated the trend observed on mRNA with TBX2 siRNA. The 

alteration of protein levels in PC3 was also evident with at least one shRNA. 

Additionally TBX2 was demonstrated by ChIP qPCR assays to bind to these genes’ 

promoters, all though there was only moderate enrichment for CST6 and E-cadherin 

relative to the negative UR. As TBX2 is speculated to indirectly regulate target genes 

(281) it is not surprising the binding for CST6 and E-cadherin promoter sites was not 

particularly strong and had higher levels of background. Further linking in addition to 

formaldehyde could strengthen TBX2 binding. Despite the weaker enrichment there 

was still significant suppression of these genes by TBX2 in PCa cells. These 

observations together indicate, that as in breast cancer and melanoma, TBX2 is able 

to repress expression of CST6, E-cadherin, NDRG1 and p21WAF1 in PCa cells.  

To assess the importance of these findings of TBX2 gene regulation in PCa, I will give 

a brief outline the function of these proteins and the consequence for their loss in 

prostate tissue. NDRG1 is a member of the N-myc downregulated gene family. This 

predominantly cytosolic protein is upregulated in response to cellular stress, in a wide 

range tissues (487). Despite reports that NDRG1 is required for cell cycle arrest and 

for p53-mediated caspase activation and apoptosis (435), there is conflicting evidence 

for a NDRG1 role in carcinogenesis. NDRG1 has been found to upregulated in liver 
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(488), lung (489) and gastric (490) cancers, although this may be a consequence of 

its genomic proximity to the C-MYC gene which is amplified in multiple cancers. It is 

also known to have a role in cell cycle progression (488).  There are indications that 

the effect of NDRG1 is context dependent, with multiple studies in PCa indicating that 

NDRG1 is a tumour suppressor (491, 492). NDRG1 was reported to be 

downregulated in colorectal cancer (CRC), and its expression level correlated with 

good prognosis (441). When overexpressed, NDRG1 caused a decrease in CRC 

proliferation, through NDRG1 mediated protection of p21WAF1 from ubiquitination and 

subsequent degradation. A master regulator of the cell cycle, p21WAF1 is able to initiate 

G1 arrest from a wide range of signalling network stimuli. P21WAF1 is downstream (i.e. 

a direct transcriptional target) of p53 and can inhibit the cyclin dependent CDK2–cyclin 

E, thereby preventing CDK2-dependent Rb phosphorylation and initiating a G1/S 

arrest. Inhibition CDK2–cyclin A and CDK1–cyclin A, required for progression through 

S and into G2, respectively. Finally p21WAF1 is able to inhibit CDK1–cyclin B1, thus 

inhibiting progression through G2 and G2/M (493). TBX2 has been shown in multiple 

cancers to downregulate p21WAF1 to bypass senescence (277), mirroring our findings 

that in RWPE1-TBX2 cells there is lower p21WAF1 expression.   

The majority of studies concerning CST6 and its role as a tumour suppressor have 

focused on breast cancer (272, 494, 495). Indeed it was first identified by a group 

seeking to compare genes with differential expression from primary breast cancer 

lines to models of metastatic breast cancer (496). However, loss of CST6 expression 

has also been implicated in the progression of PCa (450). In breast cancer CST6 has 

been reported to be downregulated by promoter methylation and in fact this event has 

been postulated to possess utility as a potential diagnostic marker for breast cancer, 

through measurement of CST6 promoter methylation in blood samples (497–499). 

There is a clear parallel with PCa where CST6 is also thought to be downregulated 

through promoter hypermethylation and restoration of CST6 expression is 

accompanied by decreased tumour size and metastases in mouse models (450). Our 

group have already reported that TBX2 is responsible for the recruitment of DNMT3B 

to target promoters and it is likely that such an association is present for the CST6 

promoter in PCa cells (281).  
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6.8 Does TBX2 maintain the viability of PCa cells? 

TBX2 has been found to have a role in maintenance of proliferation of a number of 

carcinomas including melanomas and neuroblastomas (278, 399). As detailed above, 

it likely represses expression of three key tumour suppressor genes in PCa cells, 

which have well established abilities to inhibit cancer cell proliferation and arrest the 

cell cycle. Our hypothesis was that TBX2 upregulation would increase PCa and non-

cancerous prostate cells basal cell viability and therefore alter the speed of cell cycle 

progression. However, this was not the case, with no difference in number of viable 

cells over 7 days of any cell line with TBX2 overexpression. Other studies have 

indicated that TBX2 has suppressive effects on proliferation in NSCLC (500). 

Therefore, it is possible that TBX2 has an alternative role in PCa, with smaller effects 

on viability, as shown by the significant increase in colony growth in PC3-TBX2 cells. 

When the cell cycle profile was compared between TBX2 stable lines to their EV 

counterparts, the only significant changes observed was in LNCaP-TBX2 cells. There 

was an accumulation of cells in the G0/G1 phase and a significant decrease in the 

proportion of cells in G2/M.  

A study in melanoma revealed that TBX2 expression is tightly regulated during the 

cell cycle and levels of TBX2 increase as the cycle progresses. TBX2 expression was 

found to be increased in S phase with highest levels of expression during G2. 

However upon onset of mitosis TBX2 levels dramatically dropped and remained low 

in G1 (268). This may explain the surprising lack of increase in cellular cycling with 

stable TBX2 overexpression, particularly LNCaP-TBX2 cell accumulation in G1. The 

stable overexpression contains no temporal control by the cell and may abrogate any 

effects that endogenous elevation is able to have on increasing viability.  

The stable overexpression of TBX2 in cell lines generated via lentivirus will likely not 

have the same level of transcriptional control as endogenous TBX2 expression. 

Therefore TBX2 expression is likely to remain high in G1, which may negatively 

impact cell cycle progression. A better model to study effect of TBX2 on viability in 

PCa was therefore sought, with RNAi silencing of TBX2 selected. Depletion of TBX2 

via siRNA caused a decrease in PC3 cell viability, which was in line with our 

hypothesis that it maintains PCa cell viability. The findings on reduced cell survival 

were not completely recapitulated in the PC3 TBX2 shRNA cell lines, with no changes 

in PC3 cell viability and no consistent changes in cell cycle observed. However, the 

cells were not synchronised and were fixed after 7 days of dox treatment before PI 
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staining. Extension of dox treatment to at least 5 more days when the significant 

changes in C42B cell viability were measured, possibly combined with 

synchronisation, may allow any cell cycle change with TBX2 knockdown to be 

detected.  

6.9 TBX2 and the EMT phenotype in PCa 

TBX2 may not have a clear role in the proliferation of PCa cells, however, a consistent 

EMT phenotype emerged with all techniques investigating the effect of TBX2 

expression, both upregulation and depletion, on both PCa and RWPE-1 cells. All 

TBX2-overexpressing cell lines had significantly increased invasion and/or migration, 

which corresponded to appearance of downregulation of the epithelial marker E-

cadherin and/or subsequent upregulation of mesenchymal protein, vimentin. This 

implicates TBX2 in an EMT transition and in driving metastasis of PCa.  

Importantly, there was consistent reduction in migration of PC3 cells with both RNAi 

techniques and also in C42B cells with TBX2 shRNA induction. As there were no 

proliferative effects one day after re-plating the shRNA cell lines, this can be ruled out 

as a cause of this reduced migratory capability. Downregulation of TBX2 led to large 

upregulation of the epithelial marker E-cadherin, although not significant. Perhaps not 

surprising asTBX2 has also recently been reported to regulate E-cadherin expression 

in gastric cancer (501). EMT activation involves the downregulation of E-cadherin and 

is vital to allow the cell to take on a mesenchymal phenotype to allow invasion and 

metastasis. These data implicate TBX2 in driving metastasis and invasion of PCa 

through promoting an EMT phenotype. This hypothesis is supported by findings that 

TBX2 knockdown in NPC cells reduced E-cadherin levels and in vitro migration (416). 

This also correlates with data that blocking endogenous TBX2 activity, via a TBX2-

DNeg construct in PCa cells dramatically reduced bone colonizing capability and 

tumour volume in an intra-tibial mouse model (400). It is tempting to speculate that 

CST6 is probably a contributor to this reduced invasive phenotype following TBX2 

inhibition, given its previously reported role in reducing PCa invasion in vivo (450). 

Additional effects may on migration may have been caused by NDRG1 upregulation 

as NDRG1 has been linked to a decrease in PCa cellular invasion (502, 503). TBX2 

is therefore pivotal to PCa cell carcinogenesis, thorough translational repression of 

senescence and epithelial marker targets. Therefore, targeting TBX2 function 

represents an attractive strategy for advanced cancer, particularly if TBX2 inhibition 

can prevent the spread of PCa tumours to other organs, especially the bone. These 



6. Discussion 

276 

 

advanced PCa patients have higher complications and poorer survival are therefore 

in urgent need of new therapeutic options.  

