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ABSTRACT 

Glycogen Synthase Kinase 3 (GSK3) is involved in a myriad of signalling pathways and 

has recently received considerable interest due to its conflicting roles tumourigenesis. 

Though it has classically been regarded as a tumour suppressor, emerging evidence 

suggests that GSK3 it is also a tumour promoter. One of GSK3’s tumour promoting 

properties has been linked to its ability to inhibit the death receptor mediated apoptosis (the 

extrinsic apoptotic pathway) by regulating NFκB signalling, which is constitutively active 

in castrate-resistant prostate cancer (CRPC). Targeting GSK3 has been shown to reduce 

NFκB activity and the expression of some of its associated anti-apoptotic proteins, thus 

sensitising tumour cells to the cytotoxic effects of death receptor ligands such as TNFα, 

whose circulating levels are increased in CRPC. In this study we sought to determine if 

GSK3 regulates NFκB signalling in CRPC and whether targeting it can sensitise CRPC 

cells to the cytotoxic effects of TNFα. 

Our findings show that NFκB and GSK3 are active and up-regulated in CRPC cell lines 

(DU145 and PC3) compared to normal prostate epithelial cells (RWPE-1) and androgen-

dependent prostate cancer cell lines (LNCaP and MDA-PCa2b). Treatment of the CRPC 

cell lines with the pan-GSK3 inhibitor CHIR99021 (CHIR) reduced NFκB activity, the 

expression anti-apoptotic proteins and IL-6 secretion. Furthermore, CHIR also sensitised 

the normally TNFα-apoptosis resistant CRPC cell lines to TNFα-induced apoptosis. Using 

an RNAi based approach, siRNA directed against each of the two GSK3 isoforms, GSK3α 

and GSKβ, confirmed the effects of CHIR as being GSK3 mediated and allowed us to 

identify the role of each isoform in relation to regulating NFκB signalling in CRPC. 

Although the knockdown of either GSK3 isoform didn’t affect the phosphorylation or 

nuclear translocation of the NFκB RelA subunit, there was a marked reduction in NFκB 

activity and RelA-DNA binding, suggesting that both GSK3 isoforms regulate NFκB 

signalling at a nuclear level in CRPC. In order to ascertain whether the reduction in both 

NFκB activity and RelA-DNA binding following the knockdown of either GSK3 isoform 

was due to elevated β-catenin arising from reduced GSK3, treatment with the β-catenin 

inhibitor JW67 restored NFκB activity in both CRPC cell lines. Although treatment with 

JW67 restored RelA-DNA binding in PC3 cells, it didn’t restore it in DU145 cells, 

suggesting that GSK3 regulates NFκB signalling in CRPC in a β-dependent and 

independent manner. 
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Taxanes, the current standard of care for CRPC, are fraught with problems relating to 

chemo-resistance and selectivity. NFκB signalling is thought to be a key mediator of 

taxane-resistance in CRPC. Using paclitaxel-resistant variants of the CRPC cell lines, PC3-

TX-R and DU145-TX-R, we showed that NFκB activity is increased in these cells 

compared to their respective parental cell lines. Whereas increasing NFκB activity by 

overexpressing RelA was shown to be insufficient to induce paclitaxel resistance in 

DU145 cells, targeting NFκB using the NFκB activation inhibitor BMS-345541 was shown 

to re-sensitise the paclitaxel-resistance cells to paclitaxel. In addition, targeting either 

GSK3 isoform was also shown to reduce NFκB activity in the paclitaxel-resistant variants 

and re-sensitise them to paclitaxel, suggesting that targeting a single GSK3 isoform is 

sufficient to overcome taxane-resistance in CRPC. Furthermore, as a possible alternative to 

taxane-based chemotherapy, targeting either GSK3 isoform was also shown to sensitise the 

paclitaxel-resistant CRPC cells to TNFα-induced apoptosis. Finally, to assess the 

specificity of sensitising CRPC cells to TNFα cytotoxicity in this GSK3 targeted manner, 

primary prostate epithelial cells pre-treated with CHIR weren’t sensitised to TNFα-induced 

apoptosis, suggesting some degree of specificity for targeting CRPC tumour cells in this 

manner. Collectively, our findings warrant further research into the use of GSK3 inhibitors 

for the treatment of CRPC. 
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1.1 PROSTATE CANCER 

Approximately 3000 cases of prostate cancer (PCa) are diagnosed in Ireland annually, 

making it the second most common cancer in men. In 2011, there were 563 reported deaths 

from PCa in Ireland, ranking it third in the cause of cancer-related deaths for Irish men 

(NCRI, 2014). While a small percentage of PCa is considered hereditary (Carter et al., 

1993), other risk factors include age, race and lifestyle factors (e.g. smoking status and 

diet). Initial diagnosis usually comprises of detecting elevated serum levels of the 

biomarker prostate specific antigen (PSA) and/or detection of a palpable mass upon a 

digital rectal examination by a physician. Diagnosis is confirmed by biopsy and subsequent 

histopathological scoring using the Gleason grading system, a method used to classify PCa 

tumours depending on the architectural growth patterns of the carcinoma. Using five grade 

patterns, numbered 1 to 5, where glandular architecture is lost as the grade increases, the 

sum of the scores of the two most common patterns generates a histological score ranging 

from 2 to 10 (the Gleason score) (Humphrey, 2004). The tumour can be further 

characterised by performing tumour, node and metastasis (TNM) staging, which 

determines whether the tumour is local, invasive or has already metastasised to secondary 

sites. Once diagnosis is complete and a tumour profile is established, there are a range of 

treatment options including a radical/partial prostatectomy, radiation therapy and/or 

androgen deprivation therapy (ADT), and chemotherapy (figure 1.1). Initially, PCa 

tumours are androgen responsive (androgen-dependent) and require androgen signalling 

for proliferation and survival of the tumour cells. Therefore, initial ADT, which removes 

the androgen stimulation that the tumour cells require for proliferation and growth, is 

successful and reduces circulating PSA. Patients typically respond well to initial treatment, 

resulting in many being cured. However, in some patients receiving ADT the tumours can 

undergo selection and outgrowth of pre-existing clones of androgen-independent tumour 

cells as well as up-regulation of survival genes (e.g. BCL-2) to help the tumour survive in 

an androgen-depleted environment (Kajiwara et al., 1999). The tumour invariably 

progresses to androgen-independence, or castrate resistant prostate cancer (CRPC), the 

earliest sign of which is rising serum PSA levels (Miller et al., 1992). CRPC, like the name 

suggests, is when the tumour is unresponsive to androgens and no longer requires them in 

order to grow, proliferate and survive. CRPC has a poor prognosis and current therapeutic 

interventions at this stage, mainly taxane-based chemotherapy, aim to prolong survival, not 

cure the disease.  
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1.1.1 From androgen-dependent to -independent prostate cancer 

The progression from androgen-dependent PCa to CRPC is distinguished by the latter 

flourishing at castration levels of circulating androgens. However, despite the lack of 

circulating androgens, CRPC for a large part remains reliant on androgen receptor (AR) 

signalling.  The progression from androgen-dependent PCa to CRPC is characterised 

clinically (metastatic disease) or biochemically (rise in PSA levels) in the presence of 

Figure 1.1 Clinical course of prostate cancer progression 

Following initial diagnosis, the prostate tumour is usually localised and the patient is treated with 

radiotherapy or surgery, resulting in a decrease in serum PSA. After a latent period, the patient relapses 

and serum PSA level begins to increase once again, at which point androgen deprivation therapy (ADT) is 

administered. In the case of high grade or metastatic tumour, ADT commences early. Following 2-3 years 

of ADT the patient progresses to castrate-resistant prostate cancer (CRPC), which is no longer treatable 

with ADT. CRPC metastasises to secondary sites such as bone and is the patient is treated with taxane-

based chemotherapy (taxanes) to prolong survival. 
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castrate levels of circulating testosterone (<50ng/dL) (Nishiyama, 2014). A recurring rise 

in PSA, whose encoding gene (KLK3) is regulated by the AR (Chen and Sawyers, 2002), 

is evidence that, despite castration levels of circulating androgen, the AR plays a role in the 

progression to CRPC. Supporting the role of the androgen axis in CRPC is the finding that, 

despite castration levels of serum testosterone, there are similar high levels of intra-

tumoural androgens compared to hormone naïve patients (Montgomery et al., 2008). This 

begs the question of how, despite such low levels of circulating androgens, AR signalling 

persists in CRPC cells. A number of mechanisms that allow the re-activation of the 

androgen-axis to drive the progression from androgen-dependent to CRPC have been 

identified and are described below (figure 1.2). 

Following prolonged ADT, PCa tumour cells can develop hypersensitivity to low levels of 

androgen through the amplification of the AR. This has been identified in a number of 

CRPC cell lines and enables CRPC to become hypersensitive to very low levels of 

circulating androgens (Liu et al., 2008). In addition, the AR receptor can undergo 

mutations in its ligand binding domains (Gottlieb et al., 2012), resulting in promiscuous 

activation by molecules other than androgens, such as estrogen, progestins and even anti-

androgens (Steketee et al., 2002, Veldscholte et al., 1994, Culig et al., 1993). AR co-

activators, which are normally recruited to enhance AR transcriptional activity, have also 

been reported to be upregulated in CRPC. Two such AR co-activators are FKBP51 (Ni et 

al., 2010) and the steroid receptor co-activator (SRC) class (Xu et al., 2009), which 

promote the formation of complexes that maintain the AR in a high-affinity conformation 

for ligand binding and ready for transcription at the start site of AR genes, respectively. 

Due to similar intra-tumour levels of androgens in CRPC compared to hormone therapy 

naïve patients (Cai and Balk, 2011, Montgomery et al., 2008), alternative sources of 

androgen production have been proposed. One such source is an androgen precursor 

originating from the adrenal gland, dehydroepiandrosterone (DHEA). Production of DHEA 

is unaffected by ADT and can be converted to androstenedione (AD) in either the prostate 

or adrenal gland. Typically, the conversion of AD to dihydrotestosterone (DHT) proceeds 

through testosterone, which serves as an intermediate (Chang et al., 2011). However, in the 

presence of ADT, the conversion of AD to DHT has been shown to be carried out through 

an alternative intermediate, 5α-dione, thus bypassing testosterone completely. This 

alternative pathway has been shown to be highly active in CRPC (Chang et al., 2011). 

Constitutively active splice variants of the AR (ARVs), typically arising from loss of the 
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ligand binding domain, have also been reported. One notable example is the high ARV 

expression in the 22Rv1 CRPC cell line (Dehm et al., 2008). The functional role of ARVs 

in PCa is only beginning to be understood. High ARV expression has been reported in 

bone metastasis compared to androgen-dependent PCa (Hornberg et al., 2011), and has 

been linked to CRPC progression. ARV7, the most extensively studied ARV, has been 

shown to regulate both AR-regulated and some AR-independent genes in CRPC (Hu et al., 

2009), suggesting similarities and differences to wild-type AR. Probably the most 

interesting aspect of increased AR signalling in CRPC is through the multiple growth 

factors, cytokines and kinase pathways that have been suggested to do so, leading to 

ligand-independent promotion to castrate resistance. During the transition from androgen-

dependent PCa to CRPC numerous signalling pathways are thought to be implicated, 

including PI3K/AKT (Toren and Zoubeidi, 2014), RAS/MAPK (Mulholland et al., 2012), 

TGFβ (Wikstrom et al., 1998). Nuclear factor-κB (NFκB), one of most active transcription 

factors in CRPC (Nguyen et al., 2014b, McCall et al., 2012, Lessard et al., 2005), is known 

to mediate some of its effects through AR signalling. For example, canonical NFκB 

signalling, which will be discussed in more detail later, has been shown to induce the 

expression of ARVs lacking a ligand binding domain in the LNCaP lymph-node derived 

PCa cell line, resulting in the androgen-dependent cells becoming androgen-independent 

(Jin et al., 2015). In contrast, inhibition of NFκB signalling was shown to inhibit ARV 

expression and restore responsiveness of C4-2B cells, a CRPC LNCaP-derived cell line 

that has both high NFκB activity and expression of ARVs (Jin et al., 2015). In addition, 

non-canonical NFκB signalling (also discussed later) has also been reported to activate 

ARVs and contribute to ADT resistance in PCa (Nadiminty et al., 2013). Furthermore, 

aside from increasing the expression of ARVs, NFκB signalling has also been associated 

with the gene expression of the full-length AR and activating some of its associated genes 

such as PSA in an AR-independent manner (Chen and Sawyers, 2002, Zhang et al., 2009). 

Moreover, in addition to mediating the androgen axis in CRPC, NFκB signalling also 

stimulates genes that are independent of androgen axis, such as those pertaining to anti-

apoptotic proteins, cell proliferation, angiogenesis, metastasis and chemo-resistance , all of 

which are also associated with CRPC (Karin and Lin, 2002). The focus of this thesis will 

be the androgen axis independent effects of NFκB in CRPC, specifically those pertaining 

to the expression of anti-apoptotic proteins, pro-inflammatory cytokines and chemo-

resistance.  
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1.1.2 Prostate cancer treatment 

Aside from the introduction of newer generations of drugs, treatment for PCa hasn’t 

changed immensely over the decades. Due to improvement in detection methods and 

widespread screening, prostate tumours tend to still be localised upon initial diagnosis. For 

slow-growing tumours, especially in older patients, active surveillance may be utilised 

(Klotz, 2010). This has emerged as a therapeutic alternative for men with low risk of PCa 

disease progression, with the advantage of not subjecting patients to harmful side-effects 

associated with conventional treatment. However, in most cases patients typically undergo 

radiotherapy or, in some cases, a partial/full prostatectomy. In the case of a more advanced 

disease or higher Gleason grade, ADT in conjunction with radiotherapy/surgery may be 

Figure 1.2 Mechanisms of androgen resistance in CRPC 

Multiple mechanisms are thought to help contribute to the progression of androgen-dependent prostate 

cancer to CRPC, with the androgen receptor (AR) remaining an important driver in this progression. These 

mechanisms include activation of the AR through other ligands (1), amplification of the AR expression (2), 

increased expression of AR co-activators (3), altered steroidogenesis of adrenal androgens (4), expression of 

AR splice variants lacking a ligand binding domain (constitutively active) (5) and activation of the AR 

through other signalling pathways such as NFκB (6). Illustration adapted from (Chandrasekar et al., 2015). 
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used, to which the tumours initially respond. In patients in which biochemical recurrence is 

detected after primary treatment (radiotherapy/surgery only), ADT is the main treatment. 

Ever since it was demonstrated that PCa relies on androgen signalling (Huggins and 

Hodges, 1972), ADT has been the standard of care for local advanced and metastatic PCa. 

The earliest ADT was achieved either by surgical castration or suppression of 

gonadotrophin releasing hormone (GnRH), a hormone released by the hypothalamus that 

stimulates the pituitary gland to release luteinizing hormone (LH), which in turn stimulates 

the leydig cells in the testes to produce testosterone. Later when purified GnRH was 

isolated, its chronic exposure was used to suppress testosterone production by desensitising 

the pituitary cells through downregulation of GnRH receptors. Following the development 

of GnRH agonists (leuprolide, goserelin etc.), combining these with androgen-receptor 

antagonists (flutamide, bicalutamide etc.), termed combined androgen blockade (CAB), 

demonstrated an advantage as a first-line treatment in metastatic androgen-dependent PCa 

(Crawford et al., 1989, Janknegt et al., 1993). However, the vast majority of PCa patients 

being treated with CAB will begin progressing towards CRPC. Following biochemical 

disease progression, CAB is withdrawn and a second-line ADT therapy is initiated. 

Therapeutic intervention at this stage includes drugs such as ketoconazole or abiraterone 

that inhibit steroidogenesis in other organs such as the adrenal gland. In the COU-302 trial, 

use of abiraterone was shown to significantly enhance survival time in chemo-naïve 

patients PCa who had failed first-line ADT (Ryan et al., 2015). However, abiraterone 

resistance due to overexpression/mutations within its target, CYP17A1, have been reported 

(Cai et al., 2011, Mostaghel et al., 2011). Another drug, enzalutamide, the first AR signal 

inhibitor that was approved, is also used in the treatment of PCa when first-line ADT has 

failed. Enzalutamide has been shown to target the AR signalling pathway at three key 

stages: ligand binding to the AR, inhibiting AR nuclear translocation, and preventing AR 

binding to DNA (Tran et al., 2009). In phase III clinical trials, enzalutamide delayed the 

initiation of chemotherapy in patients with progressive metastatic CRPC who had failed 

ADT and demonstrated a significant increase in overall survival (Beer et al., 2014). 

However, despite the promising results, not all patients benefited from enzalutamide 

treatment, with a subset of patients continuing to progress to CRPC, suggesting that there 

are resistance mechanisms that need to be identified and addressed. Ultimately, the vast 

majority of patients undergoing ADT will develop resistance to all hormonal 

manipulations, thus progressing to CRPC. 
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Progression to CRPC, particularly where the tumour has already metastasised, typically 

takes 2-3 years after ADT has commenced. Once the patient progresses to CRPC, 

therapeutic intervention at this stage isn’t curative and merely aims to prolong survival. 

Prior to 2004, the standard of care for CRPC was a combination of mitoxantrone and 

prednisone. However, the findings of the TAX327 study that the combination of the 

second-generation taxane, docetaxel, in combination prednisone increased overall survival 

by 2.4 months led to this being approved by the FDA and adapted as the new standard of 

care for CRPC (Tannock et al., 2004). Unfortunately, docetaxel-resistance, both acquired 

and de novo, are common in CRPC patients. It estimated that only half of CRPC patients 

initially respond to docetaxel (Tannock et al., 2004). Of those who do respond, many 

develop acquired resistance to docetaxel, which is largely associated with NFκB signalling 

(Codony-Servat et al., 2013, Zemskova et al., 2008, O'Neill et al., 2011). One of the best 

known mechanisms of resistance to docetaxel is drug efflux via the P-glycoprotein (P-gp) 

pump, which, perhaps unsurprisingly, has also been reported to be regulated by NFκB 

(Bentires-Alj et al., 2003). For patients that develop resistance to docetaxel, the third 

generation taxane, cabazitaxel, which has lower affinity for P-gp, in conjunction with 

prednisone is the current standard of care in these such patients (de Bono et al., 2010).   

From the time of initial diagnosis, it can take years to for a patient progress to CRPC. The 

5-year survival rate of androgen-dependent PCa is >90% in most developed countries 

(Siegel et al., 2016). However, once the patient progresses to CRPC the prognosis is poor, 

with the 5-year survival rate estimated to be approximately 30% (Siegel et al., 2016)  

Based on current primarily taxane-based therapies, the median survival time for men with 

metastatic CRPC is only 1-2 years (Lassi and Dawson, 2009, Kirby et al., 2011). These 

grim figures along with the limited treatment options highlight the need for newer 

therapies in CRPC, either as a substitute to or in combination with current taxane-based 

therapies. Ever since the approval of Gleevec™ in 2001, there has been a surge into the 

development of kinase inhibitors, which are amongst the most dysregulated proteins in 

cancer. With hundreds of protein kinases to choose from, they are a treasure trove for drug 

development. With this in mind, prior to this study we carried out a drug screen using 

80 kinase inhibitors (Tocriscreen Kinase Inhibitor Toolbox #3514, Tocris, UK) on a 

panel of 4 PCa cell lines (CWR22, 22Rv1, PC3 and DU145) to identify potential 

kinase targets in PCa. Amongst the few kinase inhibitors that were shown to inhibit 

cell growth across all four cell lines was the GSK3 inhibitor, BIO (Burke et al., 2016). 
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Upon reading about the role of GSK3 cancer, it became apparent that it has multiple 

postulated roles in tumourigenesis, most notably its role in regulating NFκB 

signalling, which is constitutively active in CRPC (Nguyen et al., 2014b, Lessard et al., 

2005). Spurred by this and with the hope of identifying a potentially new drug target, 

we decided to investigate the regulation of NFκB by GSK3 in CRPC. 

 

1.2 GLYCOGEN SYNTHASE KINASE 3 

Glycogen synthase kinase 3 (GSK3) is a serine/threonine kinase that was first identified as 

a kinase that phosphorylated and hence inactivated glycogen synthase, the final enzyme in 

glycolysis (Embi et al., 1980). However, GSK3 is now regarded as being a key switch that 

determines the fate of numerous signalling pathways, including those implicated in cell 

cycle progression, differentiation, metabolism, survival and embryogenesis (Rayasam et 

al., 2009).  Its importance is probably best exemplified by the numerous diseases that are 

linked to dysregulated GSK3, including diabetes, neurological diseases (Alzheimer’s and 

bipolar disorder) and cancer (Rayasam et al., 2009) . Due to its known role in multiple 

pathophysiological processes and more recently in disease, GSK3 is viewed as an 

attractive therapeutic target and is currently being vigorously pursued by pharma, with 

several GSK3 inhibitors such as Tidesglusib and LY2090314 having recently undergone 

clinical trials (Gray et al., 2015, Lovestone et al., 2015). In addition, lithium, also a GSK3 

inhibitor, has been used in the treatment of bipolar disorder and schizophrenia for over 60 

years (Freland and Beaulieu, 2012) 

Aside from its range of pathophysiological roles and substrate diversity, GSK3 differs 

from other kinases in several ways. For starters, unlike most kinases it is constitutively 

active and becomes inactivated in response to cellular signals. Furthermore, 

phosphorylation of its substrates typically leads to their inactivation, although there are 

exceptions. GSK3 mediates its effects through two similar, yet not identical, isoforms. 

 

1.2.1 GSK3 Isoforms 

The two GSK3 isoforms, GSK3α and GSK3β, are encoded by two different genes located 

on chromosomes 19q13.1–2 and 3q13.3-q21, respectively (Hansen et al., 1997). The larger 

GSK3α (51kDa) has an extended glycine rich extension at the N-terminus compared to 
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GSK3β (47kDa). Although both isoforms share extensive homology in their kinase domain 

(97%), they only share partial similarity in C-terminal residues (Woodgett, 1990). Altough 

both isoforms are structurally and functionally similar, knockout studies have 

demonstrated that in most contexts they aren’t functionally redundant.  In mice, deletion of 

GSK3β leads to embryonic lethality due to liver degeneration caused by hepatocyte 

apoptosis or congenital cardiac defects (Hoeflich et al., 2000, Kerkela et al., 2008). The 

inability of GSK3α to rescue the loss of GSK3β suggests that the observed liver 

degeneration phenotype is attributed to loss of GSK3β. Unlike GSK3β knockout mice, 

which die before birth, GSK3α knockout animals are viable (MacAulay et al., 2007). 

Additionally, the GSK3α knockout mice display hypersensitivity to glucose and insulin, 

both of which aren’t seen in GSK3β knockouts (MacAulay et al., 2007).  Despite the 

aforementioned knockout studies suggesting that the GSK3 isoforms aren’t redundant to 

one another, some studies have suggested than in the certain contexts they may be. It has 

been reported that in the case of regulating canonical Wnt/β-catenin signalling and 

resistance to chemotherapy both GSK3 isoforms do appear to be redundant (Doble et al., 

2007, Grassilli et al., 2014), suggesting that their functions and roles maybe be similar in 

several pathways.  

More recently, a splice variant of GSK3β, GSK3β2, has been discovered in humans and 

mice (Mukai et al., 2002, Schaffer et al., 2003). Compared to GSK3β, GSK3β2 has a 13-

residue insert in the kinase domain and has been reported to have lower phosphorylation 

activity towards some, not all, substrates (Mukai et al., 2002, Saeki et al., 2011). Although 

the physiological function of this isoform remains to determined, it has been reported to be 

predominantly expressed in the brain (Mukai et al., 2002). 

 

1.2.2 Regulation of GSK3 

According to modest estimates, GSK3 has dozens of substrates. This raises the question as 

to how the kinase can phosphorylate so many different proteins in close proximity with 

discretion. In order to carry out its functions on so many targets precisely and effectively 

requires multiple tiers of GSK3 regulation, which have only recently begun to be 

discovered and appreciated.  Disruption within this complex regulation is associated with 

unwanted interactions, which has been linked to GSK3 contributing to multiple diseases. 

The main mechanisms of GSK3 regulation are outlined and discussed below. 



 

11 

1.2.2.1 Substrate priming 

One of the most interesting aspects of GSK3 regulation is that many of its substrates 

require initial phosphorylation on a serine/threonine residue (a “priming phosphate”) 

located four amino acids C-terminal from the site of GSK3 phosphorylation.  There are 

several known kinases which can phosphorylate the “priming site” and their identity is 

substrate-dependent.  Once the primed (pre-phosphorylated) substrate docks with the 

GSK3 primed substrate binding domain, GSK3 carries out multiple phosphorylation in a 

domino fashion using its kinase domain, with the primed phosphate serving as the initiator 

(figure 1.3). In such substrates, the residue phosphorylated by GSK3 serves as the priming 

phosphate for the subsequent residue to be phosphorylated (Frame et al., 2001). One 

notable example of a GSK3 substrate that is phosphorylated in this manner is glycogen 

synthase (GS), which receives its priming phosphorylation at Ser
657

 from casein kinase II 

(Embi et al., 1980).  In the absence of insulin signalling, GSK3 associates with primed GS 

to phosphorylate it at ser
653

, which acts as the priming site for ser
649

 phosphorylation, and 

so on for two further phosphorylations on GS at ser
645 

and ser
641

 (figure 1.3).  

 

 

 

 

Figure 1.3 GSK3-mediated primed substrate phosphorylation 

The substrate is pre-phosphorylated (primed) by a kinase (e.g. casein kinase II for glycogen synthase), 

which allows it to associate with GSK3 via its priming phosphorylation site. Using the primed phosphate as 

the initiator, GSK3 carried out phosphorylation in a domino-like fashion, with each phosphate acting as the 

priming site for the next phosphorylation until complete. Illustration adapted from (Cohen and Frame, 2001) 
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1.2.2.2 GSK3 phosphorylation 

Phosphorylation is the best studied mechanism of GSK3 regulation, namely inhibitory 

serine-phosphorylation at ser-21 and ser-9 (pGSK3-Ser21/9) on GSK3α and GSK3β, 

respectively. Phosphorylation at either of these residues is carried out by kinases feeding in 

from multiple signalling pathways, including AKT, protein kinase A (PKA), protein kinase 

C (PKC), p70 S6 kinase and many others. Regulating GSK3 in this way allows it to it to 

serve as integration point for numerous signalling pathways. Upon phosphorylation of the 

inhibitory serine residue, the N-terminal of GSK3 acts as a pre-phosphorylated substrate, 

or pseudosubstrate, and pivots to self-associate with the primed-substrate binding pocket, 

thereby preventing binding of primed substrates and subsequent phosphorylation by GSK3 

(figure 1.4). However, because not all GSK3 substrates require priming (e.g. NFκB 

(Schwabe and Brenner, 2002)), this mechanism doesn’t necessarily regulate non-primed 

substrates. It is also important to note that this mechanism of regulation causes competitive 

GSK3 inhibition, not absolute inhibition, and may be overcome with increased 

concentration of the primed substrate. 

In addition to being phosphorylated at Ser-21/9, phosphorylation at tyrosine-279 and 

tyrosine-216 (pGSK3-Tyr279/216) in GSK3α and GSKβ, respectively, is required for full 

GSK3 activation (Hughes et al., 1993). This has been confirmed by mutation studies 

demonstrating that replacing the tyrosine residue with a phenylalanine markedly reduces 

GSK3 activity (Hagen et al., 2002). During translation, GSK3 is known to auto-

phosphorylate itself on pGSK-Tyr279/216, resulting an immediately active kinase (Cole et 

al., 2004). Unlike serine-inhibitory phosphorylation, kinases phosphorylating this tyrosine 

residue haven’t been well characterised, although Fyn, p38MAPK and proline rich tyrosine 

kinase 2 (PYK2) have all been reported to do so (Thornton et al., 2008, Lesort et al., 1999, 

Hartigan et al., 2001).  

In addition to phosphorylation at the sites discussed above, GSK3 is also known to be 

phosphorylated at other sites whose regulatory outcomes are less well studied, such as 

phosphorylation of Thr-390 in GSK3β by p38 MAPK (Thornton et al., 2008). In addition 

to being phosphorylated by kinases, reverting the phosphorylated residue(s) by 

phosphatases may be an additional mechanism of regulating GSK3 activity. The 

phosphatases PP1 and PP2A have been reported to remove the inhibitory-serine 

phosphates on GSK3 Ser-21/-9 (Hernandez et al., 2010). Furthermore, in a study on the 

treatment of neuronal cells with the tyrosine phosphatase inhibitor orthovanadate, 
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increased levels of pGSK3-Tyr279/216 were observed. Collectively, these findings suggest 

that GSK3 may, in addition to regulation by kinases, also be influenced by phosphatases, 

thus adding an additional tier of regulation. 

 

 

 

 

 

 

1.2.2.3 Cellular localisation 

Although GSK3 has been largely considered a cytosolic protein, it isn’t only confined to 

this cellular compartment. It is known to be present in other cellular locations too, such as 

the mitochondria and nucleus. GSK3 levels and activation status in these subcellular 

compartments is influenced by localised signals, which serve as an additional means of 

regulation. Little is known about the mitochondrial-associated GSK3 but it is postulated to 

have a role in oxidative stress and promoting apoptosis via the intrinsic pathway (King et 

al., 2001, Bijur and Jope, 2003). 

Unlike its largely unknown role in the mitochondria, many nuclear effects relating to 

influencing gene expression have been identified for GSK3. Nuclear entry of GSK3 is 

mediated via its intrinsic nuclear localisation sequence and export via the GSK3-binding 

Figure 1.4 Inhibitory serine phosphorylation of GSK3 

Kinases such as AKT and protein kinase C (PKC) inhibit GSK3α and GSK3β by phosphorylation at ser-21 

and ser-9 in GSK3α and GSK3β, respectively, causing the N-terminal of GSK3 to self-associate with the 

primed-substrate binding pocket, thereby preventing binding of primed substrates and subsequent 

phosphorylation by GSK3. Illustration adapted from (Cohen and Frame, 2001). 
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protein Frat (Meares and Jope, 2007, Franca-Koh et al., 2002). Nuclear effects of which 

GSK3 that influence gene expression include indirect effects by regulating transcription 

factors and direct effects on epigenetic mechanisms. GSK3’s largest class of substrates are 

transcription factors, which allow it to influence the expression of many genes. Some of 

the many transcription factors regulated by GSK3 include signal transducer and activator 

of transcription-3 (STAT3), myc, C/EBP, NFκB, CREB, Fos/Jun AP-1 and β-catenin. 

In addition to influencing gene expression by regulating transcription factors, emerging 

evidence suggests that GSK3 has a more “hands on” approach of influencing gene 

expression by contributing to histone modifications, which play a central role in 

epigenetics.  Such modifications have been reported to include phosphorylation of 

histones, histone deacetylases and histone acetyltransferases (Charvet et al., 2011, Happel 

et al., 2009, Gupta et al., 2014). 

1.2.2.4 Association in protein complexes 

This is a specific targeted mechanism whereby GSK3 is incorporated into preassembled 

multi-protein complexes in order to recruit substrates for phosphorylation. What makes 

GSK3 regulation in this way so fascinating is that it’s known to largely circumvent some 

of the modes of regulation discussed above, such as inactivation-serine phosphorylation 

(Ng et al., 2009). Independence of GSK3 from inhibitory serine phosphorylation when it is 

associated within such complexes may arise due to structural constraints/conformation 

changes that make it inaccessible to kinases that would otherwise phosphorylate it. What 

ever the mechanism of insulating GSK3 that is associated with protein-complex from other 

signalling pathways, the reason is clear: to thwart what would otherwise be disastrous 

parallel activation of every signal that arises as a result of serine phosphorylated GSK3. In 

addition to GSK3 regulation within a protein complex, there is likely to be an additional 

tier of regulation in the form of availability of the proteins that form the complex. For 

example, Axin-associated GSK3, which binds to several GSK3 substrates to facilitate their 

phosphorylation, accounts for only 5- 10% of total cellular GSK3 (Benchabane et al., 

2008, Lee et al., 2003a). This suggests that the level of Axin, not GSK3, is the limiting 

factor substrates that require this complex for GSK3 phosphorylation. The β-catenin 

destruction complex, which is part of the Wnt signalling pathway, is the best known 

example of a GSK3-containing protein-complex. In this complex, Axin acts as a scaffold 

protein to, along with the Adenomatous Polyposis Coli (APC) protein, present β-catenin to 

GSK3 for phosphorylating on residues Thr
41

, Ser
37

, and Ser
33

 after initial priming 
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phosphorylation by casein kinase-1 (CK1) (figure 1.5). Phosphorylation of β-catenin at 

multiple sites by GSK3 is followed by its ubiquitination by the E3 ubiquitin ligase, 

resulting in low levels of cytoplasmic β-catenin due to its proteasomal-mediated 

degradation (Jiang and Struhl, 1998, Liu et al., 1999). In contrast, inhibition of GSK3 or 

activation of Wnt signalling (Wnts binding to their receptors) results in the prevention of 

GSK3 activity in this complex and, as a result, β-catenin is no longer phosphorylated. This 

allows β-catenin to accumulate and translocate to the nucleus, where it interacts with 

transcription factors TCF/LEF (T-cell factor/lymphoid enhancer factor) to initiate 

transcription of Wnt target genes such as C-MYC and cyclin D1 (He et al., 1998, Shtutman 

et al., 1999) (figure 1.5). 

 

 

 

 

Figure 1.5 Regulation of β-catenin signalling by GSK3 

In a quiescent cell, pre-phosphorylated β-catenin (by CK1) associates with Axin and APC and is presented 

to GSK3 (the β-catenin destruction complex), which phosphorylates it at Thr
41

, Ser
37

 and Ser
33

 and 

ultimately leads to its proteasomal-mediated degradation. Upon GSK3 inhibition/Wnt signalling activation, 

disruption of the β-catenin destruction complex leads to β-catenin accumulation and its translocation to the 

nucleus where it associates with TCF/LEF-1 to begin transcription of Wnt target genes such as cyclin D1 

and C-MYC. 



 

16 

1.3 GSK3 IN CANCER 

As discussed above, GSK3 receives input from numerous signalling pathways to mediate 

their effects. Although the kinase is subject to multiple tiers of regulation to ensure 

insulation from other pathways, it’s no surprise then that dysregulation of GSK3 activity is 

associated with multiple diseases. Alzheimer’s, type-2 diabetes, psychiatric diseases, 

cardiovascular diseases, inflammatory conditions and cancer are only some of the diseases 

linked to GSK3 dysregulation. Research into the role of GSK3 in the previously mentioned 

diseases is ongoing.  However, the focus for this thesis will solely be on the role of GSK3 

in cancer, specifically of the prostate. 

In recent times there has been what could be described as a renaissance in studying GSK3, 

particularly due to its emerging role in tumourigenesis and cancer progression. However, 

this has been confounded by the apparent contradictory findings that GSK3 acts as both a 

tumour suppressor and promoter. In reality, as is the case with many other kinases, this 

probably depends on the context and cancer type. 

1.3.1 GSK3 as tumour suppressor 

The classical view that GSK3 is a tumour suppressor largely stems from its negative 

regulation of proto-oncogenes and cell cycle regulators that are associated with Wnt/β-

catenin  (section 1.2.2) and Hedgehog (Hh) signalling, both of which are ordinarily primed 

for degradation by active GSK3. The importance of Wnt/β-catenin signalling in cancer is 

best exemplified in colon cancer, where mutations in the β-catenin destruction complex 

protein APC or β-catenin itself result in accumulation of nuclear β-catenin and enhanced 

Wnt/β-catenin target gene transcription (Morin et al., 1997, Korinek et al., 1997). More 

recently, other mechanisms such as overexpression of wnt proteins (Wnt2a for example) or 

disheveled (disrupts the β-catenin destruction complex), and epigenetic silencing of genes 

encoding inhibitory frizzled receptor ligands dickkopf (Dkk) and secreted frizzled-related 

proteins (SFRP) (Wnt antagonists) have also been reported (Terasaki et al., 2002, Caldwell 

et al., 2004, Sato et al., 2007). In addition to colon cancer, increased Wnt/β-catenin 

signalling has been reported to be involved in other cancers too, including breast, prostate, 

ovary, pancreatic and hepatocellular carcinoma (Johnson and Rajamannan, 2006). 

Like Wnt/β-catenin signalling in cancer, GSK3 is also a negative regulator of Hh 

signalling (Jia et al., 2002). Aberrant Hh signalling is caused by mutations within 
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components of the pathway or by its overexpression. The best known example of this is 

loss of function mutation of patched 1 protein (PTCH1), which normally transduces Hh 

signalling to the cytoplasm only in the presence of ligand. This mutation is a predisposition 

to developing basal cell carcinomas (BCCs) and has been detected in the majority of BCCs 

(Bonilla et al., 2016). 

1.3.2 GSK3 as a tumour promoter 

It’s becoming increasingly apparent that GSK3 plays a role in tumourigenesis and cancer 

progression. In the case of the above pathways GSK3 serves as a tumour suppressor. 

However, more recently there is mounting evidence to suggest that GSK3 may in fact be a 

tumour promoter.  

It wasn’t until it was reported that bipolar patients who were treated with lithium, a GSK3 

inhibitor, had reduced incidences of cancer compared to the general population, and how 

there was an inverse relationship between lithium dosage and cancer morbidity, that an 

association between GSK3 and tumour promotion was made (Cohen et al., 1998, Huang et 

al., 2016). This was followed by the observation that GSK3 expression is in fact increased 

in many cancers, including as renal carcinoma (Bilim et al., 2009), pancreatic cancer, 

ovarian cancer (Ougolkov et al., 2006, Ougolkov et al., 2005), leukaemia’s (Ougolkov et 

al., 2007, Wang et al., 2008) and colon cancer (Shakoori et al., 2005). In cancers in which 

GSK3 is overexpressed, it is thought to enhance tumour cell proliferation and survival, 

both well-defined hallmarks of cancer (Hanahan and Weinberg, 2011). For instance, 

overexpression of active GSKβ in ovarian cancer cells has been shown to increase cyclin 

D1 expression and induce cell proliferation (Cao and Feng, 2006). Conversely, 

inhibition/genetic depletion of GSK3 has shown decreased cell proliferation and/or tumour 

survival in models of pancreatic cancer (Ougolkov et al., 2005), lymphocytic leukeaemia 

(Ougolkov et al., 2007), colon cancer (Shakoori et al., 2005), and hepatocellular (Erdal et 

al., 2005) and renal carcinomas (Bilim et al., 2009). Despite hyper-activation of one of its 

inhibitors, Akt, stemming from mutations in phosphatase and tensin homolog (PTEN) 

(Cairns et al., 1997, McMenamin et al., 1999), GSK3 has also been reported to be 

upregulated in PCa. The concurrent increase in both GSK3 and AKT activity in PCa may 

be partially explained by the finding that Src-induced phosphorylation of Tyr-216-GSK3β 

in PCa resulting in GSK3β activation, even in the presence of active AKT (Goc et al., 

2014). Whereas GSK3α expression has been reported to be higher in low Gleason score 



 

18 

tumours, GSK3β expression was reported to be associated with higher Gleason scores 

(Darrington et al., 2012). Furthermore, a study analysing the expression of GSK3β in 499 

PCa tumour specimens reported a correlation between GSK3β, expression clinical stage 

and Gleason score (Li et al., 2009).  Treatment with GSK3 inhibitors have been shown to 

reduce prostate tumour growth both in vitro (Mazor et al., 2004) (Rinnab et al., 2008) and 

in vivo (Zhu et al., 2011), suggesting that GSK3 is a tumour promoter in PCa.  

From what has been discussed above, GSK3 has a role in the pathogenesis of at least some 

cancers, including PCa. However, given the complex web of its numerous substrates and 

signalling, its exact role as a tumour promoter is difficult to decipher. GSK3’s tumour 

suppressing properties are primarily linked to suppressing Wnt/β-catenin signalling, so it is 

surprising to note that in colon cancer in which Wnt/ β-catenin signalling is enhanced, 

GSK3 is overactive (Shakoori et al., 2005). Furthermore, in GSK3β null mice, levels of 

nuclear β-catenin and its target cyclin D1 were reported to be unaffected (Hoeflich et al., 

2000). These findings suggest that GSK3 may promote tumour formation/progression 

through alternative mechanisms. However, given that GSK3 inhibitors have shown anti-

tumourigenic effects in some cancers, it’s difficult to refute that some of anti-proliferative/-

survival effects observed weren’t mediated by increased Wnt/β-catenin signalling arising 

from GSK3 inhibition (Deng et al., 2002, Deng et al., 2004). Given the importance of the 

AR in PCa, it should come as no surprise that most of the research in relation to GSK3 in 

PCa has centred on its ability to regulate the AR, whose transcriptional activity, 

stabilisation and nuclear location GSK3 has been reported to enhance.  

Many cancers, including CRPC, are associated with high circulating levels of cytokines 

(Tazaki et al., 2011), including death receptor (DR) ligands such as TNFα and Fas ligand 

that are ordinarily cytotoxic to cells . In many cases, tumour cells have been reported to 

acquire an ability to circumvent the cytotoxic effects of such death receptor ligands. 

Remarkably, targeting GSK3 has been shown to restore cytotoxicity in many DR ligand-

resistant tumour cells by disrupting the intracellular balance between apoptotic and anti-

apoptotic mechanisms, thus re-sensitising the tumour cells to apoptosis. This finding has 

led much research into the role of GSK3 in apoptosis, which is now known to depend 

largely on the cancer type and the apoptotic mechanism, intrinsic or extrinsic. On one 

hand, GSK3 promotes mitochondrial-mediated apoptosis (intrinsic), while on the other, it 

inhibits death receptor-mediated apoptosis (extrinsic) (Beurel and Jope, 2006). This 

apparent paradoxical role of GSK3 in apoptosis would hinder the use of GSK3 inhibitors 
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to treat some cancers and not others, and would need to be studied for each cancer type. 

For example, GSK3 promotes apoptosis via the intrinsic pathway, so using GSK3 

inhibitors in this context for cancer could be detrimental. Considering the significant pro-

apoptotic role that GSK3 has in the intrinsic pathway makes it even more surprising to 

learn that it has an opposite, anti-apoptotic, effect in the extrinsic pathway. The extrinsic 

apoptotic pathway is mediated by the DRs, which are a subfamily of receptors within the 

Tumour Necrosis Factor (TNF) receptor superfamily.   

 

1.4 THE DEATH RECEPTORS 

The TNF receptor superfamily comprises of type-1 transmembrane proteins with three 

distinct features: an extracellular ligand binding domain (N-terminal), a membrane 

spanning region and a C-terminal intracellular signalling domain. Within this superfamily 

is a subset of receptors known as the death receptors (DRs) that are characterised by the 

presence a death domain (DD), which is essential for the induction of apoptosis. The best 

studied DRs are Fas (CD95), TNF-receptor I (TNFR-1), TNF-related apoptosis-inducing 

ligand receptor 1 (TRAIL-R1), and receptor 2 (TRAIL-R2) (figure 1.6). These receptors 

are activated by their respective cytokine death-receptor ligands, which belong to the TNF 

protein family. Cytotoxic DR signalling proceeds in the following order: ligand binding to 

its respective DR, intracellular DD recruitment of adapter/docking proteins, which 

themselves recruit the initiator caspases (caspase-8 and -10), and discrete signalling 

pathways depending on the stoichiometry of the various adapter proteins and the initiator 

caspases (figure 1.6). However, in addition to inducing cytotoxicity, the DRs are also 

known to mediate non-cytotoxic survival pathways through other intracellular 

receptor/adapter protein complexes, mainly through activation of NFκB and mitogen-

activated protein kinase (MAPK). Therefore, DRs are thought to toggle between cytotoxic 

and non-cytotoxic signalling, with the outcome depending on the strength/weakness of 

pro- and anti-apoptotic signals in relation to each other.  
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Figure 1.6 TNF-family death receptors 

The death receptor (DR) subfamily of the TNF-receptor superfamily comprises of TNFR1, Fas, TRAIL-R1 and 

TRAIL-R2. Following extracellular activation of the DRs by their respective ligands, the intra-cellular death 

domain leads recruits various adapter proteins, resulting in the activation of the initiator caspases (caspase-

8/-10), thus activating the extrinsic-apoptotic pathway. 