6.10 Possible mechanisms of TBX2 repression gene expression 

Through Ch-IP qPCR assays it was confirmed that TBX2 associates with the 

promoters of NDRG1, p21WAF1 and E-cadherin. TBX2 has been described to directly 

regulate genes through its T-box DNA binding domain (278). This is likely 

predominantly in embryonic tissues, alongside other transcription factors (for 

example, Msx1 and NKX2.5) that bind to promoter binding sites adjacent to the T-box 

site (504, 505). Our group was the first to identify TBX2’s ability to regulate genes 

without a T-box binding element, through recruitment of EGR1, to the NDRG1 

promoter in breast cancer (279).  More recent work by our group has revealed a novel 

association of TBX2 with Heterochromatin Protein-1 (HP-1) to recruit a large 

repressive complex (281). When this interaction was inhibited, there was a 

subsequent loss of recruitment of other chromatin remodelling enzymes to promoters, 

such as NDRG1 and the removal of H3K9me3 decoration. This caused upregulation 

of NDRG1 and reduced proliferation of breast cancer cells.  

There has been further work that has demonstrated epigenetic silencing of NDRG1, 

through hypermethylation of the large CpG island, which promotes PCa cell 

progression (492). These findings were further supported by pharmacologic inhibition 

of both DNA methylation and histone deacetylation resulting in enhanced expression 

of NDRG1 in pancreatic cancer cells (506). In similar findings, treatment of both 

lymphocytic leukaemia and cervical cancer cells by HDAC inhibitors led to the 

elevation of E-cadherin (507, 508). Furthermore, loss of CST6 expression has been 

linked to epigenetic silencing and the in vitro proliferation and invasion of PCa cells 

(450). TBX2 has been identified to recruit HDAC1 in Melanoma cells to the p21WAF1 

promoter. Dneg-TBX2 induction lead to the displacement of HDAC1, upregulation of 

p21WAF1 and senescence (278). 

Together these data all point to TBX2 recruitment of a repression complex, consisting 

of chromatin modifying enzymes, to alter chromatin dynamics, de-repress tumour 

suppressor genes and epithelial markers, leading to the progression of PCa. 

Targeting TBX2 function in cancer could have the potential for a novel therapeutic 

that is selectively toxic to PCa cells and prevents metastatic spread.  
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6.11 Role of TBX2 repressed genes on PCa cell growth 

It was of interest to determine if downregulation of the tumour suppressor genes 

identified as TBX2 targets would generate an increase in cellular viability and invasive 

potential of PCa cells. Depletion of p21WAF1 caused trends similar to what was 

expected with, in particular, an increase in clonogenic formation, although not 

significant. However, there was a significant decrease in viability and clonogenicity of 

both C42B and PC3 cells, with CST6 and NDRG1 siRNAs. This may seem 

incongruous, however, there is precedence for tumour suppressor depletion causing 

pro-apoptosis effects. For instance, PTEN depletion causes chromosome 

misalignment and often catastrophic mitotic failure, and spindle disorganisation (509). 

As such the tumour suppressor PTEN may be needed for faithful genomic 

transmission. As NDGR1 has a role in the cell cycle, localising at the centromeres 

and may be required for successful mitosis (488). Additionally, silencing of NDRG1 

reduced proliferation and initiated senescence signalling hepatocellular cancer, 

although this was in the context of elevated NDRG1 expression (419). Similarly use 

of CST6 siRNA in pancreatic ductal adenocarcinoma reduced cellular growth, again 

in the context of possible CST6 upregulation (510). A more informative approach to 

investigating the individual roles of these tumour suppressors may be through dual 

TBX2-TSG knockdowns, whereby rescue from the effects of TBX2 knockdown may 

be assessed. 

6.12 TBX2 recruits the CoREST complex in PCa to enable gene 

suppression 

Previous published work from our group had indicated that TBX2 recruits a repressive 

complex to promoters of genes such as NDRG1 in the context of breast cancer, rather 

than a direct method of repression (281). Further unpublished work utilised an esiRNA 

screen to identify candidate epigenetic regulators that TBX2 recruits. LSD1 was the 

top candidate of this screen due to the similar effects of LSD1 knockdown on CST6 

upregulation as observed with TBX2 depletion.  

The interaction of TBX2 and the CoREST members LSD1 and ZNF217 was confirmed 

in the two highest TBX2 expressing genes of the panel of PCa lines, C42B and PC3 

cells. There appeared to be slight disruption of TBX2 binding to these two proteins 

with inhibition of LSD1 and ZNF217, indicating that this interaction might be required 

for the subsequent interaction with TBX2. It would be of further interest to perform site 
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directed mutational analysis of these three proteins and determine effect on these 

interactions and possibly elucidate the order of recruitment.  

This interaction is likely within the context of the whole CoREST complex as TBX2 is 

known to recruit HDAC1, another CoREST member. Depletion of TBX2 reduced 

HDAC1 binding to the promoter of p21WAF1 in melanoma cells (278). TBX2 was also 

shown to decorate the NDRG1 promoter with the repressive H3K9me3 mark (281). 

Treatment with an inhibitor of G9A, a methyltransferase and another CoREST 

member, functionally inhibited TBX2 as it reversed TBX2 suppression of NDRG1 

(281).  

Inhibition of LSD1 and ZNF217 either by SP2509 or RNAi caused very similar effects 

to TBX2 depletion in PCa cells. As shown by the RNAi assays and ChIP qPCR, TBX2 

regulates expression of CST6, E-cadherin, NDRG1 and p21WAF1 in PCa cells. LSD1 

and ZNF217 siRNA caused some upregulation of E-cadherin, NRDG1 and p21WAF1 

expression in both C42B and PC3 cell lines. This data is in line with previous work 

showing LSD1 to be recruited to the promoter of p21WAF1 in breast cancer and 

negatively regulate its expression (511). In addition, LSD1 supresses NDRG1 gene 

to control EMT in neuroblastoma (442).  

To identify whether TBX2 recruits LSD1 and ZNF217 to chromatin, chromatin 

fractionation was performed in PC3 cells with TBX2 shRNA knockdown. This assay 

appeared to show that both LSD1 and ZNF217 levels in the chromatin fraction fell 

with a corresponding increase in the soluble fraction. To confirm that binding of 

ZNF217 alters with TBX2 shRNA knockdown a ChIP-qPCR assay was performed with 

ZNF217 IP. This assay demonstrated that levels of ZNF217 binding to the promoters 

of E-cadherin and NDRG1 fell with TBX2 depletion. Levels of total ZNF217 did not 

decrease with TBX2 shRNA induction so it is likely that this reduction is a result of 

lack of TBX2 recruitment rather than a fall in total ZNF217 protein. Of note was that 

the same E-cadherin promoter primers were utilised in Ch-IP qPCR assays for both 

ZNF217 and TBX2 IPs. This demonstrates that these two proteins bind in the same 

region of the promoter, further lending support to TBX2 directly recruiting ZNF217. 

Of interest is that on the NDRG1 promoter the binding sites of TBX2 and ZNF217 are 

separated by some distance. However, it is likely that this region is subject to an 

intragenic enhancer (GH08J133244) which causes the ZNF217 bound site to loop to 

interact with region with bound TBX2. This 3D structure of DNA following binding of 
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these two regulators is of interest and warrants further investigation to validate its 

presence. KDM1A and CTBP1 are also predicted to bind within this site.    

In silico analysis has revealed that there are several ZNF217 binding sites within the 

p21WAF1 promoter (512), further work will investigate ZNF217 binding to p21WAF1 and 

how this changes with TBX2 expression. Further optimisation of ChIP assays with 

LSD1 antibodies is required to demonstrate effect of TBX2 on recruitment of LSD1 to 

specific promoters.  

Characterization of LSD1 focuses on its role in transcriptional regulation via its 

demethylase activity. For instance, LSD1 has been shown to regulate E-cadherin 

expression in gastric cancer cells through demethylation of the H3K9me2 mark (513). 

Despite this, it appears that LSD1 pivotal role in PCa as a transcriptional regulator is 

through its action as a scaffold protein and protein-protein interaction with ZNF217, 

rather than lysine demethylase activity per se. The most potent evidence that the 

demethylase activity of LSD1 is dispensable in PCa cells is from the comparison of 

drug treatment of GSK-LSD1 to SP2509. Knockdown of LSD1 via RNAi exerted a 

survival suppression effect in C42B and PC3 cells. However, GSK-LSD1, an 

enzymatic inhibitor of LSD1, exhibited no survival suppression effect on any PCa cell 

line tested. When these same cell lines were treated with a non-MAO inactivator, 

SP2509, had potent effects on all PCa cell phenotypes measured. SP2509 is 

predicted by molecular docking studies to bind to the H3 pocket within LSD1 and 

predicted to disrupt ZNF217 binding (141, 514).  

Effect of ZNF217 depletion was more suppressive on cell survival and clonogenic 

formation than that of LSD1, again suggesting that it is LSD1 binding to ZNF217 that 

is the important activity to PCa cell viability. Further evidence was provided by the 

appearance that levels of H3K9me2 broadly remained unchanged or even decreased 

with both LSD1 RNAi and treatment with SP2509. Further supporting this, is work 

performed by Sehrawat et al. who first identified the gene network created by LSD1 

interaction with ZNF217. Importantly, they showed that LSD1-deficient PCa cells were 

rescued with an enzymatic-dead LSD1 mutant (141). LSD1 is part of the wider 

CoREST complex which has a role in epigenetic regulation. It is likely that, whether 

by LSD1 or other members, markers of histones are altered to enact the gene 

repression. As H3K9me2 is a marker of repression, LSD1 removes this mark to initiate 

expression in correlation with AR (316). While this suggests that LSD1’s role is 

independent of AR activity in PCa cells, for completion further work could examine 
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the effect on H3K4me1/2 and other histone marks added or removed by the other 

members of the complex.  

Our work has confirmed that TBX2 recruits ZNF217 to the promoters of genes such 

as E-cadherin and NDRG1. Within the human E-cadherin promoter there is a ZNF217 

DNA consensus recognition sequence (349). The LSD1 role in PCa was also shown 

to be independent of the demethylase activity. Our hypothesis is that TBX2 recruits 

ZNF217, which binds to LSD1 which subsequently through interaction with the rest of 

the CoREST complex, modifies the histone marks, possibly H3K9me3, to alter 

chromatin dynamics and supress gene transcription in PCa.  

6.13 LSD1 and ZNF217 role in PCa progression 

LSD1 and ZNF217 expression is upregulated in various cancers including PCa (515, 

516), and both are markers of poor prognosis in ERα negative breast cancer (511) 

and ovarian cancer (517), respectively. As such, LSD1 has been identified as a target 

for novel therapeutics with several currently in clinical trials.  

Inhibition of LSD1 binding to ZNF217 had a stark effect on both C42B and PC3 cellular 

viability, with an additional effect observed on clonal growth both in 2D and anchorage 

independent assays. A similar effect was observed with individual knockdown of 

LSD1 and ZNF217 via siRNA. A less potent effect was observed with LSD1 shRNA, 

with a more pronounced suppressive effect observed on C42B clonogenic growth. A 

larger effect was observed with both knockdowns on colony growth compared to cell 

viability in C42B and PC3 cells. In all cases the effect of ZNF217 siRNA was stronger 

than LSD1. This implies that both binding partners’ expression and activity are 

required for PCa cell viability and clonogenicity. In addition to the growth phenotype 

exhibited, SP2509 treatment, LSD1 and ZNF217 depletion all caused a significant 

decrease in migration of both C42B and PC3 cells. TBX2 and ZNF217 have been 

implicated in promoting metastasis to the bone in prostate (400) and breast (518) 

respectively. LSD1 and ZNF217 therefore are vital to the ability of PCa cells to 

transition in a mesenchymal phenotype, to lose their homotypic adhesion and 

subsequently acquire migratory and invasive phenotypes.  

Targeting this function via drug inhibition is therefore a potential therapeutic for 

advanced PCa. There is a large decrease in both cellular viability and migration with 

SP2509 treatment. To an extent this can be explained by the gene expression 

changes measured. For instance the downregulation in migration is probably as a 
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result of the reversal of EMT shown with depletion of LSD1 and ZNF217. In addition 

NDRG1 and CST6 have been shown to decrease migration of cancer cells, as 

discussed in relation to TBX2.  

6.14 Mechanism of action of SP2509 in PCa cells 

In order to investigate effect of depletion of the targets of SP2509 and several genes 

upregulated downstream, IC50 assays were performed with targeted RNAi. Of these 

assays performed ZNF217 depletion produced strong resistance to SP2509 

treatment, indicating that targeting of LSD1 protein-protein interactions has no 

additional cell viability repressive effect to that already produced via ZNF217 siRNA. 

Supported by this, is the molecular docking studies that predict inhibition of SP2509 

blocks LSD1 binding to ZNF217 (514). LSD1 knockdown either by siRNA or shRNA 

caused no significant change in effect on either C42B or PC3 viability or clonogenic 

formation with SP2509 treatment.  

Knockdown of TBX2 regulated genes NDRG1 and p21WAF1 also exhibited no 

additional effect on response to SP2509 in either cell line. However CST6 siRNA did 

cause significant resistance to SP2509 treatment in C42B cells, with a similar trend 

in PC3 cells compared to Scr control. This indicates that CST6 is required for SP2509 

negative cellular viability effects, at least in C42B cells. This is supported by data 

which indicates that CST6 expression is upregulated with SP2509 treatment and in 

some cases of either LSD1 or ZNF217 RNAi. However, this must be taken in the 

context of the severe viability effects that CST6 siRNA exhibited alone in C42B and 

PC3 cells. This upregulation of CST6 would imply that LGMN activity is 

downregulated, and this may account for some of the phenotype observed with LSD1 

and ZNF217 inhibition. However, a LGMN activity assay indicated that LGMN activity 

was not supressed with SP2509 treatment before 96 hrs. As the senescence 

phenotype was not completely observed in C42B cells until after 5 days of treatment 

with SP2509, at higher doses it would be of interest to extend this assay within the 

context of longer SP2509 treatment and LSD1 knockdown. Additionally, it is possible 

that CST6 represses an alternative protein to repress PCa viability. One such 

candidate is CSTB (425), however, this enzyme was also shown to be unlikely to be 

responsible for any phenotypic effects in PCa cells with SP2509 treatment.  
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6.15 SP2509 and inhibition of other CoREST members as 

combination therapy in PCa 

Treatment of LSD1 with SP2509 has clear potential as a therapeutic of PCa. SP2577, 

a clinical analogue of SP2509, is in the process of evaluation in a phase I clinical trial 

in relapsed/refractory Ewing’s sarcoma (NCT03600649). However, due to SP2509 

mechanism of action, it was decided that monotherapy of SP2509 may not be the 

best therapeutic strategy. Combination treatment of SP2509 with HDAC1 inhibitor, 

entinostat, in addition to G9Ai, Bix01294, was investigated. These inhibitors were 

selected on the basis that we hypothesised that inhibition of other CoREST members 

presented the best hope for selective inhibition of inappropriate CoREST activity in 

PCa cells. Encouragingly, synergy was observed with both strategies, and of note the 

most efficacy was observed in PC3 cells which are a model of more advanced 

disease. There was particular synergy with elevation of global H3Ac, indicating that 

this is the possibly one mechanism through which there is more efficacy together than 

as single agents. However, surprisingly despite SP2509 alone reducing LSD1 with 

longer treatment and HDAC5 demonstrated to promote LSD1 stability (519), there did 

not appear to be a decrease of LSD1 levels with either entinostat alone, or in 

combination. This may be due to the early time point measured (48 hr) with potential 

for effects on protein stability to observable with longer treatment.   

Previous work has supported this finding of synergy of HDAC alongside LSD1-

ZNF217 inhibition. Combined SP2509 treatment with a pan HDAC inhibitor, 

panobinostat, significantly repressed viability of primary AML blast progenitor cells 

(BPCs) (520) and increased the survival of mice engrafts with human AML cells  (376). 

Synergy was also observed with some combinations of SP2509 with romidepsin, 

another pan HDAC inhibitor, in treatment of Ewing sarcoma cells (447). These results 

have led to the development of dual LSD1-HDAC inhibitors, as evidence that that 

combined treatment of LSD1 and HDACs could have more efficacy that as single 

agents (377). One such inhibitor, domatinostat is currently being assessed in phase I 

clinical trials for treatment of advanced haematological malignancies (521).  

There was also synergy observed with some combinations of SP2509 and Bix01294. 

Treatment of bladder cancer cells with Bix01294 caused caspase-dependent 

apoptosis induction. This apoptosis induction may increase the efficacy of SP2509 

PCa selective cancer death. Of interest is the increased resistance to lower Bix01294 

doses observed with shRNA mediated LSD1 knockdown in both C42B and PC3 cells. 
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LSD1 catalyses the reversal of G9A mediated decoration H3K9me2. There may be a 

requirement for the specific presence of this mark to allow recruitment of the CoREST 

complex and subsequent repression of gene expression. The answer may also lie in 

the structure of the CoREST complex as this multi subunit contains both proteins. 

LSD1 has been shown to be required for REST mediated medulloblastoma cell 

migration (522). This recruitment for one member of the CoREST complex to enact 

another member mediated effects is not surprising. REST acts as the hub of the 

CoREST repressive complex, with CoREST binding to the carboxyl-terminus, and 

subsequently recruiting the rest of the multi-subunit co-repressor complex (320).  