 

Although Fas, TRAIL-R1 and TRAIL-R2 are predominantly associated with mediating 

cytotoxicity (apoptosis), they are often mutated in cancers, resulting in reduced cytotoxic 

signalling and increased signalling of survival pathways such as NFκB and MAPKs. One 

such mutation in Fas is a somatic mutation in one allele, which has no effect on NFκB 

activation but reduces Fas-mediated apoptosis, which requires two-functional alleles 

(Legembre et al., 2004). Similarly, whereas TRAIL-induced NFκB activation is usually 

insufficient to prevent apoptosis, TRAIL-resistance to apoptosis and TRAIL-induced 

NFκB expression has been reported in several cancers. Interestingly, inhibition of NFκB 

has been shown to be sufficient for sensitising some TRAIL-resistant cells to TRAIL-

induced apoptosis (Keane et al., 2000, Kim et al., 2002, Oya et al., 2001), suggesting that 

NFκB plays a key role in TRAIL-resistance.  

In contrast to the DRs mentioned above (Fas, TRAIL-R1 and TRAIL-R2), TNFR-1 

signalling induced by its ligand, tumour necrosis factor-(TNF-)α, is predominantly 

associated with cell survival (due to enhanced survival signalling), generation of pro-
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inflammatory cytokines and inflammation, all of which are linked to NFκB signalling. 

However, TNFR-1’s cytotoxic potential can in some circumstances be unveiled by 

inhibiting these survival pathways. The difference between TNFR-1 and other DRs, as 

well as its well characterised role tumourigenesis, has attracted much attention. 

 

1.5 TUMOUR NECROSIS FACTOR-α 

Cytokines are low-molecular weight soluble proteins that mediate cellular communication. 

They are mainly produced by immune and stromal cells, and act in unison to mediate their 

broad range of biological effects, including as cell differentiation, proliferation, migration, 

activation, and cytotoxicity. Cytokines are known to have a dual role in tumourigenesis; on 

one hand they can orchestrate an anti-tumour immune response, while and on the other, 

they facilitate tumourigenesis by contributing to inflammation and tumour proliferation, 

growth, survival and metastasis (Hanahan and Weinberg, 2011). Tumour necrosis factor-α 

(TNFα) is one such cytokine that possesses a dual role in tumourigenesis. 

TNFα is multifunctional serine cytokine that belongs to the TNF superfamily of ligands. It 

is synthesised as a 26kDa transmembrane protein, which is subsequently cleaved by TNF-

converting enzyme (TACE) to produce a 17kDa soluble protein (Black, 2002). It is mainly 

produced by immune cells (natural killers, macrophages and T cells), but it has also been 

reported to be secreted in smaller quantities by fibroblasts, smooth muscle cells, and 

tumour cells. TNFα signalling is mediated by two transmembrane receptors: the 55kDa 

TNF-receptor 1 (TNFR-1), which is ubiquitously expressed, and the 75kDa -receptor 2 

(TNFR-2), predominantly found on the surface of immune cells (Tartaglia and Goeddel, 

1992). Unlike the TNFR-2, which only transduces pro-survival signalling, TNFR-1 

transduces both pro-apoptotic and pro-survival signalling. Because TNFR-1 serves as the 

mediator for the majority of TNFα signalling, especially in cancer, it will be the focus of 

this thesis. 

1.5.1 TNFR-1 signal transduction 

The ligand binding extracellular portions of both TNFR-1 and -2 are remarkably similar in 

that they comprise four cysteine rich domains, the most distal of which carries a 

homophilic interaction motif called the pre-ligand binding assembly domain (PLAD) that 

is necessary for ligand binding.  However, the similarity between both receptors ends here 
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as each possess different intracellular domains. Although TNFR-1 belongs to the DR 

subfamily within the TNF receptor superfamily, it is distinguishable from other DRs 

because it mediates predominantly anti-apoptotic and pro-inflammatory signals. Unlike 

TNFR-2, which is preferentially activated by membrane-associated TNFα, TNFR-1 is 

activated equally by both soluble and membrane-bound TNFα (Grell et al., 1995). Upon 

TNFR-1 activation, the intracellular DD is exposed following the dissociation of silencer 

of death domain (SODD) (Jiang et al., 1999) (figure 1.7). This is followed by association 

of adapter protein TNF receptor-associated death domain (TRADD) with the exposed DD 

(Hsu et al., 1995). Within minutes of TNFR-1 activation, the ser/thr kinase receptor-

interacting protein (RIP1), TNF receptor associate factor-2 (TRAF2) and cellular inhibitor 

of apoptosis (cIAP)-1 and cIAP-2 are recruited, resulting in the formation of the 

membrane-bound complex-I (Micheau and Tschopp, 2003, Hsu et al., 1996). Several 

components of the complex undergo post-transcriptional modifications, requiring 

translocation of TNFR-1 to lipid rafts for subsequent activation of NFκB (Legler et al., 

2003). In particular, RIP1 is poly-ubiquitinated on lysine 63 through contributions by 

cIAP-1/-2 and TRAF2 (Li et al., 2006, Mahoney et al., 2008, Varfolomeev et al., 2008). 

Following ubiquitination, RIP1 associates with the transformation growth factor beta-

activated kinase 1 (TAK1) complex, comprising of the TAK1 kinase and its associated 

TAK1-binding proteins, TAB 1, TAB2 and TAB3, resulting in TAK1 activation via 

phosphorylation (Blonska et al., 2005, Ea et al., 2006). In turn, TAK1 phosphorylates the 

IκB kinase (IKK) complex, which through a series of steps results in the activation of 

NFκB, resulting in the expression of anti-apoptotic and pro-inflammatory genes (figure 

1.7). In addition to activating NFκB, the formation of the TNFR1-associated complex-I at 

the membrane also mediates activation of MAPKs pathways such as p38 MAPK, JNK and 

ERK. While ERK and p38 MAPK require RIP1 for activation (Lee et al., 2003b), no 

difference in JNK activity between wild-type and RIP1-/- cells suggest that it is TRAF2-

dependent (Lee et al., 1997).  
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Although, like other DRs, TNFR-1 contains a DD, the receptor is mainly involved in 

mediating pro-inflammation and pro-survival signalling through complex-I. The 

expression of anti-apoptotic proteins associated with NFκB signalling effectively 

antagonise the initiation of apoptosis until the expression of these proteins is too low to 

surmount the threshold for apoptotic signalling. Following a brief lag period after the 

formation of complex-I, TNFR-1 undergoes internalisation by endocytosis, which permits 

apoptosis to take place. Following endocytosis and dissociation from the receptor, RIP1, 

Figure 1.7 TNFα-induced NFκB activation via TNFR1 

Following TNFα binding to the TNFR1 receptor, the exposed death domain (DD) recruits TNF receptor-

associated death domain (TRADD), which in turn recruits TNF receptor associate factor-2 (TRAF2), receptor 

interacting protein-1 (RIP1) and  cIAP-1/-2 (collectively known as complex-I). Polyubiquitinated RIP1, 

mediated by TRAF-2 and cIAP-1/-2, associates with transformation growth factor activated kinase 1 complex 

(TAK1 kinase and its associated TAB proteins (TAB-1, -2 and -3)), resulting in TAK1 activation. IκB kinase 

(IKK) complex activation by TAK1 leads to activation of NFκB, resulting in the expression of anti-apoptotic 

and pro-inflammatory genes. Illustration adapted from (Naude et al., 2011) 
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TRADD and TRAF2 are thought to associate with Fas-associated death domain (FADD) 

and caspase-8/-10 in the cytoplasm to form a new complex, complex-II, or death-inducing 

signalling complex (DISC) (Micheau and Tschopp, 2003) (figure 1.8). However, reports 

that the DISC is in fact associated with cytosolic TNFR-1 raises questions about its actual 

composition (Schneider-Brachert et al., 2004). Regardless of the composition, the role of 

the DISC is distinct from complex-I. In the absence of NFκB signalling, reduced 

expression of the anti-apoptotic protein FLICE-inhibitory protein (cFLIP), which 

resembles the initiator caspases (caspase-8 and -10) but lacks the protease activity required 

for apoptosis initiation,  results in the DISC-mediated proteolytic cleavage of the initiator 

caspases. In turn, the activated initiator caspases cleave downstream effector caspases 

(caspases -3, -6, and -7)  to promote the ordered disassembly of the cell by targeting 

critical cellular proteins including structural proteins, DNA repair proteins, and proteins 

involved in signal transduction pathways (Taylor et al., 2008).  

 

 

 

 

 

 

Figure 1.8 TNFR1-mediated apoptosis 

Following a brief lag period after the formation of complex-I, TNFR1 undergoes endocytosis and results 

in RIP1, TRADD and TRAF2 dissociating from the receptor and re-associating with Fas-associated death 

domain (FADD) and caspase-8/-10 (known as complex-II or death-inducing signalling complex (DISC)).  

In the absence of the NFκB-associated FLICE-inhibitory protein (cFLIP), which resembles the initiator 

caspases (caspase-8/-10) but lacks protease activity, the DISC initiates the apoptotic cascade by cleaving 

the initiator caspases, which themselves cleave the effector caspases (capase-3,-6 and -9) to begin the 

ordered disassembly of the cell. Illustration adapted from (Micheau and Tschopp, 2003). 
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In addition, activation of JNK signalling by TNFR1-associated complex-I phosphorylates 

and activates c-Jun, which forms a heterodimer with c-fos, resulting in the formation of the 

transcription factor activator protein-1 (AP-1). In addition to NFκB’s role in preventing 

apoptosis mediated by the TNFR-1-associated DISC, pro-apoptotic stimuli associated with 

JNK signalling are also inhibited by NFκB-associated anti-apoptotic proteins, such as 

XIAP (Tang et al., 2001). However, sustained JNK activation via phosphorylation of the 

E3 ligase ITCH, which promotes proteasomal degradation by ubiquitination of cFLIP, 

enhances caspase-8 mediated apoptosis by the TNFR-1 DISC (Chang et al., 2006). 

From what has been discussed of TNFR-1 signalling, it’s clear that NFκB is one of its key 

mediators. Many of the processes that are regulated by NFκB are both beneficial for the 

progression of tumourigenesis, and therefore it shouldn’t come as a surprise that NFκB 

activity is increased in most cancers.  

 

1.6 NFκB 

NFκB was first reported as a nuclear transcription factor in lymphocytic B cells that 

recognises and binds to the enhancer element of the gene encoding the immunoglobulin-κ 

light chain (Sen and Baltimore, 1986b). Shortly thereafter, it was shown that NFκB activity 

is inducible and, more importantly, that its expression isn’t just restricted to the B cells 

(Sen and Baltimore, 1986a). Since its discovery, the NFκB pathway has been shown to be 

well-conserved and is considered the main inducible transcription factor necessary in 

mediating an immune response (Hayden and Ghosh, 2012). There are multiple known 

inducers of NFκB, including lipopolysaccharide (LPS), viral proteins, inflammatory 

cytokines (TNFα and Ilβ), cell stress and DNA damage (chemotherapy and UV radiation). 

In addition to mediating an immune response, NFκB signalling regulates genes involved in 

several cellular processes, including inflammation, cell proliferation, cell differentiation 

and cell survival (Perkins, 2004). Constitutive activation or loss of expression of one or 

several κB proteins can drive multiple diseases such as cancer, diabetes, muscular and 

neurodegenerative diseases (Kumar et al., 2004). In the literature, dysregulated NFκB 

activity has reported to be common in many cancers. 
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1.6.1 The NFκB subunits 

The NFκB family comprises 5 known members: RelA, RelB, c-Rel, NFκB1 (p105) and 

NFκB2 (p100). In contrast to the other members, p105 and p100 are synthesised as pro-

forms and undergo further proteolytic processing, resulting in p50 and p52, respectively. 

All five family members form either homo- or hetero-dimers , are structurally similar and 

share a Rel homology domain (RHD), which is involved in NFκB dimerisation, nuclear 

translocation and binding to DNA elements. In their inactive state, NFκB dimers are bound 

to members of inhibitor of κB (IκB) family of proteins, which in a resting cell bind to the 

DNA binding domains of the transcription factors, thus rendering them transcriptionally 

inactive. Additionally, p105 and p100, the precursors of p50 and p52, respectively, also 

contain the ankryin repeats found in the IκBs, which are cleaved during maturation and 

thus comprise their own internal inhibitors. 

Unlike NFκB Rel members (RelA, RelA and c-Rel), neither p50 nor p52 contain a 

transactivation domain. Therefore, although dimers (homo or hetero) of p50 and p52 can 

bind to NFκB response elements in gene promoters, they are considered transcriptional 

repressors because they lack the ability to drive transcription (Guan et al., 2005). However, 

when p50 and p52 are associated with Rel members they constitute as being 

transcriptionally active. Typically, NFκB refers to the RelA-p50 heterodimer since it is the 

most abundant (Karin et al., 2002). RelB associates with p100 before being processed to 

RelB-p52 and subsequent translocation to the nucleus (Karin et al., 2002). Although other 

NFκB homo- and hetero-dimer configurations exist, they are less abundantly expressed 

and require further characterisation (Karin et al., 2002). Whatever the configuration, the 

different NFκB dimers have variations in DNA-binding. Furthermore, and very 

importantly, NFκB activity is subject to influence by other signalling pathways, for 

example, manifold post-translational modifications such as phosphorylation sites within 

the subunits allow cross-talk with other pathways (Oeckinghaus and Ghosh, 2009). 

Activation of NFκB dimers is a carefully regulated process that involves multiple proteins 

and interactions. Central to NFκB activation are the IκB family of NFκB inhibitors. 

1.6.2 The inhibitors of κB (IκB) family 

The IκB family of NFκB inhibitors comprises several known members: IκB, IκB, IκB, 

IκB, IkBγ and Bcl-3 (B-cell lymphoma-3). These proteins contain multiple copies of 

sequences called ankyrin repeats, which they use to interaction with NFκB proteins to 
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mask the nuclear localisation signal (NLS), thereby maintaining NFκB members in an 

inactive state within the cytoplasm. Both IkBγ and IκB refer to the C-terminal portions of 

p105 and p100, respectively. These two NFκB members contain ankyrin repeats within 

their C-terminal halves, which serve as intrinsic IκB-like inhibitors. Upon NFκB induction, 

these internal IκB-like inhibitors are phosphorylated and degraded, leaving behind active 

p52 (p105) and p50 (p100).  Interestingly, Bcl-3 possesses a transactivation domain, which 

is capable of rendering normally transcriptionally inactive p50-p52 and p50-p50 dimers as 

transcriptionally active (Fujita et al., 1993, Nolan et al., 1993, Bours et al., 1993). The 

remaining IκB members, IκBα, IκB and IκBγ, are phosphorylated on conserved serine 

resides, which causes K48-linked polyubiquitination that leads to proteasomal degradation. 

NFκB activity is controlled through a negative feedback loop by transcription of IkB 

family members (Klement et al., 1996).The IκB proteins are phosphorylated by the IKK 

proteins, which comprise IKKα (IKK1), IKKβ (IKK2) and IKKγ (also called NEMO). 

Activation of NFκB by the IKKs depends on which of the two NFκB pathways, canonical 

(classical) or non-canonical, are activated. Whereas IKKβ is thought to be critical in 

activating the canonical NFκB pathway, IKKα activates the non-canonical pathway 

(Perkins, 2007).  

1.6.2 The canonical NFκB pathway  

The canonical NFκB pathway is induced following the degradation IκBα, resulting in 

nuclear translocation of NFκB complexes followed by the transcription of NFκB 

associated genes. Though this pathway comprises of a number of NFκB dimers, RelA-p50 

is the predominant one (Hoffmann et al., 2002, Perkins, 2012). Degradation of IκBα is 

mediated by a trimeric IKK complex, comprising of two catalytic subunits, IKKα and 

IKKβ, and the regulatory subunit, NEMO.  Whereas the IKKβ subunit is thought to be 

crucial for activating the canonical pathway (Suzuki et al., 1999), the role of IKKα in this 

pathway is less well defined.  

Once activated by pro-inflammatory factors such as cytokines (e.g. IL-1β and TNFα), the 

IKK complex, which itself is activated by phosphorylation (see section 1.5.1), 

phosphorylates two serine residues located in an IκB regulatory domain (serines-32 and -

36 in IκBα) in an IKKβ-dependent manner, leading to IκB poly-ubiquitination and 

subsequent proteasomal degradation (Sun, 2011) (figure 1.9). Following dissociation from 

the inhibitory constraints of IκB, the NFκB dimer translocates from the cytoplasm to the 
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nucleus, where it recognises the consensus DNA binding sites for NFκB in gene promoters 

to initiate gene transcription.  NFκB target genes include those associated with mediating 

an immune response, cell survival, cell proliferation and differentiation. Additionally, 

NFκB signalling also induces the expression of its own repressors, IκBα and the de-

ubiquitinase A20, thus forming an auto-feedback loop for NFκB signalling (Sun et al., 

1993, Heyninck et al., 1999) 

1.6.3 The non-canonical NFκB pathway  

The non-canonical NFκB pathway leads to processing of p100 to p52, which associates 

with RelB to form the RelB-p52 NFκB heterodimer (figure 1.9). Unlike the canonical 

NFκB pathway that relies on IκB degradation, the non-canonical pathway is dependent on 

the processing of p100 to p52 (Xiao et al., 2001). In contrast to the continuous processing 

of p105 to p50 (Lin et al., 1998), p100 processing is tightly regulated and barely converts 

to p52 when it is overexpressed (Xiao et al., 2001). The IKK complex recruited and the 

signalling mechanisms involved in the non-canonical NFκB pathway are distinct from 

those associated with the canonical pathway (Sun, 2011) 

Unlike the canonical pathway, which responds to signals elicited by a range of receptors, 

non-canonical signalling is trigged by specific receptors only. The best characterised non-

canonical NFκB receptors are a subset of the TNF receptor superfamily, including B-cell 

activating factor belonging to TNF family receptor (BAFFR), lymphotoxin β-receptor 

(LTβR), receptor activator for nuclear factor κB (RANK), TNFR2 and Fn14. Each receptor 

mediates a specific function of the non-canonical NFκB pathway and harbours an 

intracellular TRAF-binding domain, which recruits various TRAF members 

(predominantly TRAF2 and TRAF3) to the receptor complex for degradation. TRAF 

degradation by the receptor is a key step and leads to NFκB-inducing kinase (NIK) 

activation, which mediates p100 processing. In a quiescent cell, NIK levels are kept low 

through continuous targeting by the TRAF3-TRAF2-cIAP1/2 complex, leading to its 

continuous ubiquitination and proteasomal degradation (He et al., 2006, Liao et al., 2004a). 

Activation of the non-canonical pathway requires de-novo NIK synthesis in order to meet 

the threshold required for signalling (Liao et al., 2004a). Therefore, unlike the canonical 

pathway, whose activation is rapid, activation of the non-canonical pathway is slow and 

leads to a stimulus-specific and sustained long-term response (Coope et al., 2002, Novack 

et al., 2003). 
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Once the non-canonical pathway has been induced, disruption of the TRAF3-TRAF2-

cIAP1/2 complex ensues, leading to the stabilisation and accumulation of NIK (Zarnegar et 

al., 2008, Xie et al., 2007, Varfolomeev et al., 2007). Accumulation and phosphorylation 

of NIK leads to processing of p100 in a IKKα-dependent manner (Senftleben et al., 2001). 

This processing of p100 to p52 results in the inhibition of its intrinsic IκB-like (inhibitory) 

activity, resulting in dimerisation with RelB (RelB-p52) and subsequent nuclear 

translocation to regulate the activity of distinct genes (Basak et al., 2008, Senftleben et al., 

2001). Unlike the canonical pathway, which re-synthesises IκB proteins to provide 

feedback regulation, non-canonical signalling is subject to regulation by both feedback 

(NIK phosphorylation by its-associated IKKα) and basal mechanisms (re-association of 

NIK with the TRAF3-TRAF2-cIAP1/2 complex) (Razani et al., 2010, Liao et al., 2004a). 

 

 

 

 

Figure 1.9 The canonical and non-canonical NFκB signalling pathways 

The canonical pathway is induced by a variety of stimuli, including TNFα signalling through TNFR1, 

resulting in the degradation of IκBα in an IKKβ-phosphorylation dependent manner. Following dissociation 

from its inhibitory constraints, the RelA-p50 dimer translocates to the nucleus to initiate gene transcription 

of a wide range of NFκB target genes (A). The non-canonical pathway, induced by specific receptors, leads 

to the processing of p100 to p52 in NIK mediated IKKα-dependent manner, resulting in dimerisation with 

RelB (RelB-p52) and subsequent nuclear translocation to regulate the activity of distinct genes (B).  
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1.6.4 Other NFκB pathways 

In addition to the NFκB pathways described above, other mechanisms for NFκB  

activation have also been reported (Rothwarf and Karin, 1999). Upon exposure to certain 

stimuli such as genotoxicity, UV light, reactive oxygen species or hypoxia, these additional 

NFκB pathways can be activated in an IKK-dependent or independent manner, usually 

resulting in activation of the canonical NFκB pathway (Perkins and Gilmore, 2006). In the 

IKK-dependent mechanism, which is known to be activated upon exposure to ionising 

radiation or genotoxic drugs such as etoposide, sumolyated NEMO (conjugated to a 

ubiquitin-related protein) accumulates in the nucleus following exposure to a genotoxic 

agent (e.g. radiation or etoposide) (Li et al., 2001) (figure 1.10). A mutation preventing 

NEMO sumolyation has been shown prevent NFκB activation in response to genotoxic 

agents but not in response to conventional NFκB-inducing agents such as LPS and TNFα 

(Li et al., 2001), suggesting that this is a stimulus specific response for DNA-damage. 

Subsequent modifications of NEMO by the ataxia telangiectasia mutated (ATM), a kinase 

that recognises strand breaks in DNA, result in phosphorylation of serine-85 in NEMO, a 

phosphorylation site not used by conventional NFκB-inducers, followed by mono-

ubiquitination of NEMO (Huang et al., 2003). This modification of NEMO by ATM result 

in nuclear export of the NEMO-ATM complex to the cytoplasm, where it activates the 

IKK complex though what is thought to involve the ELKS regulatory subunit of IKK 

(Huang et al., 2003). 
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In contrast to activating NFκB in an IKK-dependent manner, several mechanisms of doing 

so in an IKK-independent manner have also been reported. For instance, in response to 

ultraviolet (UV) light or the HER2 oncogene, casein kinase II (CK2)-dependent 

phosphorylation of IκBα can occur, which leads to its degradation and hence activation of 

NFκB. Unlike conventional NFκB activation in which phosphorylation of serines-32/26 in 

IκBα leads to its degradation by the proteasome, CK2 phosphorylates other C-terminal 

sites within IκBα. IKK-independent NFκB activation can take place by phosphorylation of 

IκBα at tyrosine-42 in response to stimuli such as reactive oxygen species (Schoonbroodt 

et al., 2000).  Enhanced Tyr-42 by the Src kinase post hypoxia and H2O2 stimulation  was 

shown to enhance IκBα degradation (Rothwarf and Karin, 1999). However, activation of 

Figure 1.10 IKK-dependent NFκB activation in response to DNA damage 

Induction of DNA damage (UV light, alkylating agents, ROS etc) induce the sumolyation and accumulation of 

NEMO in the nucleus. Following phosphorylation by ataxia telangiectasia mutated (ATM), NEMO is mono-

ubiquitinated and  the NEMO-ATM complex  exported from the nucleus to the cytoplasm, where it activates 

the IKK complex though what is thought to involve the ELKS regulatory subunit of IKK, leading in NF-κB 

activation and expression of survival genes. Illustration adapted from (Spiegel et al., 2012). 
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NFκB in this manner has also been reported to occur independently of IκBα degradation 

(Imbert et al., 1996). Interestingly, following stimulation of bone marrow macrophages 

with TNFα, one of the best known inducers of the canonical NFκB pathway, NFκB 

activation proceeded via Src-dependent phosphorylation of IκBα, not the canonical 

pathway (Abu-Amer et al., 1998).  

Taken together, there is much heterogeneity in the mechanisms that lead to NFκB 

activation, with some stimuli (e.g. UV light) capable of inducing both IKK-dependent and-

independent pathways. Importantly, induction of NFκB by the various mechanisms 

influences the genes it regulates once it enters the nucleus. 

1.6.5 NFκB target genes 

Following liberation from their inhibitory constraints in the cytoplasm, NFκB dimers 

translocate to the nucleus where the focus turns to the interaction between the RHD and 

DNA-sequences in the enhancer elements of NFκB target genes and subsequent gene 

transcription. This process is more abstruse than previously thought, and for good reason. 

With thousands of potential NFκB binding sites in the genome, how NFκB selects only a 

relevant few for a stimulus-specific gene transcription is critical. The consensus DNA 

sequence in target gene promoters that is recognised by NFκB dimers, the κB site, is the 

minimum requirement for regulation but on its own is insufficient to induce gene 

transcription. What’s becoming increasingly apparent is that epigenetics play a major role 

in determining which κB sites are accessible for NFκB binding (Natoli, 2006). The 

recruitment of co-activators, including SRC-1,-2 and -3, and co-repressors (members of the 

histone deacetylase (HDAC) family, SMRT and NCoR) serve to balance the 

transactivation potential of NFκB throughout the genome. In addition, NFκB subunits are 

also influenced by post-translational modifications such as phosphorylation, which 

influence their interactions with other factors, stability and degradation. Collectively, all of 

these mechanisms work in unison to regulate NFκB transcriptional activity in a gene 

specific manner. 

Functionally grouping the potentially thousands of genes that are capable of being 

transcriptionally regulated by NFκB gives rise to a handful of categories, including genes 

pertaining to cell proliferation, angiogenesis and metastasis, immune-regulatory and cell 

survival, all of which are necessary for proper physiological development and function. 

For instance, NFκB regulates the expression of several cell cycle modulators such as cyclin 
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D1, D2, D3 and c-myc (La Rosa et al., 1994). NFκB-dependent induction of the cell cycle 

regulator cyclin D1 (cD1) is necessary for driving mammary epithelial cell proliferation 

during pregnancy (Hinz et al., 1999, Sicinski and Weinberg, 1997). Similarly, NFκB is 

major regulator of both the innate and adaptive immune response (Caamano and Hunter, 

2002). In the case of the latter, following activation of T- or B-cell receptors, a signalling 

cascade resulting in the activation NFκB of ensues, which leads to T-cell proliferation, 

maturation and development to deal with the offending antigen. Innate immunity, in which 

NFκB signalling has well-defined roll, leads to the rapid activation of the canonical NFκB 

pathway in response to the inducing stimulus. This results in induction of NFκB-associated 

cytokines (TNFα, IL-1, IL-6 and IL-8) and leukocyte recruiting adhesion molecules 

(ECAMs, VCAMs and ICAMs). As well as being a key mediator in response to infection, 

the innate pathway is also responsible for recognition and subsequent clearance of aberrant 

cells. However, as will be discussed in more detail in the next section, the NFκB-mediated 

inflammation response has a double edged role in cancer. 

One of the most important groups of genes regulated by NFκB is the cell survival 

promoting anti-apoptotic proteins. NFκB signalling serves as the gatekeeper of both 

mitochondrial (intrinsic) and death receptor (extrinsic) apoptotic pathways. Therefore, to 

thwart apoptosis, NFκB increases the levels of anti-apoptotic proteins that interfere with 

apoptotic signalling. For instance, to prevent apoptosis induced by the DISC of TNFR-1, 

NFκB signalling increases levels of cFLIP, a protein lacking protease activity which 

competes with caspase-8 for recruitment into the DISC (section 1.5.1). Additionally, NFκB 

also induces the expression of inhibitors of apoptosis proteins (IAPs) and anti-apoptotic 

members of the Bcl-2 family. Of the 8 known mammalian IAPs, XIAP, survivin, cIAP-1, 

cIAP-2 and livin are the best studied. All IAPs have between one and three baculovirus 

IAP repeats (BIR) at their N-terminus with which they bind to active sites of the effector 

caspases (caspases -3, -6, -7, -9), which are common to both apoptotic pathways, to inhibit 

them by degradation or by sequestering them away from their substrates. Additionally, 

some IAPS such as cIAP-1, cIAP-2 and XIAP have a C-terminal RING finger domain, 

which possess E3 ubiquitin ligase activity that is capable of ubiquitinating its targets, 

leading to proteasome-mediated proteolysis (Vaux and Silke, 2005). While IAPs have been 

reported to ubiquitinate caspases (Morizane et al., 2005), it seems as though ubiquitination 

by the RING finger domain is primarily used for auto-ubiquitination or ubiquitination of 

other IAPs to regulate IAP activity (Silke et al., 2005).  The best studied IAP, XIAP, is 
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regarded as a potent caspase inhibitor and is known to inhibit JNK signalling associated 

pro-apoptotic stimuli (Tang et al., 2001).  

Expression of the pro- (BCL-2, BCL-XL, BCL-W, MCL1 and BCL-B) and anti-apoptotic 

(BAX, BAK and BOK) members of the Bcl-2 family is also associated with NFκB 

signalling (Zong et al., 1999, Chen et al., 2000, Bentires-Alj et al., 2001, Mohan et al., 

2012, Shou et al., 2002). Members of the Bcl-2 family share blocks of sequence homology, 

known as BH domains. Both pro-survival and pro-apoptotic members share four BH 

domains (BH1-4) (Kvansakul et al., 2008). The Bcl-2 family BH3-only domain protein 

tBID serves as the initiator of mitochondrial pathway apoptosis (intrinsic pathway) from a 

signal obtained from the extrinsic pathway, thus connecting the two apoptotic pathways 

(figure 1.11). Once the intracellular DISC associated with a DR cleaves caspase-8 to 

initiate the extrinsic pathway, this in turn also leads to the proteolytic cleavage of BID to 

truncated BID (tBID) (Yin et al., 1999, Gross et al., 1999). In a resting cell, anti-apoptotic 

Bcl-2 family members bind to and sequester their pro-apoptotic family members (Sato et 

al., 1994, Oltvai et al., 1993, Fletcher et al., 2008), thus preventing apoptosis from taking 

place  Following tBid activation, it translocates from the cytosol to the mitochondria where 

it mediates apoptosis via two mechanisms: neutralisation of the pro-survival Bcl-2 family 

members (Willis et al., 2007) and activation of the pro-apoptotic Bcl-2 family members 

(Certo et al., 2006, Letai et al., 2002). Activation of Bax and Bak leads to the formation of 

homo-oligomers (Antonsson et al., 2001, Wei et al., 2000), which form pores in the outer-

mitochondrial membrane (Gray et al., 2015, Dewson et al., 2008), thus releasing the 

contents, cytochrome c and Smac, into the cytosol. Whereas cytochrome c triggers 

apoptosome formation and caspase-9 activation, Smac binds to and neutralises XIAP, 

which normally binds to, and therefore inhibits, caspase-8-cleaved effector caspases 

(caspase-3,-6- and -7) and caspase-9. 
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Figure 1.11 The extrinsic and intrinsic apoptotic pathways are inter-connected 

The death receptor (DR)-mediated apoptotic pathway (extrinsic) is activated following DR activation (e.g. 

TNFR1), leading to caspase 8 activation via FAS-associated death domain protein (FADD) and 

TNFR-associated death domain protein (TRADD) (collectively known as the DISC). In addition to caspase-

8 proceeding with the extrinsic apoptotic pathway, it also cleaves the Bcl-2 family member BID to form 

truncated BID (tBID), thus also engaging the mitochondrial apoptotic pathway (intrinsic) to amplify the 

apoptotic response. tBID translocates to the mitochondria and inhibits the pro-survival proteins (BCL, BCL-

XL, MCL-1 etc.), thereby activating pro-apoptotic effectors BAX and BAK, which then disrupt the  outer 

mitochondrial membrane. This release of cytochrome c from the mitochondria promotes apoptosome 

formation, in which caspase-9 is activated. Smac, also released from the mitochondria, blocks the caspase 

inhibitor XIAP, which would otherwise prevent apoptosis by binding to caspase-3 and -9. Both the extrinsic 

and intrinsic apoptotic pathways converge at the effector caspases (caspase-3, -6, and -7) to begin taking the 

cell apart from within. Illustration adapted from (Czabotar et al., 2014) 
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1.7 NFκB IN CANCER 

In addition to NFκB being critical to regulating processes such as development and 

function, it is also known to have a major role in tumourigenesis and tumour progression. 

The first concrete link between NFκB and cancer was made with the discovery that v-Rel , 

a viral homologue of c-Rel, was the transforming gene of a known oncogenic, avian 

retrovirus, resulting in the formation of lymphomas and leukaemia in chicken (Gilmore, 

1999). Given the many functions that are now known to be ascribed to NFκB signalling, it 

shouldn’t come as a surprise that tumours harness NFκB signalling to facilitate their 

growth, survival and progression. In fact, constitutive activation of NFκB is a common 

feature of many cancers, including CRPC. However, the mechanism by which its NFκB 

activity is hyper-activated isn’t universal and varies from cancer to cancer. Tumours 

establish elevated NFκB activity by two factors: intrinsic and extrinsic.  

1.7.1 Elevated NFκB signalling by intrinsic factors 

Intrinsic factors include mutations of NFκB genes and/or oncogenes that activate the NFκB 

pathway. Interestingly, most direct mutations of NFκB proteins have been detected in 

lymphomas, with mutations in RelA and c-Rel being reported (Barth et al., 1998, Trecca et 

al., 1997). Other genetic arrangements, such chromosomal translocation of the p100 gene 

locus have been reported to cause deletion of its C-terminal, resulting in the inhibition of 

the internal IκB-like function in p100 and constitutive processing to p52 in B-cell 

lymphoma (Xiao et al., 2001, Neri et al., 1991). In mice, C-terminal deletion of p100 gene 

was shown to result in a significant increase in κB-binding of p52-containing NFκB 

complexes, resulting in increased lymphocyte proliferation and enhanced cytokine 

production in activated T cells (Ishikawa et al., 1997). 

In solid tumours, mutations within the NFκB signalling pathway are rarer than in 

lymphomas, but nevertheless they do occur. Point mutations of RelA in lung and ovarian 

cancer, RelB in ovarian cancer and p100 in lung cancer have all been reported, although 

their direct impact is still unknown (Perkins, 2012). In PCa, a gene fusion between IKKβ 

and transportin-1 (TNPO1) was shown to result in increased expression of IKKβ, one of 

critical activators of the canonical NFκB pathway (Pflueger et al., 2011). Moreover, 

defective IκBα has been reported in malignant tumours such as pancreatic, breast, colon, 

melanoma and prostate carcinoma (Rayet and Gelinas, 1999). However, because few 
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mutations within the NFκB signalling pathway in solid tumours have been identified, it’s 

postulated that constitutive NFκB activation is mainly achieved by extrinsic factors. 

1.7.2 Elevated NFκB signalling by extrinsic factors 

As well as genetic alterations within the NFκB signalling pathway, increased cytokine 

release within the tumour micro-environment can result in constitutive NFκB activity. 

Increased levels of circulating TNFα, IL-1β and many other cytokines are found in the 

serum of many cancer patients (Michalaki et al., 2004, Kabir and Daar, 1995, Mantovani et 

al., 2000). In PCa, increased levels of both TNFα and IL-1β have both been reported in 

patients, with TNFα levels correlating with disease progression from localised to 

metastatic (Tazaki et al., 2011, Mantovani et al., 2000). Although macrophages conscripted 

within the tumour microenvironment are thought to secrete the bulk of these NFκB-

inducing cytokines, NFκB signalling within tumour cells can also produce and secrete 

TNFα and IL-1β (Hiscott et al., 1993, Shakhov et al., 1990), resulting in further autocrine 

or paracrine NFκB activation by these cytokines (Arlt et al., 2002). 

1.7.3 NFκB signalling in prostate cancer 

Once a tumour gets a taste of NFκB signalling, it harnesses it to facilitate both survival and 

progression. With potential access to the thousands of genes thought to be regulated by 

NFκB, the tumour recruits additional NFκB-associated genes to carry out other roles, such 

as mediating chemo-resistance and metastasising to secondary sites. Like in many other 

cancers, NFκB proteins have been shown to be aberrantly expressed in PCa (Lessard et al., 

2005, Seo et al., 2009, Ross et al., 2004) (figure 1.12). Although both the canonical and 

non-canonical NFκB pathways appear to be active in PCa, the canonical pathway appears 

to be predominant (Lessard et al., 2005, Gasparian et al., 2002). In the Hi-Myc mouse 

model of PCa, whereas the activation of NFκB by deletion of one allele of IκBα was 

shown to be insufficient to induce prostatic tumourigenesis, it was shown to promote its 

earlier development (Jin et al., 2014). Furthermore, in another study which investigated the 

role of TNFR1, a key inducer of NFκB signalling (section 1.5.1), in chemically-induced 

PCa development, there was reduced incidence but not complete eradication of prostate 

lesions and their proliferation in TNFR1-/- mice compared to the wild-type (Galheigo et 

al., 2016). Moreover, Huang and colleagues showed that injecting the AR-negative PC3 

bone metastasis-derived CRPC cells with a mutated form of IκBα, which resists 

phosphorylation and therefore prevents activation of NFκB, into the prostates of nude mice 
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produced slower growing tumours with low metastatic potential, which was the opposite of 

the rapid tumour formation and lymph node metastasis presented in the wild-type mice 

(Huang et al., 2001). Further studies have shown that NFκB plays a critical role in the 

progression from androgen-dependent to CRPC (Zhang et al., 2009, Jin et al., 2008). 

Taken together, these findings suggest that NFκB by itself is insufficient to promote 

prostate tumourigenesis, but that its activation is an important contributor to tumour 

maintenance and progression to CRPC and subsequent metastasis to secondary sites. This 

is supported by the findings that NFκB appears to be constitutively active in CRPC cell 

lines but not in androgen-dependent PCa ones (Suh et al., 2002, Zerbini et al., 2003, 

Palayoor et al., 1999). Whereas NFκB has been demonstrated to regulate AR expression 

and signalling in CRPC (Zhang et al., 2009, Jin et al., 2008, Chen and Sawyers, 2002), it 

also has many other functions besides, as exemplified in the AR-negative PC3 and DU145 

CRPC cell lines derived from bone and brain metastasis, respectively. 

 

 

 

Figure 1.12 NFκB associated genes involved in CRPC 

Activation of NFκB in CRPC affects the expression of genes pertaining to inflammation, proliferation, 

angiogenesis, metastasis and the suppression of apoptosis via enhanced cell survival, all of which are 

well known hallmarks of cancer. Illustration adapted from (Baud and Karin, 2009). 
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Levels of the NFκB-associated pro-inflammatory cytokines are reported to be higher in 

patients with advanced cancers, including CRPC (Mantovani et al., 2000, Tazaki et al., 

2011, Kuroda et al., 2007). Injection of PC3 cells containing a mutated form of IκBα that 

resists phosphorylation (inactive NFκB) into a nude mouse was shown to have reduced 

levels of the NFκB-associated angiogenic molecules IL-8, MMP-9 and VEGF in vitro and 

in vivo, resulting in decreased neovascularisation and metastasis (Huang et al., 2001). Like 

IL-8, levels of IL-6 appear to be significantly enhanced during the transition to CRPC 

(Drachenberg et al., 1999, Chung et al., 1999), and it is thought to have a role in the 

regulation of CRPC cell proliferation, mediating chemo-resistance and inhibition of 

apoptosis (Chung et al., 1999, Borsellino et al., 1995). While it also contains binding sites 

for other transcription factors, the promoter of IL-6 also contains a κB site, which when 

unoccupied by introduction of an IκB super-repressor showed significantly reduced IL-6 

secretion in both DU145 and PC3 cells (Zerbini et al., 2003). In addition, circulating levels 

of the NFκB inducers IL-1β and TNFα have also been reported to be significantly elevated 

in CRPC patients. Persistent activation of TNFR1 by enhanced circulating TNFα leads to 

enhanced complex-I signalling, which leads to constitutive NFκB activity, resulting in 

increased expression of pro-inflammatory cytokines and anti-apoptotic proteins, thereby 

allowing the tumour to circumvent the cytotoxic effects of the TNFα.  

The role of NFκB in preventing TNFα cytotoxicity is reinforced by the observation that the 

LNCaP PCa cell line, which has low basal NFκB activity, is sensitive to TNFα-mediated 

apoptosis, whereas PC3 and DU145 cells, cell lines with high basal NFκB activity, are 

resistant to TNFα-cytotoxicity (Chopra et al., 2004, Sumitomo et al., 1999). Furthermore, 

transfection of PC3 cells with IκBα super-repressor, which maintains NFκB in the 

cytoplasm, has been shown to be sufficient for sensitising the cells to TNFα-induced 

apoptosis (Muenchen et al., 2000). Moreover, treatment of PC3 and DU145 cells with a 

NFκB decoy oligonucleotide has also been shown to be sufficient to induce TNFα 

cytotoxicity (Sumitomo et al., 1999). Taken together, these studies highlight the sheer 

importance of NFκB activity in mediating tumour cell survival in CRPC. Of the NFκB-

associated anti-apoptotic proteins that mediate resistance to DR ligands such as TNFα and 

chemo-resistance in CRPC, the IAPs are probably the best studied, with several reported to 

be upregulated in PCa. Increased levels of the IAPs cIAP1, cIAP2, XIAP, and survivin 

have been reported in both human PCa specimens and transgenic mice models, with their 

increase reported to occur in early in disease development (Krajewska et al., 2003). 
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Increased levels of cIAP-1, cIAP-2 and XIAP have also been reported in the PCa cell lines, 

with, perhaps unsurprisingly, the highest levels found in the CRPC cell lines in which 

NFκB activity is highest (McEleny et al., 2002). As of yet it has been difficult to delineate 

whether changes in the expression of IAPs, either individually or in combination, have a 

prognostic significance in PCa, but efforts are underway. For example, expression of cIAP-

1 and cIAP-2 has been associated with more aggressive disease, which is consistent with 

the known role of these IAPs being caspase suppressors and regulators of NFκB activation 

(Mahoney et al., 2008, Roy et al., 1997). Furthermore, in a study examining prostatectomy 

samples, loss of the XIAP was found to be associated with poor prognosis (Rodriguez-

Berriguete et al., 2015). In addition to upregulation of the IAPs, expression cFLIP, another 

NFκB-associated anti-apoptotic protein which reduces caspase-8 recruitment to DR-

associated DISC, has also been reported to be upregulated in PCa cell lines resistant to 

TRAIL-induced cytotoxicity (Zhang et al., 2004). Targeting cFLIP has been shown to be 

sufficient to sensitise metastatic and TRAIL-resistant cells lines to Fas- and TRAIL-

mediated apoptosis, respectively (Hyer et al., 2002, Zhang et al., 2008, Zhang et al., 2004). 

Anti-apoptotic members of the Bcl-2 family, whose expression is associated with NFκB 

signalling, are also reported to be aberrantly expressed in PCa (Furuya et al., 1996, 

Krajewska et al., 1996). In one study, expression of anti-apoptotic Bcl-2 family members, 

BCL-2, BCL-XL AND MCL-2, were shown to increase throughout PCa progression, with 

higher grade and metastatic tumours expressing the highest levels (Krajewska et al., 1996). 

Interestingly, levels of the pro-apoptotic Bcl-2 family member BAX, which is targeted by 

the pro-apoptotic Bcl-2 family members to prevent apoptosis, remained relatively constant, 

suggesting that the progressively increasing ratio of anti-apoptotic to pro-apoptotic Bcl-2 

family members could contribute to the resistance to apoptotic stimuli (ADT, DR-ligands 

and chemotherapy) that is associated with advanced disease  (Krajewska et al., 1996). In 

addition, over-expression of the BCL2 anti-apoptotic protein in the LNCaP cell line has 

been linked with enhanced survival in an androgen-deficient environment (Kajiwara et al., 

1999), thus highlighting the potential significance of increased anti-apoptotic proteins Bcl-

2 family members during the progression to CRPC. 