Treatment with a G9A inhibitor was observed to abrogate NDRG1 repression by TBX2 

in breast cancer (281). This indicates that G9A is particularly implicated in the 

recruitment of the CoREST complex by TBX2. Targeting both binding of LSD1 to 

ZNF217 and G9A activity may allow for the synergistic effect observed with some 

SP2509 combinations through the functional inhibition of TBX2 in PCa. However 

Bix01924 ell viability response did not significantly change with either TBX2 

overexpression, or knockdown mediated by shRNA in either C42B or PC3 cells. G9A 

has been shown to be essential for the metastasis of head and neck squamous cell 

carcinoma, with Bix01294 treatment reversing the EMT phenotype (523). In 

combination with TBX2 exhibiting a predominant EMT phenotype in PCa, in this study 

it is of interest of further work to determine the influence of TBX2 in Bix01924 and 

entinostat with SP25009 on EMT and invasion. From a mechanistic perspective, it 

may also be of interest to determine chromatin dynamics with these inhibitors to 

further elucidate order of recruitment to promoters upon TBX2 binding.  

As treatment of SP2509 induces senescence, at least in part, other exciting 

therapeutics could be considered. Senolytics is an emerging field, due to renewed 

research efforts, previously the challenge of pharmacologically clearing senescent 

cells has been addressed with new therapies that preferentially target these cells 

(reviewed in (524, 525)). One such therapy that could be considered in the galacto-

combination of the BCL-2 family inhibitor, Navitoclax, to produce a senolytic pro-drug 

(Nav-gal). Through targeting to SA β gal activity, senescent cells can be exploited to 

target pro drugs to release their cytotoxic cargo. Treatment of NSCLC with Nav-Gal  

selectively induced senescent cell apoptosis and reduced tumour growth (526).  
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6.16 Difference of PCa cell phenotypic response to siRNA 

compared to shRNA mediated knockdown of same protein 

Targeted gene knockdown through RNAi is a powerful preclinical tool to enable 

reverse genetics to investigate gene function and delineate functional connectivity. 

This knockdown can be achieved through delivery of synthetic siRNA or inducible 

vector-based shRNA. This study utilised both siRNA and later shRNA to study the 

effect of LSD1 silencing in PCa cells. The sequences used for the siRNA and shRNA 

were identical and fortunately despite the different techniques often requiring altering 

of the sequences both approaches yielded consistent and significant downregulation 

of LSD1 protein and mRNA levels.  

Despite the knockdown of LSD1 achieved by shRNA being similar than that produced 

with siRNA transfection, the phenotypic response to the knockdown observed was 

less consequential, particularly on viability. The identical sequences should rule out 

differing off target effects, additionally, two siRNA/shRNA sequences were used for 

this very concern.  

However, there are some explanations to the lowered response with shRNA 

knockdown, the first can be explained by the altered delivery of the RNAi. For siRNA 

delivery to the cell, our protocol required Lipofectamine RNAiMAX reagent, similar to 

most siRNA delivery reagents, used to increase the transfection efficiency. The basic 

premise to chemical-mediated transfection is formation of nanoparticles, made of the 

transfection complex of the positively charged transfection reagent and the negatively 

charged nuclei acid. This nanoparticle is taken up by the cells and the siRNA is 

released. The dsRNA is processed to the siRNA, which is recruited to the multi protein 

complex, the RNA Induced Silencing Complex (RISC), which then interacts with the 

target RNA to mediate silencing. One effect of chemical transfection can be the 

induction of a cellular interferon response, however, siRNA sequences utilised were 

deliberately chosen to be shorter than the 30 bp traditionally thought to induce this 

response. In optimisation of these protocols, the Scr sequence was compared to a 

mock and untreated controls, with no significant difference observed. However, it is 

possible that the additional cellular stress to that induced with LSD1 siRNA 

knockdown may be responsible for the larger response observed with siRNA.  

Additionally the siRNA technique induces a quicker knockdown, observed at 48 hr 

compared to 5-7 days with shRNA. This faster knockdown may explain the larger 

negative cellular response. Finally the shRNA although inducible is very likely ‘leaky’. 
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A consistent low-level knockdown of LSD1 may enable the PCa cells to develop 

resistance to LSD1 knockdown and generate a smaller phenotype response.  

6.17 Conclusions and Clinical Implications 

A number of therapeutic targets have been identified in this study. All, LGMN; 

HSD17B4; TBX2; LSD1 and ZNF217 have been observed to be upregulated or 

associated with poor prognosis. At the least, these could be clinically useful as 

biomarker of aggressive disease, with identification of expression through TMA or 

possibly new LGMN assays with optical imaging.  

Targeting of LGMN proved effective at reducing both PCa cell viability and migration. 

However, for further exploration of this target, newer generations of LGMNi are 

required. Further exploration of the LGMN-HSD17B4 binding partnership could help 

identify important interacting domains and help us evaluate if HSD17B4 is a surrogate 

for at least part of LGMN’s role in driving PCa pathogenesis. Indeed potent HSD17B4 

fatty acid metabolism inhibitors have been identified, CLIFs, which is of clinical interest 

to explore as a novel therapeutic in PCa. Additionally this study has identified further 

HSD17B family members that may have potential for exploitation for novel 

therapeutics, especially for advanced PCa models.  

TBX2 activity may be explored through novel drugs that appear to directly target TBX2 

activity, chromomycins. However, a better clinical approach may be targeting the 

TBX2-CoREST axis, as a number of potent inhibitors have already been developed 

and showed efficacy at prevention of TBX2 suppression of targets.  

LSD1 demethylase activity is subject to a number of inhibitors, however, novel 

approaches of targeting LSD1 protein-protein interaction has proved very successful 

both in vitro and in vivo for treatment of PCa. Other cancers have also seen potential 

therapeutic benefit of targeting LSD1 interaction with ZNF217, to the extent that a 

clinical formulation of S2509 has entered into phase 1 clinical trials for Ewing Sarcoma 

patients. There is significant potential for SP2509 as a single agent in PCa, however, 

this study identified that there is a synergistic effect with combinations of therapies 

targeting other CoREST members. There is also the potential of SP2509 to synergise 

with Senolytics that specifically target senescent cells. 

Most importantly the targeting of TBX2 functional activity in PCa was shown to 

preferentially reverse the EMT phenotype of PCa cells. Other studies have also 

implicated TBX2 and ZNF217 in targeting metastasis to the bone. As the worst 
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prognosis and quality of life reducing symptoms are observed with bone metastases 

in PCa patients, the potential of a novel therapeutic to prevent or even reverse this is 

of great excitement.    

6.18 Future Directions 

6.18.1 Chapter 3 

It would be of interest to continue generation of new LGMN inhibitors or exploration 

of the LI-1 LGMN inhibitor, particularly for use for in vivo studies to further determine 

the efficacy of targeting LGMN in PCa. As LGMN has been linked to altering 

macrophage interactions with tumour cells (527, 528) these in vivo studies could 

identify effect of targeting LGMN on immune cell infiltration. Mouse and human LGMN 

are very similar, so use of mouse prostate cancer line, DVL3 (529) could be engrafted 

into non-immune compromised mice to enable these studies. As HSD17B4 has also 

been correlated with inflammation and liver cancer (530) and immune cell infiltration 

in NSCLC (531), it would be of scientific interest to expand these studies to include 

HSD17B4 inhibition. If clinically viable generations drugs for either target prove a 

challenge to produce an alternative could be development of inducible shRNA LGMN 

and HSD71B4 cell lines.  

Additionally as synergistic effects were observed between LGMN RNAi and 

radiotherapy, combination treatment of LGMNi and radiotherapy, an already 

established PCa treatment, could be explored to identify if synergistic effects are 

produced on PCa growth.  

This study identified the novel interaction of LGMN and HSD17B4 and began to 

elucidate the nature of this interaction. The initial data implies that LGMN may modify 

HSD17B4 activity, this theory could be investigated in a number of ways. First to utilise 

IF techniques to determine if LGMN and HSD17B4 co-localise within the PCa cells 

and the temporal nature of any possible co localisation. This is of particular interest 

as LGMN and HSD17B4 are described to be in different cellular compartments 

(lysosome and perisomes, respectively). It is possible that upon carcinogenesis 

LGMN subcellular localisation changes, particularly as it has been noted the LGMN 

can have nuclear localisation in a subset of colorectal cancer (294). Further work with 

truncation mutation experiments to determine which domain and therefore function of 

HSD17B4 is required for PCa viability and determine if LGMN function changes with 

altered HSD17B4 activity, although as HSD17B4 siRNA did not alter LGMN activity it 

is not expected that truncation of HSD17B4 will have any effect.  Alternatives to 
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truncation experiments are to determine which substrates of HSD17B4 are altered 

with either LGMN or total HSD17B4 knockdown/ overexpression. For instance, the D-

3-hydroxyacyl CoA dehydrogenase-activity of HSD17B4 could be investigated using 

DL-β-hydroxylbutyryl CoA as a substrate and the conversion of NAD+ to NADH as a 

readout. Additionally the enoyl CoA hydratase activity could be concomitantly 

measured using crotonyl CoA as a substrate and the diminished ultraviolet absorption 

of the α, β-unsaturated thioester chromophore as readout (532). Finally, the various 

steroid hormones levels could be measured by either ELISAs or mass spectrometry. 