In addition to protecting CRPC cells from the cytotoxic effects of increased circulating 

TNFα, NFκB signalling has also been linked to conferring chemo-resistance to taxanes in 

CRPC. As discussed previously (section 1.1.2), the current mainstay therapy for CRPC is 

the use of taxanes such as docetaxel followed by cabazitaxel (Petrylak et al., 2004, 
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Tannock et al., 2004, de Bono et al., 2010). Taxane resistance, acquired or de novo, is a 

problem that many CRPC patients encounter and is associated with enhanced NFκB 

signalling. Docetaxel-induced activation of NFκB has previously been reported to 

contribute to taxane-resistance in CRPC (Zemskova et al., 2008, O'Neill et al., 2011). 

Supporting the role of NFκB in docetaxel-resistance in CRPC is the finding that targeting 

NFκB enhanced the effects of docetaxel in DU145 and PC3 cells, both cell lines with high 

NFκB basal activity, but not in the LNCaP cells, which have low NFκB activity 

(Domingo-Domenech et al., 2006). In addition, docetaxel-resistant variants of PC3 and 

DU145 have also been shown to have higher NFκB activity compared to their parental cell 

lines, with targeting of NFκB shown to re-sensitise the cells to docetaxel (Codony-Servat 

et al., 2013). Collectively, these findings suggest that NFκB signalling mediates taxane-

resistance in CRPC. However, how NFκB mediates chemo-resistance to taxanes in CRPC 

is more difficult to unravel. Following resistance to docetaxel, the CRPC patient is treated 

with a second-line taxane, cabazitaxel, which has weak affinity for the P-gp efflux pump. 

The patient responding to cabazitaxel suggests that P-gp is a major mechanism of chemo-

resistance to docetaxel in CRPC. This is supported by groups that have reported increased 

expression of P-gp in both paclitaxel and docetaxel-resistant PCa cell lines (O'Neill et al., 

2011, Takeda et al., 2007). Interestingly, the MDR1 gene, which encodes P-gp, has been 

shown to contain a κB-site in its promoter and be regulated by NFκB (Bentires-Alj et al., 

2003). In addition, the NFκB associated pro-inflammatory cytokines IL-6 and IL-8 have 

been shown to induce the expression of P-gp (Lee and Piquette-Miller, 2001, Park et al., 

2014, Wang et al., 2010). Levels of IL-6 have been reported to be increased both 

docetaxel-resistant CRPC cell lines and patients, suggesting that the cytokine may have a 

role in mediated taxane-resistance in CRPC (Mahon et al., 2015). 

1.7.4 Targeting NFκB signalling in CRPC 

Due to aberrant NFκB signalling being implicated in most cancers it comes as no surprise 

that it is considered an attractive target in cancer. This also applies to CRPC where NFκB 

signalling both through and independent of the androgen axis is associated with the 

progression from androgen-dependent PCa to CRPC and beyond. Circulating levels of one 

of NFκB’s main inducer, TNFα, are significantly enhanced in PCa, with the highest levels 

of TNFα reported in advanced metastatic disease (Michalaki et al., 2004, Tazaki et al., 

2011).  Therefore, targeting TNFα has long been perceived as an attractive target in an 

attempt to reduce NFκB signalling in CRPC. However, treatment with the anti-TNF 
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antibody infliximab wasn’t shown to have any clinical benefit in a study carried out in 

patients with bone metastatic CRPC (Diaz et al., 2011). Recent attempts to target NFκB 

signalling in CRPC have largely focused on targeting the manifold steps that lead to NFκB 

activation once it has been induced. Although targeting NFκB activation in CRPC has no 

doubt demonstrated anti-tumour activity in a laboratory setting (Fang et al., 2011, Jin et al., 

2015, Huang et al., 2001, Flynn et al., 2003), this hasn’t yet translated into a clinical 

setting. With hundreds of NFκB inhibitors described in the literature (Gilmore and 

Herscovitch, 2006), not a single one has yet been approved for use in humans.  For an 

NFκB inhibitor to be used in cancer treatment it should both prevent NFκB activation 

without affecting other signalling pathways and be more active in malignant cells than in 

normal cells. Induction of NFκB leads to the ubiquination of IκB, leading to its 

degradation by the 26S proteasome, which results in NFκB activation. Therefore, 

preventing the degradation of IκB by targeting the 26S proteasome is one of the strategies 

to inhibit NFκB activation. However, due to 26S proteasome-mediated degradation other 

proteins as well as IκB, such as the translation activator CPEB (Reverte et al., 2001) and 

differentiation inhibitor cdc25a (Bernardi et al., 2000), this would hamper the use of such 

NFκB inhibitors in a clinical setting. The same applies to the use of the synthetic peptide 

SN50, which, as well as reducing NFκB activation by competing with the p50 subunit for 

nuclear translocation (Lin et al., 1995), also reduces the translocation of the transcription 

factors AP-1, NFAT and STAT1 (Torgerson et al., 1998). In addition to the off-target 

effects of NFκB inhibitors, blocking NFκB indiscriminately would also have an impact on 

critical physiological processes such as immunity due to its central role in mediating the 

innate immune response (Dev et al., 2011). While short term it may be possible to use such 

NFκB inhibitors in combination with antibiotics in a controlled hospital setting, the burden 

that this would place on an already stretched healthcare system makes it infeasible. 

NFκB signalling is also influenced by many other signalling pathways, many of which are 

known to modulate NFκB by carrying out post-transcriptional modifications at NFκB 

subunits. These include, but are not limited to, ubiquitination, acetylation, methylation, 

nitrosylation, glycosylation and phosphorylation. Of all of these, phosphorylation is most 

well studied.  While research into site-specific phosphorylation of NFκB subunits is still in 

its infancy, it is thought to have a profound impact on NFκB by controlling interactions 

with other factors, stability and degradation, all of which ultimately affect the transcription 

activity of the implicated NFκB dimers. Importantly, it is also becoming apparent that 
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certain modulators contribute to the selective regulation of NFκB transcriptional activity in 

a gene specific manner, which, considering the problems associated with broad NFκB 

inhibition, could hold the key to selective modulation of NFκB for a therapeutic benefit in 

cancer. However, such an endeavour requires a thorough understanding of how each NFκB 

modulator mediates its affects and what genes it influences. With dozens of potential 

NFκB modulators, there is no shortage of candidates to investigate in this regard in CRPC. 

One such modulator that has recently received considerable attention in this regard is 

GSK3, which has been shown to modulate NFκB in numerous cancers. Importantly, GSK3 

is thought to only regulate a subset of NFκB genes, mainly those pertaining to anti-

apoptotic proteins and pro-inflammatory cytokines (Steinbrecher et al., 2005, Zhang et al., 

2014), thus potentially making it a very attractive target in cancer. 

 

1.8 NFκB MODULATION BY GSK3 

As discussed previously (section 1.3.2), GSK3 is thought to have contrasting effects on 

apoptosis; pro-and anti-apoptotic effects in the intrinsic and extrinsic apoptotic pathways, 

respectively (Beurel and Jope, 2006). It has become increasingly apparent that GSK3’s 

anti-apoptotic effects in the extrinsic pathway are at least partially linked to its ability to 

modulate NFκB signalling. This was first realised when mice embryos with a homozygous 

deletion of GSK3β were shown to die from massive liver degeneration due to apoptosis 

(Hoeflich et al., 2000), a phenotype that was remarkably similar to that observed in mice 

lacking IKKβ or the NFκB RelA subunit (Beg et al., 1995, Li et al., 1999). Furthermore, 

injecting the pregnant females with neutralising TNFα-antibodies was shown to rescue the 

liver apoptosis seen in the GSK3β-null embryos (Hoeflich et al., 2000), suggesting that 

GSK3 contributes to suppression of the extrinsic apoptotic pathway. Moreover, in 

fibroblasts derived from the embryos of these mice, NFκB activation was shown to be 

attenuated by more than 50% in the GSK3β-null cells compared to those derived from the 

wild-type (Hoeflich et al., 2000). Similar findings were observed in primary rat 

hepatocytes treated with pan-GSK3 inhibitor lithium chloride (LiCl) (Schwabe and 

Brenner, 2002). Taken together, these findings suggest that GSK3 can exerts anti-apoptotic 

effects in the extrinsic apoptosis pathway by modulating NFκB signalling, which otherwise 

leads to TNFα-induced apoptosis. 
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1.8.1 Mechanism of NFκB regulation by GSK3 

The finding that GSK3 regulates NFκB signalling, which prevents activation of the 

extrinsic apoptotic pathway in murine hepatocytes (Hoeflich et al., 2000, Schwabe and 

Brenner, 2002) led to exploration of the interaction between GSK3 and NFκB signalling in 

cancer. The pro-survival role of GSK3 positively regulating NFκB signalling has since 

been reported in many cancers, including pancreatic cancer (Wilson and Baldwin, 2008, 

Ougolkov et al., 2005), renal carcinoma (Bilim et al., 2009), chronic lymphocytic 

leukaemia (Ougolkov et al., 2007), osteosarcoma (Tang et al., 2012) and glioma 

(Kotliarova et al., 2008). However, how GSK3 modulates NFκB signalling seems to differ 

from cancer to cancer, suggesting that it is largely cell context-dependent.  

Depending on the cell type, GSK3 has been reported to regulate NFκB a variety of ways. 

GSK3 has been reported to act upstream of NFκB activation by regulating the IKK 

activity, with loss of  GSK3 reported to prevent IKK complex activation and subsequent 

IκB degradation (Takada et al., 2004, Wilson and Baldwin, 2008, Tang et al., 2012, Zhang 

et al., 2014). However, for the most GSK3 doesn’t appear to affect nuclear accumulation 

of NFκB, suggesting that it acts downstream of IκB degradation, likely at a transcriptional 

level (Hoeflich et al., 2000, Ougolkov et al., 2005, Bilim et al., 2009, Ougolkov et al., 

2007). This is supported by reports that loss of GSK3 in MEFs decreases NFκB binding to 

the promoters of a subset of NFκB targets (Steinbrecher et al., 2005).  Once NFκB 

translocates to the nucleus, the trail of how it is regulated by GSK3 seems to go cold. 

Ougolkov et al. have reported increased histone methylation at NFκB targets following 

treatment of CLL cells with the pan-GSK3 inhibitor AR-A014418 (Ougolkov et al., 2007), 

but whether these specific modifications affect NFκB binding to the 

promoters/transcriptional activity is unknown. GSK3-mediated phosphorylation is known 

to strikingly alter the function of several transcription factors; enhancing transactivation of 

C/EBP (Ross et al., 1999), increased nuclear translocation of nuclear factor of T cell 

(NFAT) (Beals et al., 1997) and reducing c-Jun transactivation (Boyle et al., 1991). 

Importantly, though most GSK3 substrates require priming by another kinase before 

GSK3-mediated phosphorylation (section 1.2.2.1), this isn’t a necessity for all substrates. 

Therefore, another possibility for GSK3 mediated regulation of NFκB is direct 

phosphorylation of NFκB subunits, which has already been reported for RelA and p100 

(Schwabe and Brenner, 2002, Demarchi et al., 2003, Busino et al., 2012). GSK3 has been 

shown to directly phosphorylate and enhance RelA activity in vitro in hepatocytes, renal 
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tubular epithelial cells and murine chondrogenic ATDC5 cells (Schwabe and Brenner, 

2002, Gong et al., 2008, Itoh et al., 2012). For the most part, phosphorylation of RelA by 

GSK is associated with increased transcriptional activity, although reduced RelA 

transcription following phosphorylation of GSK3 has also been reported (Buss et al., 

2004), further highlighting the importance of studying this in each cell type. GSK3 has 

also been reported to contribute to pro-survival NFκB signalling in multiple myeloma by 

phosphorylating p100 and thus allowing it to be recognised by the ubiquitin ligase 

SCF
FBW7

, resulting in degradation of the intrinsic IκB-like activity of p100 to generate p50, 

resulting in activation of the non-canonical NFκB pathway (Busino et al., 2012).  

Another means of GSK3 regulating NFκB that can’t be ruled out is the potential role of β-

catenin, GSK3’s best characterised substrate. Can the observed reduction in NFκB activity 

be, at least partially, attributed to increased β-catenin arising from GSK3 inhibition? 

Multiple studies have shown that β-catenin can have a negative effect on NFκB signalling 

(Deng et al., 2004, Deng et al., 2002, Du et al., 2009, Sun et al., 2005, Nejak-Bowen et al., 

2013). On the other hand, there are some reports that β-catenin positively regulates NFκB 

(Jang et al., 2014, Du et al., 2006), suggesting that β-catenin-NFκB interaction is cell-

context specific. β-catenin has been reported to form an indirect physical complex with 

NFκB subunits (RelA and p50), which was shown to reduce NFκB DNA binding and 

transcriptional activity (Deng et al., 2002, Du et al., 2009, Nejak-Bowen et al., 2013). An 

inverse correlation between β-catenin and Fas, an NFκB-associated gene, has been 

reported in human breast and colon tumour tissues (Deng et al., 2002). Interestingly, in 

another study, breast and colon cancer cell lines treated with GSK3 inhibitors showed 

reduced NFκB DNA binding and transcriptional activity, with the latter shown to be 

restored in the presence of siRNA targeting β-catenin, suggesting that GSK3 can cross-

regulate NFκB signalling through β-catenin (Deng et al., 2004). This potential β-catenin-

NFκB interaction isn’t just confined to cancer and has also been reported in intestinal 

inflammation and murine hepatocyte development (Sun et al., 2005, Nejak-Bowen et al., 

2013). In addition to physically complexing with NFκB to regulate its activity, β-catenin 

has also been reported to prevent IκB degradation (Sun et al., 2005), thus offsetting NFκB 

activation. Interestingly, no β-catenin accumulation was noted in MEFs lacking GSK3β in 

which NFκB activity was impaired (Hoeflich et al., 2000), suggesting that GSK3 can 

modulate NFκB in both a β-catenin-dependent and -independent manner. 
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Despite numerous studies having demonstrated that GSK3 without a doubt has a role in 

regulating NFκB, this hasn’t yet been investigated in CRPC in which NFκB signalling is 

constitutively active. In some tumours in which GSK3 has been shown to regulate NFκB 

signalling, it has been shown to modulate only a subset of genes, specifically those 

associated with the expression of anti-apoptotic proteins and pro-inflammatory cytokines, 

both of which are upregulated in CRPC (section 1.7.3). More excitingly, in tumour cells 

that are resistant to the cytotoxic effects of DR ligands such as TNFα or TRAIL, targeting 

GSK3 has been shown to reduce both NFκB activity and the expression of some of its 

associated anti-apoptotic genes, thus sensitising the tumour cells to TNFα/TRAIL-induced 

cytotoxicity via the extrinsic pathway. Should we find that GSK3 also regulates NFκB 

signalling in CRPC, such a therapeutic intervention would theoretically be applicable to 

CRPC, which is associated with high levels of circulating TNFα. 

 

1.9 HYPOTHESIS AND AIMS 

Elevated circulating TNFα is thought to contribute to constitutively active NFκB signalling 

in CRPC, which is associated with tumour cell survival, tumour progression and resistance 

to chemotherapy. As discussed above, GSK3 has been shown to positively regulate NFκB 

signalling in many cancers. However, whether this is also the case in metastatic CRPC is 

unknown. Therefore, with this in mind, the hypothesis of this study was:  

Positive regulation of TNFα-induced NFκB signalling by GSK3 promotes tumour cell 

survival in CRPC 

The experimental work carried out for this thesis was designed to be carried out on cell 

lines representing the disease model of metastatic CRPC, comprising of the AR-negative 

bone and brain metastasis derived PC3 and DU145 CRPC cell lines, respectively. The 

following were the aims of the experiments: 

(i) To investigate whether targeting GSK3 can perturb TNFα-induced NFκB 

activity and reduce the expression of NFκB-associated anti-apoptotic proteins in 

cell lines representing CRPC 
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(ii) To determine the role how each GSK3 isoform regulates NFκB signalling in 

CRPC  

 

(iii) Taxane based chemotherapy is the mainstay of therapy for CRPC and is fraught 

with issues relating to chemo-resistance and selectivity. Therefore, using 

paclitaxel-resistant derivatives of the CRPC cells lines, PC3-TX-R and DU-

145-TX-R, to investigate whether targeting GSK3 could overcome taxane-

resistance in CRPC. Furthermore, as an alternative to taxane-based 

chemotherapy, we wanted to investigate whether targeting GSK3 could also 

sensitise the paclitaxel-resistance variants to the cytotoxic effects of TNFα. 

Finally, by using normal primary prostate epithelial cells, we wished to assess 

the selectivity of sensitising metastatic CRPC cells to TNFα in a GSK3 targeted 

manner. 
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2.1 DRUGS, PLASMIDS AND siRNA 

The GSK3 inhibitors CHIR99021 (CHIR) and lithium chloride (LiCl) were obtained from 

Tocris Bioscience (United Kingdom) and Sigma (Arklow, Ireland), respectively. Whereas 

CHIR inhibits GSK3 by competing with ATP for access to the ATP binding-site, which is 

required for its kinase activity, Li
+
 ions released upon LiCl dissociation compete with Mg

2+
 

ions, which serves as a co-factor of GSK3. The NFκB inhibitor BMS-345541(BMS), 

which restricts NFκB activation by preventing IKKα/β phosphorylation, was a generous 

gift from Professor Laurence Egan (Discipline of Pharmacology and Therapeutics, NUI 

Galway). The β-catenin inhibitor JW67, which stabilises the β-catenin destruction complex 

to lead to β-catenin degradation, was supplied by Sigma. The calcium channel blocker 

verapamil, which was used as an inhibitor for the P-gp efflux pump, was obtained from 

Fisher Scientific (Ireland). The taxanes, paclitaxel and docetaxel, were obtained from 

Sigma. All drugs were dissolved as outlined in their respective Material Safety Data Sheet 

(MSDS); with the exception of LiCl and verapamil, which were dissolved in ultra-pure 

water (Sigma), the remaining drugs were dissolved in dimethyl sulfoxide (DMSO) 

(Sigma). The dissolved drugs were aliquoted and stored in the -80°C freezer until required. 

The NFкB Luciferase reporter driven by 5x wild type κB sites (pNFκB-Luc plasmid) 

(Stratagene, California, USA), its negative control containing no NFкB binding site 

(pCisCK) (Stratagene) and the RelA overexpressing plasmid under the control of the 

cytomegalovirus promoter (CMV-RelA) were a generous gift from Professor Laurence 

Egan (Discipline of Pharmacology and Therapeutics, NUI Galway). The plasmid 

expressing Renilla luciferase under the control of CMV (pRL-CMV), which served as an 

internal control for the luciferase assays, was a gift from Dr. Dan O’Toole (NUI Galway). 

With the exception of the AllStars Cell Death Control siRNA (Qiagen), used for 

optimising siRNA transfection, all of the remaining siRNAs were obtained from Sigma. 

MISSION® siRNA Universal Negative Control #1 (scramble) was used as the non-

targeting siRNA. The sequences for the siRNAs targeting each of the GSK3 isoforms can 

be viewed in table 2.1. The siRNAs were all reconstituted using ultra-pure water (Sigma) 

to a stock concentration of 20μM, aliquoted and stored at -80°C until required. All siRNA 

experiments were carried out using a 50nM final concentration. 
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siRNA Sense Strand Anti-sense Strand 

GSKα_1 GCCACUUCACCAAGGCCAA[dT][dT] UUGGCCUUGGUGAAGUGGC[dT][dT] 

GSKα_2 GCUCAUCUUUGGAGCCACU[dT][dT] AGUGGCUCCAAAGAUGAGC[dT][dT] 

GSKβ_1 CACUCAAGAACUGUCAAGU[dT][dT] ACUUGACAGUUCUUGAGUG[dT][dT] 

GSKβ_2 GGACUAUGUUCCGGAAACA[dT][dT] UGUUUCCGGAACAUAGUCC[dT][dT] 

Table 2.1: GSK3 siRNA sequences 

 

2.2 CELL CULTURE 

2.2.1 Cells 

The non-malignant, immortalised human prostate epithelial RWPE-1 cell line, the  PCa 

cell lines LNCaP, MDA-PCa2b, PC3 and DU14, and human primary prostate epithelial 

cells (PPrECs) were all obtained from American tissue culture collection (ATCC; VA, 

USA), distributed by LGC Europe. With the exception of the PPrECs, all of the prostate 

cell lines were authenticated using short tandem repeat (STR) profiling and tested for 

mycoplasma. Paclitaxel-resistant variants of the PC3 and DU145 cell lines, termed PC3-

TX-R and DU145-TX-R, respectively, were a kind gift from Dr. Ken Pienta (John Hopkins 

University School of Medicine, USA). HEK-293T cells were a kind gift from the lab of 

Prof. Corrado Santocanale (NUI Galway). All cells were used for a maximum of 10 

passages before a new vial was thawed. 

Cell Line Site of Origin Characteristics 

Prostate epithelial cells Prostate epithelial cells Primary cells 

RWPE-1 Prostate epithelial cells Immortalised cell line 

LNCaP PCa lymph node metastasis AR-positive, androgen-dependent 

MDA-PCa2b PCa bone metastasis AR positive, androgen-dependent 

PC3 PCa bone metastasis No AR, androgen independent  

DU145 PCa brain metastasis No AR, androgen independent 

PC3-TX-R Same as PC3 Paclitaxel resistant variant of PC3 

DU145-TX-R Same as DU145 Paclitaxel resistant variant of DU145 

Table 2.2: Prostate cells used in this study 
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2.2.2 Cell culture conditions 

RWPE-1 cells were maintained in complete keratinocyte serum-free medium (Gibco) 

supplemented with 50μg/mL bovine pituitary extract (Gibco) and 5ng/mL epidermal 

growth factor (Gibco). The LNCaP, PC3, DU145, PC3-TX-R and DU145-TX-R PCa cell 

lines were maintained in RPMI-1640 medium (Sigma) supplemented with 10% foetal 

bovine serum (FBS) (Sigma #F7524). In order to maintain their drug-resistant phenotype, a 

final concentration of 10nM paclitaxel (Sigma) was added to the flasks containing PC3-

TX-R and DU145-TX-R cells. PPrECs were maintained in prostate epithelial cell basal 

medium (Merck Millipore), supplemented with  6mM L-glutamine, 0.4% epifactor p, 1µM 

epinephrine, 0.5ng/mL rh TGF-α, 100ng/mL hydrocortisone, 5µg/mL rh-insulin and 

5µg/mL apo-transferrin, all of which were provided with the basal medium. MDA-PCa2b 

cells were maintained in nutrient mix hams F12 medium (Gibco) supplemented with 20% 

FBS, 25ng/ml cholera toxin (Sigma), 10ng/ml epidermal growth factor (Sigma), 0.005mM 

phosphoethanolamine (Sigma), 100pg/ml hydrocortisone (Sigma), 45nM selenious acid 

(Sigma) and 0.005mg/ml bovine insulin (Sigma). All the media listed above contained 100 

units/mL of penicillin, 100 µg/mL of streptomycin, and 0.25µg/mL amphotericin B 

(Gibco). 

Culture medium was changed every 2-3 days and the cells were passaged using 0.25% 

trypsin-Ethylene-diamine-tetra-acetic acid (trypsin-EDTA) (Sigma). Upon reaching 70–

80% confluence, the cells were passaged by removing the media and rinsing them with 

Dulbecco's phosphate-buffered saline (D-PBS) (Sigma), followed by trypsinisation using 

trypsin-EDTA at 37
o
C for 5-10 minutes. An equal volume of complete media was added to 

completely neutralise the trypsin and the cells were centrifuged at 1000rpm for 5 minutes 

at room temperature. The resulting pellet was re-suspended in the appropriate complete 

media and the cells were transferred into the appropriate flask(s) to grow in a humidified 

5% CO2 environment at 37
°
C. For MDA-PCa2b cells, all flasks/plates were pre-coated 

with poly-L-lysine solution (Sigma). Briefly, enough poly-lysine was added to cover the 

bottom surface and it was left for 10 minutes before the poly-lysine was aspirated and the 

flask was left to dry for 15 minutes. The flask was rinsed twice with D-PBS (Sigma) before 

it was used. 
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2.2.3 Freezing and thawing of cells 

All cell lines were cryopreserved in a freezing media composed of 90% FBS and 10% 

DMSO. Cells were harvested and the pellets re-suspended in 1mL of freezing media (95% 

FBS and 5% DMSO) at a concentration of 1-3 x 10
6
cells/ml and transferred into cryovials 

(Nunc). The cryovials were then transferred to a Mr. Frosty (Nalgene) that was filled with 

2-propanol (Sigma) at room temperature, which was then transferred to a -80
°
C freezer. 

Liquid nitrogen was used for the long-term storage of cells. Cell lines were restored by 

rapidly thawing the cryovials in a 37
°
C water-bath and transferring the contents to 10ml 

complete media in a drop-wise manner within a 10ml centrifuge tube (Sarstedt, Germany). 

The cell suspension was then centrifuged at 1000pm and the cell pellet re-suspended in 

5ml of complete media before being transferred to an appropriate tissue culture flask 

(Sarstedt), where a sufficient volume of media was added to cover the entire bottom 

surface of the flask. The cells were allowed to attach and grow at 37
°
C and 5% CO2 in a 

cell culture incubator (Esco Medical). 

 

2.3 TREATMENT WITH GSK3 INHIBITOR(S) 

DU145 and PC3 cells were harvested as described in section 2.2.2 and seeded at 250,000 

cells per well of a 6-well plate (Cell+) (Sarstedt). The cells were returned to the incubator 

at 37°C and 5% CO2 and allowed to attach for 24 hours. The following day, the media was 

removed and replaced with 1ml of media containing 0-15μM CHIR or 0-30mM LiCl. The 

cells were returned to the incubator for a further 24 hours before the experiment was 

terminated and the cells were harvested for immunoblotting (section 2.15) or real-time 

PCR (section 2.14). The supernatants were also retained and kept in the -80°C freezer until 

required for the IL-6 ELISA. 

 

2.4 siRNA TRANSFECTION 

2.4.1 Reverse transfection optimisation 

siRNA reverse transfection was carried out using the specially formulated siRNA 

transfection reagent Dharmafect #3 (DF) (GE Dharmacon, CO, USA) supplied by Fisher 

Scientific (Ireland), which according to the manufacturer has been used to successfully 

transfect  PC3 and DU145 cells with siRNA. The transfection was optimised on the 
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AllStars Cell Death Control siRNA (Qiagen, Germany), a cocktail of siRNAs that target 

ubiquitously expressed human genes that are essential for cell survival. The cells were 

harvested as described in section 2.2.2 and a 100,000 cell/ml cell suspension was made up 

for each cell line in complete media (minus antibiotic). The experiment was carried out in 

triplicate in a 96-well plate (Cell+) (Sarstedt, Germany) for each cell line; for each well 

0.25μl-1.0μl DF was added per 100μl complete media (minus antibiotic) in separate tubes 

and incubated for 15 minutes at room temperature. Per well of the non-targeting siRNA 

control (scramble) or DF only, 1.0μl DF was added to 100μl of incomplete RPMI-1640 

media. 0.5μl 20μM siRNA (cell death siRNA or scramble) was added to each 100μl of the 

DF solution (100nM siRNA) and allowed to incubate for another 5 minutes. The DF only 

tube (to evaluate DF cytotoxicity) contained no siRNA. Meanwhile, 100μl of the cell 

suspensions (10,000 cells) were each added to half of the wells of three 96-well plates, on 

top of which 100μl of the appropriate DF-siRNA solution was added to each of the 

triplicate wells in each plate (final siRNA concentration 50nM and 1.25μl- 5μl DF per ml 

media). The 96-well plates were transferred to the incubator at 37°C and 5% CO2. The 

alamar blue viability assay was carried out as outlined in section 2.7.6 on one plate each at 

24, 48, and 72 hours. The viability was expressed as a percentage of the untreated (100% 

viability) per cell line per plate. 

2.4.2 Knockdown of GSK3 

Cells were harvested as outlined in section 2.2.2 and a 5x10
5
 cells/ml cell-suspension was 

made up in the appropriate complete media containing no antibiotic. Per ml of media 

(final), 2.5μl (PC3 and PC3-TX-R) or 3.75μl (DU145, DU145-TX-R and MDA-PCa2b) 

DF was combined with 2.5μl of each siRNA (GSK3α, GSKβ, scramble) (20μM stock) and 

the volume was brought up to 500μl using complete media containing no antibiotic. For 

combined GSK3α and GSK3β knockdown, 1.25μl of each siRNA stock was used (final 

50nM siRNA). Following incubation of the DF-siRNA solution at room temperature for 15 

minutes, 500μl of the cell suspension (250,000 cells) and 500μl of the appropriate DF-

siRNA solution was combined per well of 6-well plate (Cell+). The 6-well plate was 

transferred to the incubator set at 37°C and 5% CO2 for 6 hours. The media was replaced 

with 1ml fresh complete media and the cells were incubated for a further 48 hours. The 

experiment was terminated and the supernatants were retained and stored in the -80°C until 

required for the IL-6 ELISA (section 2.8.2). The cells were assessed for changes in gene 

and protein expression using RT-PCR (section 2.12) or immunoblotting (section 2.13), 
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respectively. To determine whether NFκB nuclear translocation was affected by the 

knockdown of GSK3, 20ng/ml TNFα (Peprotech Inc., USA) was added for 30 minutes 

after 48 hours of GSK3 siRNA transfection, after which subcellular fractionation (2.9) and 

subsequent immunoblotting (2.12) was carried out. 

2.4.3 β-catenin Inhibition 

Cells were harvested and reverse transfected in duplicate/triplicate as described in section 

2.2.2 and 2.4.2, respectively. After 24 hours, the media was removed and replaced with 

fresh media containing 0-10μM of the β-catenin inhibitor JW67 for all treatments. The 

cells were returned to the incubator set at 37°C and 5% CO2 for a further 24 hours before 

the experiment was terminated and samples were processed for determine whether 

treatment with JW67 affected protein expression of β-catenin (section 2.13), gene 

expression of C-MYC (section 2.12), and RelA-DNA binding (section 2.10). 

 

2.5 RelA OVER-EXPRESSION 

2.5.1 Protein expression 

DU145 cells were harvested (section 2.2.2) and plated at a concentration of 2.5x10
5
 cells 

per well of a 6-well plate (Starstedt) and maintained in an incubator set at 37
o
C with 5% 

CO2 for 24 hours. The following day, in two separate tubes, 0.5 and 1μg of the CMV-RelA 

plasmid were combined with complete RPMI-1640 media minus antibiotic to a final 

volume of 1ml. 3μl Fugene-HD transfection reagent (Promega, Wisconsin, USA) per total 

µg of plasmid was added to each tube and contexts mixed before the tubes were incubated 

at room temperature for 15 minutes. The media was removed from the wells and replaced 

with the contents from each tube. The cells were incubated for a further 48 hours before 

the cells were harvested, the protein extracted and immuoblotting was carried out to 

determine whether RelA had been overexpressed (section 2.13). 

 

2.6 LUCIFERASE ASSAY  

The luciferase reporter assay is a commonly used technique to study gene expression at a 

transcriptional level. The assay uses luciferases, enzymes found in several species that 

enable the organism to emit light, which can be measured to give a quantitative reading. 
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The most common luciferase is the firefly luciferase, which allows the firefly to emit light 

via a chemical reaction in which luciferin is converted to oxyluciferin by the luciferase 

enzyme. Cloning a target sequence of a transcription factor upstream of the luciferase gene 

places it under the control of a transcriptional factor of interest. Transfecting the reporter 

plasmid into a living and subsequently measuring light output generated by the luciferase 

reaction can be correlated with the amount of luciferase protein produced, which in turn is 

proportional to the promoter activity driving the luciferase expression. In order to 

investigate NFκB promoter activity, a firefly luciferase reporter driven by 5x wild type κB 

sites (pNFκB-Luc plasmid) was used. Constitutively active renilla luciferase under the 

control of CMV (pRL-CMV) was used as an internal control. 

2.6.1 TNFα-induced NFκB-luciferase activity in HEK-293 cells 

This experiment was carried out in the easily transfectable HEK-293 cell line to ensure that 

the plasmids required for the NFκB luciferase assay (pNFκB-Luc reporter, CMV-Renilla 

and pCisCK) were functioning correctly. 1x10
5
 HEK-293 cells were plated per well of a 

12-well plate and returned to the incubator (37
o
C with 5% CO2) for 24 hours to allow the 

cells to attach. The following day, for each well, 300ng of the pNFκB-Luc and 80ng of the 

CMV-Renilla plasmids were combined and brought up to 500μl using complete media 

containing no antibiotic. For the negative control well, 300ng pCisCK only (no renilla 

activity) was brought up to 500μl using complete media. 3ul Fugene-HD (Promega) 

transfection reagent per total µg of plasmid was added to each tube and the contexts mixed 

thoroughly before the tubes were incubated at room temperature for 15 minute. The media 

in each well was replaced with 500μl of the appropriate plasmid mixture and the plate 

returned to the incubator for another 24 hours. The following day, the wells containing the 

pNFκB-Luc reporter were stimulated with 0-50ng/ml TNFα (Peprotech Inc., Rocky Hills, 

USA). In the well containing the negative control, pCisCK, 50ng/ml TNFα was added. The 

cells were returned to the incubator for 12 hours before the the luciferase assay was carried 

out (section 2.6.6) 

2.6.2 Knockdown/Inhibition of GSK3: TNFα-induced NFκB-luciferase activity 

Cells (1x10
5
 per well) were plated or reverse transfected with siRNA targeting GSK3 in a 

12-well plate (Sarstedt) and incubated at 37
o
C with 5% CO2 for 24 hours. For reverse 

siRNA transfection, this was carried out in a final volume of 500μl as outlined in section 

2.4.2. After The following day, the pNFκB-Luc + CMV-Renilla or pCisCK only plasmids 
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were transfected into each well as described in section 2.6.1. After 24 hours the media in 

all well was replaced with 500μl of complete media containing 20ng/ml TNFα. The cells 

were incubated for a further 12 hours before the luciferase assay (section 2.6.6) was carried 

out to determine whether knockdown of GSK3 affected NFκB activity. For GSK3 

inhibition using CHIR, the plated cells were transfected with the pNFκB-Luc + CMV-

Renilla or pCisCK only plasmids as described above. The following day, however, the 

cells were pre-treated with 0-10μM CHIR for an hour before the addition of 20ng/ml 

TNFα directly to the wells for 12 hours. 

2.6.3 Knockdown of GSK3 + β-catenin inhibition: TNFα-induced NFκB-luciferase 

activity 

Cells were harvested and reverse transfected in duplicate or triplicate with siRNA targeting 

GSK3 in a 12-well plate as outlined in section 2.6.2. After 24 hours, the pNFκB-Luc + 

CMV-Renilla or pCisCK only plasmids were transfected into each well as described in 

section 2.6.1. The following day, the replicates for each treatment were pre-treated for an 

hour with the β-catenin inhibitor JW67 using concentration ranging from 0 to 10μM before 

the addition of TNFα (20ng/ml) directly to the wells. The cells were incubated for a further 

12 hours before the luciferase assay (section 2.6.6) was carried out. 

2.6.4 RelA overexpression – NFκB-luciferase activity 

DU145 cells were plated at a concentration of 1x10
5
 cells per well of 12-well plate 

(Sarstedt) and maintained at 37
o
C with 5% CO2 for 24 hours. The following day, in 

separate tubes, 300ng of pNFκB-Luc, 80ng of the CMV-Renilla plasmid and 0-1000ng of 

the CMV-RelA plasmid were combined and brought up to 500μl using complete RPMI-

1640 media containing no antibiotic. For the negative control, 300ng pCisCK and 1000ng 

CMV-RelA only were combined and the volume brought up to 500μl using complete 

media. 3ul Fugene-HD transfection reagent per total µg of plasmid was added to each tube 

and contexts mixed before the tubes were incubated at room temperature for 15 minutes. 

The media was removed from the wells and replaced with the contents from each tube. The 

cells were incubated for a further 48 hours before the cells were harvested and the 

luciferase assay (section 2.6.6) was carried out to determine whether NFκB promoter 

activity increased with RelA overexpression. 
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2.6.5 BMS-345541 Treatment - TNFα-induced NFκB-luciferase activity 

The cells were harvested as outlined (section 2.2.2) and 1x10
5
 were seeded per well of a 

12-well plate (Sarstedt) and maintained at 37
o
C with 5% CO2. After 24 hours, pNFκB-Luc 

+ CMV-Renilla or pCisCK only plasmids were transfected into each well as described in 

section 2.6.1. The following day, the cells were pre-treated for an hour with 0-10μM BMS 

before the addition of TNFα (20ng/ml) directly to the wells for 12 hours. The cells were 

incubated for a further 12 hours before the luciferase assay (section 2.6.6) was carried out. 

2.6.6 Luciferase Assay 

Once the NFκB luciferase experiments were complete, the cells were harvested as outlined 

in section 2.2.2. 40μl of 1X cell lysis buffer (Thermo Fisher) was added to each pellet and 

the tubes were vortexed and placed in the -80
o
C freezer for complete lysis. Each sample 

was split in two to carry out the luciferase assays for the firefly luciferase and renilla 

separately, with each carried out in triplicate (5μl/well) in a white-walled clear-bottom 96-

well plate (Sarstedt).  

For the Renilla luciferase expression, the Pierce
®
 Renilla Luciferase Glow Assay Kit 

(Thermo Fisher) was used. Briefly, immediately before use 100X coelenterazine was 

diluted to 1X using Renilla Grow Assay Buffer. Each sample was carried out in triplicate 

in a white-walled clear bottom 96-well plate (5μl sample per well). 50μl of the 1X 

coelenterazine work solution was added to each well and the signal was allowed to 

stabilise for 10 minutes before the light output was measured using the Luminoskan™ 

Ascent microplate luminometer (Thermo Scientific). For the firefly luciferase expression, 

the Luciferase Assay System (Promega) was used. To dissolve the luciferase substrate, 

luciferin, 10ml of luciferase assay buffer was added to lyophilized substrate and left to 

dissolve for 10 minutes. It was aliquoted and stored in the -80
o
C freezer until required. For 

the luciferase assay, each sample was carried out in triplicate in a white-walled clear 

bottom 96-well plate (5μl sample per well). 50μl of the thawed luciferase substrate 

equilibrated to room temperature was added to each well and the light output was 

immediately measured using the Luminoskan™ Ascent microplate luminometer. Data was 

present as fold-change compared to the untreated/untransfected sample. 
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2.7 VIABILITY ASSAYS 

The viability of cells in vitro can be determined using a number of methods. One common 

parameter used to define cell viability is whether or not metabolic processes remain active. 

Viable cells must carry out metabolic reactions to generate the energy required to maintain 

homeostatic processes, such as maintaining a reducing environment within the cytosol. 

Resazurin, the active component of Alamar Blue assay reagent, is a non-toxic, cell 

permeable compound that is blue in colour and virtually non-fluorescent. Upon entering 

cells, resazurin is reduced to resorufin, a compound that is red in colour and highly 

fluorescent. Viable cells continuously convert resazurin to resorufin, thus increasing the 

overall fluorescence and color of the media surrounding cells. The amount of fluorescence 

or absorbance is proportional to the number of living cells and corresponds to cell 

metabolic activity (Rampersad, 2012). Damaged and non-viable cells have lower innate 

metabolic activity and thus generate a proportionally lower signal than healthy cells. 

Because the Alamar Blue assay is cheap and reliable, we used it in conjunction with the 

JANUS automated workstation in the High Throughput Screening Facility at NUI Galway 

to determine cell viability. 

2.7.1 GSK3 inhibition ± TNFα 

Cells were harvested as outlined in section 2.2.2. Each treatment was carried out in 

triplicate and 5,000 cells were seeded per well of a 96-well plate (Sarstedt), with a separate 

plate for each 24 hour time point. The plates were transferred to the incubator at 37°C and 

5% CO2 for 24 hours to allow the cells to attach.. The following day, each of the following 

drug concentrations were made up in duplicate in complete media: 1, 5 and CHIR and 10 

and 20mM LiCl. TNFα was added to one set of tubes at a final concentration of 20ng/ml. 

In a separate tube containing only complete media (no drug), TNFα (Peprotech Inc.) was 

also added at a final concentration 20ng/ml. The plates were removed from the incubator, 

the media was aspirated using a multi-channel and 150μl of each treatment was added per 

well. The plates were returned to the incubator at 37°C and 5% CO2. The alamar blue 

viability assay was carried out as outlined in section 2.7.6 on one plate at each time point 

(every 24 hours). The viability of each treatment was expressed as a percentage of the 

untreated (100%) per plate. 
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2.7.2 GSK3 knockdown ± TNFα 

Following carrying out knockdown of GSK3α and GSKβ as outlined in section 2.4.2 for 24 

hours, the cells (untreated, scramble, GSK3α and GSKβ knockdown) were harvested as 

outlined in section 2.2.2 and re-suspended in a 100,000 cells/ml concentration. 100μl of 

each of the cell suspensions were added to two columns each in three 96-well plates. The 

cells were left to attach and the plates were returned to the incubator at 37°C and 5% CO2. 

After 12 hours, once the cells were checked for attachment, the media from every second 

column for each treatment was aspirated in all three 96-well plates and replaced with 150μl 

of complete media containing a 20ng/ml TNFα (Peprotech Inc.). The plates were returned 

to the incubator. The alamar blue viability assay was carried out as outlined in section 

2.7.6 on one plate at each time point (24, 48 and 72 hours). The viability of each treatment 

was expressed as a percentage of the vehicle treated control (100% viability) per plate. 

2.7.3 IC50 for taxanes in paclitaxel-resistant cell lines 

PC3-TX-R and DU145-TX-R and their corresponding parental cell lines (PC3 and DU145) 

were harvested (section 2.2.2) and 5,000 cells were seeded per well of a 96-well plate 

(Sarstedt). The plates were returned to the incubator at 37°C and 5% CO2 to allow the cells 

to attach. The following day, tubes containing paclitaxel concentrations ranging from 0-

4000nM or docetaxel ranging from 0-2000nM were made up in complete media. The 

media was removed from the wells and 150μl of each treatment was added to the 

appropriate wells (4 replicates per treatment). The plates were returned to the incubator at 

37
o
C with 5% CO2 for a further 48 hours. The alamar blue viability assay was carried out 

as outlined in section 2.7.7 to determine the fold change resistance of the paclitaxel 

resistant cell lines versus the parental cells. The viability of each treatment was expressed 

as a percentage of the vehicle treated control (100% viability) per cell line. Using the 

MasterPlex
®
 ReaderFit software (Hitachi Solutions), the data was fitted using a 4-

parameter logistic fit, from which each of the IC50 values was interpolated. 

2.7.4 RelA overexpression – Paclitaxel IC50 

Overexpression of RelA using 1μg of CMV-RelA was carried out as described in section 

2.5.  Following 24 hours of transfection, the RelA overexpressing DU145 cells and DU145 

wild-type cells were harvested as described (section 2.2.2) and 5,000 were seeded per well 

of a 96-well plate. The plate was returned to the incubator at 37
o
C with 5% CO2 for 24 

hours. The following day, tubes containing increasing concentrations of paclitaxel were 
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made up in complete media. The media was removed from the wells and 150μl of each 

treatment was added to the appropriate wells (4 replicates per cell line). The plate was 

returned to the incubator for a further 48 hours. The alamar blue viability assay was carried 

out as outlined in section 2.7.7 to determine if increased NFκB activity was sufficient to 

induce paclitaxel-resistance. The viability of each treatment was expressed as a percentage 

of the vehicle treated control (100% viability) per cell line. Using the MasterPlex
®
 

ReaderFit software (Hitachi Solutions), the data was fitted using a 4-parameter logistic fit, 

from which each of the IC50 values was interpolated. 

2.7.5 NFκB inhibition - Paclitaxel IC50 

PC3-TX-R and DU145-TX-R cells were harvested (section 2.2.2) and seeded at 5,000 cells 

per well of a 96-well plate. The plates were returned to the incubator at 37
o
C with 5% CO2 

for 24 hours. The following day, for each cell lines two sets of tubes containing identical 

increasing paclitaxel concentrations were made up in complete media. The NFκB inhibitor 

BMS was added at a final concentration of 2.5μM (PC3-TX-R) or 5μM (DU145-TX-R) to 

one set of tubes. The contents of the tubes were thoroughly mixed and the media in media 

in the wells was replaced with 150μl of each treatment added to the appropriate wells (4 

replicates per treatment). The plates were returned to the incubator for a further 48 hours. 

The alamar blue viability assay was carried out as outlined in section 2.7.7 to determine if 

targeting NFκB could overcome paclitaxel-resistance CRPC cells. The viability of each 

treatment was expressed as a percentage of the untreated (100%) per cell line. Using the 

MasterPlex
®
 ReaderFit software (Hitachi Solutions), the data was fitted using a 4-

parameter logistic fit, from which each of the IC50 values was interpolated. 

2.7.6 Inhibition/knockdown of GSK3 to overcome paclitaxel-resistance 

PC3-TX-R and DU145-TX-R cells were harvested (section 2.2.2) and reverse transfected 

with GSK3 targeting siRNA as outlined in section 2.4.2.  The following day, the cells were 

harvested and re-seeded (5,000 cells) into 96-well plates, where they were allowed to 

attach in an incubator set at 37°C and 5% CO2 for 12 hours. Once cell attachment was 

confirmed using a microscope, the cells were treated with paclitaxel as outlined in section 

2.7.3. Following 48 hours of incubation, the alamar blue viability assay was carried out as 

outlined in section 2.7.7 to determine if inhibition/knockdown of GSK3 was sufficient to 

overcome taxane-resistance. The viability of each treatment was expressed as a percentage 

of the untreated (100%) per cell line. Using the MasterPlex
®
 ReaderFit software (Hitachi 
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Solutions), the data was fitted using a 4-parameter logistic fit, from which each of the IC50 

values was interpolated. 

For determining whether GSK3 inhibition using could over paclitaxel-resistance, the 

experiment in section 2.7.5 was repeated, except a final concentration of 5μM CHIR was 

used in place of BMS. 

2.7.7 Cell viability assay 

A 560μM stock solution of alamar blue (resazurin) (Sigma) was made up in Hank’s 

balanced salt solution (Sigma). This solution was sterile filtered and kept at 4°C until 

required. When the experiment was complete, the alamar blue solution was diluted 1:6 

using complete media and mixed thoroughly. The media was aspirated from the plate and 

replaced with 150μl of the diluted alamar blue reagent per well. The plate was returned to 

the incubator for 6-8 hour at 37°C and 5% CO2. The fluorescence was read using a Wallac 

plate-reader (Perkin Elmer) set at 530nm excitation and 620nm emission. When access to a 

fluorescence plate-reader wasn’t available, the absorbance was taken at both 570nm and 

600nm. Where the absorbance readings were taken, the following equation was used to 

measure cell viability % relative to the untreated: 

 

% difference between treatment and untreated = (O2 x A1) – (O1 x A2) x 100 

            (O2 x P1) – (O1 x P2) 

 

Where, 

O1 = molecular extinction coefficient of oxidized alamar blue at 570nm (80856) 

O2 = molecular extinction coefficient of oxidized alamar blue at 600nm (117216) 

A1 = absorbance of test wells at 570nm 

A2 = absorbance of test wells at 600nm 

P1 = average absorbance of untreated wells at 570nm 

P2 = average absorbance of untreated wells at 600nm 
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2.8 CYTOKINE QUANTIFICATION 

2.8.1 Mesoscale Discovery Platform  

The cell lines RWPE-1, LNCaP, MDA-PCa2b, PC3, DU145, PC3-TX-R and DU145-TX-

R were seeded 7.5x10
5
 cells per 6cm petri dish (Sarstedt) and transferred to the incubator 

to grow at 37°C and 5% CO2. After 48 hours, the media was removed, the cells rinsed with 

D-PBS (Sigma) and the media replaced with 2ml of incomplete RPMI-1640 media 

(Sigma) per petri dish. The cells were incubated for a further 24 hours before the 

supernatant was removed and stored at -80°C until required for cytokine analysis. 

The cytokine analysis was performed using Mesoscale Discovery (MSD) (Maryland, 

USA) technology, which is an electro-chemiluminescent based immunoassay, as per 

manufacturer’s guidelines. MSD provides 96-well carbon electrode plates which are pre-

coated with capture antibodies against different targets. The analytes bound by these 

capture antibodies are then detected with antibodies conjugated with an electro-

chemiluminescent compound when voltage is applied to the plates’ electrodes. This 

allows highly sensitive detection of labels close to the surface of the electrode without 

influence by any labelled but unbound antibody in the solution above. The MSD Human 

Pro-Inflammatory 7-Plex Tissue Culture Kit (for FN-γ, IL-1β, IL-6, IL-8, IL-10, IL-

12p70, and TNFα) was used to quantify cytokines. Standards were reconstituted in the 

assay diluent provided and a series of serial dilutions was performed to prepare the 

various concentrations for the standard curve (0 – 10,000pg/ml for each analyte). 25μl 

each of samples, standards and controls were added to the wells in duplicate and the plate 

was sealed and incubated for 2 hours at room temperature on an orbital shaker (600 rpm). 

The detection antibody was added at 25µl per well and the plate was again sealed and 

placed on the orbital shaker at room temperature for another for 2 hours. At the end of the 

incubation, the wells were washed three times using 200µL D-PBS (Sigma) + 0.05% 

Tween-20 (Sigma). To read the plate, 150µl of 2X MSD read buffer T (diluted from 4X 

using deionised water) was added to each well and plates were measured on the MSD 

Sector Imager 2400 plate reader (MSD, Maryland). The raw data were measured as an 

electro-chemiluminescence signal, detected by photodetectors. The data were analysed 

using the curve fitting software MasterPlex
®
 ReaderFit (Hitachi Solutions). A 4-

parameter logistic fit was used to generate the standard curve for each analyte, from 

which each of the unknowns was interpolated. 
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2.8.2 IL-6 ELISA 

This was carried out using Human IL-6 ELISA Kit (Thermo Scientific) as per the 

instructions. Briefly, all of the contents of reagents for the kit and supernatants were 

allowed to thaw and equilibrate to room temperature. The thawed supernatants were then 

placed on ice until required. The standard was reconstituted using the appropriate volume 

of ultrapure water, which was stated on the standard vial label. This was left to dissolve for 

one minute. 240μl of incomplete RPMI-1640 media (Sigma) was added to six tubes and 

160μl of the re-constituted standard was added to the first tube (400pg/ml IL-6). This serial 

dilution was repeated four more times (using 160μl) to complete the 5 standard curve 

points. The sixth tube containing incomplete RPMI-1640 only was the blank. 

Following the addition of 50μl of the biotinylated antibody reagent was added to each well 

being used, 50μl of the diluted standard or test samples were added in duplicate to each 

well. The plate was sealed with an adhesive plate colour and placed on a plate rocker with 

gentle agitation (150rpm) for 2 hours at room temperature. The plate contents were 

emptied and the wells were washed vigorously by using a squirt bottle containing D-PBS 

(Sigma). The plate was re-emptied before the washing procedure was repeated for a total 

of three times. The plate was dried by gently tapping it onto tissue paper to absorb any 

extra moisture. Streptavidin-HRP solution was prepared immediately before use by 

combining 30μl of the streptavidin-HRP concentrate to 12ml of the streptavidin-HRP 

dilution buffer. Following the addition of 100μl of the prepared streptavidin-HRP solution 

to each well, the plate was sealed using an adhesive cover and the plate was incubated for 

30 minutes at room temperature. The plate was emptied and the wash and drying procedure 

described previously was repeated. 100μl of the TMB Subtrate Solution was added to each 

well and the uncovered plate was placed in the dark at room temperature for 30 minutes.  

After 30 minutes, the reaction was stopped by adding 100μl of the stop solution per well. 

Within 30 minutes of the stopping the reaction, the absorbance at 450nm was read using a 

Multiskan RC plate reader. Using the MasterPlex
®
 ReaderFit software (Hitachi Solutions), 

a 4-parameter logistic fit was used to generate the standard curve, from which each of the 

unknowns was interpolated. 
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2.9 SUBCELLULAR FRACTIONATION 

Once the experiment that required subcellular fractionation had been carried out (section 

2.4.2 and 2.4.3), the cells were harvested as outlined in section 2.2.2. The cell pellet was 

suspended in 100μl of hypotonic buffer (HB) (20mM HEPES (Gibco) pH 7.5, 5mM NaF 

(Sigma), 10μM sodium molybdate (Sigma), 1mM EDTA (Sigma), 1X PhosSTOP™ 

phosphatase inhibitor (Roche Life Science) and 1X protease inhibitor cocktail III (100X 

stock) (Fisher Bioreagents). The cells were allowed to swell on ice for 15 minutes before 

0.5μl Nonidet P-40 substitute (Sigma) was added per sample. The samples were shaken 

vigorously for 10 seconds and the cells were checked under the microscope to confirm 

outer membrane lysis and an intact nuclear membrane. The samples were centrifuged at 

1,500rpm in a bench top centrifuge and the supernatant (cytoplasmic fraction) was 

transferred to a pre-chilled tube and stored in the -80
o
C freezer. Meanwhile, the pellet was 

re-suspended in 100μl HB, centrifuged at 1500rpm and the supernatant discarded three 

times before being re-suspended in 30μl RIPA buffer (Sigma) supplemented with 1X 

PhosSTOP™ phosphatase inhibitor and 1X protease inhibitor cocktail III (Fisher 

Bioreagents) . The samples were spun for 10 minutes at 12,000rpm at 4
o
C and the 

supernatant (nuclear fraction) was retained and stored at -80
o
C until required. 

 

2.10 DNA BINDING-ELISA (RelA-TransAM) 

Once the experiment to determine whether treatment the knockdown of GSK±JW 67 

affected RelA-DNA binding was carried out (section  2.4.3), the cells were harvested 

(section 2.2.2), separated into cytoplasmic and nuclear fractions (section 2.9) and the 

protein concentration of nuclear fractions was determined using the BCA assay (section 

2.13.1). The protein was stored at -20˚C until required for the TransAM-RelA DNA 

binding ELISA Kit (Active Motif), which was carried out as per the instructions.  

Briefly, the complete lysis buffer was prepared immediately before use using 5μl of 1M 

DTT and 10μl protease inhibitor cocktail per ml of lysis buffer AM2. In separate tubes, 

12.5μg of each of the nuclear extracts were diluted to a final volume of 45μl using the 

complete lysis buffer. 30μl of complete binding buffer was added to each well, with 2μl of 

this substituted with same volume of either the wild-type or mutated control 

oligonucleotide containing wells. 20μl of complete lysis buffer (blank) or diluted nuclear 
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extracts were added per well (5μg nuclear) in duplicate. The plate was sealed with an 

adhesive cover and incubated for 1 hour at room temperature with mild agitation (100rpm).  

The plate contents were emptied and the wells were washed vigorously with 1x wash 

buffer three times before the plate was tapped on tissue paper to dry the wells. The RelA 

antibody was diluted 1:1,000 in 1x antibody binding buffer and 100μl was added to all 

well. The plate was covered and incubated at room temperature for 1 hour before the wells 

were washed three times as described previously. 100μl of the diluted HRP-conjugated 

secondary antibody, made up as a 1:1,000 dilution in 1x antibody binding buffer, was 

added to each well before the plate was covered and incubated at room temperature for 1 

hour. The plate was washed four times as described previously and 100μl developing 

solution was added to each well for 2.5 minutes before the addition 100μl stop solution to 

terminate the reaction. The absorbance at 450nm was read using a Multiskan RC plate 

reader (Thermo Scientific) and the RelA-DNA binding was presented as fold-change 

compared to the untreated sample. 

 

2.11 CELL TREATMENTS FOR APOPTOSIS  

2.11.1 Treatment and imaging of cells 

All of the following experiments were initially carried out in duplicate before the addition 

of TNFα to one set of wells. The cells were either reverse transfected with GSK3 siRNA 

for 24 hours as described in section 2.4.2 or seeded (2.5x10
5
 cells) in 6-well plates. For the 

siRNA treated cells, 24 hours post-transfection the media in one set of the replicate wells 

was replaced with complete media containing 20ng/ml TNFα. The media in the other set 

was replaced with fresh complete media only. For the seeded cells, the duplicates were 

treated with complete media containing 0-10μM CHIR. Following one hour of treatment, a 

final concentration of 20ng/ml TNFα was added to one set of wells. For treatments in the 

presence of the caspase-inhibitor Q-VD-OPh, a third well was used. Q-VD-OPh (30μM) 

was added at the same time as the TNFα. All cell treatments were incubated for a further 

48 hours before images were taken at 10X magnification using the EVOS Cell Imaging 

System (Thermo Scientific). Each experiment was terminated and the cells were harvested 

to carry out immunoblotting (section 2.13) for the expression of apoptotic markers or flow 

cytometry (section 2.11.3).  
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2.11.2 Caspase-3 activity assay 

Caspase-3 activity in PC3 and DU145 cells with CHIR ± 20ng/ml TNFα treatment was 

determined using the NucView™ 488 Caspase-3 Assay Substrate (Biotium, California, 

USA) as per manufacturer’s instructions. Briefly, cells were seeded in triplicate into 96-

well black-walled, clear-bottom plate at a concentration of 1x10
4
 cells per well. The cells 

were pre-loaded with 5µM NucView488 substrate in fresh complete medium for 30 

minutes at room temperature. An equal volume of 2x concentration CHIR (2-20μM) and/or 

40ng/ml TNFα was added on top of the substrate and mixed gently, resulting in a final 

concentration of 1 - 10μM CHIR99021 and/or 20ng/ml TNFα. For the wells containing the 

Q-VD-OPh caspase inhibitor, 20μM CHIR, 40ng/ml TNFα and 60μM were combined in 

complete media and the same volume was added to the pre-loaded NucView488 substrate, 

resulting in 10μM CHIR + 20ng/ml TNFα + 30μM Q-VD-OPh treatment.  The cells were 

maintained at 37
o
C and 5% CO2 for 48 hours before the fluorescence was read using a 

Wallac plate-reader (Perkin Elmer) set at 488nm excitation and 520nm emission. 

Fluorescence in treated samples was presented as fold-change compared to the untreated 

sample. 

2.11.3 Flow Cytometry - Annexin V/ propidium iodide staining 

Once the experiment outlined in section 2.11.1 was complete, the supernatants were 

transferred into tubes and the cells were harvested as described in section 2.2.2 using 

0.25% trypsin-EDTA. The cell suspensions were added to the supernatants (dead) and 

centrifuged at 400g for 5 minutes. Each sample was re-suspended in 500μL annexin V 

staining buffer (10 mM HEPES (Gibco, New York, USA), 150 mM NaCl (Sigma), 5mM 

KCl (Sigma), 1mM MgCl2 (Sigma), and 1.8mM CaCl2 (Sigma) all adjusted to pH 7.4) and 

4μl annexin V stain.  The samples were incubated on ice for 15 minutes, after which 1 

µL/sample propidium iodide (PI) (Molecular Probes, Oregon) was added and the samples 

were kept on ice until analysis using the BD Accuri flow cytometer. Cells were initially 

gated based on morphology (FSC vs SSC), and then based on annexin V (FL1) versus PI 

(FL3) staining. Data was processed by the BD Accuri c6 software. Total dead cells were 

calculated by adding the percentage sum of the early-apoptotic (annexin V +/ PI -), 

necrotic/late-apoptotic (annexin V +/PI +) and fragments (annexin V -/ PI +). 
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2.12 GENE EXPRESSION ANALYSIS 

2.12.1 RNA extraction 

Cells were harvested as described in section 2.2.2 and re-suspended in 1 mL of ice-cold 

Tri-reagent (TRIzol
®

) (Sigma) per sample. The cells were homogenised multiple times by 

pipetting and subsequently each samples transferred to a separate sterile eppendorf tube 

(Sarstedt) on ice for 15 minutes. Samples were then kept at -80
o
C until further processing. 

The samples were thawed at room temperature followed by the addition of 200µl 

chloroform (Sigma) and vigorous shaking for 15 seconds. Samples were then centrifuged 

at 12,000g for 15 minutes at 2-8
o
C and the upper aqueous phase was transferred to a fresh 

eppendorf tube where 500µL 2-propanol (Sigma) was added to each sample. The samples 

were then kept at room temperature for 10 minutes and placed at -20
o
C overnight to 

improve the RNA yield. Following centrifugation of the samples at 12,000g for 10 minutes 

at 2-8
o
C, the supernatant was carefully removed and the resulting pellet was washed with 

70% ethanol (Sigma). The samples were then vortexed briefly and centrifuged at 7,500 g 

for 5 minutes at 2-8
o
C. The supernatant was removed, the pellets were left to air dry for 15 

minutes and re-suspended in an appropriate volume of DEPC-treated water (Sigma) (20-

30μl) and the RNA was quantified using the NanoDrop 2000c spectrophotometer (Thermo 

Scientific) 

2.12.2 cDNA synthesis 

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

Briefly, 1µg total RNA was added to 1µl oligo (dT)18 primers, 1µ 10 mM dNTP mix, 4µl 

5X RT buffer, 1µl tetro-reverse transcriptase (200 u/µl), and the volume adjusted to 20µl 

with DEPC-treated water in sterile 0.2mL tubes (Eppendorf, Hamburg, Germany). 

Samples were then incubated at 45
o
C for 30 minutes and reaction was terminated by 

increasing the temperature 85
o
C for 5 minutes using the Veriti Gradient Thermal Cycler 

(Applied Biosystems). The cDNA Samples were stored at - 20
o
C until required. 

2.12.3 Primers 

Primers (Sigma) were reconstituted in molecular grade dH2O (Sigma) to a master stock 

concentration of 100μM, from which a 10μM working stock was made and stored at -20°C 

until needed. The sequences for each of the primers used can be found in table 2.3. Where 

possible, primers were designed to span exon-intron boundaries so as to reduce genomic 
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DNA amplification. Once primer sequences for each gene were obtained, they were 

checked for specificity using Primer BLAST (https://www.ncbi.nlm.nih.gov/tools/primer-

blast/). Specificity of the amplified product was confirmed by generating a melt curve for 

each primer pair. 

2.12.4 Real-time PCR 

Real-time PCR was performed using the SensiFAST
TM

 SYBR Hi-ROX Kit (Bioline). 

Briefly, a master mix was prepared by adding 5µl 2X SensiFAST SYBR Hi-ROX mix, 

0.4µl 10µM forward primer, 0.4µL 10µM reverse primer and 3.2μl nuclease-free water 

(Sigma) per samples. The cDNA synthesised in section 2.14.2 was diluted 1:10 using 

nuclease-free water. 1μl of the diluted cDNA was added per well of 96-well PCR micro-

plate (Thermo Scientific ABgene), with all reactions performed in triplicate. 9ul of the 

master mix was added on top of the cDNA and the plate was sealed and centrifuged at 

1000rpm. The cycle conditions for real-time PCR were 95
o
C for 2 minutes followed by 40 

cycles of 95
o
C for 5 seconds, and 60

o
C for 20 seconds, and were performed using the 

StepOne Plus Real Time PCR System (Applied Biosystems). β-Actin was used as the 

house-keeping gene to analyse the fold expression change of genes of interest compared to 

the untreated sample, which was determined using the 2
-ΔΔCt

 method. 

Gene Forward Sequence Reverse Sequence 

β-actin AGAGCTACGAGCTGCCTGAC AGCACTGTGTTGGCGTACAG 

BCL-2 CATGTGTGTGGAGAGCGTCAA GCCGGTTCAGGTACTCAGTCA 

cIAP-1 GGAGATGATCCATGGGTAGA ACAAACTCTTGGCCTTTCAT 

C-MYC TGAGGAGGAACAAGAAGATG ATCCAGACTCTGACCTTTTG 

IL-1β AAGCTGAGGAAGATGCTG ATCTACACTCTCCAGCTG 

IL-6 GCAGAAAAAGGCAAAGAATC CTACATTTGCCGAAGAGC 

Survivin CATCTCTACATTCAAGAACTGG CCTTGAAGCAGAAGAAAC 

TNFα CCCAGGGACCTCTCTCTAATCA GCTACAGGCTTGTCACTCGGCAR 

XIAP AGTGTCTGGTAAGAACTACTG CCCATTCGTATAGCTTCTTG 

Table 2.3: RT-PCR primer sequences 

 

https://www.ncbi.nlm.nih.gov/tools/primer-blast/
https://www.ncbi.nlm.nih.gov/tools/primer-blast/
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2.13 PROTEIN DETECTION - IMMUNOBLOTTING 

2.13.1 Sample preparation 

Cells pellets or subcellular fractions were obtained as described in sections 2.2.2 and 2.9, 

respectively. Cell pellets were washed with PBS, followed by lysis on ice for 15 minutes 

with an appropriate volume of RIPA buffer (Sigma) containing 1X Protease Inhibitor 

Cocktail III (Fisher) and 1X PhosSTOP™ protease inhibitor (Roche Life Science). The 

samples were centrifuged in a bench-top centrifuge at 12,000rpm for 15 minutes at 4
o
C. 

Supernatants were transferred to fresh tubes and the protein concentration was determined 

on all protein supernatants using the BCA assay (Thermo Fisher). For sample preparation 

for immunoblotting, the appropriate volumes of NuPAGE® LDS sample buffer (4X) (Life 

Technologies) and NuPAGE® sample reducing agent (10X) (Life Technologies) were 

added to the protein sample and the sample was brought up to final volume using deionised 

water so that there was a 1X final concentration of both. The supernatants and prepared 

samples were stored in the -80
o
C and -20

o
C freezers, respectively. 

Note: For analysis of the apoptosis-related protein PARP, the cell culture supernatants 

containing the dead cells were collected, centrifuged at 1000rpm for 5 minutes and the 

resulting pellet containing the dead cells was combined with the cell pellet prior to cell 

lysis. 

2.13.2 Tris-Glycine gels 

Tris-Glycine gels were hand casted using the Mini-PROTEAN® Tetra Cell Casting Stand 

with Clamp Kit (Bio-Rad Laboratories Inc., USA). Briefly, a short plate and spacer plate 

(1.5mm) were inserted and fastened into each casting frame, which was placed and secured 

into the casting stand. Depending on the % resolving gel required, the gel was made up 

according to the recipe below (see table 2.4) and the mixture was immediately poured 

between the glass plates, with enough room left over for the resolving gel. Immediately 

after pouring, 2-propanol was added to ensure that the gel set evenly. Once the resolving 

gel had set, the 2-propanol was poured off and the stacking gel solution (see table 2.4) was 

prepared and immediately poured on top of resolving gel. The appropriate comb (10 or 15-

well) was inserted and the gel was allowed to set. 
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Components 

(obtained from Sigma) 

10% Resolving Gel 

(per gel) 

12.5% Resolving Gel 

(per gel) 

Stacking Gel 

(per gel) 

Deionised H20 (ml) 2.76 1.95 3.6 

30% Bis-acrylamide (ml) 3.34 4.15 0.668 

1M Tris-HCl pH 8.8 (ml) 3.75 3.75 0 

1M Tris-HCl pH 6.8 (ml) 0 0 0.625 

10% SDS (ul) 100 100 50 

10% APS (ul) 50 50 25 

TEMED (ul) 5 5 5 

Total (ml) 10 10 5 

Table 2.4: Recipes for immunoblotting gels 

 

2.13.3 Immunoblotting 

Once the samples were prepared and the Tris-glycine gel(s) had set, immunoblotting was 

carried out using the Mini-PROTEAN® Tetra Electrophoresis Cell System (Bio-Rad 

Laboratories Inc.). Up to two hand-casted gels were placed and secured into each electrode 

module, which was then placed in the buffer tank.  Enough running buffer was added to 

submerge the gels and the combs were carefully removed from the gels. The prepared 

samples were removed from the freezer and heated to 95°C in a heating block for 5 

minutes before the samples were carefully loaded onto the gels. To allow correct protein 

identification, 2.5μl of the Pageruler™ Plus Pre-stained Protein Ladder (Thermo Fisher) 

was loaded into one lane of each gel to run alongside the samples. The buffer tank lid was 

replaced and the gel was set to run at 100v until the protein ladder spanned the entire 

length of the gel. 

The gel was transferred on to nitrocellulose membrane (GE Healthcare) using the Mini 

Trans-Blot
®
 wet-transfer system (Bio-Rad Laboratories Inc.) The western blot transfer 

components (sponges, filter paper and nitrocellulose membrane) were pre-soaked in 1X 

transfer buffer. The gel was carefully removed from the blot assembly unit and the transfer 

“sandwich” was assembled using transfer cassette in the following order: 

Clear/red side – Sponge – Filter Paper – Membrane – Gel – Filter Paper – Sponge – Black 

side 
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The cassette was sealed and placed in the cassette holder, which was placed in the buffer 

tank. The unit was filled with 1X transfer buffer, an ice pack was placed in the unit and the 

lid attached. The unit was connected to a power pack and the transfer was run at 100v 

(constant) for 90 minutes. For smaller proteins (<20 kDa) the transfer time was reduced to 

60 minutes. 

Once the transfer was complete, the transferred membrane was stained with ponceau S 

(Sigma) to assess equal protein loading. Ponceau S was washed off using 1X tris buffered 

saline (TBS) (25mM Trizma base (Sigma), 3mM potassium chloride (KCl) (Sigma) and 

68.5 mM sodium chloride (NaCl) (Sigma) all at a pH 8) containing 0.1% tween (Sigma) 

(TBS-T). The membrane was blocked in 5% milk (Sigma) or 5% bovine serum albumin 

(BSA) (Sigma) diluted in in TBS-T for 1 hour at room temperature. The membrane was 

incubated overnight at 4
o
C in primary antibody that was diluted to the appropriate 

concentration in 5% BSA (phosphorylated and non-phosphorylated proteins) made up in 

TBS-T (see table 2.5 for primary antibodies used). 

For imaging the immunoblots, the membrane was removed from the primary antibody 

solution and washed 3 times for 5 minutes each with TBS-T, followed by incubation with 

either IRDye 800CW goat anti-rabbit or IRDye 680LT goat anti-mouse secondary 

antibodies (LI-COR Biosciences, NE, USA) diluted in 5% BSA in TBS-T (see table 2.6)  

for 45 minutes at room temperature. Two 5 minute washes with TBS-T and one final 5 

minute wash with TBS were then performed, followed by imaging of the blot using the 

ODYSSEY
®
 CLx Imager (LI-COR Biotechnology, Nebraska, USA). For imaging using 

the Universal Hood III imager (Bio-Rad Laboratories Inc.), the washed membrane was 

incubated with either anti-Rabbit or anti-mouse HRP-linked IGg secondary antibody (GE 

Healthcare) diluted in in 5% BSA in TBS-T (see table 2.6) for 45 minutes at room 

temperature. Following three 5 minute washes in TBS-T, the enhanced 

chemiluminescence (ECL) HRP substrate was used to detect the target protein using 

either the SuperSignal™ West Dura Extended Substrate (Themo Scientific) or 

SuperSignal™ West Pico Chemiluminescent Substrate (Thermo Scientific), depending on 

how abundantly the target protein was expressed.  
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Antibody Dilution Company Product # 

Anti-β-actin 1:20,000 Sigma A5441 

Anti-RelA 

(Total) 

1:1,000 Cell Signalling Technology 

(CST) 

8242 

Anti-p-RelA 

(Ser-536) 

1:500 CST 3036 

Anti-β-catenin 

(Total) 

1:1,000 BD Transduction 

Laboratories 

610153 

Anti-GSKα/β 

(Total) 

1:1,000 CST 5676 

Anti-p-GSKα/β 

(Ser-21/9) 

1:1,000 CST 9331 

Anti-p-GSKα/β 

(Tyr-279/216) 

1:500 Invitrogen OPA1-03083 

Anti-PARP 

(Full+cleaved) 

1:1,000 CST 9542 

Anti-Lamin A 1:1,000 Abcam ab8980 

Anti-Survivin 1:1,000 CST 2808 

Anti-XIAP 1:1,000 CST 2045 

Anti-cIAP-1/-2 1:1,000 Santa Cruz Biotechnology Sc-12410 

Anti-glycogen synthase 

(Total) 

1:1,000 Invitrogen MA5-15022 

Anti-p-glycogen synthase 

(Ser641) 

1:500 Invitrogen PA5-17702 

Anti-p50 1:1,000 Rockland Inc. 100-4164 

Anti-TNFR1 1:500 R&D Systems MAB625 

Anti-P-gp (MDR1) 1:1,000 CST 12273 

Anti-BCL-2 1:1,000 Santa Cruz Biotechnology sc-492 

         Table 2.5: Primary antibodies for immunoblotting  
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Secondary-Antibody Dilution Company Product # 

IRDye 680LT    

Anti-Mouse IgG 1:20,000 LI-COR 926-68020 

IRDye 800CW    

Anti-Rabbit IgG 1:15,000 LI-COR 926-32211 

ECL Anti-Rabbit IgG, HRP-

linked Ab from donkey 1:2500 GE Healthcare NA934 

ECL Anti-Mouse IgG, HRP-

linked Ab from sheep 1:2500 GE Healthcare 

 

NA931 

        Table 2.6: Secondary antibodies for immunoblotting 

 

2.14 DATA ANALYSIS AND STATISTICS 

All statistical comparisons were performed with GraphPad® Prism V 5.0 (GraphPad   

Software, San Diego, CA, USA).  Depending on the number of factors, multiple-group 

comparisons were made using either a single or two-way analysis of variance (ANOVA) 

followed by the Bonferroni post hoc test to confirm statistical differences between groups. 

Paired sample analysis was performed using a two-sided paired Student’s t-test. Statistical 

significance (p-value) was assigned for values <0.05.  
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CHAPTER 3 

Inhibition of GSK3 Reduces NFκB 

Activity and Sensitises Castrate-
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3.1 BACKGROUND 

Prior to this study, we carried out a drug screen using 80 kinase inhibitors on a panel of 4 

prostate cancer cell lines (CWR22, 22Rv1, PC3 and DU145). The GSK3 inhibitor BIO, an 

ATP-competitive inhibitor, was one of the few that were shown to inhibit growth in all of 

the investigated cell lines (Burke et al., 2016). Upon reading about the role of GSK3 in 

cancer, we became aware about its many postulated roles in tumourigenesis, most notably 

its role in regulating NFκB signalling, which is constitutively active in CRPC. In CRPC, 

much of NFκB activation is attributed to increased circulating levels of one of its many 

inducers, the pro-inflammatory cytokine TNFα (Michalaki et al., 2004). Activation of 

NFκB by TNFα signalling through the TNFR1 receptor shields CRPC cells from TNFα’s 

cytotoxic effects, which are mediated through TNFR1 (Van Antwerp et al., 1996). The role 

of NFκB signalling in protecting prostate tumour cells from the cytotoxic effects of TNFα 

is probably best exemplified in the LNCaP PCa cell line, which undergoes TNFα-induced 

apoptosis due to an inability to properly activate NFκB (Chopra et al., 2004). Targeting 

TNFα-signalling to prevent NFκB activation has been perceived as an attractive target in 

CRPC. However, treatment with anti-TNFα therapy has been associated with acquired 

resistance (Finckh et al., 2006, Diaz et al., 2011) and even malignancy (Lakatos and 

Miheller, 2010, Raval and Mehta, 2010). Furthermore, in a study of 6 patients with bone 

metastatic CRPC, treatment with the anti-TNF antibody, Infliximab, wasn’t found to have 

any clinical benefit and the study was terminated early (Diaz et al., 2011). A recent, more 

attractive approach has been to target and interfere with NFκB signalling in an attempt to 

unleash the cytotoxic effects of circulating TNFα on CRPC tumour cells. Because GSK3 

has been shown to be a regulator of NFκB in many cancers, in this study we endeavoured 

to determine whether this is also the case in CRPC. 
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3.1 INTRODUCTION 

GSK3 has been reported to be upregulated in many cancers, including PCa (Darrington et 

al., 2012, Li et al., 2009). Of the many tumour promoting roles associated with GSK3, its 

anti-apoptotic role in the extrinsic apoptotic pathway (DR-mediated apoptosis) is probably 

the best known (Beurel and Jope, 2006).  The ability of tumour cells to evade death by 

stimuli such as DR ligands (TRAIL, Fas, TNFα etc.) that otherwise induce apoptosis in 

non-transformed cell is one of the hallmarks of cancer (Hanahan and Weinberg, 2011). 

Being able to circumvent this anti-apoptotic ability in order to sensitise tumour cells to 

apoptosis is perceived as an attractive therapeutic intervention, especially in advanced 

cancers where circulating TNFα levels are reported to be significantly higher than in 

healthy individuals (Mantovani et al., 2000). In many cancers, including CRPC, 

constitutively active NFκB signalling induced by the pro-inflammatory cytokine TNFα is 

thought to mediate anti-apoptotic activity through the expression of its associated anti-

apoptotic proteins, which effectively antagonise apoptosis signalling and thereby render it 

inactive (figure 3.1A). Of the many known regulators of NFκB signalling, GSK3 has been 

shown to positively regulate NFκB signalling in numerous contexts (Schwabe and Brenner, 

2002, Hoeflich et al., 2000), including cancer (Zhang et al., 2014, Kotliarova et al., 2008, 

Steinbrecher et al., 2005), but its mechanism remains largely elusive and seems to be cell-

context specific (figure 3.1A).  In cancer, targeting GSK3 has been shown to reduce NFκB 

activity and the expression of some its associated anti-apoptotic genes, which has been 

shown to sufficient to sensitise tumour cells to DR ligand-induced apoptosis, such as 

TNFα-induced apoptosis (Zhang et al., 2014) (figure 3.1B). Such a therapeutic 

intervention would be very applicable to CRPC, which is associated with constitutively 

active NFκB signalling stemming from increased circulating NFκB-inducing pro-

inflammatory cytokines (IL-1β and TNFα). In this study, our model for CRPC consisted of 

the PC3 and DU145 cell lines, derived from bone and brain metastasis, respectively. Both 

cell lines are AR negative and are routinely used by researchers investigating CRPC. Due 

to their constitutive NFκB activity and resistance to TNFα-induced apoptosis (Chopra et 

al., 2004, Suh et al., 2002), these cell lines are ideal for studying NFκB regulation and how 

it may be overcome in CRPC. 
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In the first part of this study, we measured the expression of GSK3 and NFκB in CRPC 

cell lines compared to RWPE-1 cells, an immortalised non-malignant prostate cell line 

routinely used in prostate cancer research to represent “normal” prostate epithelial cells, 

and the AR-positive androgen-dependent LNCaP and MDA-PCA2b PCa cell lines, derived 

from lymph node and bone metastasis, respectively.  Next, we measured the release of the 

pro-inflammatory cytokines TNFα, IL-1β, IL-6, IL-8, which, as well as being released by 

immune cells conscripted within the tumour microenvironment, can be secreted by tumour 

cells to further enhance NFκB signalling and facilitate tumour progression. Cell viability 

assays were performed using the pan-GSK3 inhibitors lithium chloride (LiCl) and 

CHIR99021 (CHIR) alone or in combination with TNFα to determine if, like has been 

observed in other tumour cells, there is synergistic effect on viability with GSK3α 

inhibition and TNFα co-treatment. Expression of anti-apoptotic proteins, which are 

associated with NFκB signalling (Karin and Lin, 2002), are reported to be increased in PCa 

(Krajewska et al., 1996, Krajewska et al., 2003, McEleny et al., 2002) and are thought to 

Figure 3.1 Regulation of NFκB signalling by GSK3 in cancer 

TNFα signalling through the TNFR1 receptor can mediate both pro-survival and apoptotic signalling. 

Pro-survival signalling mediated predominantly through NFκB, which has been shown to be regulated by 

GSK3, antagonises apoptotic signalling through the expression of anti-apoptotic proteins (A)  In some 

tumour cells, inhibition of GSK3 has been shown to reduce both NFκB signalling and the expression of 

some of its associated anti-apoptotic proteins, thus sensitising tumour cells to TNFα-induced apoptosis 

(B). 
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shield the tumour cells from TNFα cytotoxicity (Natoli et al., 1998) . In order to determine 

whether GSK3 regulates NFκB signalling in CRPC, NFκB activity and the expression of 

some of its associated genes were measured using RT-PCR, immunoblotting, ELISA and 

an NFκB luciferase assay following treatment with the selective GSK3 inhibitor CHIR. In 

order to demonstrate that NFκB inhibition is sufficient for sensitising CRPC cell lines to 

TNFα-induced apoptosis, DU145 cells were treated with an NFκB inhibitor, BMS-345541, 

and/or TNFα before flow cytometry using annexin-V counterstained with propidium iodide 

(PI) was carried out to determine whether NFκB inhibition is sufficient to sensitise CRPC 

cells to TNFα-induced apoptosis. Finally, PC3 and DU145 cells were treated with CHIR 

and/or TNFα before flow cytometry was carried out to assess whether offsetting NFκB 

signalling by GSK3 inhibition was sufficient to sensitise CRPC cells to TNFα-induced 

apoptosis. 

 

3.2 RESULTS 

3.2.1 GSK3 and NFκB are active and upregulated in CRPC 

Both GSK3 and NFκB are reported to be overexpressed and active in numerous cancers, 

including PCa (Darrington et al., 2012, Lessard et al., 2005, Li et al., 2009, Seo et al., 

2009). Immunoblotting for the basal expression of GSK3 showed that, while levels of the 

active form (pGSK3-Tyr279/216) and total levels were comparable in all of the examined 

cell lines, expression of the inactive form (pGSK3-Ser21/9) was markedly reduced in both 

CRPC cell lines (PC3 and DU145) in comparison to AR-positive (LNCaP and MDA-

PCa2b) and RWPE-1 (“normal” prostate epithelial cells) cells, suggesting that GSK3 

activity was higher in the CRPC cell lines (figure 3.2A). 

NFκB signalling comprises two main, yet very distinct, pathways: the canonical and non-

canonical pathways. The canonical NFκB pathway is induced by a wide variety of pro-

inflammatory stimuli, such as IL-1β and TNFα, which results in the degradation IκBα and 

subsequent nuclear translocation of NFκB dimers. Though this pathway comprises a 

number of NFκB dimers, the RelA-p50 heterodimer is considered the most abundant and 

active (Hoffmann et al., 2002, Perkins, 2012). The non-canonical NFκB pathway leads to 

the NIK-induced processing of p100 to mature p52 in an IKKα-dependent manner 

(Senftleben et al., 2001), resulting in  dimerisation with RelB (RelB-p52) and subsequent 
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nuclear translocation to regulate the activity of distinct genes (Basak et al., 2008, 

Senftleben et al., 2001).  Although both NFκB signalling pathways appear to be active in 

CRPC, NFκB subunits that comprise the canonical pathway have been found to be 

predominantly expressed in the nuclei of prostate cancer cells, suggesting that the 

canonical pathway is more active in PCa (Lessard et al., 2005). Of all the NFκB dimer 

configurations that comprise the canonical pathway, the RelA-p50 dimer is also the most 

abundant and active in CRPC (Seo et al., 2009, Gasparian et al., 2002). Unlike the p50 

subunit, which has no transcriptional activity, the RelA subunit contains a transactivation 

domain that is required to initiate transcription of NFκB target genes (Schmitz and 

Baeuerle, 1991), hence expression of RelA is used as marker for RelA-p50 activity. The 

expression of the active RelA NFκB subunit, phospho-RelA at serine-536 (pRelA), was 

markedly higher in both CRPC cell lines compared to the others, with the highest 

expression observed in PC3 cells (figure 3.2B). In order to determine whether the 

observed pRelA expression correlated with NFκB activity, an NFκB luciferase assay was 

carried out. Firstly, to confirm that the κB-luciferase construct, containing five copies of 

κB-site upstream of the luciferase gene, was responsive to NFκB activity, it was 

transfected into 293T cells and stimulated with various concentrations of the recombinant 

human TNFα, resulting in the a concentration-dependent increase in luciferase activity 

(figure 3.2C). Following transfection of this construct into each cell line and assessing the 

luciferase activity following 48 hours of incubation, basal NFκB activity was found to be 

higher in the PC3 and DU145 compared to both RWPE-1 and LNCaP cells, thus 

corroborating the immunoblot findings (figure 3.2D). 
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Figure 3.2 The activity of GSK3 and NFκB are increased in CRPC 

The expression of pGSK3-Tyr279/216 (active) was comparable in all of the prostate cell lines but reduced 

pGSK3-Ser21/9 (inactive) expression was detected in the PC3 and DU145 cells only, suggesting that GSK3 

activity is dysregulated in CRPC (A). Phospho-RelA-Ser53 (pRelA) and the NFκB-associated anti-apoptotic 

proteins BCL-2 and survivin were expressed in the PCa cell lines, with the highest levels detected in the CRPC 

cell lines (B). TNFα stimulation of 293T cells led to IκB degradation, an indicator of NFκB activation (top), 

and κB-dependent luciferase activity was increased in a TNFα concentration-dependent manner (bottom) 

(*p≤0.05 and **p≤0.01 compared to the unstimulated; one way ANOVA with Bonferroni correction) (C). κB-

dependent luciferase activity showed that NFκB activity was highest in the CRPC cell lines  (PC3 and DU145) 

(D). Immmunoblots and luciferase assays (presented as mean ± SEM) are representative of 2 and 3 independent 

experiments, respectively. 
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3.2.2 CRPC cells secrete NFκB associated pro-inflammatory cytokines 

Immune cells conscripted within the tumour microenvironment are known to secrete vast 

quantities of pro-inflammatory cytokines, some of which induce NFκB activation in 

tumour cells (TNFα and IL-1β) while others (IL-6 and IL-8) promote tumour progression 

and chemo-resistance. Through NFκB signalling, tumour cells can themselves secrete pro-

inflammatory cytokines, including TNFα, IL-1β, IL-6 and IL-8, which act in an auto- or 

paracrine manner to enhance NFκB signalling / tumour progression  (Wolf et al., 2001, 

Arlt et al., 2002, Coward et al., 2002). Since increased circulating pro-inflammatory 

cytokines are commonly reported in PCa patients (Maggio et al., 2006, Drachenberg et al., 

1999, Tazaki et al., 2011, Michalaki et al., 2004), we wanted to assess the secretion profile 

of pro-inflammatory cytokines associated with NFκB signalling to determine if their 

expression correlated with NFκB activity. 

3.2.2.1 The gene expression of the NFκB inducers IL-1β and TNFα are higher in 

prostate cancer cells compared to normal prostate epithelial cells 

Following 48 hours of proliferation, RT-PCR was carried out RNA extracted from the PCa 

cell lines, RWPE-1 cells and primary prostate epithelial cells (PPrECs) to determine the 

basal gene expression levels of the NFκB inducing pro-inflammatory cytokines IL-1β and 

TNFα. Although the PPrECs and the RWPE-1 cell line, representing normal prostate 

epithelial cells, showed little expression of IL-1β, the PCa cells lines had significantly 

higher levels of the cytokine, with PC3 cells showing a 69-fold greater level of expression 

over PPrECs (figure 3.3A). For TNFα gene expression, the PPrECs once again had the 

lowest expression, although the RWPE-1 cell line had a 623-fold greater expression over 

this. The PCa cell lines again had the highest levels of TNFα expression, with the PC3 and 

DU145 cells comparable and the LNCaP cells with a >5000-fold expression over the 

PPrECs (figure 3.3B). 
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3.2.2.2 CRPC cells secrete NFκB-associated pro-inflammatory cytokines 

Using the Mesoscale Discovery multi-spot pro-inflammatory cytokine detection assay 

(section 2.8.1), the quantities of the NFκB-associated pro-inflammatory cytokines TNFα, 

IL-1β, IL- 6 and IL-8 released into media by 7.5x10
5
 cells that were in grown in complete 

media for 48 hours followed by 24 hours of serum starving were measured.  Secretion of 

TNFα and IL-1β was only detected in PC3 cells, which secreted 23.8 ± 2.4pg/ml and 4.2 ± 

0.95pg/ml of the cytokines, respectively (figure 3.4A and B). IL-6 and IL-8, which 

promote PCa progression and chemo-resistance (Codony-Servat et al., 2013, Culig, 2013, 

Nguyen et al., 2014a, Araki et al., 2007), were predominantly released by the CRPC cell 

lines. Whereas IL-6 release was undetectable in the other cell lines, PC3 and DU145 cells 

released 2426 ± 174pg/ml and 226.3 ± 24pg/ml, respectively (figure 3.4C). Similarly, PC3 

and DU145 cells released 42848 ± 4400pg/ml and 2365 ± 348pg/ml of IL-8, respectively, 

although lower quantities of this cytokine were detectable in the other cell lines too (figure 

3.4D). 