Identification of which activity of HSD17B4 is important for PCa progression and what 

if any changes are met with LGMN activity depletion would be clinically useful to 

develop targeted HSD17B4 inhibitors to a specific function.  

LGMN and HSD17B4 did not appear to alter AR activity, this could be confirmed with 

further AR activity read out studies, such as AR-luc reporter PCa cell lines. Additional 

work is required to investigate the wider HSD17B family members to determine 

potential efficacy of targeted therapies and determine their individual effect on ADT 

and other PCa phenotypes. For instance levels of these family members could be 

measured in ADT resistant cell lines to identify any that are elevated as a possible 

resistance mechanism.   

6.18.2 Chapter 4 

TBX2 depletion was shown to upregulate several genes as well have negative effects 

on PCa cell viability, clonogenicity and particularly migration. It is of interest to 

determine if dual knockdown of TBX2 and any of these suppressed genes can rescue 

PCa cell response to TBX2 depletion. It is also of interest to further investigate TBX2 

mechanism of action of this gene repression. Therefore, performance of both RNA-

seq with TBX2 RNAi and Ch-IP-seq in PCa cells would provide further details of novel 

TBX2 regulated genes and information regarding the particular promoter sites TBX2 

binds to. TBX2 has been observed to recruit HDAC1 to the promoter of p21WAF1, this 

investigation could be extended to other TBX2 regulated genes to determine if this 

mechanism of action is present in PCa and at all TBX2 indirectly regulated genes. 

This could involve determination of the decoration of TBX2 regulated genes, either 

acetylation or methylation, to gain a wider picture of the types of epigenetic silencing 

present.  

Knockdown of TBX2 target genes produced surprising results, transient 

overexpression of CST6 and NDRG1 with determination of it this reflects similar 
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consequences on PCa cell viability and migration as TBX2 knockdown. This 

overexpression may tease out the individual effects of TBX2 target genes on PCa 

cells and more accurately determine the effect of TBX2 suppression of these genes 

for PCa progression.  

Targeting of TBX2 activity could also be explored by alternative mechanisms to RNAi 

as novel studies have identified a class of molecules, chromomycins, in particular 

CA5, that bind and inhibit TBX2 function with cytotoxic effects (533). 

TBX2 expression levels were identified through an oncogene search to be elevated 

in a subset of PCa tumours, with supporting evidence that TBX2 was also elevated in 

the more aggressive PCa cell lines, C42B and PC3. A TMA study of PCa tumours 

with matched normal tissue to determine TBX2 expression levels and identify if TBX2 

expression correlates to poor prognosis or aggressive biology. Studies in melanoma 

identified that TBX2 expression is altered over the course of the cell cycle progression 

(268). Studies to investigate whether TBX2 expression is subject to similar regulation 

in PCa cells could be performed with synchronisation of cells, i.e. with double 

thymidine/aphidicolin block, to enable determination of TBX2 levels of cells in the 

same cycle.  

It is likely that TBX2 interacts with other pathways to drive PCa cell pathogenesis. In 

particular, other studies have identified p53 in breast cancer (414) and PTEN and 

WNT signalling interactions in PCa (400). Given that the interactions with the latter 

were implicated in metastasis is PCa to the bone, it is of interest to determine if TBX2 

targeting can alter PCa metastases and in particular, which sites with in vivo studies 

using PCa TBX2 shRNA cell lines.   

6.18.3 Chapter 5 

TBX2 was identified to interact and recruit CoREST members to chromatin to 

suppress gene targets. ChIP seq of LSD1 and ZNF217, with and without TBX2 

knockdown, could determine a wider range of genes that are regulated by these 2 

proteins and which particular genes have overlap with TBX2. It is of particular interest 

to determine the order of recruitment, the exact composition of the repression complex 

and how exactly the epigenetic silencing is enacted. There are a number of exciting 

techniques that are able to elucidate chromatin. For instance, the Hi-C method allows 

for simultaneous capture of all genomic interactions, within the single experiment it 

provides a population-average snapshot of the genome conformation (534). Changes 

in the chromatin around specific promoters could be identified with target depletion or 
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drug treatment (s) via DNaseI hypersensitivity, as this technique is particularly 

sensitive to mapping of transcriptionally active, versus inactive chromatin around 

promoter regions (535).  

Another technique with interesting potential is single cell microscopy with single 

particle tracking techniques (SPT), which allows analysis of a tagged proteins 

chromatin recruitment and the duration of this interaction. Use with various inhibitors, 

site specific mutations or total depletion could allow determination of which 

interactions and regions of proteins are important for chromatin recruitment and could 

allow for new targeted therapies (536). More simple assays that utilise 

chemiluminescence, to measure both HDAC (537) and DMT (538) activity, could be 

used to measure these proteins activity after inhibition of CoREST members of TBX2 

knockdown.  

The only target gene that appeared to be required for SP2509 repression of PCa cell 

viability was CST6. Further work could explore if CST6 overexpression recapitulates 

SP2509 response, additionally although initial indications were that CST6 

upregulation does not affect LGMN activity, longer term treatment of PC cells with 

SP2509 may answer if LGMN activity, which is known to be downstream of TBX2, is 

downregulated. Additionally, this may be answered by introduction of point mutation 

N64A of CST6 which would abrogate its ability to inhibit LGMN (272). Further work 

could explore the effects of the other genes shown to be upregulated upon SP2509 

treatment, E-cadherin, NDRG1 and p21WAF1 and whether they are required for longer 

term effect of SP2509. In addition, C42B cells displayed altered cell cycle profiles with 

SP2509 treatment to PC3 cells, it was hypothesised that the p53 null status of PC3 

cells may play a part. Knockout of p53 combined with SP2509 treatment could 

address if p53 is required for the particular response in C42B cells.  

The combination therapies of SP2509 and either entinostat or Bix01294 generated 

very interesting synergistic effects on PCa cell viability, it would be of interest to 

determine if this extends to other PCa phenotypes such as metastasis, with further in 

vitro techniques such as with xCELLigence Chemotaxis Assay and possible extension 

to in vivo studies. The mechanisms behind this inhibition require further investigation, 

Annexin-V or Tunnel staining (apoptosis markers) via flow cytometry vs senescence 

markers (p16INK4A, and DNA damage markers Rad17 or ATR) via IF staining, could 

determine the levels of apoptosis and senescence that occur with individual CoREST 

knockdown, compared to drug treatment(s). Newer therapeutics utilise dual HDAC 
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and LSD1 inhibitors (521), it would be of interest to determine if combining the key 

functionality of the individual HDAC1 and LSD1 inhibitors into a new molecule retains 

the binding affinity to the two separate proteins. Treatment of PCa with these dual 

inhibitors could possibly address whether this cell viability effects and synergy of the 

two compounds is retained with only ability for dual inhibition, i.e. inhibiting HDAC1 in 

the context of the CoREST complex and in proximity to LSD1 and vice versa.   

Recent work by Qin et al. showed that treatment of SP2509 sensitises breast cancer 

cells to immune checkpoint inhibitors (539). Additionally LSD1 has been shown to be 

a key repressor of endogenous retroviral elements (ERVs). It is of scientific interest 

to determine if SP2509 or combination treatment of a non-immune compromised 

mouse xenograft model with a mouse PCa cell line, such as DVL3, can reactivate 

these ERVs and convert tumours that are immune cold to hot. Determining if CoREST 

inhibition can stimulating anti-tumour T cell immunity and producing a subsequent 

restraint of tumour growth (540).  
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6.19 Summary 

In summary, this work has highlighted that LGMN and its novel binding partner, 

HSD17B4, are vital for PCa cell viability. Targeting of LGMN and HSD17B4 via RNAi 

is selectively toxic to PCa cells and therefore could be exploited for novel therapeutics. 

TBX2 was demonstrated to supress gene expression by binding to the promoters of 

TSGs and EMT genes to allow for PCa cell progression. Inhibition of CoREST 

complex members and RNAi against LSD1 and ZNF217 phenocopied TBX2 

knockdown in PCa cells. Additionally, TBX2 was demonstrated to recruit ZNF217 and 

LSD1 to chromatin in PC3 cells. It is our hypothesis that TBX2 negatively regulates 

genes to drive PCa progression through recruitment of the CoREST complex to 

enable epigenetic silencing. Targeting of this TBX2-CoREST axis provides exciting 

potential to treat aggressive PCa and meet an urgent unmet need for these patients. 
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Appendix 1: General Reagents and Buffers  

General reagents  

 
• Agarose (Low temp gelling: Sigma Aldrich 

• 1 and 0.7% solutions were made up with ddH2O and immediately autoclaved, 

before aliquoting and storage at 4oC. 

• Biotin: Sigma Aldrich  

o A 50mM suspension was prepared by adding biotin powder to sterile 

DEPC-treated water, stored at 4 °C.  