 

Figure 3.3 Prostate cancer cells have higher gene expression of TNFα and IL-1β compared to normal 

prostate epithelial cells 

Gene expression of both IL-1β (A) and TNFα (B) was higher in the prostate cancer lines than normal prostate 

epithelial cells and RWPE-1 cell line. Presented as mean ± SEM of 3 independent experiments 
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3.2.3 GSK3 inhibition and TNFα act synergistically to reduce the viability of PC3 and 

DU145 cells 

Inhibition of GSK3 has been shown to reduce the survival and proliferation of many 

tumour cells (Shakoori et al., 2005, Bilim et al., 2009, Ougolkov et al., 2005). In addition, 

targeting GSK has been shown to sensitise many tumours to TNFα-induced apoptosis 

(Zhang et al., 2014). Given that circulating levels of TNFα are elevated in CRPC patients 

(Tazaki et al., 2011, Michalaki et al., 2004), such a therapeutic approach could potentially 

be very useful in these patients.  Unlike the androgen-dependent LNCaP PCa cell line, 

which possesses low basal NFκB activity and is sensitive to TNFα-induced apoptosis, PC3 

and DU145 cells have high NFκB activity and are resistant TNFα-mediated apoptosis (Suh 

et al., 2002, Chopra et al., 2004), a common feature of advanced tumours in patients with 

increased circulating TNFα levels. We sought to determine whether GSK3 inhibition has 

potential as an anti-tumour therapeutic in CRPC by examining its effect on the growth and 

Figure 3.4 CRPC cells release NFκB-associated pro-inflammatory cytokines 

Basal secretion profiles of TNFα (A), IL-1β (B), IL-6 (C) and IL-8 (D) by prostate cancer cell lines (7.5x10
5
 

cells) using the Mesoscale Discovery multi-spot pro-inflammatory cytokine assay.  Detectable levels of the 

NFκB-inducing pro-inflammatory cytokines, TNFα and IL-1β, were secreted by PC3 cells only (A and B). 

IL-6 and IL-8 were mainly secreted by the CRPC cell lines (DU145 and PC3 cells) (C and D). Data is 

presented as mean ± SEM of 3 independent experiments. 
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survival in PC3 and DU145 cells. In particular, we wanted to determine if, like had been 

observed in other cancers, the combination of TNFα and GSK3 inhibition had a synergistic 

effect on cell viability compared to GSK3 inhibition alone. To this end, these experiments 

were carried out using the JANUS robotics platform at the Screening Core Facility in NUI 

Galway using the alamar blue viability assay. 

3.2.3.1 CHIR99021 and lithium chloride inhibit GSK3 in PC3 and DU145 cells 

Two GSK3 inhibitors with different modes of action were used: LiCl and CHIR. 

Dissociation of LiCl leads to lithium
 

ion (Li
+
) formation, which inhibit GSK3 by 

competing with its cofactor magnesium ions (Mg2
+
) (Ryves and Harwood, 2001). On the 

other hand, the more selective GSK3 inhibitor CHIR is a competitive inhibitor for the 

GSK3 ATP binding pocket (Ring et al., 2003). In quiescent cells, GSK3 continuously 

phosphorylates glycogen synthase (pGS), resulting in its reduced activity. Therefore, the 

expression of pGS can be used as a surrogate marker for measuring GSK3 inhibition, 

where the inhibition of GSK3 leads to reduced pGS expression. Treatment of PC3 and 

DU145 cells with the GSK3 inhibitors CHIR and LiCl for 48 hours showed a reduction in 

pGS expression in a concentration-dependent manner (figure 3.5), confirming GSK3 

inhibition. Of the two cells lines, the GSK3 inhibitors had the most dramatic effect on pGS 

expression in DU145 cells. 

 

 

 

 

Figure 3.5 Treatment with LiCl and CHIR99021 reduces the expression of phospho-glycogen synthase in 

PC3 and DU145 cells 

Treatment of PC3 (A) and DU145 (B) cells with CHIR99021 (CHIR) or LiCl for 24 hours confirmed GSK3 

inhibition by reduced expression of phospho-glycogen synthase (pGS), which is normally phosphorylated 

by GSK3.  Western blots shown are representative of 2 independent experiments 
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3.2.3.2 GSK3 inhibition and TNFα act synergistically to reduce the viability of CRPC cells 

Following confirmation that CHIR and LiCl reduced GSK3 in PC3 and DU145 cells, the 

alamar blue viability assay was carried out as described in section 2.7.1.  Compared to the 

untreated control for both cell lines (100% viability at all time-points), there was a dose- 

and time-dependent reduction in cell viability with the GSK3 inhibitors alone, with a 

maximal effect reached at 72 hours post treatment (figure 3.6).  Consistent with the reports 

that PC3 and DU145 are resistant to TNFα-induced cytotoxicity (Shi et al., 2013, Chopra 

et al., 2004), TNFα alone didn’t affect the cell viability of either cell lines. The addition of 

TNFα to 20mM LiCl resulted in a statistically significant decrease in cell viability for both 

cells lines compared to 20mM LiCl alone at 24 hours (p<0.01), which increased further at 

48 (p<0.001) and again at 72 hours (p<0.001) (table 3.1). Similarly, the addition of TNFα 

to 5μM CHIR also resulted in a statistically significant decrease in the cell viability 

compared to 5μM CHIR alone in both cell lines at 24 hours (p<0.001), which increased 

further at 48 hours (p<0.001) and again at 72 hours  (p<0.001) (table 3.1) (see section 

7.1.1 - 7.1.4 in the appendix for complete statistical analysis).   
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Figure 3.6 Combined GSK3 inhibition and TNFα synergistically reduce cell viability in CRPC 

Using the alamar blue cell viability assay, the GSK3 inhibitors LiCl (A and C) and CHIR99021 (CHIR) (B 

and D) showed a reduction in PC3 and DU145 cell viability in a dose and time-dependent manner. Cell 

viability was significantly reduced when GSK3 inhibition was combined with TNFα compared to each 

treatment alone. Data are presented as mean ± SEM of 3 independent experiments, with four replicates per 

treatment. **p≤0.01 and ***p≤0.001 compared to 5μM CHIR/20mM LiCl only; two way ANOVA with 

Bonferroni correction. 
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Table 3.1: Cell viability of PC3 and DU145 cells following GSK3 inhibition ± TNFα after 72 hours 

(presented as mean viability % ± SEM of 3 independent experiments). 

 

3.2.4 Inhibition of GSK3 reduces NFκB activity and the expression of anti-apoptotic 

proteins in CRPC 

GSK3 has been shown to positively regulate NFκB signalling in many cancers. At which 

point GSK3 regulates NFκB signalling pathway seems to be cell context-specific, although 

for the most part it seems to be at a transcriptional level. This is supported by reports that 

that GSK3 only regulates a subset of NFκB genes, including anti-apoptotic proteins and 

pro-inflammatory cytokines (Steinbrecher et al., 2005, Zhang et al., 2014). In order to 

determine whether GSK3 regulates NFκB signalling in CRPC,  PC3 and DU145 cells were 

treated with CHIR before they were assessed for changes in NFκB activity and the 

expression of NFκB-associated genes previously reported to be affected by GSK3 

inhibition in other cancers. 

3.2.4.1 Inhibition of GSK3 reduces the expression of NFκB target genes in CRPC 

PC3 and DU145 cells were treated with 1, 5, 10μM CHIR for 48 hours and RT-PCR was 

carried out to look for differences in expression of NFκB target genes IL-6, BCL-2, cIAP-1 

and XIAP. The basal relative expression levels of all four genes varied in both cell lines 

(figure 3.7A). The expression of all four genes was reduced in a concentration-dependent 

manner in both cell lines. By 10μM CHIR treatment, there was statistically significant 

difference between all four genes in both cell lines compared to the untreated (one way 

ANOVA with Bonferroni correction) (figure 3.7B-D). 
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Figure 3.7 Inhibition of GSK3 reduces the gene expression of NFκB-associated genes in CRPC 

The relative basal gene expression of cIAP-1, XIAP, BCL-2 and IL-6 varied in both PC3 and DU145 cells 

(A). Treatment of PC3 and DU145 cells with the GSK inhibitor CHIR for 48 hours reduced the expression 

of the XIAP (B), cIAP-1 (C), BCL-2 (D) and IL-6 (D) in a concentration-dependent manner. Data is 

representative of 3 independent experiments and is presented as mean ± SEM of 2 independent 

experiments, with *p≤0.05, **p≤0.01 and ***p≤0.001 compared to the untreated; one way ANOVA with 

Bonferroni correction.  
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3.2.4.2 Inhibition of GSK3 reduces NFκB promoter activity, the expression of NFκB 

associated anti-apoptotic proteins and IL-6 secretion 

In the previous section (3.2.4.1), CHIR treatment reduced the expression of several NFκB 

genes that have been reported to be active in CRPC. However, whether this translated into 

reduction at a functional (protein) level remained to be investigated. To this end, PC3 and 

DU145 cells were treated with 1, 5 and 10μM CHIR for 48 hours, after which the 

supernatant was retained and protein extracted for an IL-6 ELISA (section 2.8.2) and 

immunoblotting for expression of NFκB-associated anti-apoptotic proteins, respectively. 

The expression of the anti-apoptotic proteins BCL-2 and XIAP were reduced in both cell 

lines (figure 3.8A). However of the IAPs cIAP-1/-2 and survivin were only reduced in 

DU145 and PC3 cells, respectively. An ELISA for IL-6 was carried supernatants of the 

treated cells, which showed a significant reduction in IL-6 secretion with CHIR treatment 

in both cell lines (figure 3.8B) (p≤0.001 compared to the untreated; one way ANOVA with 

Bonferroni correction). CHIR treatment reduced IL-6 levels from 668pg/ml to 250pg/ml 

and from 55pg/ml to undetectable (nil) in the PC3 and DU145 cells, respectively. In order 

to determine whether the reduction in the expression of the anti-apoptotic proteins was due 

to reduced NFκB activity, a luciferase assay was carried out. As outlined in section 2.6.2, 

pre-treatment with CHIR significantly reduced TNFα-induced NFκB activity in both cell 

lines. While pre-treatment with 1uM CHIR had little effect on NFκB activity, it was almost 

halved in both cell lines following pre-treatment with 10μM CHIR (figure 3.8C). 
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Figure 3.8 Inhibition of GSK3 reduces the expression of anti-apoptotic proteins, IL-6 secretion and NFκB-

promoter activity in CRPC 

Treatment of  DU145 and PC3  cells with CHIR99021 (CHIR) for 48 hours reduced the protein expression of 

the anti-apoptotic proteins XIAP and BCL2 in both cell lines (A) Expression of the IAPs cIAP-1/2 and 

survivin were only reduced in DU145 and PC3 cells, respectively (A) CHIR treatment for 48 reduced 

secretion of the pro-inflammatory IL-6 cytokines (B)  There was a reduction in NFκB luciferase activity 

following pre-treatment with CHIR and stimulation with 20ng/ml TNFα for 10 hours. The ELISA and 

luciferase assay are presented as mean ± SEM and represent 3 independent experiments, with *P ≤ 0.05, **P ≤ 

0.01, *** P ≤ 0.001 compared to the untreated; one-way ANOVA with Bonferroni correction. 
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3.2.5 Inhibition of NFκB is sufficient to sensitise CRPC cells to TNFα-induced 

apoptosis 

Offsetting NFκB signalling by inhibiting GSK3 has been shown to be sufficient to sensitise 

tumour cell to apoptosis. Whereas, in addition to GSK3 inhibition disrupting NFκB 

signalling, it appears that some tumour cells require co-stimulation of DR ligands to induce 

apoptosis while others don’t (Zhang et al., 2014). Therefore, we sought to ascertain 

whether inhibition of NFκB signalling in CRPC cells is sufficient to promote apoptosis in a 

TNFα-dependent/-independent manner. 

Using the NFκB chemical inhibitor BMS-345541 (BMS), a selective inhibitor for both 

IKKα and IKKβ (Burke et al., 2003), both of which are key upstream initiators of NFκB 

signalling, NFκB promoter activity in DU145 was reduced by 60% following 5μM BMS 

treatment compared to the untreated (figure 3.9A) (p≤0.001; one way ANOVA with 

Bonferroni correction). DU145 cells were subsequently treated with 5μM BMS and/or 

20ng/ml TNFα for 24 hours before carrying out flow cytometry using annexin V 

counterstained with PI staining to determine if the cells were undergoing apoptosis. DU145 

cells treated with either 20ng/ml TNFα or 5μM BMS alone didn’t show a significant 

increase in either annexin V or PI staining, indicating that the cells weren’t undergoing cell 

death (figure 3.9B). However, treating DU145 cells with the combination of 5μM BMS 

and 20ng/ml TNFα led to a dramatic shift to annexin V-positive/PI-positive staining 

(figure 3.9B), suggesting that the cells were undergoing apoptosis and/or necrosis. Pre-

treatment with the caspase inhibitor Q-VD-OPh (30μM) reverted the majority of the 

annexin V-positive/PI-positive staining that was observed with co-treatment (5μM BMS 

and 20ng/ml TNFα), suggesting that the cells were undergoing apoptosis and not necrosis 

(figure 3.9B). Total cell death, the percentage sum of early-apoptotic (annexin V-

positive/PI-negative), necrotic/late-apoptotic (annexin V-positive/PI-positive) and 

fragments (annexin V-negative/PI-positive), confirmed these findings as being statistically 

significant (P ≤ 0.001, one-way ANOVA) (figure 3.9C). 
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3.2.6 Inhibition of GSK3 sensitises CRPC cells to TNFα-induced apoptosis 

In the previous section (3.2.5), inhibition of NFκB was shown to be sufficient to sensitise 

DU145 cells to TNFα-induced apoptosis. It was also previously shown that inhibition of 

GSK3 reduced NFκB activity, the expression of NFκB-associated anti-apoptotic proteins 

Figure 3.9 Inhibition of NFκB sensitises CRPC cells to TNFα-induced apoptosis 

BMS-345541 (BMS) reduced DU145 NFκB promoter activity in a concentration-dependent manner  

(***P≤0.001 compared to the untreated; one way ANOVA with Bonferroni correction) (A) Scatterplots 

showing cells stained with annexin V and PI in the FL1-A and FL2-A channels, respectively (B) Compared to 

each treatment alone, co-treatment with BMS and TNFα increased annexin V/PI staining, which was reverted 

in the presence of the caspase inhibitor Q-VD-OPh (CI) (30μM). Total cell death (the percentage sum of 

fragments, early apoptotic and necrotic/late-apoptotic) was significantly enhanced with co-treatment and 

reverted in the presence of CI (*** P ≤ 0.001; One-way ANOVA with Bonferroni correction) (C). Data 

presented as mean ± SEM of 2 independent experiments. 
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and IL-6 secretion in PC3 and DU145 cells (section 3.2.4). However, whether the 

reduction in NFκB activity arising from GSK3 inhibition was sufficient to sensitise the 

CRPC cell lines to TNFα-induced apoptosis remained to be determined. To this end, we 

examined the treated cells for changes in morphology and the apoptotic markers PARP 

cleavage and increased caspase-3 activity. In addition, flow cytometry using annexin V 

counterstained with PI was also carried out to determine the primary mode of cell death, 

apoptosis or necrosis. 

3.2.6.1 Combined GSK3 inhibition and TNFα stimulation induced PARP cleavage and 

increases caspase-3 activity 

Cleavage of PARP and caspase-3 are well-defined hallmarks of apoptosis and occur early 

during this process (Kaufmann et al., 1993). Therefore, these markers were used to 

determine whether the reduction in NFκB activity arising from GSK3 inhibition could 

sensitise the PC3 and DU145 cells to TNFα-induced apoptosis. Both cell lines were treated 

for 48 hours with 5, 10, and 15μM CHIR ± 20ng/ml TNFα (Figure 3.10). Immunoblotting 

showed PARP cleavage was only detectable in samples treated with a combination of 

CHIR and TNFα. No PARP cleavage was detected with TNFα or CHIR treatments alone 

in either cell line (Figure 3.11A).  

To prevent constitutive activation of the effector caspases (caspase-3, -6 and -7), they are 

synthesised as inactive dimers and must be cleaved by initiator caspases (caspase-8 and -

10). Once cleaved, effector caspases become mature proteases that cleave other effector 

caspases, leading to accelerated caspase activation and controlled cellular destruction from 

within. To circumvent the issue of a relatively non-specific caspase-3 antibody, which 

made caspase-3 cleavage detection difficult, the protease activity of caspase-3 was instead 

measured using the Nucview 488 caspase-3 substrate, which when cleaved by caspase-3 

allows the fluorescent dye to become activated and bind to DNA, thus allowing it to be 

detected using a fluorescent plate-reader. Though caspase-3 activity was slightly increased 

with 5 and 10μM CHIR treatments alone in both cell lines, it was statically significantly 

enhanced when 10μM CHIR was combined 20ng/ml TNFα in both cell lines (Figure 

3.11B). In the presence of the pan-caspase inhibitor Q-VD-OPh (30μM), most of the 

increased caspase-3 activity associated with combined 10μM CHIR and TNFα treatment 

was reversed in both cell lines, thus confirming that the observed activity was caspase-

dependent. 
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Figure 3.10 Co-treatment with CHIR and TNFα causes CRPC cells to undergo apoptotic morphological changes 

PC3 (A) and DU145 (B) cells treated 5/10μM CHIR or 20ng/ml TNFα for 48 hours retained their normal morphological features 

compared to co-treated with 5/10μM CHIR and 20 ng/ml TNFα, which started to detach from the monolayer and shrinking, both 

of which are morphological features of apoptosis.  Pre-treatment with the caspase inhibitor Q-VD-OPh (30μM) in PC3 cells 

appeared to prevent cell death, which suggests that the mechanism of death was apoptosis (A) Images taken at 10X magnification 

using the EVOS Cell Imaging System and are representative of 3 independent experiments. 
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3.2.6.2 Combined GSK3 inhibition and TNFα stimulation increases annexin V/PI staining 

As outlined in section 2.11.1, PC3 and DU145 cells were treated with CHIR and/or 

20ng/ml TNFα for 48 hours before undergoing flow cytometry using annexin V 

counterstained with PI (section 2.11.3). For the combined treatment, the cells were pre-

treated for an hour with CHIR before the addition of TNFα. Treatment with CHIR or 

TNFα alone didn’t increase annexin V and/or PI staining significantly compared to the 

untreated in either PC3 (figure 3.12A) or DU145 cells (figure 3.12B). However, combined 

treatment with 10/15μM CHIR and TNFα increased staining significantly compared to 

each treatment alone, which was reverted in the presence of 30μM of Q-VD-OPh, 

suggesting that GSK3 inhibition sensitised the cells to TNFα-induced apoptosis, not 

necrosis. Total cell death, the percentage sum of early-apoptotic (annexin V-positive/PI-

Figure 3.11 Inhibition of GSK3 sensitises CRPC cells to TNFα-induced apoptosis 

Treatment of PC3 (A – top panel) and DU145 (A – bottom panel) cells with CHIR99021 (CHIR) combined 

with TNFα induced PARP cleavage, a maker of apoptosis (A) Similarly, the combination of CHIR and TNFα 

induced caspase-3 activity, another apoptotic marker, which was mostly reverted in the presence of the pan-

caspase inhibitor Q-VD-OPh (30μM) (B). Immunoblots are representative of 2 independent experiments. The 

caspase-3 activity was carried out using Nucview 488 Caspase-3 substrate and is presented as mean ± SEM of 

3 independent experiments, with  *P ≤ 0.05 **P ≤ 0.01; one-way ANOVA with Bonferroni correction  
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negative), necrotic/late-apoptotic (annexin V-positive/PI-positive) and fragments (annexin 

V-negative/PI-positive), confirmed these findings as being statistically significant (one-

way ANOVA with Bonferroni correction). 
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Figure 3.12 Inhibition of GSK3 sensitises CRPC cells to TNFα-induced apoptosis 

Following treatment of PC3 (A) and DU145 (B) cells with CHIR99021 (CHIR) or 20ng/ml TNFα for 48 hours, scatterplots showed neither increased annexin-V (FL1-A) 

nor PI (FL2-A) staining, suggesting that cells weren’t undergoing cell death. Compared to each treatment alone, combined CHIR and TNFα significantly increased 

annexin V-positive/PI-positive staining in both cell lines, which was reverted in the presence of the pan-caspase inhibitor Q-VD-OPh (30μM).  Total cell death, the 

percentage sum of fragments, early apoptotic and necrotic/late-apoptotic demonstrated that cell death was significantly increased when CHIR was combined with TNFα 

and reverted in the presence of CI, confirming that apoptosis was the predominant mode of cell death (*P ≤ 0.05 **P ≤ 0.01 *** P ≤ 0.001; One-way ANOVA with 

Bonferroni correction). Total cell death % presented as mean± SEM of 3 independent experiments. 
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3.3 DISCUSSION 

In this set of experiments the activity of GSK3 and NFκB signalling was found to be 

upregulated in CRPC cell lines compared to both normal prostate epithelial cells and 

androgen-dependent PCa cell lines. Inhibition of GSK3 was shown to reduce NFκB 

activity, secretion of the pro-inflammatory cytokine IL-6 and the expression of NFκB-

associated anti-apoptotic proteins, suggesting that GSK3 positively regulates NFκB in 

CRPC.  In addition, co-treatment with the GSK3 inhibitor CHIR and TNFα significantly 

reduced the cell viability of both PC3 and DU145 cells compared to each treatment alone, 

which was shown to be due to the cells being sensitised to TNFα-induced apoptosis. 

Although it has classically been regarded as a tumour suppressor, primarily due to its role 

in suppressing the WNT/β-catenin signalling pathway, emerging evidence suggests that 

GSK3 may also be a tumour promoter. This is due the observation that GSK3 is 

upregulated in many cancers and that its inhibition has been shown to have a negative 

effect on tumour cell survival and proliferation in prostate cancer both in vitro and in vivo 

(Rinnab et al., 2008, Zhu et al., 2011). One of GSK3’s tumour promoting properties that 

has been reported is its ability to modulate NFκB signalling, which is upregulated in many 

cancers, including CRPC (Chen and Sawyers, 2002, Lessard et al., 2005, Seo et al., 2009). 

NFκB is known to have a key role in the progression to and maintenance of CRPC (Jin et 

al., 2008, Zhang et al., 2009). Although targeting NFκB signalling doesn’t seem to prevent 

the formation of prostate tumours, studies have shown that it results in less metastatic and 

proliferative tumours (Galheigo et al., 2016, Huang et al., 2001). These findings are 

supported by others showing that NFκB regulates the AR and that it plays a critical role in 

the progression from androgen-dependent to CRPC (Zhang et al., 2009, Jin et al., 2008). 

NFκB activation has been shown to correlate with prostate cancer disease progression, 

including chemo-resistance, metastasis and growth in bone, all of which are associated 

with CRPC (Lessard et al., 2005, Domingo-Domenech et al., 2006, Lessard et al., 2006, 

Ismail et al., 2004, McCall et al., 2012, Jin et al., 2013). Although GSK3’s role in 

regulating the AR signalling in PCa has been extensively studied (Liao et al., 2004b, 

Mazor et al., 2004, Rinnab et al., 2008), its AR-independent roles have been less well 

characterised, particularly in relation to regulating NFκB signalling like has been shown in 

other cancers. To study this in CRPC we used the PCa AR-negative bone and brain 

metastasis derived PC3 and DU145 cell lines, respectively, as our model for CRPC. Due to 
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their constitutive NFκB activity and resistance to the cytotoxic effects of TNFα (Chopra et 

al., 2004, Suh et al., 2002), these cell lines were ideal for studying NFκB regulation in 

CRPC. 

GSK3 activity is known to be regulated in a number of ways, of which the best studied is 

phosphorylation. Despite many known GSK3 phosphorylation sites, the two most well 

characterised ones are pGSK3-Tyr279/216 and pGSK3-Ser21/9, which are associated with 

GSK3 activation and inhibition, respectively. One of the many ways of regulating GSK3 

activity is to control the phosphorylation activity at these sites, the expression of which can 

be used as surrogate markers for GSK3 activity. Immunoblotting for the basal expression 

of these markers showed that the expression of total GSK3 and pGSK3-Tyr279/216 were 

comparable in all of the examined cell lines. However, while there was little change in the 

expression of pGSK3-Ser21/9 between the RWPE-1 cell (representing “normal” prostate 

epithelial cells) and the AR-positive cell lines (LNCaP and MDA-PCa2b), there was a 

marked reduction in the expression for both GSK3 isoforms in the CRPC cell lines (PC3 

and DU145) (section 3.2.1). Although there was faint pGSK3-Ser21/9 expression in the 

PC3 cells, suggesting some degree of regulation, it was abolished in the DU145 cells. The 

basal level of GSK3 in cells is normally high and its activity is maintained by inhibitory 

serine phosphorylation by a range of stimuli. The high expression of the inhibitory 

phospho-serine for both GSK3 isoforms in RWPE-1 and androgen-dependent cell lines 

(LNCaP and MDA-PCa2b) suggests regulation of balance between the active and inactive 

form of the kinase. However, the reduction of pGSK3-Ser21/9 in the CRPC cell lines 

suggests dysregulation of GSK3 activity in these cell lines. Taken together, these results 

suggest that, because of the reduction in pGSK3-Ser21/9 in CRPC cell lines compared to 

the others, GSK3 activity may be increased in CRPC. These findings are in agreement with 

a study of colon cancer that showed a significant reduction/absence of pGSK3-Ser9 

(GSKβ) in colon cancer tissue compared to the corresponding non-neoplastic adjacent 

tissue (Shakoori et al., 2005) 

Although both NFκB pathways (canonical and non-canonical) appear to be active in 

CRPC, the canonical pathway appears to be predominantly active (Seo et al., 2009, 

Gasparian et al., 2002). Of all the NFκB dimer configurations that comprise the canonical 

pathway, the RelA-p50 heterodimer is the most abundant (Oeckinghaus and Ghosh, 2009, 

Gasparian et al., 2002). Immunoblotting for expression of active RelA (pRelA), containing 

the transactivation domain for the RelA-p50 dimers (Schmitz and Baeuerle, 1991), showed 
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that its expression was significantly higher in PC3 and DU145 cells compared to RWPE-1 

and LNCaP cell lines. This finding is in agreement with another study that showed similar 

findings (Suh et al., 2002). Of the cell lines representing CRPC, pRelA expression was 

highest in the PC3 cells. This increase in pRelA correlated with the expression of the 

NFκB-associated anti-apoptotic proteins BCL-2 and survivin. Furthermore, NFκB activity, 

measured using a luciferase assay, showed that DU145 and PC3 cells had 2 and 2.2 fold 

higher basal NFκB activity over RWPE-1 cells, respectively. 

Although rare, mutations within the various components of the NFκB signalling pathways 

have been reported in solid tumours. For example, the gene fusion between transporting 1 

(TNPO1) and IKKβ has been shown to increase IKKβ activity in PCa, leading to 

constitutively active NFκB (Pflueger et al., 2011). While genetic alterations may enhance 

NFκB activation in PCa, pro-inflammatory cytokines within the tumour micro-

environment are thought to be the main inducers of NFκB. Increased circulating levels of 

several pro-inflammatory cytokines (TNFα, IL-1β, IL-6, IL-8, IFNγ) have been reported in 

the serum of PCa patients (Tazaki et al., 2011). Initially the expression of these pro-

inflammatory cytokines appears to be low in localised PCa (Michalaki et al., 2004), even 

following long-term ADT (Maggio et al., 2006). However, the expression of TNFα, IL-1β, 

IL-6 and IL-8 has been reported to be significantly higher during the progression from 

localised to advanced disease (Tazaki et al., 2011, Mantovani et al., 2000, Michalaki et al., 

2004). Although immune cells conscripted within the tumour microenvironment are 

thought to secrete the bulk of these cytokines, constitutively active NFκB signalling within 

tumours cells can itself lead to secretion of TNFα, IL-1β, IL-6 and IL-8, all of which are 

NFκB targets (Hiscott et al., 1993, Shakhov et al., 1990, Kunsch and Rosen, 1993, 

Libermann and Baltimore, 1990). When released from tumour cells, these cytokines can 

act in an autocrine or paracrine manner (Arlt et al., 2002, Giri et al., 2001). While TNFα 

and IL-1β released by tumour cells enhance NFκB activity (Arlt et al., 2002, O'Connell et 

al., 1995), IL-6 and IL-8 promote PCa progression by promoting angiogenesis, chemo-

resistance, invasion and epithelial to mesenchymal transition (EMT) (Codony-Servat et al., 

2013, Culig, 2013, Nguyen et al., 2014a, Araki et al., 2007). Of the cell lines examined, 

only PC3 cells secreted detectable levels of TNFα and IL-1β. This may explain why, of all 

the cell lines, PC3 cells were shown to have the highest basal NFκB activity (section 

3.2.1). Although little or no IL-6 and IL-8 was detected in the supernatants of RWPE-1, 

LNCaP and MDA-PCa2b cell lines, PC3 and DU145 cells secreted considerable levels of 
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both cytokines. Of the two CRPC cell lines, PC3 cells secreted much higher levels of both 

of these cytokines, which is in agreement with findings from other studies (Giri et al., 

2001, Dehghani et al., 2009) 

Resistance to apoptosis by DR ligands such as TRAIL and TNFα is a common feature of 

many cancers (Hanahan and Weinberg, 2011, Oya et al., 2001, Zhang et al., 2008). In the 

case of TNFα, it can function as both a pro-survival and pro-apoptotic factor through 

TNFR1 signalling, which, unlike most DRs, predominantly mediates pro-inflammatory and 

survival signalling. This response is primarily mediated through NFκB signalling, which 

induces the expression of anti-apoptotic proteins that effectively antagonise the DISC 

complex and activation of further downstream caspases that are associated with the pro-

apoptotic arm of TNFR1 signalling. Enhanced circulating TNFα, a feature of many 

advanced cancers (Mantovani et al., 2000), leads to constitutively active NFκB signalling. 

Circulating TNFα levels in cancer patients are typically correlated with proliferation and 

survival of tumour cells, metastasis and drug resistance, all of which are linked to aberrant 

NFκB signalling. However, in some studies where constitutively active NFκB signalling 

has been perturbed, either directly or indirectly, this has been shown to reduce the 

expression of NFκB-associated anti-apoptotic proteins (Deeb et al., 2010), consequently 

reducing the inhibitory constraints on the pro-apoptotic arm TNFR1 signalling and thus 

sensitising tumour cells to the cytotoxic effects of TNFα. Resistance to TNFα induced 

apoptosis due to constitutively active NFκB is a feature of many cancers, including CRPC. 

This is supported by the findings that the introduction of an IκBα super-repressor, which 

prevents NFκB activation and retains it in the cytoplasm, has been shown to be sufficient 

to sensitise PC3 cells to TNFα-induced apoptosis (Muenchen et al., 2000). Furthermore, in 

another study, treatment of PC3 and DU145 cells with a NFκB decoy oligonucleotide also 

sensitised the tumour cells to TNFα-induced apoptosis (Sumitomo et al., 1999). These 

studies highlight the importance of NFκB activity in shielding CRPC cells from the 

cytotoxic effects of TNFα. 

Targeting GSK3 has been shown to be sufficient to sensitise many tumour cells that are 

normally resistant to DR ligands to apoptosis (Zhang et al., 2014, Liao et al., 2003).  We 

investigated whether GSK3 inhibition could do the same in PC3 and DU145 cells, which 

are ordinarily resistant to TNFα-induced apoptosis (McEleny et al., 2002, Shi et al., 2013, 

Chopra et al., 2004). GSK3 inhibition using the pan-GSK3 inhibitors LiCl and CHIR was 

confirmed by reduced expression of phospho-glycogen synthase (pGS), a surrogate marker 
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that is routinely used to detect GSK3 inhibition. Although treatment with CHIR and LiCl 

alone reduced the viability of PC3 and DU145 cells in a dose and time-dependent manner, 

20ng/ml TNFα alone had little effect on the viability of either cell line (section 3.2.3.2). 

Remarkably, as observed in other cancers, combined inhibition of GSK3 with LiCl/CHIR 

and TNFα significantly reduced the viability of both CRPC cells lines compared to each 

treatment alone. Furthermore, because the reduction in cell viability when using the 

combination was greater than the sum of the reduction in viability with each treatment 

alone, this suggested that GSK3 inhibition and TNFα were acting in synergy.  

One of GSK3’s tumour promoting properties is its ability to inhibit the DR-mediated 

apoptotic pathway (the extrinsic apoptotic pathway), which it has been shown to do by 

modulating NFκB signalling (Hoeflich et al., 2000, Schwabe and Brenner, 2002). The link 

between GSK3 and NFκB was first established by the observation that TNFα-induced 

NFκB activity was diminished in murine hepatocytes following the knockout or inhibition 

of GSK3β (Hoeflich et al., 2000). Since then GSK3 been reported to both positively and 

negatively regulate NFκB in many contexts, including cancer (Buss et al., 2004, Wilson 

and Baldwin, 2008, Ougolkov et al., 2005, Kotliarova et al., 2008). Although GSK3 is 

thought to influence the expression of only a subset of NFκB genes (Steinbrecher et al., 

2005, Zhang et al., 2014), targeting it has been shown to be sufficient to reduce NFκB 

acitivity and the expression of some of its associated anti-apoptotic and pro-inflammatory 

genes (Steinbrecher et al., 2005), thus sensitising tumour cells to apoptosis via the  

extrinsic pathway. To determine if the reduction in the viability of PC3 and DU145 cells 

following combined GSK3 inhibition and TNFα was due to sensitisation of the tumour 

cells to the cytotoxic effects of TNFα arising from reduced NFκB signalling, the cell lines 

were treated with the specific GSK3 inhibitor CHIR for 48 hours to monitor changes in the 

gene and protein expression of some NFκB associated genes. The gene expression of the 

anti-apoptotic genes XIAP, cIAP-1, survivin and BL2 along with the expression of pro-

inflammatory cytokine IL-6 were reduced with CHIR treatment in both CRPC cell lines 

(section 3.2.4.1). Whereas the protein expression of XIAP and bcl-2 was reduced both cell 

lines, the expression of the IAPs cIAP-1/-2 and survivin were only reduced in DU145 and 

PC3 cells, respectively.  Additionally, secretion of IL-6, a pro-inflammatory cytokine that 

is associated with NFκB signalling (Libermann and Baltimore, 1990) and is thought to 

confer chemo-resistance and tumour progression in CRPC (Codony-Servat et al., 2013, 

Domingo-Domenech et al., 2006, Chung et al., 1999), was reduced following CHIR 



 105 

treatment in both cell lines. The observation that GSK3 may regulate NFκB signalling in 

CRPC is further supported by the finding that pre-treatment with CHIR significantly 

reduced TNFα-induced NFκB activity in both PC3 and DU145 cells (section 3.2.4.2). This 

finding is in stark contrast to findings that CHIR in fact induced NFκB activity in 22Rv1 

cells (Campa et al., 2014), a xenograft derived PCa cell line that expresses the AR and 

whose growth is only weakly stimulated by testosterone (Sramkoski et al., 1999). These 

contradictory findings may be explained by how the role of GSK3 in regulating NFκB 

activity seems to change from local to metastatic prostate cancer, where in localised 

disease it has been shown to enhance AR activity (Liao et al., 2004b, Mazor et al., 2004), 

which in turn has been reported to inhibit NFκB activity in PCa (Mazor et al., 2004, 

Altuwaijri et al., 2003). In this context, inhibition of GSK3 would lead to reduced AR 

activity, resulting in enhanced NFκB activity. 

Reducing NFκB activity has been shown to be sufficient to sensitise CRPC cells to TNFα-

induced cytotoxicity. Due to our observation that GSK3 inhibition reduced the activity of 

NFκB signalling in both PC3 and DU145 cells, and the synergistic effect of co-treatment 

with GSK3 inhibition and TNFα on cell viability compared to each treatment alone, we 

wanted to determine whether inhibition off GSK could sensitise PC3 and DU145 to TNFα 

cytotoxicity. PARP cleavage and increased caspase-3 protease activity, two well defined 

apoptotic markers, were detected in PC3 and DU145 cells that were treated with both 

CHIR and TNFα (section 3.2.6.1). Although apoptosis is often thought about as being the 

only cytotoxic effect associated with TNFα signalling, so too is necrosis (Vandenabeele et 

al., 2010). To demonstrate that apoptosis was the predominant mechanism of cell death, 

flow cytometry using annexin V counterstained with the DNA intercalating dye PI was 

carried out. Annexin V, which binds to phosphatidylserine exposed on the cell surface, an 

early phenomenon in apoptosis, whereas PI is associated with late-apoptosis/necrosis. In 

both CRPC cells lines, combined CHIR and TNFα treatment increased annexin V-

positive/PI-positive staining, which was reverted in the presence of the pan-caspase 

inhibitor Q-VD-OPh (30μM), suggesting that apoptosis was the predominant mode of cell 

death (section 3.2.6.2).  Treatment with the single agents alone didn’t have a significant 

shift from annexin V-negative/PI-negative staining (viable). 

Although targeting GSK3 has been shown to sensitise tumour cells to TNFα and TRAIL-

induced apoptosis in an NFκB-dependent manner (Zhang et al., 2014), TRAIL-induced 

apoptosis in an NFκB-independent manner has been reported in CRPC (Liao et al., 2003). 
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To rule out the possibility that the reduction in NFκB activity following CHIR treatment 

wasn’t at least partially responsible for sensitisation to TNFα-induced apoptosis, the NFκB 

inhibitor BMS was used to demonstrate that targeting NFκB activation could sensitise 

DU145 cells to TNFα-induced apoptosis. Flow cytometry carried out on DU145 cells 

treated with 5μM BMS or 20ng/ml TNFα alone for 24 hours showed little difference in 

annexin V/PI staining compared to the untreated. However, combined treatment with BMS 

and TNFα showed a significant increase in annexin V-positive/PI-positive staining, which 

was mostly reverted in the presence of the caspase-inhibitor Q-VD-OPh, suggesting that 

targeting NFκB signalling is sufficient to sensitise CRPC cells to TNFα-induced apoptosis 

(section 3.2.6.1). This is in agreement with findings from other groups that have also 

reported that targeting NFκB can sensitise CRPC cells to TNFα-induced apoptosis.  

(Muenchen et al., 2000, Sumitomo et al., 1999, Shi et al., 2013). 

The data presented in this chapter demonstrate that GSK3 positively regulates TNFα-

induced NFκB signalling in CRPC cell lines. Targeting GSK3 reduces NFκB signalling 

activity and is sufficient to sensitise CRPC cell lines to TNFα cytotoxicity. However, 

additional studies were necessary to unravel both the role and mechanism of each GSK3 

isoform in regulating TNFα-induced NFκB signalling in CRPC. 
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4.1 INTRODUCTION 

One of the major pitfalls of chemical drugs are the undesirable effects that arise as a result 

of off-target effects, i.e. the modulation of targets other than the intended target (Rudmann, 

2013). Achieving selectivity is paramount in drug design to minimise non-specific binding 

that would otherwise lead to the side-effects. Due to similarities within their druggable 

sites with other kinases/proteins, kinase inhibitors are particularly prone to off-target 

effects. For example, ATP-competitive kinase inhibitors, as their name suggests, bind to 

the ATP-binding pocket within a kinase to prevent ATP-binding/phosphorylation. When 

you consider the myriad of known ATP-binding proteins in a single organism, this 

exemplifies the sheer importance of targeting only the intended target. While, in the case of 

competitive ATP-inhibitors, selectivity can be enhanced by exploiting structural 

differences within the ATP-binding sites of the intended target, overlap with other kinases 

still occurs. For example, because GSK3 and cyclin-dependent kinase (CDKs) share 

significant sequence homology within their ATP-binding pockets, it has been difficult to 

obtain complete selectivity over CDKs with GSK3 inhibitors with respect to inhibiting the 

ATP-binding site (Polychronopoulos et al., 2004). Another GSK3 inhibitor, LiCl, 

dissociates to produce Li
+
 ions, which compete with the GSK3 cofactor Mg

2+
 ions to 

inhibit GSK3 (Ryves and Harwood, 2001). However, because Mg
2+ 

ions serve as important 

cofactors for a number of other enzymes (Glasdam et al., 2016), the side effects of GSK3 

inhibition using LiCl is associated with the off–target effects of Li
+
 ions. Due to the off-

target effects of these and other GSK3 inhibitors, any experimental findings using these 

require subsequent validation to ensure that the observed effects are due to inhibition of 

GSK3, not an off-target. 

In addition to the off-target effects, the vast majority of GSK3 inhibitors are pan-GSK3 

inhibitors. That is, they inhibit both GSK3 isoforms, GSK3α and GSKβ, with similar 

specificity. This should come as no surprise as both isoforms share 98% sequence 

homology in their kinase domain (Woodgett, 1991). While in cancer most of the research 

in relation to GSK3 has centred on GSK3β, it is now apparent that both isoforms are 

implicated in tumourigenesis. On one hand, both isoforms have been reported to 

functionally redundant, such as in the regulation of β-catenin and in chemo-resistance 

(Doble et al., 2007, Grassilli et al., 2014), while on the other each isoform is thought to 

have has a specific role in tumourigenesis (Darrington et al., 2012). Therefore, it’s 
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becoming increasingly important to decipher the role of each of the two isoforms in 

tumourigenesis for the development of potential future isoform-specific GSK3 inhibitors. 

In this study, we wanted to corroborate the findings of our previous study (chapter 3) to 

confirm that the findings using the inhibitors CHIR99021 (CHIR) and LiCl were attributed 

to GSK3 inhibition and weren’t merely off-target effects. In addition, we wanted to 

investigate the role of each GSK3 isoform in relation to regulating NFκB signalling in 

CRPC. In order to target each isoform specifically, an RNAi approach using siRNA 

directed against each GSK3 isoform was utilised, which, in contrast to GSK3 inhibitors, 

allowed us to identify the isoform-specific role of GSK3 in regulating NFκB signalling in 

CRPC without off-target effects. 

Central to this study was the design and generation of siRNAs that were specific for each 

of the GSK3 isoforms, successfully introducing the siRNAs into the cell lines representing 

CRPC model (PC3 and DU145) and demonstrating an adequate knockdown of both 

isoforms. Once a satisfactory level of knockdown was achieved, knockdown of each 

isoform was used to assess its role in cell viability, TNFα-induced apoptosis and NFκB 

activity/gene expression in PC3 and DU145 cell lines. While targeting GSK3 has been 

proposed to regulate NFκB signalling in a variety of ways, its ability to modulate NFκB 

signalling in CRPC has been hasn’t been studied. Therefore, we used knockdown of GSK3 

to determine the underlying mechanism by which it regulates NFκB signalling in CRPC. 

 

4.2 RESULTS 

4.2.1 Successful knockdown of both GSK3 isoforms in PC3 and DU145 cells 

While there are many strategies for knocking down genes using siRNA, we opted for 

reverse transfection due its reported higher efficiency than forward transfection (Fujita et 

al., 2010). As outlined in section 2.4.1, siRNA transfection in PC3 and DU145 cells was 

optimised by assessing cell viability using the alamar blue assay following transfection of 

the AllStars Cell Ceath siRNA (50nM) (Qiagen), a highly potent cocktail of siRNAs 

targeting ubiquitously expressed human genes that are essential for cell survival, with 

various volumes (1.25 - 5μl per ml of media) of the transfection reagent Dharmafect #3 

(DF) for 24 - 72hours. In both cell lines, transfection of the scramble siRNA (50nM) with 

5ul DF per ml media or DF alone (5μl per ml) had no significant effect on cell viability. 
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Using the cell death siRNA (50nM final), the viabilities of PC3 cells reduced to 30% and 

to 35% for DU145 cells following 48 hours of transfection with 2.5μl and 3.75μl DF per 

ml, respectively (figure 4.1A). The cell viabilities weren’t significantly further reduced by 

using a higher volume of DF or at later time-point.  Therefore, 2.5μl and 3.75μl DF per ml 

of media was used for all subsequent PC3 and DU145 siRNA transfections, respectively. 