• BSA (Bovine Serum Albumin): Santa-Cruz biotechnology  

o Solutions were prepared by dissolving BSA powder in 1X PBS, stored at 4 °C  

• Crystal Violet: Alfa Aesar 

o 0.5g crystal violet powder dissolved in 25ml 100% methanol and 75ml ddH20.  

• DEPC-Treated Water: Invitrogen (Thermofisher Scientific)  

• DMSO: Alfa Aesar 

• DNA Ladder (1kb and 100bp): New England Biolabs  

• Dithiotreitol (DTT): Promega  

o DTT powder dissolved in ddH20 to a stock concentration of 1 molar and stored 

at -20oC.  

• EDTA (Ethylenediaminetetraacetic acid) (UltraPure): Invitrogen  

o EDTA powder dissolved in ddH20 to a final concentration of 0.5M. pH adjusted 

to required pH with addition of NaOH.  

• Ethanol (92%): VWR  

• Formaldehyde Solution (36.5-38% in H20): Sigma-Aldrich  

• Glycine: (AnalaR NORMAPUR) VWR Chemical, Leicestershire, UK  

o 2M solutions were typically prepared by dissolving glycine powder in deionised 

water.  

• Glycerol: Sigma-Aldrich  
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• HEPES: Sigma Aldrich  

o HEPES powder dissolved in ddH20 to a stock concentration of 1 molar pH 

adjusted to 7.5 with addition of NaOH. 

• Hydrochloric Acid (HCl) 37%: (AnalaR NORMAPUR) NWR Chemicals  

• IGEPAL CA-630: Sigma Aldrich  

• Isopropanol (2-propanol): (for molecular biology >99.5%) Sigma Aldrich 

• LB: Sigma Aldrich  

o LB powder (containing yeast extract, Tryptose and NaCl) dissolved in ddH20 

to a 2% solution and autoclaved immediately.  

• LB Agar:  

o Agar added to a concentration of 1.5% to 2% LB in ddH20 and autoclaved 

immediately.  

• Magnesium Chloride (MgCl2): Sigma Aldrich  

o 1M solutions were prepared by dissolving MgCl2 powder in deionised water.  

• Matrigel: 

• Methanol (for HLPC): Sigma Aldrich  

• Nuclease-Free Water: Ambion, Thermo Fisher Scientific  

• NuPAGE LDS Sample Buffer: Invitrogen (Thermofisher Scientific)  

o Diluted to 4X with 0.1M DTT and appropriate protein extract buffer.  

• Orange G: Sigma Aldrich  

o 6x solution prepared by dissolving 0.12g Orange G and 12g Ficoll in 48ml 

ddH20  

• PageRuler Plus Prestained Protein Ladder: Thermofisher Scientific  

• 10x PBS:  

o 10x stock 400g NaCl, 72g Na2HPO4, 12g KH2PO4 and 12g KCL dissolved in 

5L ddH20. 1x working solution prepared by dissolving 100ml 10x PBS stock 

in 900ml ddH20 and autoclaved immediately.  
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• Potassium Chloride (KCL): Sigma Aldrich  

o Stock solution prepared by dissolving KCL powder in ddH20 to 1 molar 

concentration.  

• 2-Propanol (BioReagent for Molecular Biology, ≥99.5%): Sigma-Aldrich  

• SDS: Melford, Suffolk, UK  

o A 10% w/v solution was prepared by dissolving SDS powder in deionised 

water.  

• Sodium Chloride (NaCl): Merck Millipore  

o NaCl powder dissolved in ddH20 to a 5M stock solution.  

• Sodium-deoxycholate (SDS): G-Biosciences, St. Louis, MO, USA.  

o SDS powder dissolved in ddH20 to a 10% concentration working solution.  

• Sodium Fluoride (NaF): Sigma Aldrich 

o NaF powder dissolved in ddH20 to a stock concentration of 1 molar and stored 

at -20oC.  

• Sodium Hydroxide (NaOH): (AnalaR NORMAPUR) VWR Chemicals  

o 1M solutions were made by dissolving NaOH powder in deionised water.  

• Sodium Orthovanadate (Na3VO4): Sigma Aldrich  

o Na3VO4 powder dissolved in ddH20 to a working solution of 100mM, heated 

until solution is colourless, pH adjusted to pH 10 and stored at -20oC.  

• SYBR Safe DNA Gel Stain: Invitrogen, Thermofisher Scientific 

• 10X TE Buffer (100mM Tris-HCl/ 10mM EDTA): A 10X solution was prepared 

by adding 10ml 1M Tris-HCl (pH 8.0) to 2ml 0.5M EDTA pH 8.0, in a final 

volume of 1L deionised water  

• TEMED: Sigma Aldrich  

• Tris-HCL: Invitrogen  

o Tris (UltraPure) powder dissolved in ddH20 to appropriate molar concentration 

and pH adjusted to appropriate pH with HCL.  

• Triton X-100: Sigma Aldrich  
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• Tween-20: Sigma Aldrich 

 

Cell culture  

Media  

• DMEM: Gibco, Thermo Fisher Scientific 

• Keratinocyte Media: Gibco, Thermo fisher Scientific 

• RPM1: Gibco, Thermo fisher Scientific 

• Stripped RPMI: Gibco, Thermo fisher Scientific 

Growth additives 

• FBS: Gibco, Thermo Fisher Scientific 

• Stripped FCS: (cat) 

Antibiotics 

• Ampicillin: Sigma Aldrich  

o 1mg/ml stock solution prepared by dissolving 5g ampicillin powder in 25 ml 

ddH2O and 25 ml 100% ethanol and stored at -20 °C. Working solution 

prepared according to respective cell line.  

• Blasticidin: Sigma Aldrich  

o 1mg/ml stock solution prepared by dissolving Blasticidin powder in OptiMEM 

and stored at -20 °C. Working solution prepared according to respective cell 

line.  

• Puromycin Dihydrochloride: Sigma Aldrich 193  

o 1mg/ml stock solution prepared by dissolving puromycin powder in Serum free 

OptiMEM, filter sterilised and stored at -20oC. Working solution prepared 

according to respective cell line.  

 

Transfection Reagents  

• GeneJuice Transfection Reagent: Novagen, Merck Millipore  

• Lipofectamine RNAiMax Reagent: Invitrogen 
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Miscellaneous reagents 

• Polybrene (Hexadimethrine Bromide): Sigma Aldrich  

o 8mg/ml working solution prepared by dissolving polybrene powder in PBS, 

filter sterilised and stored at -20 °C.  

• MTT: Sigma Aldrich  

o 5mg/ml working solution prepared by dissolving MTT powder in PBS filter 

sterilised and stored at 4°C.  

• 0.5% Trypsin-EDTA: Sigma Aldrich  

o 10X stock solution diluted to 1X working solution with sterile PBS.  

 

Compounds 

Cytotoxic Chemotherapy Drugs  

• Docetaxel: Hospira UK Limited  

o Stock 1 mg/ml, stored at 15-25oC, Belfast City hospital (Belfast Health and 

Social Care Trust) kindly gifted any surplus unused Docetaxel 

Miscellaneous drugs  

• QDD100531: Stock 50mM, stored at 15-20 oC Kindly provided by Dr Rich 

Williams 

• Bix01294: Adoq Biosciences, stock 10mM, Stored at -20 oC 

• UNC0694: MedChemExpress, USA, stock 10mM, Stored at -20 oC 

• Entinostat: Selleckchem, UK, stock 10mM, Stored at -20 oC 

• SP2509: Stock 10mM, stored at -20 oC Kindly provided by Dr Rich Williams 
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General buffers  

Protein methods 

Table 7.1: Protein extraction buffers 

N/C Buffer A:  Stock  500 ml  

10 mM HEPES pH 7.5  1 M  5 ml  

0.1 % IGEPAL  10 %  5 ml  

1.5 mM MgCl2  1 M  750 μl  

10 mM NaCl  5 M  1 ml  

Deionised Water  -  488.25 ml  

N/C Buffer C:  Stock  500 ml  

10 mM HEPES pH 7.5  1 M  5 ml  

0.1 % IGEPAL  10 %  5 ml  

1.5 mM MgCl2  1 M  750 μl  

420 mM NaCl  5 M  42 ml  

Deionised Water  -  447.25 ml  

Chromatin Fractionation Buffer Stock  50 ml 

20 mM Tris-HCL pH 7.4 1M 1 ml 

100 mM NaCL 5M 1 ml 

5mM MgCl2 - 23 mg 

10% Glycerol - 5 ml 

0.2% Igepal CA-630 - 100 ul 

0.5 mM DTT 1M 25 ul 

Deionised water  - 17.9 ml 

ELB:  Stock  500 ml  

0.5 mM DTT  1 M  250 μl  

5 mM EDTA pH 8.0  0.5 M  5 ml  

50 mM HEPES pH 7.5  1 M  25ml  
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0.1 % IGEPAL  10 %  5 ml  

250 mM NaCl  5 M  25 ml  

Deionised Water  -  439.75 ml  

RIPA: Stock 500 ml 

5mM EDTA pH 8.0  0.5 M  5 ml  

1 % IGEPAL  10 %  50 ml  

150 mM NaCl  5 M  15 ml  

0.5 % Na Deoxycholate  10 %  25 ml  

0.1 % SDS  10 %  5 ml  

50 mM Tris-HCL pH 8.0  1 M  25 ml  

Deionised Water  -  375 ml  

Table 7.2: LGMN activity buffer 

LGMN Activity Buffer: 

(pH 5.8) 

Stock  500 ml  

40 mM Citric Acid - 4.203 g 

121 mM NaH2PO4 - 8.346 g 

1 mM EDTA 0.5 M 1 ml 

0.1% CHAPS - 0.5 g 

1 mM DTT 1 M 500 ul 

Deionised Water  -  to 500 ml  

 

LGMN Activity Buffer: final pH adjusted to pH 5.8 with addition of HCl 

1:1000 PIC and 1:100 1mM Na3VO4 added to buffers before use. 

SDS-PAGE Buffers 
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Table 7.3: SDS-PAGE buffers 

10X Running Buffer  5L  

2 M Glycine  750.1 g  

250 mM Tris  151.4 g  

1 % SDS  50 g  

Deionised Water  to 5L  

10X Transfer Buffer (ph8.0) 5L  

1.87 M Glycine  703.1 g  

250 mM Tris  151.4 g  

Deionised Water  to 5L  

50X TBST  5L  

50 mM KCl  18.6 g  

1.36 M NaCl  397.4 g  

250 mM Tris  151.4 g  

0.1 % Tween 20  50 ml  

Deionised Water  to 5L  

10X running buffer was diluted with deionised water to a 1X working solution. Transfer 

Buffer, final pH adjusted to pH 8.0 with addition of HCl. 10X Transfer Buffer diluted 

with deionised water to a 1X working solution. TBST final pH adjusted to pH 7.5 with 

addition of HCl. 10X TBST diluted with deionised water to a 1X working solution. 

Protein Gel Reagents: 

Pre-cast gels: 

• Bolt 10% Bis-Tris Plus (10, 12 and 15 well gels): Invitrogen, Thermo Fisher 

Scientific  

Table 7.4: SDS-Polyacrylamide Gel Components 
10% Resolving Gel  20 ml 
Deionised water  7.9 ml  

30 % Acrylamide mix  6.7 ml  

1.5 M Tris (pH 8.8)  5.0 ml  

10 % SDS  200 μl  

10 % APS  200 μl  

TEMED  16 μl  
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Stacking Gel  10 ml 

Deionised water  6.8 ml  

30 % Acrylamide mix  1.7 ml  

0.5 M Tris (pH 6.8)  1.25 ml  

10 % SDS  100 μl  

10 % APS  100 μl  

TEMED  10 μl  

 

BioID Buffers 

Table 7.5: BioID buffers 

BioID Lysis Buffer  Stock  500 ml  

1 mM DTT  1 M  500 μl  

5 mM EDTA pH 8.0  0.5 M  5 ml  

0.4% SDS - 2 g 

500 mM NaCl 5M 50 ml 

2% Triton X-100 - 10 ml 

Deionised Water  -  434.5 ml  

BioID Wash Buffer Stock 250 ml 

1mM EDTA pH 8.0  0.5 M  500 μl 

500 mM NaCl 5M 25 ml 

50 mM HEPES pH 7.5  5 M  2.5 ml  

0.5 % Na Deoxycholate  10 %  12.5 ml  

1% Triton X-100 - 2.5 ml 

Deionised Water  -  207 ml  
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Primary Antibodies 

Table 7.6: Details of primary antibodies 

Antibody  Company   Cat no. Species  Dilution  

AR Abcam ab74272 Rabbit 1:1000 

B-catenin CST   8480 Rabbit  1:1000 

CDK1 Bethyl laboratories A301-512A Mouse 1:1000 

CST6 abcam ab201068 rabbit 1:500 

DEC1 Bethyl laboratories A300-649A Rabbit 1:1000 

E-cadherin CST   3195 Rabbit 1:1000 

Flag M2 Sigma F184 Mouse 1:1000 

H3Ac EMD Milli 06-599 Rabbit 1:1000 

H3K9Me2 abcam ab1220 Mouse 1:1000 

HSD17B4 CST  sc365167 Mouse  1:1000 

HSP90 Santa Cruz Sc13119 Mouse 1:1000 

LGMN  Abcam   ab183028 Rabbit 1:1000 

LSD1 abcam ab17721 Rabbit 1:1000 

NDRG1 CST 5196S Rabbit 1:1000 

p21WAF1 CST 2946s Mouse 1:1000 

P53 CST Sc-126  Mouse 1:1000 

P-P53 ser15 CST 9284 Rabbit 1:1000 

PARP CST 9532 Rabbit 1:1000 

TBX2 Santa Cruz sc514291 Mouse  1:500 

Vimentin CST   5741 Rabbit 1:1000 

ZEB-1 CST   3396 Rabbit 1:1000 

ZNF217 Invitrogen  72-035-2 Rabbit 1:1000 

β-tubulin Sigma T4026 Mouse 1:2000 

Histone H3 CST  Apr-18 Rabbit  1:1000 

TBP CST 85155 Rabbit 1:1000 

Vinculin  CST   4650S Rabbit  1:2000 

 

Secondary antibodies  

Anti-Mouse IgG HRP-linked Antibody – Cell Signalling Technology  

Anti-Rabbit IgG HRP-linked Antibody - Cell Signalling Technology 

True blot  
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ChIP Reagents 

Table 7.7: Chromatin-Immunoprecipitation assay reagents  

Ch-IP Cell Lysis Buffer:  Stock Concentration  500 ml  

50mM HEPES-KOH pH 

7.5 

1M 25 ml 

150 mM NaCl 5M 15 ml 

1mM EDTA 0.5 M 1 ml 

1% Triton X-100 - 5 ml 

0.1% Na-deoxycholate - 0.5 g 

0.1% SDS - 0.5 g 

Deionised Water  454 ml 

Ch-IP Nuclear Lysis 

Buffer:  

Stock Concentration  500 ml  

50mM HEPES-KOH pH 

7.5 

1M 25 ml 

150 mM NaCl 5M 15 ml 

1mM EDTA 0.5 M 1 ml 

1% Triton X-100 - 5 ml 

0.1% Na-deoxycholate - 0.5 g 

1% SDS - 5 g 

Deionised Water - 454 ml 

Ch-IP Beads wash 

Buffer:  

Stock Concentration  200 ml  

PBS  10x 20 

0.1% Triton X-100 - 200 ul 

Deionised Water - 179.8 
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High Salt Buffer:  Stock Concentration  200 ml  

50mM HEPES-KOH pH 

7.5 

1M 10 ml 

350 mM NaCl 5M 14 ml 

1 mM EDTA 0.5 M 400 ul 

1% Triton X-100 - 2 ml 

0.1% Na-deoxycholate - 0.2 g 

1% SDS - 0.2 g 

Deionised Water - 483.6 ml 

 
Ch-IP Wash Buffer:  Stock Concentration  200 ml  

10mM Tris -HCL pH 8.0 1M 2 ml 

250 mM LiCl - 2.1 g 

1 mM EDTA 0.5M 400 ul 

0.5% IGEPAL Ca-630 - 1 ml 

0.5% Na-deoxycholate - 1 g 

Deionised Water - 196.6 

Low TE Buffer:  Stock Concentration  50 ml  

10 mM Tris -HCL pH 8.0 1M 0.5 ml 

0.1 mM EDTA 0.5 M 10 ul 

Deionised Water - 49.5 

Ch-IP Elution Buffer:  Stock Concentration  200 ml  

50 mM Tris -HCL pH 7.5 1M 10 ml 

10 mM EDTA 0.5M 4 ml 

1% SDS - 2 g 

Deionised Water - 186 ml 
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Ch-IP Dilution Buffer:  Stock Concentration  200 ml  

16..7 mM Tris -HCL pH 

7.5 

1M 0.02 g 

167 mM NaCl 5M 2.2 ml 

1.2 mM EDTA 0.5 M 480 ul 

1.1% Triton X-100 - 3.3 ml 

0.01% SDS - 6.7 ml 

Deionised Water - 187.32 ml 

 
Table 7.8 Details of antibodies used for Chromatin-Immunoprecipitation  

Antibody  Company   Cat no. Species  

TBX2 Abcam Ab33298 Rabbit 

ZNF217 Bethyl laboratories A300-649A Mouse  
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Appendix 2: Primer sequences and RNAi sequences  
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Real time primers  

100μM stock solutions of lyophilised primers (Integrated DNA Technologies (IDT), 

Coralville, USA) were resuspended into solution in the manufacturers recommended 

volume of nuclease free water. The 100μM of resuspended stock solutions were 

diluted to working dilutions of 5μM in nuclease free water. 