Knockdown of GSK3 was carried out as outlined in section 2.4.2. Using immunoblotting 

to assess the knockdown, both GSK3 isoforms were successfully targeted in both cell lines 

(figure 4.1B). There was no indication of any cross-reactivity between the siRNAs, 

suggesting that they were specific for each isoform. For the remainder of this thesis, the 

GSK3 targeting siRNAs GSKα1 and GSKβ1 were used for knocking down GSKα and 

GSK3β, respectively. 
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Figure 4.1 Successful knockdown of GSK3 in PC3 and DU145 cells 

Optimisation of reverse siRNA transfection was carried out by transfecting the Allstars cell death control 

siRNA (50nM) (Qiagen) with using various volumes of  Dharmafect #3 (DF) transfection reagent and 

assessing cell viability at 24, 48 and 72h post-transfection. The optimal time for assessment of the effects 

of siRNA knockdown was found to be 48 hours post transfection with 2.5μl and 3.75μl DF per ml of 

media for PC3 and DU145 cells, respectively (A). Using the optimised conditions, both GSK3 isoforms 

were successfully knocked down in PC3 (top) and DU145 (below) cells (B). Data in (A) plotted as mean 

± SEM of 2 independent experiments, with *P≤ 0.05, **P≤0.01 and ***P≤0.001 compared to the 

scramble for each time point; one-way ANOVA with Bonferroni correction.   
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4.2.2 Knockdown of either GSK3 isoform combined with TNFα has a synergistic 

effect on cell viability in CRPC cells 

The effects of siRNAs are finite and have been estimated to last approximately one week 

in rapidly dividing cells such as tumour cells (Bartlett and Davis, 2006). To ensure that this 

was also the case for knockdown of both GSK3 isoforms in our cell lines, a 24 - 96 hour 

time course for the knockdown of each isoform was carried out in both cell lines. 

Significant knockdown of both GSK3 isoforms occurred at all time-points in comparison 

to the respective wild-type and non-targeting siRNA (scramble) (figure 4.2A). Although 

the knockdown of GSK3α was greater in DU145 cells, knockdown of GSKβ was greater in 

PC3 cells. 

In the previous chapter (section 3.2.3.2), pre-treatment with a GSK3 inhibitor followed by 

the addition of 20ng/ml TNFα was shown to enhance the reduction in cell viability and 

induce significant cytotoxicity in both CRPC cell lines compared to each treatment alone. 

While the use of two GSK3 inhibitors with different modes of action, LiCl and CHIR, 

increased the likelihood that the observed effect was due to inhibition of GSK3 alone, we 

wanted to confirm that was effect was mediated by inhibition of GSK3 and delineate the 

role of each GSK3 isoform with respect to sensitising the CRPC cell lines to TNFα-

induced cytotoxicity, to which the investigated cells lines are normally resistant to (Chopra 

et al., 2004). This was carried out as outlined in section 2.7.2. Compared to the scramble, 

there was a statistically significant time-dependent reduction in viability with the 

knockdown of each GSK3 isoform, beginning at 24 hours and maintained until the final 

time point in both cell lines (two way ANOVA with Bonferroni correction) (figure 4.2B). 

Although there was no statistical significance between the knockdowns of both GSK3 

isoforms in DU145 cells, there was in PC3 cells at all the time points; 24 hours (p≤0.05), 

48 hours (p≤0.001), 72 hours (p≤0.001) and 96 hours (p≤0.01) (two way ANOVA with 

Bonferroni correction). Treatment with 20ng/ml TNFα alone or in combination with the 

scramble didn’t significantly affect the viability of either cell line. However, the 

knockdown of either GSK3 isoform combined with 20ng/ml TNFα significantly reduced 

the viability of both cell lines compared to the knockdown of respective GSK3 isoform 

alone, with p≤0.001 for all time points in both cell lines, except at 24 hours in DU145 cells 

with the knockdown of GSKα combined with TNFα (p≤0.01). In both cell lines there was 

no significant difference when the knockdown of one GSK3 isoform combined with TNFα 

was compared to the knockdown of the other GSK3 isoform combined with  TNFα (two 
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way ANOVA with Bonferroni correction) (see section 7.1.5 and 7.1.6 in appendix for 

complete statistical analysis). Overall, the findings from this experiment were comparable 

to those using the GSK3 inhibitor CHIR99021 ± TNFα in the previous chapter (section 

3.2.3.2). 

 

 

 

 

 

 

 

Figure 4.2 Knockdown of either GSK3 isoform combined with TNFα significantly reduces the cell viability 

of CRPC cells 

siRNA mediated knockdown of either GSK3 isoform was detected as early as 24 hours and lasted for at least 

96 hours in PC3 and DU145 cells (A). Knockdown of either GSK3 isoform combined with 20ng/ml TNFα 

significantly enhanced the reduction in cell viability compared to each treatment alone in both DU145 and 

PC3 cells (B). Graphs (B) are presented as the mean ± SEM of 3 independent experiments. 
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4.2.3 Knockdown of either GSK3 isoform sensitises CRPC cells to TNFα-induced 

apoptosis 

In the previous chapter, inhibition of GSK3 was sufficient to sensitise PC3 and DU145 

cells to TNFα-induced apoptosis (section 3.2.6). In the previous section (4.2.2), combined 

knockdown of GSK3 and the addition of TNFα reduced the cell viability compared to each 

treatment alone in both cell lines. In order to assess whether the reduction in viability was 

due to apoptosis, the treated cells were assessed for morphological changes that are 

consistent with cells undergoing apoptosis, protein expression of the apoptotic marker 

PARP cleavage and flow cytometry using annexin-V counterstained with PI. As outlined 

in section 2.11.1, the cells were reverse transfected with GSK3 siRNA for 6 hours before 

the media was replaced with complete media and the cells were left to grow for 24 hours. 

The following day, the media were replaced with media containing 20ng/ml TNFα for a 

further 48 hours before images were taken and subsequent analysis was carried out. 

4.2.3.1 Knockdown of GSK3 in combination with TNFα-induces apoptotic morphological 

changes in CRPC cells 

Images taken following the experiment outlined above showed that the knockdown of 

either GSK3 isoform followed by the addition of 20ng/ml TNFα caused both DU145 

(Figure 4.3A) and PC3 (Figure 4.3B) cells to detach extensively from the neighbouring 

cells in the monolayer and caused the cell shrinkage, both of which are morphological 

hallmarks of cells undergoing apoptosis (Ziegler and Groscurth, 2004). In contrast, the 

treatments alone were morphologically similar to the untreated cells, although there were 

fewer cells when either GSK3 isoform only was knocked out in both cell lines. 
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Figure 4.3 Knockdown of GSK3 in the presence of TNFα signalling causes CPRC cell to undergo apoptotic morphological changes 

Knockdown of either GSK3 isoform or 20ng/ml TNFα alone didn’t induce morphological changes in DU145 (A) or PC3 (B) monolayers. 

In contrast, co-treatment with TNFα and knockdown of GSK3 caused disruption of the cell monolayer and caused cell shrinkage, both 

morphological hallmarks of apoptosis. Images were taken at 10X magnification using the EVOS Imaging System and are representative of 

3 independent experiments 
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4.2.3.2 Knockdown of GSK3 combined with TNFα reduces PARP protein expression but 

doesn’t induce PARP cleavage 

In order to confirm that the cells were undergoing apoptosis, they were assessed for 

apoptotic markers using immunoblotting for the expression of PARP cleavage. Though 

cleaved PARP (89 kDa) wasn’t detected in either cell line, a reduction in full length PARP 

(116kDa) was detected in PC3 (figure 4.4A) and to a lesser extent in DU145 (figure 4.4B) 

cells. Reduced full-length PARP was only detected when knockdown of either GSK3 

isoform was combined with TNFα. 

 

 

 

 

Figure 4.4 Knockdown of either GSK3 isoform combined with TNFα reduces total PARP expression in 

CRPC cells 

The knockdown of either GSK3 isoform combined with TNFα in reduced total PARP expression but didn’t 

induce the expression of  the apoptotic marker PARP cleavage in PC3 (A) or DU145 (B) cells.  Immunoblots are 

representative of 2 independent experiments. 
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4.2.3.3 Knockdown of either GSK3 isoform sensitises CRPC cells to TNFα-induced 

apoptosis 

Due to being unable to detect the apoptotic marker PARP cleavage in the previous section, 

we carried out flow cytometry with annexin-V counterstained with PI to determine whether 

the cells were undergoing apoptosis in response to GSK3 siRNA and TNFα treatment. In 

both PC3 (figure 4.5A) and DU145 (figure 4.5B) cells, knockdown of either GSK3 

isoform or treatment with 20ng/ml TNFα alone didn’t significantly alter annexin-V/PI 

scatterplot staining compared to the scramble and un-transfected samples. However, when 

the knockdown of either GSK3 isoform was combined with TNFα, annexin V-postive/PI-

positive scatterplot staining increased significantly, suggesting that the cells were 

necrotic/late-apoptotic. This staining was absent in the presence of the caspase-inhibitor Q-

VD-OPh (30μM). Total cell death, the percentage sum of fragments (annexin V-

negative/PI-positive), early apoptotic (annexin V-positive/PI-negative) and necrotic/late 

apoptotic (annexin V-positive/PI-positive), was enhanced significantly when TNFα was 

combined with the knockdown of either GSK3 isoform in both cell lines. In both cell lines, 

TNFα combined with the knockdown of GSK3β induced higher cell death than when it 

was combined with the knockdown of GSK3α. The lack of cell death in presence of the 

caspase-inhibitor Q-VD-OPh (30μM) suggested that the primary mode of cell death when 

the knockdown of either GSK3 isoform was combined with TNFα was apoptosis, not 

necrosis. 
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Figure 4.5 Knockdown of either GSK3 isoform sensitises CRPC cells to TNFα-induced apoptosis 

Scatterplots showed that the knockdown of either GSK3 isoform or 20ng/ml TNFα alone didn’t increase annexin-V/PI staining in PC3 (A) or DU145 (B) cells. In both cell 

lines, the knockdown of either GSK3 isoform combined with TNFα increased staining significantly compared to each treatment alone, which was reversed in the presence of 

the caspase-inhibitor Q-VD-OPh (CI) (30μM). Total cell death, the sum of fragments, early apoptotic and necrotic/late-apoptotic cells staining, demonstrated that cell death 

was significantly higher with combined treated and reverted in the presence of CI, confirming apoptosis as the predominant mechanism of cell death. Data presented as mean 

± SEM of 3 independent experiments, where *P≤ 0.05, **P≤0.01 and ***P≤0.001; one-way ANOVA with Bonferroni correction.   
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4.2.4 The GSK3 isoforms differentially regulate the expression of NFκB-associated 

genes in CRPC 

Though GSK3 has been shown to positively regulate NFκB signalling in many cancers, it  

has been reported to only regulate a subset of NFκB genes, mainly those pertaining to anti-

apoptotic proteins and pro-inflammatory cytokines (Steinbrecher et al., 2005, Zhang et al., 

2014). Previously we observed that inhibition of GSK3 reduced the expression of some 

NFκB associated anti-apoptotic and pro-inflammatory genes (cIAP-1/-2, XIAP, survivin 

and IL-6) in our CRPC model (PC3 and DU145 cells) (section 3.2.4). While in some 

exceptional contexts both GSK3 isoforms have been reported to be functionally redundant 

(Doble et al., 2007, Grassilli et al., 2014), for the most part they aren’t (Hoeflich et al., 

2000). Therefore, we sought to assess the role of each GSK3 isoform in the expression of 

NFκB-associated genes that we previously found to be regulated by GSK3 (section 3.2.4). 

4.2.4.1 Both GSK3 isoforms regulate NFκB gene expression in CRPC 

As outlined in section 2.4.2, PC3 and DU145 cells were reverse transfected with siRNA 

targeting both GSK3 isoforms for 48 hours before RT-PCR was carried out to identify 

differences in expression of the NFκB target genes IL-6, survivin, cIAP-1 and XIAP. The 

expression of IL-6, survivin and XIAP were reduced with knockdown of at least one GSK3 

isoform in both cell lines (figure 4.6). The expression of survivin was reduced to a similar 

extent with the knockdown of either isoform in both cell lines (figure 4.6A). However, 

while the reduction of XIAP expression was similar when either GSK3 isoform was 

targeted in DU145 cells, only the knockdown of GSK3β reduced XIAP expression in PC3 

cells (figure 4.6B). The gene expression of cIAP-1 was unaffected by GSK3 knockdown 

in PC3 cells and only affected by targeting GSKα in DU145 cells (figure 4.6C). Finally, 

the reduction in IL-6 expression was comparable between the knockdowns of both 

isoforms in DU145 cells and greater for knockdown of GSK3α in PC3 cells (figure 4.6D). 
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4.2.4.2 Knockdown of GSK3 reduces the protein expression of IAPs and IL-6 secretion in 

CRPC 

In the previous section (4.2.4.1) we observed that there were some differences between the 

GSK3 isoforms in regulating the expression of NFκB genes. Due to discordance between 

mRNA and protein expression (Maier et al., 2009), particularly for IAPs (Tamm et al., 

2000), we wanted to determine whether these differences at a transcription level translated 

into variations at a protein level. The cell lines were reverse transfected with GSK3 

targeting siRNA for 48 hours before an ELISA for IL-6 and immunoblotting for the protein 

expression of IAPs were carried out on the supernatants and protein, respectively (figure 

4.7). 

Figure 4.6 The GSK3 isoforms differentially regulate the gene expression of NFκB-associated IAPs and 

IL-6 in CRPC 

siRNA mediated knockdown of both GSK3 isoforms in PC3 and DU145 cells for 48 hours showed differences 

in the regulation of the NFκB associated genes survivin (A), XIAP (B), cIAP-1(C)  and IL-6 (D). Data present 

as mean ± SEM of 3 independent experiments, with *p ≤0.05 and **p ≤0.01 compared to scramble; student’s 

t-test. 
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In PC3 cells, while there was a similar reduction in the expression of the IAPs  XIAP and 

survivin following the knockdown of either GSK3 isoform, cIAP-1/-2 expression was 

unaffected (Figure 4.7A). In DU145 cells, knockdown of GSK3 reduced the protein 

expression of cIAP-1/-2, XIAP and survivin for both isoforms (Figure 4.7A). The 

knockdown of GSK3β in DU145 cells reduced the protein expression of cIAP-1/-2 and 

XIAP to a greater extent than with the knockdown of GSKα. Compared to the scramble, 

IL-6 secretion was significantly reduced in both cell lines following the knockdown of 

either GSK3 isoform (*P≤0.05 and **P≤0.01; student’s t-test compared to the scramble for 

each cell line) (Figure 4.7B). 

 

 

 

 

 

 

 

Figure 4.7 Knockdown of GSK3 reduces the protein expression of IAPs and IL-6 secretion in CRPC 

Knockdown of GSK3 reduced the expression of NFκB-associated inhibitor of apoptosis proteins (IAPs) XIAP 

and survivin in PC3 cells and cIAP-1/-2, XIAP and survivin in DU145 cells (A). Secretion of the NFκB-

associated pro-inflammatory cytokine IL-6 was also reduced following knockdown of either GSK3 isoforms in 

PC3 and DU145 cells (B).  ELISA data presented as mean ± SEM of 3 independent experiments, where *P≤ 

0.05 and **P≤0.01 compared to the scramble; student’s t-test. 
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4.2.5 Both GSK3 isoforms regulate NFκB signalling downstream of NFκB activation 

in CRPC 

In the previous section (section 4.2.4), targeting either GSK3 isoform was shown to reduce 

the expression of NFκB-associated anti-apoptotic proteins and secretion of the pro-

inflammatory cytokine IL-6 in both PC3 and DU145 cells. In chapter 3, pre-treatment with 

the selective GSK3 inhibitor CHIR was shown to reduce TNFα-induced NFκB promoter 

activity in both cells lines (section 3.4.2). Collectively, these findings suggest that GSK3 

regulates NFκB in CRPC. In order to confirm this and to identify the role of each GSK3 

isoform in regulating NFκB signalling in CRPC, firstly we assessed the effect of GSK3 

knockdown on TNFα-induced NFκB activity.  Knockdown of either GSK3 isoforms 

reduced TNFα-induced NFκB activity significantly in both CRPC cell lines, with 

knockdown of GSK3α having a slightly greater effect in both (figure 4.8A). However, the 

combined knockdown of both GSK3 isoforms didn’t appear to reduce NFκB activity 

further than the knockdown of each alone. In order to determine whether this reduction of 

NFκB activity by targeting GSK3 is exclusive to CRPC cell lines, the experiment was also 

carried out in the androgen responsive bone-metastasis derived MDA-PCa2b PCa cell line. 

Knockdown of either GSK3 isoform in MDA-PCa2b cells also reduced TNFα-induced 

NFκB significantly and to a similar extent for both isoforms (figure 4.8A). Similar to the 

PC3 and DU145 cell lines, there was no further reduction in NFκB activity with the 

combined knockdown of both GSK3 isoforms in MDA-PCa2b cells. 

Since we observed that both GSK3 isoforms can regulate NFκB signalling in both CRPC 

and androgen-dependent (MDA-PCa2b) PCa cell lines, we wanted to determine whether it 

does so upstream or downstream of NFκB activation. Because the RelA-p50 heterodimer is 

the most abundant NFκB dimer, we used RelA, which harbours the crucial transactivation 

domain required for RelA-p50 transcription (Schmitz and Baeuerle, 1991), as the reference 

for monitoring changes in NFκB expression. RelA phosphorylation at Ser-536 (pRelA), 

which is commonly used as a marker for activated RelA-p50, was unaffected following the 

knockdown of either GSK3 isoform in both CRPC cell lines (figure 4.8B). Following 

activation, the RelA-p50 heterodimer translocates to the nucleus where it binds to κB-sites 

located within the promoters of NFκB target genes. Subcellular fractionation, which can be 

used for detecting differences in the translocation of proteins from the cytoplasm to the 

nucleus, showed no difference between RelA translocation with the knockdown of either 

GSK3 isoform (figure 4.8C). The absence of Lamin A, a nuclear protein that provides 
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shape and mechanical strength to the nucleus (Houben et al., 2007), was used a marker 

demonstrate cytoplasmic fraction purity (figure 4.8C). GSK3 has been reported to regulate 

NFκB signalling mainly at a transcriptional level (Hoeflich et al., 2000, Ougolkov et al., 

2005, Bilim et al., 2009, Ougolkov et al., 2007). In order to determine whether this is also 

the case in CRPC, a DNA ELISA (TransAM RelA) for nuclear RelA binding to κB sites 

within multiple copies of an immobilized oligonucleotide sequence was carried out as 

outlined in section 2.10. Knockdown of either GSK3 isoform in PC3 and DU145 cells 

reduced RelA-DNA binding significantly compared to un-transfected and scramble siRNA 

(figure 4.8D). Whereas the reduction in RelA binding to the oligonucleotide was similar 

for the knockdown of both isoforms in PC3 cells, it was slightly lower for the knockdown 

of GSK3α than GSK3β in DU145 cells. The specificity of the assay for RelA was 

confirmed with the presence of a RelA competitive and mutated antisense oligonucleotide, 

which reduced and unaffected RelA-DNA binding, respectively. 
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Figure 4.8 Knockdown of either GSK3 isoform reduces NFκB activity and nuclear RelA-DNA 

binding in CRPC 

Knockdown of either GSK3 isoform reduced TNFα-induced NFκB activity in PC3, DU145 and MDA-

PCa2b cell lines (A) Knockdown of either GSK3 isoform didn’t affect RelA phosphorylation in PC3 and 

DU145 cells (B) Nuclear translocation of NFκB from the cytoplasm was unaffected by knockdown of 

either GSK3 isoform in PC3 (top) and DU145 (bottom) cells (C). Nuclear RelA-DNA binding, which was 

reduced in both PC3 and DU145 cells following the siRNA targeting of either GSK3 isoform, was reverted 

in PC3 but not DU145 cells in the presence of the β-catenin inhibitor JW67 (10μM) (D) Data from (A) and 

(D) plotted as mean ± SEM of 3 independenet experiments, where *P≤ 0.05, **P≤0.01 and ***P≤0.001; 

one-way ANOVA with Bonferroni correction. Immunoblots are representative of 2 independent 

experiments. 

 



 127 

4.2.6 Targeting GSK3 in CRPC reduces NFκB activity in a β-catenin-dependent and 

–independent manner 

There are many theories of how GSK3 regulates NFκB activity within the nucleus, 

including phosphorylation of RelA and epigenetic modifications at NFκB target genes 

(Ougolkov et al., 2007, Schwabe and Brenner, 2002, Itoh et al., 2012). GSK3’s best 

studied substrate is β-catenin with which its activity is inversely correlated, i.e. inhibition 

of GSK3 leads to stabilisation of β-catenin. Many studies have shown nuclear β-catenin to 

negatively regulate NFκB signalling (Deng et al., 2004, Deng et al., 2002, Du et al., 2009, 

Sun et al., 2005, Nejak-Bowen et al., 2013), with one even demonstrating that GSKβ cross-

regulated NFκB through β-catenin (Deng et al., 2004). In light of this, we wanted to 

investigate whether the reduction in both NFκB activity and nuclear RelA-DNA binding 

following GSK3 knockdown in the CRPC cell lines was β-catenin dependent. To target β-

catenin we used JW67, a drug which stabilises the multiprotein complex that degrades β-

catenin (Waaler et al., 2011), resulting in β-catenin degradation. 

Immunoblotting and RT-PCR were used to show that JW67 targeted β-catenin in the 

CRPC cell lines. While immunoblotting showed no increase in total β-catenin expression 

in PC3 cells following the knockdown of both GSK3 isoforms, the addition of JW67 

reduced total β-catenin in a concentration-dependent manner (figure 4.9A – top). 

Furthermore, in both the untransfected and scramble samples, while β-catenin expression 

was detected, it wasn’t reduced in the presence of 10μM JW67. In DU145 cells, there was 

no change in total β-catenin expression following knockdown of GSK3 and/or treatment 

with 10μM JW67 (figure 4.9A – bottom).  Due to the inconclusive results of the 

immunoblots for detecting β-catenin inhibition with JW67 in PC3 and DU145 cells, RT-

PCR was carried out in both cells for the expression for C-MYC, a β-catenin target gene 

(He et al., 1998). Knockdown of either GSK3 isoform increased C-MYC gene expression 

in both cell lines, except for knockdown of GSK3β in DU145 (Figure 4.9B). However, in 

all cases, treatment with 10μM JW67 reduced C-MYC expression compared to its 

corresponding treatment. 

In order to determine whether the reduction in NFκB activity following knockdown of 

either GSK3 isoform in both PC3 and DU145 cells was β-catenin-dependent, the NFκB 

luciferase assay was repeated in the presence of JW67. Similar to what was observed in the 

previous section (4.2.5), the knockdown of both GSK3 isoforms reduced NFκB promoter 
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activity in the CRPC cell lines. However, in the presence of JW67, the reduction in NFκB 

promoter activity following the knockdown GSK3 isoform was reverted in a 

concentration-dependent manner, with the addition of 10μM JW67 increasing NFκB 

promoter activity beyond the basal level (figure 4.9C). These findings suggested that 

targeting GSK3 reduced NFκB signalling in CRPC in a β-catenin-dependent manner. We 

sought to determine whether inhibiting β-catenin with JW67 could also revert the reduction 

in nuclear RelA DNA-binding that was observed following knockdown of GSK3 in PC3 

and DU145 cells (section 4.2.5). Therefore, the DNA-ELISA for RelA was also carried out 

in the presence of 10μM JW67. In PC3 cells, treatment with 10μM JW67 prevented the 

reduction in RelA-DNA binding following the knockdown of either GSK3 isoform (figure 

4.8D)*. Furthermore, in PC3 cells, while JW67 restored the reduction in RelA-DNA 

binding to the basal level for the GSKα knockdown, it was enhanced beyond the basal 

level for the GSKβ knockdown.  On the other hand, in DU145 cells, while treatment JW67 

prevented a reduction NFκB activity following the knockdown of GSK3 in DU145 cells, it 

was unable to do so for nuclear RelA-DNA binding (figure 4.8D)*, suggesting a β-catenin 

independent mechanism for regulating RelA by GSK3 in these cells. 

*Refer to the previous figure (figure 4.8) 
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Figure 4.9 Knockdown of GSK3 reduces NFκB activity in a β-dependent manner in CRPC   

The β-catenin inhibitor JW67 reduced total β-catenin expression in PC3 (top panel) but not DU145 (bottom 

panel) cells (A). RT-PCR demonstrated that JW67 reduced GSK3-knockdown-induced c-Myc expression, a β-

catenin target gene (B) JW67 reverted the reduction in TNFα-induced NFκB activity following knockdown of 

either GSK3 isoform (C). RT-PCR and NFκB luciferase assay data presented as mean ± SEM of 3 independent 

experiments, where *P≤ 0.05, **P≤0.01; student’s t-test. Immunoblots are representative of 2 independent 

experiments 
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4.3 DISCUSSION 

This set of experiments demonstrated that targeting either GSK3 isoform, GSKα or GSKβ,  

was sufficient to sensitise CRPC cell lines to the cytotoxic effects of TNFα .Targeting 

either GSK3 isoform was shown to perturb NFκB signalling, suggesting that both isoforms 

are functionally similar in this regard in CRPC. Although the knockdown of either GSK3 

isoform affected neither RelA phosphorylation at ser-536 nor its nuclear translocation, it 

reduced nuclear RelA-DNA binding in both PC3 and DU145 cells, suggesting that GSK3 

regulates NFκB downstream of its activation in CRPC.   While treatment with the β-

catenin inhibitor JW67 prevented the reduction in both NFκB activity and RelA-DNA 

binding in PC3 cells, it prevented only the former in DU145 cells. This suggests that GSK3 

can regulate NFκB activity in a β-catenin-dependent and independent manner in CRPC. 

Although kinase inhibitors present strong research tools and potential therapies, one of 

their limiting factors is their lack of specificity for the intended target only, i.e. off target 

effects. Although the use of up to two GSK3 inhibitors (CHIR and LiCl) with different 

modes of action in the previous study (chapter 3) reduced the likelihood that the observed 

effects were off-target ones, this only solves part of the conundrum for GSK3 inhibitors. 

The vast majority of GSK3 inhibitors inhibit both GSK3 isoforms, GSK3α and GSKβ. 

This should come as no surprise given that both isoforms share significant homology in 

their kinase domains (Woodgett, 1991). While most of the research in relation to GSK3 in 

cancer has centred around GSK3β, it is becoming increasingly apparent that both isoforms 

are implicated in tumourigenesis.  While in some contexts both isoforms have similar roles 

(Grassilli et al., 2014), in other contexts they don’t (Hoeflich et al., 2000) In light of this, 

many recent studies investigating the underlying role of the isoforms have drawn their 

conclusions based on experimental findings using pan-GSK3 inhibitors without validating 

the results (Miclea et al., 2011, Kroon et al., 2014).  

Knowing the above, in this study we wanted to corroborate the findings of our previous 

study (chapter 3) using a siRNA based approach targeting each of the two GSK3 isoforms 

to confirm that the observations were attributed to GSK3 inhibition and weren’t merely an 

off-target effect. In doing so, we would identify the role of each GSK3 isoform in relation 

to regulating NFκB signalling in CRPC. In this study it was imperative that a sufficient 

siRNA-mediated knockdown for both isoforms was obtained in our CRPC model (PC3 and 

DU145 cell lines). Reverse transfection of siRNA was optimised using the AllStars cell 
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death siRNA, which is routinely used for optimising siRNA transfection (Montoya and 

Azorsa, 2016, Thaker et al., 2010). The optimised conditions were used for transfecting 

siRNA targeting GSK3, which achieved a suitable knockdown for both isoforms in PC3 

and DU145 cells (section 4.2.1). 

TNFα-signalling is double edged sword that can mediate both pro- and anti-survival 

signalling. Many advanced tumours are resistant to the cytotoxic effects of increased 

circulating TNFα levels due to the increased expression of NFκB-associated anti-apoptotic 

genes. In common with CRPC, both PC3 and DU145 cells have high basal NFκB activity 

and are resistant to the cytotoxic effects of TNFα (Chopra et al., 2004). Chapter 3 showed 

that pre-treatment with the GSK3 inhibitor CHIR was sufficient to sensitise both CRPC 

cell lines to TNFα cytotoxicity (section 3.2.3 and 3.2.6). In this study we found that 

knockdown of both GSK3 isoforms sensitised PC3 and DU145 cells to the cytotoxic 

effects of 20ng/ml TNFα, a dose which on its own was insufficient to induce cytotoxicity 

(section 4.2.3). Similar findings have been reported for the knockdown of GSKβ 

sensitising PC3 cells to TRAIL-induced cytotoxicity (Liao et al., 2003). Despite being 

unable to detect the apoptotic marker PARP cleavage in the immunoblots, our flow 

cytometry experiments confirmed that the cytotoxic effect of TNFα in the PCa cells 

lacking either GSK3 isoform was due to the tumour cells being sensitised to apoptosis. 

Interestingly, despite a marked reduction in cell viability (section 4.2.2), knockdown of 

either GSK3 isoform in the absence of TNFα was insufficient to promote apoptosis in our 

model. Similar findings have been reported in other studies (Zhang et al., 2014, Liao et al., 

2003, Mamaghani et al., 2012), which suggests that the reduction in viability following the 

knockdown of each GSK3 isoform in absence of TNFα was due to reduced cell 

proliferation, not cytotoxicity (Cao and Feng, 2006, Goc et al., 2014). 

Previously, we showed that inhibition of GSK3 in CRPC reduced the expression of NFκB-

associated anti-apoptotic proteins (cIAP-1, BCL-2, XIAP and survivin) and secretion of 

the pro-inflammatory cytokine IL-6 (section 3.2.4). In this study, we sought to determine 

whether there were differences in the GSK3 isoforms with respect to expression of NFκB 

genes regulated in CRPC. Following the knockdown of both GSK3 isoforms in PC3 and 

DU145 cells, changes in the gene expression of the XIAP, survivin, cIAP-1 and IL-6 were 

determined using RT-PCR. While the gene expression of all XIAP, IL-6 and survivin was 

reduced with the knockdown of at least one GSK3 isoform in both cell lines, cIAP-1 

reduced in DU145 cells only. Although the gene expression levels of some genes were 
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similar following the knockdown of both GSK3 knockouts, in others there weren’t, 

suggesting subtle differences between how the GSK3 regulates NFκB signalling in CRPC. 

Similar observations have also been reported in pancreatic cancer (Wilson and Baldwin, 

2008, Zhang et al., 2014). Although there were differences between the knockdowns of 

both GSK3 isoforms in the gene expression data, the differences weren’t apparent in the 

protein expression of the IAPs (cIAP-1/-2, XIAP and survivin) and IL-6 secretion in both 

cell lines. A potential explanation for the apparent discordance between the GSK3 

isoforms in mRNA and protein expression may be due to additional posttranscriptional 

regulation of the genes, something that has also been proposed for the expression of IAPs 

in acute myelogenous leukemia (AML)  (Tamm et al., 2000). Interestingly, of all the NFκB 

genes we examined in both cell lines, expression of cIAP-1/-2 in PC3 cells was unaffected 

by the targeting either GSK3 isoform. This suggests that the subset of NFκB genes that 

GSK3 is thought to regulate may also depend on the cell type (Steinbrecher et al., 2005, 

Zhang et al., 2014). 

The finding that targeting either GSK3 isoform reduced the expression of NFκB-associated 

genes suggested that both GSK3 isoforms can regulate NFκB-signalling in CRPC. A 

luciferase assay confirmed that TNFα-induced NFκB activity was reduced following 

knockdown of either isoform in both PC3 and DU145 cell, suggesting that role of both 

GSK3 isoforms may be similar in this regard. However, because knockdown of either 

GSK3 isoform couldn’t compensate for the other with regards to NFκB activity, this 

suggests that both isoforms are required to maintain sufficient NFκB activity in CRPC. 

Interestingly, this was also shown to be the case in the MDA-PCa2b androgen responsive 

PCa cell line. These findings corroborate our findings from the previous chapter that 

demonstrated a reduction in TNFα-induced NFκB promoter activity following pre-

treatment with CHIR. Collectively, these findings are in agreement with other studies 

conducted in gliobastoma and pancreatic cancer cell lines in which targeting both GSK3 

isoforms reduced NFκB activity (Wilson and Baldwin, 2008, Kotliarova et al., 2008). 

Interestingly, while the knockdown of GSK3α had a slightly greater effect than knockdown 

of GSK3β in PC3 and DU145 cells, the combined knockdown of both isoforms didn’t 

appear to have an additive effect on NFκB promoter activity, a trend that was also reported 

in pancreatic cancer cells (Wilson and Baldwin, 2008). This suggests that targeting only 

one isoform may be sufficient to reduce NFκB in CRPC and may pave the way for future 

GSK3 isoform-specific inhibitors. 
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Knockdown of GSK3 was shown to be sufficient to offset TNFα-induced NFκB activity 

and reduce the expression of NFκB-associated anti-apoptotic proteins and IL-6 secretion in 

our experiment model of CRPC. The point(s) at which GSK3 regulates NFκB signalling 

seem to depend on the cell type.  For example, GSK3 has been reported to regulate IKK 

activity, with its loss reported to prevent IKK complex activation and subsequent IκB 

degradation (Takada et al., 2004, Wilson and Baldwin, 2008, Tang et al., 2012, Zhang et 

al., 2014). For the the most part, however,it has been reported that GSK3 doesn’t affect 

NFκB phosphorylation or its nuclear translocation, thereby suggesting that it acts at a 

transcriptional level (Hoeflich et al., 2000, Ougolkov et al., 2005, Bilim et al., 2009, 

Ougolkov et al., 2007). Consistent with these findings, we found that although the 

knockdown of GSK3 reduced NFκB promoter activity, it neither reduced RelA 

phosphorylation nor its nuclear translocation in either PC3 or DU145 cells. Once it 

translocates to the nucleus, the RelA-p50 NFκB heterodimer binds to and initiates 

transcription in a RelA-dependent manner (Schmitz and Baeuerle, 1991). Using a DNA 

binding ELISA to measure the ability of nuclear RelA to bind to multiple copies of an 

immobilised double-stranded oligonucleotide containing κB-sites, there was a significant 

reduction in RelA bound to the κB-site containing oligonucleotide in both cell lines 

following the knockdown of either GSK3 isoform (section 4.2.5).  There was a similar 

reduction in RelA binding to the oligonucleotide following the knockdown of either GSK3 

isoform in PC3 cells. However, RelA binding in DU145 cells was slightly lower with 

knockdown of GSK3α than GSK3β. This finding that targeting GSK3 in CRPC can reduce 

RelA binding is supported by a study in which inhibition of GSK3 in mouse embryonic 

fibroblasts (MEFs) was shown to decrease NFκB binding to the promoters of a subset of 

NFκB targets and further supports the role of GSK3 in positively regulating NFκB 

signalling (Steinbrecher et al., 2005). To the best of our knowledge, this is the first study 

that has shown that GSK3 positively regulates NFκB signalling in CRPC. 

Once NFκB translocates to the nucleus, the theories of how GSK3 regulates it are 

manifold. Some studies suggest that GSK3 may influence NFκB signalling at an epigenetic 

level based on the reported increased in histone methylation at NFκB targets following 

treatment of chronic lymphocytic leukemia (CLL) cells with the GSK3 inhibitor AR-

A014418 (Ougolkov et al., 2007). Others have suggested that GSK3-mediated direct 

phosphorylation of NFκB subunits is another possible means of regulation, which has 

already been reported for the RelA and p100 NFκB subunits (Schwabe and Brenner, 2002, 
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Demarchi et al., 2003, Busino et al., 2012, Itoh et al., 2012). For the most part, 

phosphorylation of RelA is known to increase its transcriptional activity (Christian et al., 

2016). GSK3 has been shown to phosphorylate and enhance RelA activity in vitro in 

hepatocytes, renal tubular epithelial cells and murine chondrogenic ATDC5 cells (Schwabe 

and Brenner, 2002, Gong et al., 2008, Itoh et al., 2012). Another means of GSK3 

regulating NFκB that can’t be ruled out is the potential role of β-catenin, GSK3’s best 

characterised substrate. Numerous studies have shown that β-catenin can have a negative 

effect on NFκB signalling (Deng et al., 2004, Deng et al., 2002, Du et al., 2009, Sun et al., 

2005, Nejak-Bowen et al., 2013). In contrast, there are also reports that β-catenin positively 

regulates NFκB (Jang et al., 2014, Du et al., 2006), suggesting that the β-catenin-mediated 

NFκB regulation depends on the cell type. 

In order to ascertain whether the reduction in NFκB activity following knockdown of 

GSK3 was, at least partially, attributed to increased β-catenin arising from the knockdown 

of either GSK3 isoform, we used the β-catenin inhibitor JW67, which degrades β-catenin 

by stabilising the β-catenin destruction complex (Waaler et al., 2011). Inhibition of β-

catenin by JW67 was confirmed in both CRPC cell lines by the reduction in the gene 

expression of C-MYC a β-catenin target (He et al., 1998) (section 4.2.6). Previously, we 

demonstrated that the knockdown of GSK3 reduced NFκB promoter activity in both PC3 

and DU145 cells. Interestingly, in the presence of JW67 the reduction in NFκB activity 

following the knockdown of either GSK3 isoform was reverted to beyond basal levels in 

both cell lines. This suggests that the stabilisation, and therefore increase, in β-catenin 

resulting from the knockdown of either GSK3 isoform may negatively regulate NFκB 

activity CRPC. Interestingly, even in the presence of the non-targeting siRNA (scramble), 

the increase in NFκB activity with the addition of 10μM JW67 suggests that even at a basal 

level NFκB activity is constrained by β-catenin in CRPC. These findings are in agreement 

with a similar study in breast and colon cancer cell lines, showing that treatment with 

GSK3 inhibitors reduced NFκB DNA binding and transcriptional activity, with the latter 

shown to be restored in the presence of siRNA targeting β-catenin, suggesting that GSK3 

can cross-regulate NFκB signalling through β-catenin (Deng et al., 2004). In addition, 

inverse correlation between β-catenin and Fas, an NFκB-associated gene, has also been 

reported in human breast and colon tumour tissues (Deng et al., 2002). Β-catenin 

negatively regulating NFκB signalling doesn’t seem to be restricted to cancer because it 
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has also been reported in intestinal inflammation and murine hepatocyte development (Sun 

et al., 2005, Nejak-Bowen et al., 2013). 

While the NFκB luciferase assay didn’t allow us to discriminate between the various NFκB 

dimers that contribute to NFκB signalling, it suggested that targeting GSK3 reduces NFκB 

signalling in CRPC in a β-catenin-dependent manner.  In order to determine whether 

inhibiting β-catenin with JW67 could also prevent the reduction in nuclear RelA-DNA 

binding that was observed following knockdown of either GSK3 isoform in both CRPC 

cell lines, the RelA-DNA binding ELISA was also carried out in the presence of 10μM 

JW67. In PC3 cells, treatment with JW67 prevented the reduction in RelA-DNA binding 

that was observed following the knockdown of either GSK3 isoform. Whereas in the 

presence of JW67 RelA-DNA binding didn’t increase beyond the basal level in the 

presence of GSKα knockdown, it increased beyond the basal level when JW67 was 

combined with the GSKβ knockdown. This finding that inhibiting β-catenin prevents 

GSK3 knockdown-induced reduction in NFκB activity may be explained by studies that  

have shown β-catenin to form an indirect physical complex with RelA, which has been 

shown to reduce both NFκB DNA binding and transcriptional activity (Deng et al., 2002, 

Du et al., 2009, Nejak-Bowen et al., 2013). In addition to physically complexing with RelA 

to regulate its activity, β-catenin has also been reported to prevent IκB degradation (Sun et 

al., 2005), thus preventing NFκB activation. However, because targeting GSK3 didn’t 

seem to affect RelA NFκB activation or translocation in our experimental model (section 

4.2.5), our findings are more consistent with β-catenin regulating NFκB signalling at a 

nuclear level. Therefore, it is plausible that it also forms an indirect complex with RelA in 

CRPC. 

Interestingly, in DU145 cells, while treatment with JW67 prevented the reduction in NFκB 

activity following knockdown of either GSK3 isoform (section 4.2.5), it was unable to 

restore RelA-DNA binding (figure 4.8D). This suggests that in DU145 cells GSK3 

regulates nuclear NFκB signalling in both a β-catenin-dependent and -independent manner. 

The latter is consistent with a study showing that no β-catenin accumulation was noted in 

MEFs lacking GSK3β in which NFκB activity was impaired (Hoeflich et al., 2000), 

suggesting that GSK3 can regulate NFκB activity independently of β-catenin. The apparent 

rescue of NFκB activity but not RelA-DNA binding in the presence of JW67 in DU145 

cells may be explained by β-catenin regulating NFκB subunits other than RelA in this cell 

line. In addition to being able to form a complex with RelA, β-catenin has also been 
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reported to interact with the p50 NFκB subunit (Deng et al., 2002, Du et al., 2009, Choi et 

al., 2007, Sun et al., 2005). Though it is best known for associating with RelA to form the 

RelA-p50 heterodimer, p50 NFκB subunits can associate with one another to form a p50-

p50 homodimer (Muller et al., 1995). On its own, the p50 homodimer lacks transcriptional 

activity and it can only translocate to the nucleus and bind to κB-sites within NFκB target 

genes (Udalova et al., 2000), thus it is considered transcriptionally repressive. However, in 

certain contexts the p50 homodimer recruits a co-activator that can render it 

transcriptionally active. Though β-catenin has been reported to be a positive regulator of 

NFκB signalling by serving as transcriptional coactivator for the p50 homodimer (Choi et 

al., 2007, Agrawal et al., 2003), the best studied transcriptional coactivator for the p50 

homodimer is the IκB family member Bcl-3 (Bours et al., 1993, Nolan et al., 1993). 

Interestingly, p50 has been reported to be upregulated in both PCa patients and cell lines 

(Seo et al., 2009, Lessard et al., 2005, Ma et al., 2012). Although much research into Bcl-3 

hasn’t been conducted, it too has been reported to be upregulated in PCa (Ahlqvist et al., 

2013). Interestingly, one study reported that in a panel of PCa cell lines (including CRPC 

cell lines), after the RelA-p50 dimer the p50 homodimer was next highest NFκB 

constitutive complex (Gasparian et al., 2002). In cancer cells, β-catenin has been shown to 

reduce p50 DNA binding and NFκB activity (Deng et al., 2002, Deng et al., 2004). While 

regulation of p50 by β-catenin hasn’t yet been reported in PCa, this may explain the β-

catenin-dependent regulation of NFκB that occurred independently of RelA following the 

knockdown of GSK3 in DU145 cells. 

The apparent rescue of NFκB activity in the presence of JW67 following the knockdown of 

GSK3 suggests that nuclear β-catenin negatively regulates NFκB signalling in CRPC. 

Interestingly, nuclear β-catenin expression has been reported to reduce during PCa 

progression, with the lowest levels seen in advanced disease (Horvath et al., 2005). Similar 

findings in PCa have also been reported by other groups (Kallakury et al., 2001a, 

Kallakury et al., 2001b, Whitaker et al., 2008), with one group even unable to detect any 

nuclear β-catenin in PCa (Bismar et al., 2004). These reports of decreased nuclear β-

catenin in PCa may be explained by the apparent increase in the activity of its endogenous 

inhibitor, GSK3, in PCa (Darrington et al., 2012, Li et al., 2009). β-catenin is a known 

coactivator of the AR, which in turn has been reported to inhibit NFκB activity in PCa 

(Mazor et al., 2004, Altuwaijri et al., 2003). The seemingly inverse correlation between β-

catenin and NFκB activity in PCa progression may be explained by increased GSK3 
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activity reducing nuclear β-catenin levels, leading to reduced AR signalling, resulting in 

enhanced NFκB activity. However, due to the absence of the AR in PC3 and DU145 cells 

(Alimirah et al., 2006), it is unlikely that the β-catenin-dependent reduction in NFκB 

activity following targeting of GSK3 was mediated through AR signalling in our CRPC 

model and remains to be determined. 

The data presented in this chapter demonstrate that both GSK3 isoforms regulate TNFα-

induced NFκB signalling in CRPC cell lines at a nuclear level in a β-catenin-dependent 

and -independent manner. In chapter 5 the clinical potential of targeting GSK3 to 

overcome NFκB-mediated taxane resistance in CRPC is explored. 
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4. Targeting GSK3 to overcome 
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5.1 INTRODUCTION 

Following prolonged ADT, androgen-dependent PCa invariably progresses to CRPC. In 

contrast to androgen-dependent PCa, CRPC doesn’t require androgens for survival and 

progression, which renders ADT ineffective at this stage of the disease. Because there are 

currently no curative therapies for CRPC, therapeutic interventions at this stage merely aim 

to slow progression and increase survival. Despite advances in other aspects of PCa 

treatment, the taxanes, which include paclitaxel (Taxol®), docetaxel (Taxotere®) and 

cabazitaxel (Jevtana®), have remained the mainstay of treatment for CRPC since 2004 

(Petrylak et al., 2004, Tannock et al., 2004). Unlike docetaxel, cabazitaxel has weak 

affinity for the drug efflux pump p-glycoprotein (P-gp) and is therefore used as a second-

line taxane when the effectiveness of docetaxel is hampered by factors such as increased 

resistance due to P-gp overexpression (Paller and Antonarakis, 2011). The taxanes act by 

preventing microtubular disassembly and subsequent microtubular depolymerisation, thus 

blocking cell-cycle progression during mitosis, which ultimately leads to apoptosis (Jordan 

et al., 1993, Schiff et al., 1979). However, there are two main drawbacks to using taxanes 

to treat cancer: resistance and their relatively poor selectivity towards tumour cells only. 

Chemo-resistance, acquired or de novo, is a complex process that ultimately maintains the 

viability and function of cancer cells despite exposure to the cytotoxic agent. There are 

numerous mechanisms of chemo-resistance, including DNA damage repair,  increased cell 

efflux and activation of oncogenic pathways that lead to increased cell viability (Tredan et 

al., 2007). In response to chemotherapy drugs that damage DNA, such as alkylating agents, 

DNA damage response repair mechanisms can reverse the drug-induced damage in tumour 

cells. One such DNA mechanism is via O6-methylguanine DNA methyltransferase 

(MGMT), which repairs guanine O6 alkylation following exposure to alkylating 

chemotherapy agents (Kaina and Christmann, 2002). MGMT has been reported to be 

overexpressed in many tumours, resulting in resistance to alkylating agents. Increased cell 

efflux is one the most well studies mechanisms of chemo-resistance. It involves reducing 

drug accumulation by enhancing efflux, which is carried out by members of the ATP-

binding cassette (ABC) transporter family proteins. Although there are many known 

members of the ABC family, P-gp and multidrug resistance-associated protein 1 (MRP1) 

are the most common ones in chemo-resistance. These efflux pumps have broad substrate 

specificity for a range of chemotherapeutic drugs and their expression confers resistance to 
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many first-line chemotherapies, such as chemo-resistance to docetaxel in CRPC (Mahon et 

al., 2015).  Overexpression of NFκB-associated anti-apoptotic proteins such as BCL-2, 

cFLIP and IAPs have also been shown to be induced by many chemotherapeutic drugs. 

Expression of these anti-apoptotic proteins effectively antagonises apoptosis by preventing 

the activation of caspases in response to chemotherapy. In the case of de novo taxane 

resistance, approximately only 50% of CRPC patients are thought to respond to docetaxel 

(Tannock et al., 2004), which exposes the non-responders to significant toxicity without 

the chemotherapeutic benefit until the treatment is discontinued. On the other hand, in 

acquired resistance, patients develop resistance after prolonged exposure to the drug, 

thereby rendering it ineffective. Taxane-resistance is a major roadblock in the CRPC 

treatment and, although the intricacies of each mechanism are unique and complex, NFκB 

signalling is thought to play a central role. Therefore, strategies to overcome taxane-

resistance by targeting NFκB signalling are increasingly sought. 

In addition to taxane-resistance, treatment with taxanes is also hampered due to issues with 

selectivity between tumour and other fast dividing non-transformed cells within the body. 

The quest to achieve selectivity with chemotherapeutic agents is nothing new and has been 

reported as far back as 1969 (Henderson, 1969). While taxanes, especially the more recent 

ones, have better selectivity than their predecessors, lack of specificity for 

chemotherapeutic drugs is still very much a problem today. Targeting rapidly proliferating 

tumour cells is believed to give taxanes selectivity over most other cells in the body. 

However, rapidly dividing cells such as those in the bone marrow, hair follicles, lining of 

the mouth and gut are also inadvertently targeted by taxanes, leading to the prevention of 

proliferation in these cells as well as tumour cells. 

As discussed above, of the many mediators of chemo-resistance, NFκB signalling is 

thought to play a key role (Godwin et al., 2013). Therefore, in order to investigate the role 

of NFκB signalling in taxane-resistance CRPC, we used two paclitaxel-resistant cell lines, 

PC3-TX-R and DU145-TX-R, derived from PC3 and DU145 cells, respectively (Takeda et 

al., 2007). Although both resistant cell lines were reported to overexpress the drug efflux 

pump P-gp compared to their respective parental cell lines, targeting P-gp expression using 

siRNA directed against MDR1 (the P-gp encoding gene) was only shown to restore 

paclitaxel sensitivity in DU145-TX-R but not PC3-TX-R cells (Takeda et al., 2007). 

Furthermore, the paclitaxel-resistant cell lines were also reported to have reduced 

expression of the C-terminal tensin like protein (CTEN) (Li et al., 2010). In contrast, 
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overexpression of CTEN was shown to restore sensitivity to paclitaxel in both cell lines (Li 

et al., 2010). In addition, the resistant cell lines were also previously studied for their 

differential response compared to their parental cell lines to micro-environmental 

conditions (Li et al., 2010). In addition to exploring NFκB signalling in the taxane-resistant 

variants, we wanted to investigate whether targeting GSK3, which in chapter 5 was shown 

to positively regulate NFκB signalling in the parental CRPC cell lines, could perturb NFκB 

signalling to overcome taxane-resistance. As a subsititute to attempting to overcoming 

taxane-resistance in CRPC, we also investigated whether targeting GSK3 could sensitise 

the taxane-resistant cells to TNFα-induced apoptosis. Finally, in order to assess selectivity, 

we targeted GSK3 in primary prostate epithelial cells (PPrECs) to determine whether this 

also exposed non-transformed cells to the cytotoxic effects of TNFα. 

 

5.2 RESULTS 

5.2.1. NFκB signalling is increased in taxane-resistant CRPC cell lines 

Treatment with chemotherapeutic drugs has been widely reported to increase NFκB 

activity and expression in tumour cells (Montagut et al., 2006, Morotti et al., 2006, Li et 

al., 2015), which in turn is thought to mediate and confer chemo-resistance to the very 

drugs that induce it. Using the DU145-TX-R and PC3-TX-R cell lines, we wanted to 

determine whether NFκB activity and signalling was upregulated in the paclitaxel-resistant 

cell lines compared to their respective parental cell lines.  

5.2.1.1 NFκB activity is increased in paclitaxel-resistant CRPC cells 

In order to maintain the paclitaxel-resistant phenotype, the resistant cell lines were cultured 

in 10nM paclitaxel before experiments were carried out (Takeda et al., 2007). While 

incubating the parental cells in these culture conditions induced cytotoxicity, the 

paclitaxel-resistance variants thrived in these conditions (figure 5.1A). Immunoblotting for 

the expression pRelA, the active form of RelA, which contains the transactivation domain 

for the most abundant NFκB dimer in PCa (RelA-p50) (Schmitz and Baeuerle, 1991, 

Gasparian et al., 2002), showed a marked increase in DU145-TX-R cells but only a slight 

increase in PC3-TX-R cells compared to their respective parental cell lines (figure 5.2B-

top). 
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5.2.1.2 The secretion profiles of pro-inflammatory cytokines vary between taxane-resistant 

and their non-resistant parental CRPC cells 

Pro-inflammatory cytokines released by tumour cells are thought to contribute to chemo-

resistance. IL-6, IL-8 and IL-1β are pro-inflammatory cytokines associated with NFκB 

signalling that are known to be secreted by tumour cells to act in an autocrine or paracrine 

manner. Whereas IL-6 and IL-8 are known to contribute to chemo-resistance (Codony-

Servat et al., 2013, Park et al., 2014), IL-1β is potent inducer of NFκB signalling. Using 

the Mescoscale Discovery platform (section 2.8.1), we measured at the secretion of these 

Figure 5.1 NFκB activity is increased in paclitaxel-resistant CRPC cell 

DU145-TX-R and PC3-TX-R were cultured in 10nM paclitaxel to main their phenotype and survived 

compared to their respective parental cell lines (A). Phospho-RelA S536 (pRelA) expression was increased in 

DU145-TX-R cells compared to its parental cell line (B-top). NFκB promoter activity was significantly 

increased in both paclitaxel-resistant cell lines compared to their respective parental cell lines (B-bottom). 

Images were taken at 10X magnification using the EVOS Imaging System. NFκB luciferase activity was 

normalised to renilla and is presented as mean ± SEM of 3 independent experiments. Immunoblots are 

representative of 2 independent experiments. 
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NFκB-associated pro-inflammatory cytokines. Secretion of IL-1β was undetectable in all 

cell lines except for PC3-TX-R cells (140.8±9pg/ml) (figure 5.2A). IL-6 release was 

significantly higher in the parental PC3 cells (2692.7±116pg/ml) compared to its daughter 

paclitaxel resistant cell line (344.2±21pg/ml) (figure 5.2B). On the other hand, DU145-

TX-R cells secreted 1390.9±143pg/ml IL-6 compared to 227.9±25pg/ml the parental cell 

line (DU145) (figure 5.2B). Secretion of IL-8 showed a similar trend with PC3-TX-R cells 

secreting 8397±328pg/ml compared to 43514±3113pg/ml (PC3) and DU145-TX-R cells 

secreting 34693±1933pg/ml compared to 2766±207pg/ml (DU145) (figure 5.2C) (see 

table 5.1). 

 

 

 

 

 

 

 

 

 

Figure 5.2 Variations in the secretory profile of pro-inflammatory cytokines between paclitaxel-resistant 

and their non-resistant parental CRPC cells 

Secretion of the pro-inflammatory cytokines IL-1β (A), IL-6 (B) and IL-8 (C) demonstrated differences 

between the paclitaxel-resistant and parental cell lines. Compared to their respective parental cell lines, IL-6 

and IL-8 expression was reduced in PC3-TX-R cells and increased in DU145-TX-R cells. Secretion of IL-1β, 

an NFκB-inducer, was only detected in PC3-TX-R cells.  Graphs are representative of 3 independent 

experiments, with each reading carried out in duplicate, and are presented as mean ± SEM. 
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5.2.2 Paclitaxel-resistant CRPC cells have varying resistance to paclitaxel and are 

cross-resistant to docetaxel 

For a chemotherapeutic drug, the inhibitory concentration at 50%, more commonly known 

as the IC50, is used a measure of how potent the drug is.  The IC50 is the concentration at 

which the drug is cytotoxic to 50% of cells in vitro. In the case of evaluating chemo-

resistance, the IC50 for a drug can be compared between the parental and daughter resistant 

cells, which can be used to determine the increase in drug resistance by expressing it as 

fold resistance over the parental cell line (IC50 of the resistant cell line/ IC50 of the parental 

cell line). Compared to their respective parental cell lines, the PC3-TX-R and DU145-TX-

R cell lines we used in this study were originally reported to be 43- and 34-fold resistant to 

paclitaxel, respectively (Takeda et al., 2007). We determined the IC50 for both the 

paclitaxel-resistant and parental cell lines to determine the fold change resistance in our 

study (table 5.2) (section 2.7.3). The IC50 for paclitaxel in PC3-TX-R cells was 57.9±6nM 

compared to 6.3±0.3nM for its parental cell line, a 9.2 fold increase in resistance (figure 

5.3A). For the DU145-TX-R cells, the IC50 for paclitaxel was 1869.7±115nM compared 

with 3.8±0.2nM for the DU145 cell line, a 492 fold increase in resistance (figure 5.3B).  

 

Tumours resistant to one taxane are typically also cross-resistant to other taxanes. In order 

to check if this was also the case in DU145-TX-R and PC3-TX-R cells, they were assessed 

for cross-resistance to the most commonly used taxane in CRPC treatment, docetaxel. 

Compared to their respective parental cell lines, both DU145-TX-R and PC3-TX-R cells 

showed and 12- and 204-fold increase in docetaxel resistance, respectively (figure 5.3B 

and table 5.2). 

 

Table 5.1 Secretion of IL-6 and IL-8 by CRPC cell lines and their paclitaxel-resistant variants 
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5.2.3. Increasing NFκB activity by overexpressing RelA alone is insufficient to induce 

taxane-resistance in CRPC cells 

In section 5.2.1 it was shown that both paclitaxel resistant cell lines (PC3-TX-R and 

DU145-TX-R) had greater NFκB activity than their respective parental cell lines. It has 

been reported that the NFκB pathway is activated by docetaxel and contributes to 

resistance (O'Neill et al., 2011, Zemskova et al., 2008). In light of this, we wanted to 

Figure 5.3 PC3-TX-R and DU145-TX-R vary in resistance to paclitaxel and are cross-resistant to 

docetaxel 

PC3-TX-R and DU145-TX-R cells were respectively 9.2 and 492-fold more resistant to paclitaxel 

compared to their parental cell lines (A). Both cell lines also displayed cross resistance to docetaxel, 

with PC3-TX-R and DU145-TX-R 11.8- and 204-fold more resistance to their respective parental cell 

lines, respectively (B). Data is presented as mean ± SEM from 3 independent experiments, each with 

four replicates per treatment. 

Table 5.2 IC50 values and fold resistance for paclitaxel and docetaxel  
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determine whether increasing NFκB alone was sufficient to promote paclitaxel-resistance 

in CRPC cell lines. 

 

Because overexpression of RelA has been shown to increase NFκB transcriptional activity 

in cancer cell lines (Collett and Campbell, 2006), we used a similar approach to increase 

NFκB activity in our experiment. A CMV-RelA plasmid was transfected in DU145 cells 

for 48 hours before immunoblotting was carried out to determine if RelA was 

overexpressed (section 2.5). Transfection of 1μg but not 0.5μg of the CMV-RelA plasmid 

showed an increase in total RelA expression (figure 5.4A). In order to determine whether 

this overexpression of RelA translated into a functional effect, an NFκB luciferase assay 

was also carried out to assess NFκB promoter activity. As outlined in section 2.6.4, the 

CMV-RelA plasmid was co-transfected along with the κB-luciferase reporter and renilla 

plasmid for 48 hours before the luciferase assay was carried out to assess NFκB activity. 

While there wasn’t a significant increase in NFκB transcriptional activity with the 

introduction of 0.25μg or 0.50μg of the RelA overexpressing plasmid, there was a 

significant increase with 1μg (p≤0.001 compared to the untransfected; one way ANOVA 

with Bonferroni correction), confirming that overexpressing RelA in DU145 cells was 

sufficient to increase NFκB transcriptional activity (figure 5.4B). In order to determine 

whether increasing NFκB alone was sufficient to induce paclitaxel-resistance in DU145 

cells, the cells were transfected with the plasmid for 24 hours before the addition of 

paclitaxel (0-200nM) for a further 48 hours, after which the IC50 was determined using 

alamar blue cell viability assay (section 2.74). The IC50 for paclitaxel in the DU145 RelA-

overexpressing cells was 3.04±0.2nM compared to the 3.9±0.32nM for the DU145 wild-

type (not significant; student’s t-test) (Figure 5.4C). 
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5.2.4. Inhibition of NFκB is sufficient to re-sensitise paclitaxel-resistant CRPC cells to 

paclitaxel 

In the previous section (5.2.3) we observed that increased NFκB signalling alone isn’t 

sufficient to promote resistance to paclitaxel in CRPC. Targeting NFκB by inhibition or 

specifically targeting its RelA subunit has been reported to both enhance docetaxel anti-

tumour activity (Domingo-Domenech et al., 2006, Li et al., 2005) and overcome docetaxel-

resistance (Codony-Servat et al., 2013) in PCa cell lines. Therefore, we sought to 

determine whether targeting NFκB signalling with the NFκB inhibitor BMS-345541 

(BMS) could re-sensitise PC3-TX-R and DU-TX-R cells to paclitaxel. Treatment with 

BMS was shown to reduce NFκB promoter activity in both cell lines in a concentration-

Figure 5.4 Overexpressing RelA is insufficient to induce paclitaxel-resistance in CRPC 

Overexpression of RelA in DU145 cells using a CMV-RelA plasmid was confirmed using immunoblotting 

(A). RelA overexpression in DU145 cells increased NFκB promoter activity (**p≤0.01 compared to 

untransfected; One way ANOVA with Bonferroni correction) (B) Increased NFκB activity by overexpressing 

RelA wasn’t sufficient to promote taxane-resistance in DU145 cells (difference in IC50 values not significant; 

student’s t-test). Data presented as mean ± SEM of 3 independent experiments. 
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dependent manner (Figure 5.5A). Due to high toxicity associated with using higher 

concentrations of BMS, 2.5μM and 5μM were used for PC3-TX-R and DU145-TX-R cells, 

respectively. As outlined in section 2.7.5, the cells were pre-treated with BMS before the 

addition of paclitaxel for 48 hours, after which the IC50 was determined using the alamar 

blue viability assay. In PC3-TX-R cells, pre-treated with BMS decreased the paclitaxel 

IC50 to 37.4±1.2nM from 61.4±7.7nM (paclitaxel only) (p≤0.05; student’s t-test) (figure 

5.5B). Similarly, in DU145-TX-R cells, the IC50 for paclitaxel reduced significantly from 

2778±221.3nM to 887.8±23.5nM in the presence of BMS (p≤0.05; student’s t-test) (figure 

5.5C). 

 

 

 

 

 

 

 

 

 

Figure 5.5 Inhibition of NFκB re-sensitises paclitaxel-resistant CRPC cells to paclitaxel 

The NFκB inhibitor BMS-345541 (BMS) reduced NFκB promoter activity in PC3 TX-R and DU145 TX-R 

cells in a concentration-dependent manner (*p≤0.05 and **p≤0.01; one way ANOVA with Bonferroni 

correction) (A). Pre-treatment with 2.5μM and 5μM BMS re-sensitised PC3 TX-R (B) and DU145 TX-R (C) 

cells to paclitaxel (IC50 61.4±7.7nM (PC3 WT) vs. 37.4±1.2nM (PC3-TX-R) (p≤0.05; student’s t-test) and 

2778±221.3nM (DU145 WT) vs. 887.8±23.5nM (DU145-TX-R) (p≤0.05; student’s t-test)). Data presented as 

mean ± SEM of 3 independent experiments 
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5.2.5 Targeting either GSK3 isoform re-sensitises paclitaxel-resistant CRPC cells to 

paclitaxel 

In the chapter 4 we showed that targeting either GSK3 isoform reduces NFκB activity in 

non-resistant CRPC cell lines. In addition, in the previous section inhibition of NFκB was 

shown to re-sensitise PC3-TX-R and DU145-TX-R cells to paclitaxel (section 5.2.5). In 

other cancers, targeting either GSK3α or GSK3β has been shown to be sufficient to re-

sensitise drug resistant cells to chemotherapy (Grassilli et al., 2013, Grassilli et al., 2014, 

Kitano et al., 2013). We wanted to determine whether, like we had observed in the non-

resistant CRPC cell lines (chapter 4), GSK3 also regulated NFκB signalling in the 

paclitaxel-resistant CRPC cell lines, and whether targeting either GSK3 isoform could re-

sensitise the cells to paclitaxel.  

5.2.5.1 GSK3 regulates NFκB signalling in paclitaxel-resistant CRPC cells 

GSK3 protein expression has been reported to be overexpressed in ovarian carcinoma cells 

with acquired paclitaxel-resistance (Fu et al., 2011). In order to determine if GSK3 

expression or activity were altered in our taxane-resistant cell lines, we carried out 

immunoblotting. While there was no change in the expression of total GSK3α or GSKβ 

between the parental and resistant cell lines, the expression of the inhibitory phospho-

serine for GSK3β was reduced in PC3-TX-R compared to the PC3 wild-type, suggesting 

increased GSK3β activity (figure 5.6A).  Following successful knockdown of both GSK3 

isoforms in PC3-TX-R and DU145-TX-R cells (figure 5.6B), knockdown of either isoform 

significantly reduced NFκB promoter activity in both cell lines (figure 5.6C). Targeting 

both GSK3 isoforms together didn’t have an additive effect compared to knockdown of 

each isoform alone on NFκB activity in either cell line (not significant; one way ANOVA 

with Bonferroni correction). 
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5.2.5.2 Knockdown of GSK3 overcomes paclitaxel-resistance in CRPC cells 

Following reverse transfection of the GSK3 siRNA for 24 hours, the cells were treated 

with increasing concentrations of paclitaxel for a further 48 hours before the IC50
 
was 

determined (section 2.7.6).  In PC3-TX-R cells, the IC50 of paclitaxel in the presence of the 

scramble, GSK3α and GSK3β knockdown was 53.5±1.3nM, 35.05±1.3nM and 

26.1±2.24nM, respectively (P≤0.01 for knockdown of each GSK3 isoform compared to the 

scramble; one way ANOVA with Bonferroni correction) (figure 5.7A and table 5.3). In 

DU145-TX-R cells, the IC50 was 1869.4±8.1nM, 1248.1±22.8nM and 1092.5±7.2nM for 

the scramble, GSK3α and GSK3β knockdown, respectively (P≤0.05 for knockdown of 

each GSK3 isoform compared to the scramble; one way ANOVA with Bonferroni 

Figure 5.6 Knockdown of either GSK3 isoform reduces NFκB activity in paclitaxel-resistant CRPC cells 

Although total protein expression of GSK3 was unchanged in the paclitaxel-resistance cell lines compared to 

their corresponding parental cells, reduced inhibitory serine phosphorylation was expressed in PC3-TX-R 

compared to PC3 cells, suggesting increased GSK3 activity (A) siRNA mediated knockdown of each 

GSKS3 isoform in PC3-TX-R and DU145-TX-R cells was confirmed by immunoblotting (B). Compared to 

the scramble, knockdown of both GSK3 isoforms significantly reduced NFκB promoter activity in PC3 TX-

R and DU145 TX-R cells  (*p≤0.05 and **p≤0.01; One way ANOVA with Bonferroni correction) (C). 

Graph (C) is presented as mean ± SEM of 3 independent experiments 
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correction) (figure 5.7B and table 5.3). While there was no significant difference in the 

IC50 values for paclitaxel between with the knockdown of each GSK3 isoform in DU145-

TX-R cells (one way ANOVA with Bonferroni correction), there was in PC3-TX-R cells 

(p≤0.05; one way ANOVA with Bonferroni correction). 

 

 

 

  

 

 

 

 

 

 

 

Figure 5.7 Knockdown GSKα or GSKβ re-sensitised paclitaxel-resistant CRPC cells to paclitaxel 

Knockdown of either GSKS3 isoforms re-sensitised PC3-TX-R (A) and DU145 TX-R (B) cells to paclitaxel 

(p ≤0.05 for the IC50 values of paclitaxel with the knockdown of either GSK3 isoform compared to the 

scramble in both cell lines; student’s t-test). Data is presented as mean ± SEM of 3 independent experiments, 

with each treatment carried out in triplicate. 

Table 5.3: IC50 of paclitaxel following the knockdown of GSK3 in paclitaxel-resistant CRPC 

cells (fold change resistance compared to the scramble). 
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5.2.6 Inhibition of GSK3 re-sensitises paclitaxel-resistant CRPC cells to paclitaxel 

In the previous section (5.2.5), targeting either GSK3 isoform was shown to reduce NFκB 

activity in the paclitaxel-resistant CRPC cell lines and re-sensitised the cells to paclitaxel. 

In order to make this more therapeutically relevant, we repeated the experiment using a 

pan-GSK3 ATP-competitive inhibitor, CHIR99021 (CHIR). GSK3 inhibition with CHIR 

was confirmed by using phosphorylation of its substrate glycogen synthase (pGS) as a 

surrogate marker. Treatment of PC3-TX-R and DU145-TX-R with 5μM for 24 hours was 

shown to almost completely abrogate pGS expression in both cell lines, thus confirming 

GSK3 inhibition (figure 5.8A). The drug-resistant phenotype of cancer cells that is 

associated with increased NFκB activity is mainly attributed to increased expression of 

NFκB-dependent anti-apoptotic proteins (Bours et al., 2000, Gilmore, 1999). However, 

another drug-resistance mechanism that is linked to NFκB signalling is drug efflux through 

the expression of P-gp (also known as MDR1) (Bentires-Alj et al., 2003). Immunoblotting 

showed that of all of the parental and paclitaxel-resistance cell lines, MDR1 was only 

expressed in DU145-TX-R cells (figure 5.8B). 

 

In PC3-TX-R cells, pre-treatment with 5μM CHIR for one hour before the addition of 

paclitaxel for 48 hours reduced the IC50 to 24.8±1.5nM from 53.5±2.5nM (paclitaxel only) 

(p≤0.001; student’s t-test) (figure 5.8C). In the presence of 5μM CHIR, the IC50 for 

paclitaxel in DU145-TX-R cells reduced to 1083±112.2nM from 2369.4±214.5nM 

(paclitaxel only) (p≤0.01; student’s t-test) (figure 5.8D). Due to expression of MDR1 

efflux pump in DU145-TX-R, we wanted to determine whether blocking this pump using 

the P-gp inhibitor verapamil would further reduce the IC50 of paclitaxel pre-treated with 

CHIR. In the presence of both CHIR and verapamil, the IC50 of paclitaxel was reduced to 

18.8±4.2nM in DU145-TX-R cells (p≤0.001 compared to pre-treatment with CHIR; 

student’s t-test) (figure 5.8D). In contrast, pre-treatment with verapamil and CHIR had no 

additional effect on the IC50 of paclitaxel (26.1±1.9nM) in PC3-TX-R cells compared to 

pre-treatment with CHIR (24.8±1.5nM) (not significant; student’s t-test) (figure 5.8C). 
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5.2.7 Knockdown of GSK3 sensitises paclitaxel-resistant cells to TNFα-induced 

apoptosis 

In the previous two sections (5.2.4 and 5.2.6) targeting either GSK3 isoform was equally as 

effective as total GSK3 inhibition in overcoming paclitaxel resistance in CRPC cell lines. 

While taxanes are the current standard of care for CRPC, they are also fraught with issues 

Figure 5.8 The drug efflux pump P-gp contributes to taxane-resistance in DU145-TX-R but not PC3-TX-

R cells  

PC3-TX-R and DU145-TX-R cell lines treated with CHIR for 24 hours showed a reduction in phospho-

glycogen synthase (pGS), confirming GSK3 inhibition (A) The drug efflux pump P-gp was only expressed 

in DU145-TX-R cells and not PC3-TX-R nor any of the parental CRPC cell lines (B) Inhibition of GSK3 

using CHIR re-sensitised both paclitaxel-resistance cell lines to paclitaxel (C and D) (PC3 paclitaxel IC50 

53.5±2.5nM (no CHIR) vs. 24.8±1.5nM (5μM CHIR) (p≤0.001; student’s t-test) and DU145 IC50  

2369.4±214.5nM (no CHIR) vs. 1083±112.2nM (5μM CHIR) (p≤0.01; student’s t-test) . Co-treatment of the 

resistance cells with the MDR1 inhibitor verapamil and CHIR almost completely reversed paclitaxel-

resistance in DU145-TX-R (IC50 18.8±4.2nM, p≤0.001 compared to pre-treatment with CHIR; student’s t-

test) cells (D) but not in PC3-TX-R cells (non-significant compared to pre-treatment with CHIR; student’s t-

test) (C). Data in (C) and (D) presented as mean ± SEM of 3 independent experiments, with each treatment 

carried out in triplicate. 
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relating to toxicity due their lack of selectivity for tumour cells compared to rapidly 

dividing normal cells such are those lining the gut and within the bone marrow. Therefore, 

alternatives treatments are being pursued. In chapter 4 we observed that targeting either 

GSK3 isoform was sufficient to sensitise non-resistant CRPC cell lines to TNFα-induced 

apoptosis. Circulating TNFα levels have been reported to be elevated throughout the 

progression of prostate cancer, with the highest levels found in patients with advanced 

disease (Michalaki et al., 2004). As an alternative to attempting to overcome taxane-

resistance (acquired or de novo) in CRPC, we wanted to examine whether targeting either 

GSK3 isoform could also sensitise paclitaxel-resistant CRPC cells to TNFα-induced 

apoptosis.  

 

As outlined in section 2.11.1, PC3-TX-R and DU145-TX-R were reverse transfected with 

siRNA targeting GSK3 for 24 hours before the addition of 20ng/ml TNFα for another 24 

hours before flow cytometry using annexin V counterstained with PI was used to evaluate 

cell death. Images of the cells show that PC3-TX-R (figure 5.9A) and DU145-TX-R 

(figure 5.9B) cells presented apoptotic morphological features such as extensive cell 

detachment from the monolayer and cell shrinkage with the the knockdown of either GSK3 

isoform was combined with and 20ng/ml TNFα. Neither cell line showed such 

morphological features with either of the treatments alone, suggesting that apoptotic 

morphological features were due to a synergistic effect between the knockdown GSK3 

isoform and TNFα-induced apoptosis. 
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Figure 5.9 Knockdown of GSK3 in presence of TNFα signalling causes paclitaxel-resistant CRPC cells to undergo apoptotic morphological 

changes 

Knockdown of either GSK3 isoform or 20ng/ml TNFα alone didn’t induce morphological changes in the PC3-TX-R (A) or DU145-TX-R (B) 

monolayers. In contrast, treatment with TNFα following the knockdown of either GSK3 isoform caused disruption of the cell monolayer and 

caused cell shrinkage, both morphological features of apoptosis. Images were taken at 10X magnification using the EVOS Imaging System and 

are representative of 2 independent experiments. 
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Flow cytometry was used to quantify total cell death, which was calculated as the 

percentage sum of early-apoptotic (annexin V +/PI -), late-apoptotic (annexin V +/PI +) 

and fragments (annexin V - / PI +) (figure 5.10A and B-top panels). In PC3-TX-R cells 

(figure 5.10A), staining (cell death) in comparison to the scramble wasn’t significantly 

increased following the knockdown of either GSK3 isoform alone (one way ANOVA with 

Bonferroni correction) (figure 5.10A-bottom). However, there was a significant increase 

in staining when the knockdown of either GSK isoform was combined with 20ng/ml 

TNFα. Similarly, in DU145-TX-R cells (figure 5.10B) knockdown of either GSK3 didn’t 

increase staining significantly (one way ANOVA with Bonferroni correction). However, 

the knockdown of both GSK3 isoforms and TNFα treatment significantly enhanced cell 

death. There was no significant difference in the cell lines between the knockdowns of 

each GSK3 isoform (one way ANOVA with Bonferroni correction).
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Figure 5.10 Knockdown of GSK3 sensitises paclitaxel-resistant CRPC cell lines to TNFα-induced apoptosis 

Relative to the controls, knockdown of GSK3 alone or treatment with 20ng/ml TNFα for 48 hours didn’t increase annexin V or PI staining 

significantly in PC3-TX-R (A) and DU145-TX-R (B) cells. Compared to each treatment alone, combined knockdown of GSK3 followed by 

the addition of TNFα significantly increased annexin V-positive/PI-positive staining in both cell lines, suggesting that the cells were 

undergoing apoptosis. Total cell death (sum of fragments, early apoptotic and necrotic/late-apoptotic) is presented as mean ± SEM of 2 

independent experiments, with **p≤0.01 and ***p≤0.001; One way ANOVA with Bonferroni correction. 
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5.2.8 Inhibition of GSK3 is insufficient to sensitise normal prostate epithelial cells to 

TNFα induced apoptosis 

While chemotherapy certainly has selectivity for cancer cells over most types of normal 

host cells, the selectivity isn’t robust enough to prevent many of the undesirable side 

effects that are associated with chemotherapy. In fact, the effectiveness of chemotherapy is 

very often limited by toxicity to other healthy tissues in the body. In the previous section 

we found that that as an alternative to attempting to overcome taxane-resistance in 

metastatic CRPC cells, targeting GSK3 is sufficient to promote TNFα-induced apoptosis in 

these cells. In order to assess the selectivity of this alternative approach to target taxane-

resistant CRPC cells, we used primary prostate epithelial cells (PPrECs) 

 

Due to the limited lifespan of primary cells and difficulties associated with trying to 

transfect them, we opted to use the pan-GSK3 inhibitor CHIR to target GSK3 instead of a 

siRNA-based approach. Treatment with 5 and 10μM CHIR and/or 20ng/ml TNFα had no 

morphological effect on the PPrECs (figure 5.11A). Immunoblotting for PARP cleavage, 

an early apoptotic marker, showed neither reduction nor cleavage of full-length PARP 

expression (figure 5.11B-top). Although PARP cleavage was undetectable with the 

treatment with the apoptotic-inducer staurosporine (200nM), there was a reduction in full-

length PARP expression. As well as mediating pro-survival signalling (mainly through 

activation of the canonical NFκB pathway), TNFα also mediates its cytotoxic effects 

through its TNFR1 receptor (Van Antwerp et al., 1996). To rule out that the PPrECs were 

not sensitised to the cytotoxic effects of TNFα due to lower expression of TNFR1 

compared to the paclitaxel-resistant cell lines, immunoblotting was carried out to compare 

the expression of TNFR1 between the cells. The expression of TNFR1 was comparable 

between PPrECs and the two paclitaxel-resistant cell lines (figure 5.11B-bottom). 

Subsequent flow cytometry using annexin V counterstained with PI showed that, while 

there was significant necrotic/late-apoptotic staining (annexin V + / PI +) in the untreated 

samples, staining didn’t increase with any other of the treatments (figure 5.11C). In 

contrast, treatment with the positive control, docetaxel (50nM), increased staining 

significantly compared to the untreated (p≤0.01; One way ANOVA with Bonferroni 

correction) (figure 5.11C). 
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Figure 5.11 Inhibition of GSK3 is insufficient to sensitise normal prostate epithelial cells to TNFα-

induced apoptosis 

Treatment with 5/10μM CHIR and/or 20ng/ml TNFα neither affect the morphology of the primary prostate 

epithelial cells (PPrECs) (A) nor did it induce PARP cleavage (B), suggesting that the cells weren’t 

undergoing apoptosis. None of the treatments increased annexin V/PI staining in PPrECs more than in the 

untreated sample (C). Total cell death, the percentage sum of fragments, early apoptotic and necrotic/late-

apoptotic, wasn’t significantly increased with any of the treatments, except the positive control 50nM 

docetaxel (D). Data in (D) presented as mean % cell death ± SEM for 2 independent experiments, with 

**p≤0.01 compared to untreated; One way ANOVA with Bonferroni correction. 
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5.3 DISCUSSION 

Experiment data presented in this chapter showed that NFκB activity was upregulated in 

paclitaxel-resistant CRPC cell lines, and, despite acquired resistance to the same drug 

(paclitaxel), the pro-inflammatory secretion profile and resistance mechanisms varied. 

While increasing NFκB activity by RelA overexpression shown to be unable to induce 

paclitaxel-resistance in DU145 wild-type cells, inhibiting NFκB was shown to be sufficient 

to re-sensitise paclitaxel-resistant cells to paclitaxel. In addition, knockdown of either 

GSK3 isoform in the resistant cell lines was shown to reduce NFκB activity and re-

sensitise the paclitaxel-resistant variants to paclitaxel. In this regards, both GSK3 isoforms 

seemed to be functionally similar in regulating taxane-resistance in CRPC but not capable 

of compensating for another, suggesting that the expression of both isoforms is required to 

mediate taxane-resistance in CRPC. In addition, the pan-GSK3 inhibitor CHIR was also 

shown to re-sensitise the resistant cells to levels that were comparable to the knockdown of 

each GSK3 isoform, suggesting that there is no additive effect with targeting both GSK3 

isoforms to overcome paclitaxel-resistance in CRPC. As an alternative to overcoming 

taxane-resistant in CRPC, we demonstrated that targeting GSK3 sensitised the resistant cell 

lines to TNFα cytotoxicity. In contrast, inhibition of GSK3 was unable to sensitise PPrECs 

to TNFα-induced apoptosis, indicating some degree of selectivity for CRPC cells in this 

GSK3 targeted manner. 

 

Upon diagnosis, treatment of androgen-dependent PCa typically involves surgery or 

radiation therapy. In patients in which biochemical recurrence is detected after primary 

treatment, ADT is the main treatment. Invariably, following 2-3 years of ADT, particularly 

where metastatic disease exists, the tumour progresses to CRPC, the earliest sign of which 

is rising PSA (Miller et al., 1992). In CRPC the tumour is unresponsive to androgens and 

no longer requires them in order to grow, proliferate and survive. The prognosis for CRPC 

is poor (mean survival time of less than 2 years (Bracarda et al., 2011)) and current 

therapeutic interventions at this stage, taxane-based chemotherapy, merely aim to prolong 

survival. Taxanes are one of a few FDA approved chemotherapeutics that have been shown 

to improve the overall survival of men who develop CRPC (Madan et al., 2011). The 

taxanes prevent mitosis by stabilising microtubules whose degradation is required for cell 

division following DNA replication (Stanton et al., 2011). Since the discovery of the first 

taxane, paclitaxel, which originated from the yew tree bark, other taxane derivatives such 
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as docetaxel and cabazitaxel have been developed and, in combination with various 

adjuvants, have provided a survival advantage to men with CRPC (Tannock et al., 2004, 

Petrylak et al., 2004). In addition, combining docetaxel with ADT (dubbed 

“chemohormonal”) has also shown to improve overall survival in patients with high-risk 

localised and/or androgen-dependent metastatic PCa (Sweeney et al., 2015, James et al., 

2016, Rosenthal et al., 2015). However, despite these promising findings, the use of 

taxanes is hampered by drug-resistance (acquired and de novo) and high toxicity arising 

from lack of selectivity against tissues with a high cell turnover, such as hair follicles, the 

gut lining and bone marrow.  

 

It is estimated that only half of all metastatic CRPC patients are initially responsive to 

docetaxel (Tannock et al., 2004). Of those who are responsive, many of them go on to 

develop taxane-resistance, which renders the treatment ineffective. One of the main 

mechanisms for resistance (acquired or de novo) to the first and second generation taxanes, 

paclitaxel and docetaxel, respectively, is the expression of the P-gp efflux pump (Borst et 

al., 2000). Although treatment with the second-line taxane cabazitaxel, a third generation 

taxane, can overcome P-gp mediated chemo-resistance due to weak affinity for the pump, 

the median survival benefit has been reported to be only 2.4 months compared to the 

previous mainstay of therapy for men with docetaxel-pre-treated metastatic CRPC (de 

Bono et al., 2010). Chemo-resistance is an issue that arises in the treatment of many 

cancers, not just CRPC. Therefore, a great deal of research has gone into trying to unravel 

the molecular processes that lead to chemo-resistance.  While, unsurprisingly, numerous 

signalling pathways are thought to be implicated, NFκB signalling is thought to be a key 

mediator (Godwin et al., 2013). Treatment with chemotherapeutic drugs has been widely 

reported to increase NFκB activity and expression in tumour cells (Montagut et al., 2006, 

Morotti et al., 2006, Li et al., 2015). In PCa cells, docetaxel-induced activation of NFκB 

has been shown to contribute to resistance (Domingo-Domenech et al., 2005, Zemskova et 

al., 2008, O'Neill et al., 2011, Codony-Servat et al., 2013, Domingo-Domenech et al., 

2006). In agreement with these findings, the paclitaxel-resistant cell lines that we used in 

this study, PC3-TX-R and DU145-TX-R, had 6.6- and 9.7-fold increase in NFκB activity 

compared to their respective parental cell lines, respectively. Although morphologically the 

PC3-TX-R cells were similar to PC3 cells, the DU145-TX-R cells adapted a more 

fibroblast-like phenotype compared to its parental cell line. However, both cell lines 

proliferated much faster than their respective parental cell lines.  Such morphological and 
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growth changes have also previously been reported in other chemo-resistant cancer cells 

(Kajiyama et al., 2007, Kim et al., 2013, Hudson et al., 2014).  

 

It’s becoming increasingly apparent that the secretion of pro-inflammatory cytokines by 

tumour cells causes them to act in an auto- or paracrine manner to confer chemo-resistance 

(Arlt et al., 2002, Wang et al., 2010). IL-6 and IL-8 are two of the best studied cytokines 

with respect to chemo-resistance and their secretion has been linked to inducing the 

expression of drug-resistant (P-gp) and anti-apoptotic proteins (Bcl-2, Bcl-xL and XIAP) 

(Conze et al., 2001, Wang et al., 2010, Ning et al., 2011). Other cytokines such as IL-1β, 

which is usually released by immune cells conscripted within the tumour 

microenvironment, can also be released by tumour cells following NFκB induction, 

leading to constitutive NFκB activity and enhancing chemo-resistance (Arlt et al., 2002). 

The secretion of the pro-inflammatory cytokines IL-1β, IL-6 and IL-8 were measured in 

both the paclitaxel-resistant and parental CRPC cell lines. IL-1β secretion was only 

detectable in PC3-TX-R cells. This is in agreement with previous studies that have shown 

cells treated with paclitaxel to increase IL-1β secretion or gene expression (Perera et al., 

1996, Bogdan and Ding, 1992). Autocrine IL-1β-induced NFκB activity has been 

associated with conferring chemo-resistance by protecting cancer cells from etoposide-

induced irreversible DNA damage, with the blocking anti-IL-R antibody shown to reduce 

NFκB activity and abolishing resistance to etoposide in these cells (Arlt et al., 2002). 

While the secretion of both IL-6 and IL-8 were reduced in the PC3-TX-R cells compared 

to its parental cell line, secretion of these cytokines was enhanced in DU145-TX-R cells 

compared to the DU145 wild-type. These variations in pro-inflammatory secretion profiles 

may explain the difference in the fold-change resistance between the two resistant cell 

lines. PC3-TX-R and DU145-TX-R cells were 9.2 and 492-fold more resistant to paclitaxel 

than their parental cell lines, respectively. The group that generated the resistant cell lines 

reported 34- and 43.4-fold paclitaxel resistance for DU145-TX-R and PC3-TX-R, 

respectively (Takeda et al., 2007). We also found that both paclitaxel-resistance cell lines 

were also resistant to docetaxel, to which PC3-TX-R and DU145-TX-R cells 11.8 and 204-

fold more resistant were compared to their parental cell lines, respectively. This cross-

resistance to other drugs can develop against both structurally related and unrelated 

compounds, thus posing a major problem for a subsequent treatment strategy once chemo-

resistance develops. 
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The P-gp efflux pump is a key player in the development of both resistance and cross-

resistance in tumour cells and strategies are underway to circumvent its activity in chemo-

resistant tumour cells (Callaghan et al., 2014). The role of P-gp is best exemplified when a 

carcinoma develops on a tissue in which it normally abundantly expressed, such as the 

kidney (Ernest et al., 1997). Renal carcinoma patients respond very poorly to 

chemotherapy, which is largely associated with the high expression of P-gp (Walsh et al., 

2009). P-gp was shown to be expressed in DU145-TX-R but not PC3-TX-R cells. A 

possible explanation for this is the increased secretion of both IL-6 and IL-8 in DU145-

TX-R compared to its parental cell line. Both IL-6 and IL-8 have been shown to induce the 

expression of P-gp (Lee and Piquette-Miller, 2001, Park et al., 2014, Wang et al., 2010). In 

contrast, secretion of both IL-6 and IL-8 were reduced in PC3-TX-R cells compared to the 

PC3 wild-type (section 5.2.1.2). Interestingly, in the original study both paclitaxel- 

resistant cell lines were shown to express P-gp, albeit very faintly in PC3-TX-R cells 

(Takada et al., 2004). This apparent loss of P-gp expression on PC3-TX-R cells in our 

study compared to the original study has also been demonstrated in other cancer cell lines 

(Green et al., 2003), which may also explain the reduction in paclitaxel resistance from 

43.4-fold in the original study (Takeda et al., 2007) to 9.2-fold in this study. Whether the 

loss of P-gp was due to a somatic mutation or reversal due to insufficient stimuli (IL-6 

and/or IL-8) in PC3-TX-R cells is unknown. However, this does suggest that P-gp 

expression may be a dynamic process and demonstrates how exposure to the same 

chemotherapeutic drug in CRPC cells can result in entirely different chemo-resistant 

mechanisms, such as in the PC3-TX-R and DU145-TX-R cell lines. The retention of the 

paclitaxel-resistant phenotype in PC3-TX-R cells even with the loss of P-gp expression 

may be explained by the upregulation of an alternative taxane-resistance mechanism. 