Table 7.9: Details of RT-qPCR primer sequences 

 
 

Sequencing primers  

Table 7.10 Sequencing primer sequences  

Oligo Name   Primer 5’-3’  

pBABE puro F  CTTTATCCAGCCCTCAC  

pBABE puro R  ACCCTAACTGACACACATTCC  

tet-pLKO   GGCAGGGATATTCACCATTATCGTTTCAGA 

 
 
 

Oligo 
Name  

Forward Primer 5’-3’  Reverse Primer 5’-3’  

CST6 GCAACAGCATCTACTACTTC AGTCTGTGCTCGCCATCTCC 

CSTB CAAGAAGTTCCCTGTGTTTAAGG CACTCGCAGGTGTACGAAG 

HSD17B4 TTTGCGGGGTTCATTCCAAG GAAGACCCAACTTTGCAGCA 

LGMN GAACACCAATGATCTGGAGGA GGAGACGATCTTACGCACTGA 

LSD1 GCGAATCCCCCAAGTGAT CATCCTGATCCCAGTGCTTA 

NDRG1 CCTACCGCCAGCACATTGTGA CGGCTGTTGTAGGCATTGATGAA 

p21WAF1  TGCCACACACCAGTGACTTTACA  GCCAGAAGCTCCAAAAA  

PSA GTGCTTGTGGCCTCTCGT AGCAAGATCACGCTTTTGTTC 

TBX2 GGCTTCAACATCCTAAACTCC AAGATCGACCAACAACCCGTTT 

ZNF217 CGGATCCCAAGTTACCCAGTX CAGCTGGTGGTAGGTTCTGA 

HRTP1 TGACCTTGATTTATTTTGCATACC CGAGCAAGAGTCCT 

TBP GAACATCATGGATCAGAACAACA ATAGGGATTCCGGGAGTCAT 

SDHA  GAGGCAGGGTTTAATACAGCA  CCAGTTGTCCTCCTCCATGT  
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ChIP primer sequences 

Table 7.11 Details of Chromatin-Immunoprecipitation qPCR primer sequences 

Oligo Name  Forward Primer 5’-3’  Reverse Primer 5’-3’  

CST6 promoter 
GCCAGGTGTGTCCTGCTGG
AG 

GGTCCTGCGAGGTTCAGG 

CST6 UR 
TTCTGACAAGGCCTCACA
CC 

TTCCCCGTCTCTACCCC
AAT 

E-cadherin 
promoter 

CCCTGCCTGCTTCTGTGTTA 
AAGCCACAACAAACCCGTT
C 

E-cadherin UR 
ATGTGTTCAGGGGATGCCA
G 

TCCTTGCATGGAAGACAC
CC 

NDRG1 promoter -
TBX2 site 

GATGGTGAACTGACGAGCT
TC 

CCCGGACGTAAACAAACC
T 

NDRG1 promoter -
CoREST site 

AATGCTGAGACCACATCCA
GTT 

GAAGAACAGATACGCCTT
GCAC 

NDRG1 UR  
AGGATAACAGGCACACAGG
C 

AAAGTGCATCTCTGGGAG
CC 

p21WAF1 promoter  TGGAACTCGGCCAGGCT 
GCGCGGCCCTGATATACA
A 

p21WAF1 UR  
GAGGCAGTGAGGAAAGGAG
G 

CTTCTAGGCCTGCAGAAG
GG 

 

siRNA sequences 

40μM of stock solution lyophilised siRNA (Eurofins, Luxembourg) were 

resuspended in 1X siRNA buffer (Eurofins). 1X siRNA buffer was prepared by 

diluting stock solution 5X siRNA buffer in nuclease free water and filter sterilised. 
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Table 7.12 siRNA sequences 

Oligo Name  Sequences 5’-3’  

Scr (GFP) GCAGCACGACUUCUUCAAGTT 

LGMN #1 GGGCAUAGGAUCCGGCAAA 

LGMN #2 UCAAAUGGCUGGUAUAAUU 

LGMN #3 CCAUGGAUCUGGTT 

HSD17B4 #1 CUCAGUGGAGACUGGAAUC 

HSD17B4 #2 (4) GGCCUGAGGUGGUGAAGAA 

HSD17B4 #3 GAAAAGUGGUUCUGGAAAATT 

LSD1 #1 CAAAGAAGCAUCUGAAGUATT 

LSD1 #2 AGAUGAAAUGGUAGAGCAA 

ZNF217 #1 CGAUCAACGAGGUCGUCCATT 

ZNF217 #2 AUGUCAUCCAAAUCGAGGGTT 

CSTB GAGUUAUGUUUACCGAGGA 

NDRG1 CGUUCUUGGAUCCUCAGAA 

P21 CUUCGACUUUGUCACCGAGTT 

TBX2 #1 GCUAGGCACGGAGAUGGUCTT 

TBX2 #2 AAGUACCAGCCGCGCUUCCAC 

CST6 #1 CAGAACUCCUCUCAGCUCCUA 

shRNA sequences 

Table 7.13 shRNA sequences  

Oligo Name  Sequence  

TBX2 shRNA #1 
F 

CCGGAAGCTAGGCACGGAGATGGTCCTCGAGGACC 

ATCTCCGTGCCTAGCTTTTTTT 

TBX2 shRNA #1 
R 

AATTAAAAAAAGCTAGGCACGGAGATGGTCCTCGAG

GACCATCTCCGTGCCTAGCTT 

TBX2 shRNA #2 
F 

CCGGAAGTACCAGCCGCGCTTCCACCTCGAGGTGG

AAGCGCGGCTGGTACTTTTTTT 

TBX2 shRNA #2 
R 

AATTAAAAAAAGTACCAGCCGCGCTTCCACCTCGAG

GTGGAAGCGCGGCTGGTACTT 

LSD1 shRNA #1 
F 

CCGGGGGAGGAACTTGTCCATTAGTCTCGAGACTAA

TGGACAAGTTCCTCCCTTTTT 

LSD1 shRNA #1 
R 
 

CCGGGGAATTGTGTTCGTAAAGCTCGAGCTTTACGA

ACACAATTCCTTTTT 

LSD1 shRNA #1 
F 

CCGGGGAATTGTGTTCGTAAAGCTCGAGCTTTACGA

ACACAATTCCTTTTT 

LSD1 shRNA #1 
R 
 

AATTAAAAAGGAATTGTGTTCGTAAAGCTCGAGCTTT

ACGAACACAATTCC 



7. Appendices 

310 

 

Appendix 3: Supplementary data 
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Figure 7.1 HSD17B4 isoform overexpression is cytotoxic to PCa cells. Immunoblot of 

Flag with vinculin and β –tubulin loading controls in protein extracted from A, C42B and B, 

22RV1 cells. Bar graphs of viability as measured by MTT assay in C, C42B and D, 22RV1 

cells and E colony formation of cells transfected with plasmids for flagged tagged isoforms of 

HSD17B4 compared to EV control made relevant to 0hr control. Colonies fixed with crystal 

violet and measured by GelCount Software. Error bars on graphs represent mean +/- SEM of 

three independent experiments. Unpaired T-test statistical analysis; ns 
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Figure 7.2 Dox control assay in Parental Cell Lines. Bar graph of A, viability assay as 

measured by MTT assay and B, migration as measured by wound healing assay at 8 and 24 

hr timepoints after wounding in C42B and PC3 cell lines pre-treated with Dox (C42B 0.5 µg/ml 

and PC3 1 µg/ul) or vehicle control for 5 days before replating.  
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Figure 7.3 An epigenetic esiRNA screen performed in the TBX2 expressing MCF7 cell 

line. MCF7 cells were transfected with 56 esiRNAs, targeting multiple HMTs, DNMTs, HDMs 

and HDACs, using the RNAimax esiRNA optimised protocol in a 96 well plate, as measured 

by SRB after 6 days. Data made relevant to a negative (RLUC) and positive (PLK1) control 

were transfected at the same time. Data performed by Dr Amy Templeman. 
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Figure 7.4 An epigenetic esiRNA screen performed in the TBX2 expressing T47D cell 

line. T47D cells were transfected with 56 esiRNAs, targeting multiple HMTs, DNMTs, HDMs 

and HDACs, using the RNAimax esiRNA optimised protocol in a 96 well plate, as measured 

by SRB after 6 days. Data made relevant to a negative (RLUC) and positive (PLK1) control 

were transfected at the same time. Data performed by Dr Amy Templeman 
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Figure 7.5 Epigenetic esiRNA screen performed in the TBX2 expressing BT474 cell line. 

BT474 cells were transfected with 56 esiRNAs, targeting multiple HMTs, DNMTs, HDMs and 

HDACs, using the RNAimax esiRNA optimised protocol in a 96 well plate, as measured by 

SRB after 6 days. Data made relevant to a negative (RLUC) and compared to positive (PLK1) 

control were transfected at the same time. Data performed by Dr Amy Templeman.  
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