 

In order to determine whether increased NFκB activity is sufficient to promote paclitaxel 

resistance in CRPC, we overexpressed the RelA NFκB subunit, which has previously been 

reported to be sufficient to increase NFκB activity (Collett and Campbell, 2006). Although 

the overexpression of RelA was shown to increase NFκB transcriptional activity in DU145 

cells, the IC50 for paclitaxel remained unchanged compared to the wild-type, suggesting 

that increased NFκB activity by overexpressing RelA is insufficient to induce paclitaxel 

resistance in CRPC. In contrast, transfection of RelA and p50 NFκB subunits have been 

shown to be sufficient to promote chemo-resistance in MCF-7 breast cancer cells (Wang et 

al., 2004). Supporting the role of NFκB-signalling in mediating chemo-resistance are the 
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findings that NFκB inhibition or genetically targeting RelA has been shown to abrogate 

docetaxel-induced NFκB activity and enhance its cytotoxic effects in both docetaxel-

resistant and non-resistant CRPC cell lines (Domingo-Domenech et al., 2006, Li et al., 

2005, Codony-Servat et al., 2013). To determine if NFκB inhibition could re-sensitise the 

paclitaxel-resistant CRPC cell lines to paclitaxel, we used the NFκB activation inhibitor 

BMS-345541 (BMS). Inhibition of NFκB following BMS treatment was confirmed using 

an NFκB-luciferase assay, which reduced NFκB promoter activity in a BMS concentration 

dependent manner. Pre-treatment with BMS significantly reduced the IC50 for paclitaxel in 

both PC3-TX-R and DU145-TX-R, thus confirming that targeting NFκB can re-sensitise 

paclitaxel-resistant prostate cancer cell to paclitaxel (section 5.2.4).  

 

The finding that NFκB contributes to taxane-resistance in CRPC and other cancers has 

attracted much interest in targeting NFκB in an attempt to re-sensitise chemo-resistant 

tumour cells. Previously we showed that both GSK3 isoforms regulated NFκB signalling 

in the non-resistant CRPC cell lines (chapter 4). Although some studies have reported that 

GSK3 prevents chemo-resistance, most have reported that it promotes it (Grassilli et al., 

2013, Fu et al., 2011, Grassilli et al., 2014). Despite reports of GSK3 overexpression in 

chemo-resistant ovarian cancer cells (Fu et al., 2011), we didn’t find this to be in the case 

in either of the paclitaxel-resistant cell lines. However, we did find that DU145-TX-R cells 

expressed lower levels of the inhibitory phospho-serine-9 (GSKβ) compared to the parental 

cell line. Because GSK3 is usually active in a resting cell, its activity is mainly controlled 

by inhibitory phosphorylation at ser-9 (GSKβ) or ser-21 (GSKα) by a number of kinases 

(Frame et al., 2001). The reduction in the expression of the inhibitory phospho-serine-9 in 

GSK3β suggests that its activity may be increased in DU145-TX-R. However, because 

GSK3 is subject to numerous tiers of regulation, not just inhibitory-serine phosphorylation, 

this would have to be shown using a GSK3 activity assay. Knockdown of either GSK3 

isoform was shown significantly reduced the IC50 for paclitaxel in both PC3-TX-R and 

DU145-TX-R cells compared to non-targeting control (scramble) (section 5.2.5). Of the 

two GSK3 isoforms, knockdown of GSK3β had a slightly greater effect on paclitaxel re-

sensitisation in both paclitaxel-resistant cell lines. Interestingly, our findings suggest that 

taxane-resistance in CRPC requires the expression of both GSK3 isoforms. Should this be 

true, targeting just one GSK3 isoform or partial inhibition of total GSK3 activity may be 

sufficient to overcome taxane-resistance in CRPC. This observation that both GSK3 

isoforms have similar functions in the context of chemo-resistance in paclitaxel-resistant 
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CRPC is in agreement with another study that also reported both GSK3 isoforms to be 

functionally similar in regulating chemo-resistance in colon carcinoma cells (Grassilli et 

al., 2014). 

 

Although numerous mechanisms for GSK3 contributing to chemo-resistance have been 

proposed, our findings showed that targeting either isform reduced NFκB promoter activity 

in both PC3-TX-R and DU145-TX-R cells. The role of GSK3 in regulating chemo-

resistance through NFκB is supported by a study in which GSK3 was shown to mediate 

chemo-resistance through NFκB in acute myeloid leukemia (AML) (De Toni et al., 2006).  

In chapter 4, we showed that inhibition of β-catenin prevented the reduction in NFκB 

activity following the knockdown of either GSK3 isoform in non-chemoresistant CRPC 

cell lines, suggesting that GSK3 can regulate NFκB signalling in a β-catenin dependent 

manner. Other groups have also shown β-catenin to suppress NFκB signalling in non-

chemo-resistant tumour cells (Deng et al., 2004, Deng et al., 2002). Due to β-catenin 

signalling largely being associated with the promotion of chemo-resistance in tumour cells 

(Li et al., 2016, Chikazawa et al., 2010, Nagaraj et al., 2015, Johnsen et al., 2016), whether 

β-catenin can also suppress NFκB signalling in a chemo-resistant setting is uncertain. 

However, a study in MG-63 osteosarcoma cells demonstrated than siRNA-mediated 

knockdown of β-catenin reduced the chemo-sensitivity of the cells to the chemotherapeutic 

drug doxorubicin (Zhang et al., 2011b). Interestingly, in the same study, targeting β-

catenin increased both nuclear RelA and the expression of the NFκB-associated anti-

apoptotic XIAP and Bcl-xL genes (Zhang et al., 2011b). Another study also reported 

decreased chemo-sensitivity following the knockdown of β-catenin (Zhang et al., 2011a). 

Collectively, these findings suggest that targeting GSK3 may overcome chemo-resistance 

in some cellular contexts in a β-catenin-dependent manner. 

  

While the knockdown of both GSK3 isoforms was shown to re-sensitise PC3-TX-R and 

DU145-TX-R cells to paclitaxel, we wanted to make it more therapeutically relevant by 

investigating the effects of using a pan-GSK3 inhibitor (CHIR) to target GSK3 instead of 

genetic ablation using siRNA. Interestingly, the IC50 of paclitaxel following pre-treatment 

with CHIR was comparable to that following the knockdown of either GSK3 isoform in 

both paclitaxel-resistant cell lines, which further strengthened the view that targeting only 

one GSK3 isoform or partial inhibition of total GSK3 may be sufficient to overcome 

taxane-induced resistance in CRPC.  The most common chemo-resistance phenotype that 
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is associated with increased NFκB activity is increased expression of NFκB-associated 

anti-apoptotic proteins (Bours et al., 2000, Gilmore, 1999). However, the expression of P-

gp has also been linked to NFκB signalling (Bentires-Alj et al., 2003). Although pre-

treatment with both CHIR and the P-gp inhibitor verapamil was shown to almost 

completely revert paclitaxel-resistance in DU145-TX-R cells, the addition of verapamil 

had no additive effect over pre-treatment with CHIR in PC3-TX-R cells. This comes as no 

surprise due to the absence of P-gp expression in PC3-TX-R cells in this study. 

Interestingly, even when P-gp was reported to be expressed in PC3-TX-R cells, siRNA 

mediated knockdown was shown to have no effect in re-sensitising the cells to paclitaxel 

(Takeda et al., 2007), suggesting other unidentified resistance mechanisms in these cells. 

 

Despite chemotherapy being the mainstay of treatment for advanced cancers, it is fraught 

with issues pertaining to chemo-resistance and selectivity. Therapeutic intervention to 

harness the body’s own signalling to selectively target tumour cells has recently attracted 

much attention. One such approach is unmasking the cytotoxic effects of circulating TNFα 

on tumour cells by offsetting NFκB signalling. Circulating levels of TNFα are widely 

reported to be increased throughout prostate cancer progression, with the highest levels 

reported in advanced disease (Michalaki et al., 2004). In chapter 4 we demonstrated that 

targeting either GSK3 isoform could perturb NFκB signalling and sensitise CRPC cell 

lines to TNFα-induced apoptosis. Similarly, in this study we demonstrated that targeting 

GSK3 reduced NFκB activity in paclitaxel-resistant CRPC cell lines (section 5.2.5.1). 

Therefore, as a potential alternative to overcoming taxane-resistance, we observed that 

targeting either GSK3 isoform was sufficient to induce TNFα-induced apoptosis in both 

DU145-TX-R and PC3-TX-R cells. To assess the selectivity of sensitising tumour cells to 

TNFα-induced cytotoxicity in this GSK3 targeted manner, we used the primary prostate 

epithelial cells (PPrECs). In agreement with other studies that have demonstrated that 

normal prostate epithelial cells are resistant to TNFα-cytotoxicity (Chopra et al., 2004), so 

too were the PPrECs we used in this study. Using concentrations of the GSK3 inhibitor 

CHIR that were shown to reduce GSK3 activity in both the paclitaxel-resistant and non-

resistant CRPC cell lines (5μM and 10μM), our results showed no evidence of toxicity in 

PPrECs with CHIR treatment alone or in combination with TNFα. Interestingly, these 

findings suggest some degree of specificity for targeting CRPC cells over normal prostate 

epithelial cells in this GSK3 targeted manner. Although it is a promising start, this would 

also need to be verified in other cell types.  
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6.1 GSK3 regulates NFκB signalling in CRPC 

One of the first links between GSK3 and cancer promotion was the finding that bipolar 

patients treated with the GSK3 inhibitor lithium had reduced incidences of cancer 

compared to the general population, and that there seems to be an inverse correlation 

between lithium dosage and cancer-related morbidity (Cohen et al., 1998, Huang et al., 

2016). GSK3 is now known to have a pro-tumourigenic role in many cancers, including 

PCa (Darrington et al., 2012, Li et al., 2009). This is due the observation that GSK3 

expression is increased in many cancers and targeting it has been shown to have a negative 

effect on tumour cell survival and proliferation. In PCa, targeting GSK3 has been shown to 

have an anti-proliferative efsfect both in vitro and in vivo (Rinnab et al., 2008, Zhu et al., 

2011, Mazor et al., 2004, Schutz et al., 2011). Most of the research in relation to GSK3 in 

PCa relates to its ability to modulate the AR. While there have been numerous other 

proposed mechanisms for how GSK3 contributes to tumourigenesis, its role in suppressing 

apoptosis via the extrinsic pathway (DR-mediated apoptosis) has garnered the most 

attention (Beurel and Jope, 2006), particularly in translational oncology research where 

novel drug targets are increasingly sought. GSK3’s anti-apoptotic ability in the extrinsic 

pathway has largely been linked to its ability to positively regulate NFκB signalling, 

which, in spite of apoptotic inducing stimuli such as chemotherapeutic drugs and DR 

ligands, can prevent tumour cells from undergoing apoptosis. In addition to preventing 

apoptosis by expressing anti-apoptotic proteins, NFκB signalling also promotes tumour 

progression through the plethora of genes that it is regulates (contain κB-sites in their 

promoters), which are thought to number in the thousands. GSK3 has, depending on the 

cell-type, been reported to regulate NFκB signalling both positively and negatively 

(Hoeflich et al., 2000, Schwabe and Brenner, 2002, Buss et al., 2004), which could hamper 

the use of GSK3 inhibitors in some cancers and not others.  

Unlike androgen-dependent PCa, CRPC is characterised by androgen-independent growth, 

which develops in the majority of patients after prolonged ADT. The progression to CRPC 

is usually accompanied with a concomitant increase in NFκB signalling. The theories as to 

how PCa progresses from androgen-dependence to CRPC are manifold. Increased levels of 

the pro-inflammatory cytokine TNFα is considered one of the main inducers of NFκB in 

CRPC. Unlike other DRs, the TNFα receptor, TNFR1, pre-dominantly mediates both pro-

inflammatory and survival signals, both of which rely heavily on NFκB signalling. 
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However, in circumstances where NFκB signalling is interrupted in CRPC, TNFR1 

unmasks the cytotoxic potential of TNFα by activating its intracellular DISC, leading to 

the induction of apoptosis via the extrinsic pathway (Sumitomo et al., 1999, Muenchen et 

al., 2000). For this reason, attempts to target NFκB signalling in CRPC have come under a 

great deal of scrutiny. Our aim was to determine whether GSK3 regulates NFκB signalling 

in CRPC, and whether targeting it can offset NFκB signalling enough to sensitise the 

tumour cells to cytotoxic effects of TNFα (TNFα-induced apoptosis), whose circulating 

levels are increased in CRPC patients (Mahon et al., 2015, Michalaki et al., 2004, Tazaki et 

al., 2011). 

Our findings showed that both NFκB and GSK3 signalling appear to be active and up-

regulated throughout PCa progression, with the highest levels of both observed in the 

metastatic CRPC cell lines, DU145 and PC3. Coinciding with the increase in NFκB 

activity in the metastatic CRPC cell lines was the secretion of the NFκB-associated pro-

inflammatory cytokines TNFα, IL-1β, IL-6 and IL-8. TNFα and IL-1β released by tumour 

cells are thought to act in an auto- or paracrine effect to further enhance NFκB-signalling 

(Arlt et al., 2002). IL-6 and IL-8 act in an auto- or paracrine manner to promote PCa 

progression by promoting angiogenesis, chemo-resistance, invasion and EMT (Codony-

Servat et al., 2013, Culig, 2013, Nguyen et al., 2014a, Araki et al., 2007). In addition to 

increased secretion of NFκB-associated pro-inflammatory cytokines, the expression of the 

NFκB-associated anti-apoptotic proteins BCL-2 and survivin were also shown to be 

increased. Inhibition of GSK3 with CHIR, an ATP-competitive inhibitor, was shown to 

reduce NFκB activity and the expression of some of its associated genes. In addition, 

combined GSK3 inhibition and TNFα treatment was shown to reduce the viability of 

tumour cells compared to each treatment alone. Using immunoblotting for PARP 

expression, a caspase-3 activity assay and flow cytometry, we showed that inhibiting 

GSK3 sensitised the CRPC cell lines cells TNFα-induced apoptosis. Collectively, our 

findings suggest that GSK3 regulates NFκB in CRPC and targeting it can sensitise the 

tumour cells to TNFα. 
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6.2 Both GSK3α and GSK3β regulate NFκB signalling in CRPC 

Both GSK3 isoforms, GSK3α and GSK3β, share an overall 85% sequence homology, with 

95% sequence identity in their kinase domains (Woodgett, 1990). Yet, despite this 

remarkable degree of similarity, the isoforms aren’t regarded as having identical functions 

to one another. For example, Hoeflich et al. demonstrated that GSK3α was unable to 

rescue the murine liver degeneration phenotype caused by extensive hepatocyte apoptosis 

due the knockout of GSK3β (Hoeflich et al., 2000). Unlike GSK3β knockout mice, which 

die before birth, GSK3α knockout animals are viable (MacAulay et al., 2007). 

Additionally, mice lacking GSK3α display hypersensitivity to glucose and insulin, both of 

which aren’t seen in GSK3β knockouts (MacAulay et al., 2007).  Although these studies 

suggest that the GSK3 isoforms aren’t redundant to one another, other studies have 

suggested than in the certain contexts they may be. For example, It has been reported that 

in the case of regulating the canonical Wnt/β-catenin signalling and chemo-resistance both 

GSK3 isoforms appear to be redundant (Doble et al., 2007, Grassilli et al., 2014), 

suggesting that their functions and roles may overlap in several pathways. The 

overwhelming majority of GSK3 inhibitors target both GSK3 isoforms with similar 

potency, which should come as no surprise given how homologous both isoforms are 

(Woodgett, 1991). Currently Λ–OS1 is the only GSK3 inhibitor that has significant 

selectivity for one GSK3 isoform over the other the other, with enhanced specificity 

reported for GS3α over GSK3β (Feng et al., 2011). While most of the research into the role 

of GSK3 in tumourigenesis has centred around GSK3β, it is becoming increasingly 

apparent that both isoforms are implicated in tumourigenesis. On one hand both isoforms 

have been regarded as functionally similar (Grassilli et al., 2014), while on the other each 

isoform has a specific role in tumourigenesis (Darrington et al., 2012), suggesting that the 

role of each isoform is largely dependent on the cancer type. In light of this, many studies 

interested the specific role of each isoform have drawn their conclusions based on 

experimental findings by solely using pan-GSK3 inhibitors (inhibit both GSK3α and 

GSK3β) and not validating the effects using specific gene specific targeting (Miclea et al., 

2011, Kroon et al., 2014). 

Following on from the findings using the pan-GSK3 inhibitor CHIR suggesting that GSK3 

positively regulates NFκB signalling in CRPC, we wanted to delve deeper and investigate 

the role of each GSK3 isoform. Neither of the siRNAs that were used for targeting the 
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GSK3 isoforms showed any evidence of cross-reactivity, suggesting that they were specific 

for each isoform. In addition, the knockdown of each GSK3 isoform was similar in both 

cell lines. In both CRPC cells lines, PC3 and DU145, knockdown of either GSK3 isoform 

was sufficient to sensitise the tumour cells to TNFα cytotoxicity. In addition, the extent to 

which the cells were sensitised to TNFα-induced apoptosis following the knockdown was 

comparable for both GSK3 isoforms. While we did note some differences between the 

isoforms in regulating the gene expression of NFκB-associated IAPs, such differences 

weren’t apparent at the protein level. The lack correlation between the mRNA and protein 

levels of IAPs has previously been reported and indicates that IAPs are subject to post-

transcriptional regulation (Tamm et al., 2000, Manderscheid et al., 2001). In both cell lines, 

the reduction in NFκB activity was comparable between the knockdowns of both isoforms. 

This was also shown to be the case in in the androgen-dependent bone metastasis-derived 

MDA-PCa2b cell line, which has been reported to have lower NFκB activity than both 

PC3 and DU145 cells (Gasparian et al., 2002), suggesting that in PCa the regulation NFκB 

by GSK3 isn’t exclusive to CRPC.  Of particular interest was the observation that targeting 

both GSK3 isoforms together didn’t have an enhanced effect on the reduction of TNFα-

induced NFκB activity compared to knockdown of each isoform alone in all three cell 

lines, suggesting that both GSK3 isoforms are required for maintaining constitutively 

active NFκB in CRPC. Furthermore, from a therapeutic point of view, this also suggests 

that targeting just one GSK3 isoform is sufficient to offset NFκB signalling considerably in 

CRPC. 

 

6.3 Targeting GSK3 reduces NFκB signalling in CRPC in a β-catenin-dependent and 

-independent manner 

Only a handful of studies have shown GSK3 to regulate NFκB signalling upstream of  

NFκB activation, with its loss reported to prevent IKK activation and subsequent IκB 

degradation, resulting in reduced NFκB activation (Wilson and Baldwin, 2008, Takada et 

al., 2004, Tang et al., 2012). The majority of studies, however, have reported that GSK3 

regulates NFκB signalling downstream of IκB degradation, most likely at a transcriptional 

level (Zhang et al., 2014, Hoeflich et al., 2000, Ougolkov et al., 2007, Ougolkov et al., 

2005, Bilim et al., 2009). In this study, while RelA phosphorylation and its nuclear 

translocation were unaffected with the knockdown of either GSK3 isoform, RelA-DNA 
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binding to an immobilised oligomer containing κB sites (NFκB binding sites) was reduced 

in both PC3 and DU145 cells. This finding suggests that GSK3 regulates NFκB signalling 

at a nuclear level in CRPC. However, the question of how GSK3 regulates NFκB within 

the nucleus is more difficult to answer. One indirect way of regulating nuclear NFκB 

signalling by GSK3 involves β-catenin, GSK3’s best studied substrate, which has been 

extensively reported to negatively regulate NFκB signalling (Deng et al., 2004, Deng et al., 

2002, Du et al., 2009, Nejak-Bowen et al., 2013, Sun et al., 2005). In PC3 cells, treatment 

with the β-catenin inhibitor JW67 was shown to revert the reduction in both NFκB activity 

and RelA-DNA binding that was observed following targeting either GSK3 isoform. In 

DU145 cells, however, while JW67 treatment was sufficient to revert the reduction in 

NFκB activity following the knockdown of either GSK3 isoform, it was unable to do so for 

the reduction in RelA-DNA binding. This may be explained by β-catenin interacting with 

NFκB subunits other than RelA in DU145. For example, in addition to interacting in RelA, 

β-catenin has also been shown to interact with the NFκB p50 subunit to reduce NFκB 

activity (Deng et al., 2002, Choi et al., 2007, Sun et al., 2005, Du et al., 2009). While on 

their own p50 homodimers aren’t transcriptionally active (Muller et al., 1995), this changes 

when they associate with  the IκB family member bcl-3 (Fujita et al., 1993). Interestingly, 

one study reported that of all the PCa cell lines examined, including DU145, PC3, LNCaP 

and MDA-PCa2b cells, the two most constitutive NFκB complexes were the RelA-p50 

dimer and p50 homodimer (Gasparian et al., 2002). In light of this, it’s possible that 

following the knockdown of either GSK3 isoform in DU145 cells, β-catenin reduced 

NFκB activity by targeting transcriptionally active p50 homodimers in this cell line. 

Should this be true, it would help to explain the restoration of NFκB activity but not RelA-

DNA binding in these cells following JW67 treatment. The finding that, unlike in PC3 

cells, the addition of JW67 didn’t restore RelA-binding in DU145 cells suggests that GSK3 

also regulates RelA in a β-catenin-independent manner in these cells.  Interestingly, in 

MEFs lacking GSK3β in which NFκB activity was impaired also showed no β-catenin 

accumulation (Hoeflich et al., 2000), suggesting that GSK3 can also regulate NFκB 

independently of β-catenin. Although the β-catenin-independent mechanism of GSK3 

regulation of NFκB signalling in CRPC remains to be determined, it may arise from 

epigenetic modifications at NFκB genes (Ougolkov et al., 2007) or direct phosphorylation 

of NFκB subunits (Schwabe and Brenner, 2002, Demarchi et al., 2003, Busino et al., 

2012), two other reported methods of regulating nuclear NFκB signalling by GSK3. 
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β-catenin is typically regarded as a promoter due its regulation of genes such as c-myc, a 

known oncogene in PCa (Ellwood-Yen et al., 2003). However, our finding that its ability 

to reduce NFκB signalling in CRPC, along with similar findings in other studies, suggest 

that β-catenin it may also have a tumour-suppressive role in CRPC. This is supported by 

the findings that nuclear β-catenin expression has been reported to reduce during PCa 

progression (Horvath et al., 2005). Other groups have also reported a similar reduction in 

nuclear β-catenin expression in PCa (Kallakury et al., 2001a, Kallakury et al., 2001b, 

Whitaker et al., 2008). The decrease in nuclear β-catenin in PCa may be explained by the 

increase in GSK3 throughout prostate cancer progression (Darrington et al., 2012). Overall 

our findings suggest that GSK3β can regulate NFκB signalling in CRPC in both a β-

catenin dependent and independent manner. 

 

6.4 NFκB contributes to taxane-resistance in CRPC 

Resistance to chemotherapy is one of the major roadblocks for treatment of advanced 

tumours. Taxanes are the current standard of care used to treat CRPC. It is estimated that 

only half of all CRPC patients are initially responsive to docetaxel (Tannock et al., 2004). 

Of those who are responsive, many of them go on to acquire taxane-resistance, which 

renders docetaxel ineffective. NFκB signalling is thought to be a key mediator of chemo-

resistance, with docetaxel-induced activation of NFκB being shown to contribute to its 

own resistance in PCa (Domingo-Domenech et al., 2005, Zemskova et al., 2008, O'Neill et 

al., 2011, Codony-Servat et al., 2013, Domingo-Domenech et al., 2006). The paclitaxel-

resistant CRPC cell lines used in this study, PC3-TX-R and DU145-TX-R, displayed 

higher NFκB activity in comparison to their respective parental cell lines. Supporting the 

role of NFκB-signalling in mediating chemo-resistance are the findings that targeting RelA 

can abrogate docetaxel-induced NFκB activity and enhance its cytotoxic effects in both 

docetaxel-resistant and non-resistant CRPC cell lines (Domingo-Domenech et al., 2006, Li 

et al., 2005, Codony-Servat et al., 2013). Inhibition of NFκB was sufficient to re-sensitise 

our paclitaxel-resistant cell lines, as deduced by a reduction in the paclitaxel IC50 in both 

PC3-TX-R and DU145-TX-R cell lines. In order to determine whether increased NFκB 

signalling is sufficient to promote taxane-resistance, the overexpression of RelA, which 

has previously been shown to be sufficient to increase NFκB activity (Collett and 

Campbell, 2006), was unable to induce paclitaxel resistance in DU145 cells, suggesting 
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that increased NFκB activity via the overexpression of RelA is insufficient to induce 

taxane resistance in CRPC. However, because the genes targeted by the various NFκB 

dimer configurations vary, it is plausible that perhaps RelA isn’t the key NFκB subunit that 

mediates chemo-resistance in CRPC. Overexpression of the NFκB subunits RelA and p50 

have been shown to be sufficient to promote chemo-resistance in MCF-7 breast cancer 

cells (Wang et al., 2004).  Interestingly, in the MDA-MB-435 melanoma cell line, BRCA1, 

which mediates resistance to apoptosis in response to DNA-damaging agents, was shown 

to recruit p50 independently of RelA to the promoters of the NFκB genes XIAP and bcl-2 

in etoposide treated cells only, suggesting that the NFκB p50 subunit has a role in chemo-

resistance (Harte et al., 2014). This uncertainty surrounding which of the NFκB subunits 

mediate chemo-resistance demonstrates just how little we currently know about their 

individual roles. 

 

6.5 GSK3 regulates NFκB in paclitaxel-resistant CRPC and targeting it can be used 

to overcome taxane-resistance 

GSK3 has been implicated in the development of chemo-resistance (Ugolkov et al., 2016, 

De Toni et al., 2006, Grassilli et al., 2014, Grassilli et al., 2013). While numerous 

mechanisms of how it contributed chemo-resistance have been proposed, we focused 

solely on GSK3’s modulation of NFκB in chemo-resistance in CRPC. In AML, GSK3 has 

been reported to mediate chemo-resistance through regulating NFκB (De Toni et al., 

2006).  Because research into the role of GSK3 in taxane-resistance in CRPC is scant, we 

wanted to investigate this. Firstly, we showed that targeting either isoform of GSK3 

reduced NFκB promoter activity in both PC3-TX-R and DU145-TX-R cells, suggesting 

that GSK3 also regulates NFκB activity in taxane-resistant CRPC. However, whether the 

reduction in NFκB following GSK3 targeting was in a β-catenin-dependent and/or -

independent manner as previously observed in the parental cell lines is unknown. For the 

most part, β-catenin signalling is predominantly associated with promoting chemo-

resistance (Li et al., 2016, Chikazawa et al., 2010, Nagaraj et al., 2015, Johnsen et al., 

2016). Therefore, whether β-catenin can suppress NFκB signalling in a chemo-resistant 

setting is uncertain. However, a study in osteosarcoma cells demonstrated than targeting β-

catenin increased chemo-resistance of the cells to the chemotherapeutic drug doxorubicin 

(Zhang et al., 2011b), whose resistance is also associated with enhanced NFκB signalling 
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(Ashikawa et al., 2004). Interestingly, in the same study, targeting of β-catenin increased 

nuclear RelA and increased expression of the NFκB-associated anti-apoptotic XIAP and 

Bcl-xL genes (Zhang et al., 2011b). Another study also reported decreased chemo-

sensitivity following the knockdown of β-catenin (Zhang et al., 2011a). Collectively, these 

findings suggest that induction of β-catenin by targeting of GSK3 may lead to chemo-

resistance in some tumour cells. 

 

Targeting either GSK3 isoform has previously been shown to re-sensitise chemo-resistant 

colon cancer cells to chemotherapy (Grassilli et al., 2014, Grassilli et al., 2013). In our 

study, knockdown of either GSK3 isoform was sufficient to re-sensitise the paclitaxel-

resistant CRPC cell lines. We found that both GSK3 isoforms were equally effective in 

sensitising the cells to paclitaxel, which has also previously been reported in chemo-

resistant colon cancer cells (Grassilli et al., 2014). Interestingly, targeting both isoforms 

together using a pan-GSK3 inhibitor (CHIR) didn’t have an additive effective compared to 

the knockdown of each GSK3 isoform alone, which further strengthened the view that 

targeting only one GSK3 isoform or partial inhibition of total GSK3 is sufficient to 

overcome taxane resistance in CRPC. 

 

6.6 Targeting GSK3 doesn’t sensitise primary prostate epithelial cells to TNFα-

induced cytotoxicity 

As an alternative to overcoming taxane-resistance, we demonstrated that, similar to the 

non-resistant CRPC parental cell lines, targeting GSK3 also sensitised the taxane-resistant 

variants to TNFα cytotoxicity. One of the pitfalls of conventional chemotherapy is the high 

toxicity arising from lack of selectivity against rapidly dividing non-transformed cells. 

Therefore, to assess the specificity of sensitising CRPC tumour cells (taxane-resistant and 

non-resistant) to TNFα-induced cytotoxicity in this GSK3 targeted, we used PPrECs. 

Using concentrations of the GSK3 inhibitor CHIR that previously reduced GSK3 activity 

in both PC3-TX-R and DU145-TX-R cell, our results showed neither morphological 

changes nor differences in the expression of apoptotic markers in untreated PPrECs 

compared with those treated with the GSK3 inhibitor CHIR and/or TNFα, suggesting that 

the PPrECs cells weren’t sensitised to the cytotoxic effects of TNFα. These findings 

suggest some degree of specificity for sensitising CRPC to TNFα-induced apoptosis in this 
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GSK3 targeted manner. Interestingly, this apparent selectivity of GSK3 inhibitors having a 

therapeutic benefit by targeting tumour cells but having little effect on normal cells has 

also previously been reported in AML, where targeting GSK3 has been reported to lead to 

irreversible growth arrest of leukemic cells but have little effect on the growth of normal 

bone marrow cells (Hu et al., 2016, Gupta et al., 2012). Cranial irradiation (CI), the current 

standard of care for brain cancers, is associated with long term neurological side-effects in 

the paediatric population. Amazingly, pre-treatment with a GSK3 inhibitor has been shown 

have a protective effect on neurological function by preventing the double-strand breaks 

associated with CI in normal but not cancer tissue (Yang et al., 2009, Thotala et al., 2008, 

Yazlovitskaya et al., 2006). Collectively, these findings suggest exploitable differences 

between GSK3 in cancer and normal tissue. 

 

6.7 Study limitations and future directions 

The aim of this study was to investigate the role of GSK3 in regulating NFκB signalling 

and in CRPC whether it has potential as a therapeutic by sensitising the tumour cells to 

TNFα cytotoxicity or overcoming taxane-resistance. Despite our best attempts to utilise a 

robust experimental design, this study, like every study, has its limitations. Firstly, we 

based our conclusions of GSK3 overactivity in CRPC on the phosphorylation status of the 

expression of pGSK3-Tyr279/216 (active) compared to pGSK-Ser21/9 (inactive). While 

phosphorylation at these residues is the best studied mode of GSK3 regulation, it is by no 

means the only one. Carrying out a kinase activity assay would provide a more 

comprehensive answer regarding the activity status of GSK3 in CRPC. 

Another limitation was that, because GSK3 is a multi-tasking kinase with dozens of known 

substrates, targeting it via inhibition or knockdown invariably affected other GSK3 

pathways, many of which are inter-connected, in addition to NFκB signalling. 

Furthermore, while the use of AR-negative CRPC cell lines allowed us to investigate AR-

independent effects, because the androgen-axis remains an integral part of CRPC, the 

interactions we observed in this study may not fully represent the pathobiology of CRPC 

patients. This is reinforced with the realisation that while cell lines serve as useful tools for 

delineating signalling pathways in cancer, not all of these pathway have been found to be 

critical for the survival of tumours in a clinical setting. In addition, while the DU145 cell 

line was originally derived from PCa brain metastasis, and because this only represents a 
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small percentage of PCa metastasis (Hatzoglou et al., 2014), our findings in this cell line 

may not be revelant to the vast majority of CRPC patients.) In light of the above, carrying 

out a future xenograft study would help in answering whether the findings from our study 

are therapeutically relevant.  

In this study we found that GSK3 regulates NFκB signalling in both a β-catenin-dependent 

and –independent manner. While this provides a good starting point, many questions still 

remain to be answered. Therefore, future work should also investigate whether β-catenin 

regulates NFκB subunits other than RelA in CRPC and, importantly, how it does so. 

Because β-catenin has previously been shown reduce NFκB signalling by forming an 

indirect complex with NFκB subunits, carrying out co-immunoprecipitation to see if this 

was also the case in CRPC would be a good start. Furthermore, identifying how GSK3 

regulates NFκB signalling independently of β-catenin in CRPC, as seen with RelA in 

DU145 cells, also remains to be answered.  

 

6.8 Final conclusions 

This study is the first to show that GSK3 positively regulates NFκB signalling at a nuclear 

level in CRPC. Both GSK3 isoforms were found to be functionally similar in this regard 

and were capable of regulating NFκB both dependently and independently of β-catenin. 

Targeting GSK3 was shown to reduce both NFκB activity and the expression of some of 

its associated anti-apoptotic proteins, which was sufficient to sensitise CRPC cells to the 

cytotoxic effects of TNFα, whose circulating levels are increased in patients in CRPC. In 

taxane-resistant variants of the CRPC cell lines, targeting GSK3 was also shown to reduce 

NFκB activity and re-sensitised the cells to paclitaxel. As an alternative to overcoming 

taxane-resistance, we demonstrated that GSK3 could also sensitise these cells to TNFα 

cytotoxicity. Lastly, inhibition of GSK3 didn’t sensitise primary prostate epithelial cells to 

TNFα cytotoxicity, suggesting some degree of specificity for targeting CRPC tumour cell 

in this manner. Our findings warrant further research into GSK3 inhibition as a potential 

therapy for CRPC. 

 

 



 180 

 

 

 

 

CHAPTER 7 

 APPENDIX 
 

 

 

 

 

 

 

 

 
 



 181 

 

7.1 Complete statistical analysis for viability assays 

 

7.1.1 PC3: CHIR ± TNFα 

Two-way ANOVA 

     
Source of Variation % of total variation P value 

   
Interaction 15.53 < 0.0001 

   
Column Factor 42.21 < 0.0001 

   
Row Factor 39.45 < 0.0001 

   

      
Source of Variation P value summary Significant? 

   
Interaction *** Yes 

   
Column Factor *** Yes 

   
Row Factor *** Yes 

   

      
Source of Variation Df Sum-of-squares Mean square F 

 
Interaction 12 10030 835.7 18.45 

 
Column Factor 4 27260 6815 150.4 

 
Row Factor 3 25480 8493 187.5 

 
Residual 40 1812 45.3 

  

      
Number of missing values 0 

    

      
Bonferroni posttests 

     

      
20ng/ml TNFa vs 1uM CHIR 

     
Row Factor 20ng/ml TNFa 1uM CHIR Difference 95% CI of diff. 

 
0h 100 100 0 -19.09 to 19.09 

 
  24 103 91 -12 -31.09 to 7.086 

 
48h 97 75 -22 -41.09 to -2.914 

 
72h 86.15 65.73 -20.42 -39.51 to -1.339 

 

      
Row Factor Difference t P value Summary 

 
0h 0 0 P > 0.05 ns 

 
  24 -12 2.184 P > 0.05 ns 

 
48h -22 4.003 P<0.01 ** 

 
72h -20.42 3.717 P<0.01 ** 

 

      
20ng/ml TNFa vs 5uM CHIR 

     
Row Factor 20ng/ml TNFa 5uM CHIR Difference 95% CI of diff. 

 
0h 100 100 0 -19.09 to 19.09 
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  24 103 82 -21 -40.09 to -1.914 

 
48h 97 63 -34 -53.09 to -14.91 

 
72h 86.15 47.57 -38.58 -57.67 to -19.49 

 

      
Row Factor Difference t P value Summary 

 
0h 0 0 P > 0.05 ns 

 
  24 -21 3.821 P<0.01 ** 

 
48h -34 6.187 P<0.001 *** 

 
72h -38.58 7.021 P<0.001 *** 

 

      
20ng/ml TNFa vs 10uM CHIR 

     
Row Factor 20ng/ml TNFa 10uM CHIR Difference 95% CI of diff. 

 
0h 100 100 0 -19.09 to 19.09 

 
  24 103 71 -32 -51.09 to -12.91 

 
48h 97 44 -53 -72.09 to -33.91 

 
72h 86.15 24.66 -61.49 -80.58 to -42.41 

 

      
Row Factor Difference t P value Summary 

 
0h 0 0 P > 0.05 ns 

 
  24 -32 5.823 P<0.001 *** 

 
48h -53 9.645 P<0.001 *** 

 
72h -61.49 11.19 P<0.001 *** 

 

      20ng/ml TNFa vs 5uM 

CHIR+TNFa 

     

Row Factor 20ng/ml TNFa 

5uM 

CHIR+TNFa Difference 95% CI of diff. 

 
0h 100 100 0 -19.09 to 19.09 

 
  24 103 28 -75 -94.09 to -55.91 

 
48h 97 5 -92 -111.1 to -72.91 

 
72h 86.15 3.29 -82.86 -102.0 to -63.78 

 

      
Row Factor Difference t P value Summary 

 
0h 0 0 P > 0.05 ns 

 
  24 -75 13.65 P<0.001 *** 

 
48h -92 16.74 P<0.001 *** 

 
72h -82.86 15.08 P<0.001 *** 

 

      
1uM CHIR vs 5uM CHIR 

     
Row Factor 1uM CHIR 5uM CHIR Difference 95% CI of diff. 

 
0h 100 100 0 -19.09 to 19.09 

 
  24 91 82 -9 -28.09 to 10.09 

 
48h 75 63 -12 -31.09 to 7.086 

 
72h 65.73 47.57 -18.16 -37.24 to 0.9298 

 

      
Row Factor Difference t P value Summary 
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0h 0 0 P > 0.05 ns 

 
  24 -9 1.638 P > 0.05 ns 

 
48h -12 2.184 P > 0.05 ns 

 
72h -18.16 3.304 P<0.01 ** 

 

       

1uM CHIR vs 10uM CHIR 

     
Row Factor 1uM CHIR 10uM CHIR Difference 95% CI of diff. 

 
0h 100 100 0 -19.09 to 19.09 

 

  24 91 71 -20 

-39.09 to -

0.9138 

 
48h 75 44 -31 -50.09 to -11.91 

 
72h 65.73 24.66 -41.07 -60.15 to -21.98 

 

      
Row Factor Difference t P value Summary 

 
0h 0 0 P > 0.05 ns 

 
  24 -20 3.639 P<0.01 ** 

 
48h -31 5.641 P<0.001 *** 

 
72h -41.07 7.473 P<0.001 *** 

 

      
1uM CHIR vs 5uM CHIR+TNFa 

     

Row Factor 1uM CHIR 

5uM 

CHIR+TNFa Difference 95% CI of diff. 

 
0h 100 100 0 -19.09 to 19.09 

 
  24 91 28 -63 -82.09 to -43.91 

 
48h 75 5 -70 -89.09 to -50.91 

 
72h 65.73 3.29 -62.44 -81.53 to -43.35 

 

      
Row Factor Difference t P value Summary 

 
0h 0 0 P > 0.05 ns 

 
  24 -63 11.46 P<0.001 *** 

 
48h -70 12.74 P<0.001 *** 

 
72h -62.44 11.36 P<0.001 *** 

 

      
5uM CHIR vs 10uM CHIR 

     
Row Factor 5uM CHIR 10uM CHIR Difference 95% CI of diff. 

 
0h 100 100 0 -19.09 to 19.09 

 
  24 82 71 -11 -30.09 to 8.086 

 

48h 63 44 -19 

-38.09 to 

0.08621 

 
72h 47.57 24.66 -22.91 -42.00 to -3.826 

 

      
Row Factor Difference t P value Summary 

 
0h 0 0 P > 0.05 ns 

 
  24 -11 2.002 P > 0.05 ns 

 
48h -19 3.457 P<0.01 ** 

 
72h -22.91 4.169 P<0.001 *** 
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5uM CHIR vs 5uM CHIR+TNFa 

     

Row Factor 5uM CHIR 

5uM 

CHIR+TNFa Difference 95% CI of diff. 

 
0h 100 100 0 -19.09 to 19.09 

 
  24 82 28 -54 -73.09 to -34.91 

 
48h 63 5 -58 -77.09 to -38.91 

 
72h 47.57 3.29 -44.28 -63.37 to -25.20 

 

      
Row Factor Difference t P value Summary 

 
0h 0 0 P > 0.05 ns 

 
  24 -54 9.827 P<0.001 *** 

 
48h -58 10.55 P<0.001 *** 

 
72h -44.28 8.058 P<0.001 *** 

 

      
10uM CHIR vs 5uM CHIR+TNFa 

     

Row Factor 10uM CHIR 

5uM 

CHIR+TNFa Difference 95% CI of diff. 

 
0h 100 100 0 -19.09 to 19.09 

 
  24 71 28 -43 -62.09 to -23.91 

 
48h 44 5 -39 -58.09 to -19.91 

 
72h 24.66 3.29 -21.37 -40.46 to -2.285 

 

      
Row Factor Difference t P value Summary 

 
0h 0 0 P > 0.05 ns 

 
  24 -43 7.825 P<0.001 *** 

 
48h -39 7.097 P<0.001 *** 

 
72h -21.37 3.889 P<0.01 ** 
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7.1.2 PC3: LiCl ± TNFa 

Two-way ANOVA 

    
Source of Variation % of total variation P value 

  
Interaction 17.89 < 0.0001 

  
Column Factor 35.73 < 0.0001 

  
Row Factor 39.53 < 0.0001 

  

     
Source of Variation P value summary Significant? 

  
Interaction *** Yes 

  
Column Factor *** Yes 

  
Row Factor *** Yes 

  

     

Source of Variation Df 

Sum-of-

squares Mean square F 

Interaction 12 7159 596.6 8.706 

Column Factor 4 14300 3575 52.17 

Row Factor 3 15820 5273 76.95 

Residual 40 2741 68.52 

 

     
Number of missing values 0 

   

     
Bonferroni posttests 

    

     
20ng/ml TNFa vs 10mM LiCl 

    
Row Factor 20ng/ml TNFa 10mM LiCl Difference 95% CI of diff. 

0h 100 100 0 -23.47 to 23.47 

  24 95 93 -2 -25.47 to 21.47 

48h 92.58 90.58 -2.003 -25.48 to 21.47 

72h 93.2 84 -9.201 -32.68 to 14.27 

     
Row Factor Difference t P value Summary 

0h 0 0 P > 0.05 ns 

  24 -2 0.2959 P > 0.05 ns 

48h -2.003 0.2963 P > 0.05 ns 

72h -9.201 1.361 P > 0.05 ns 

     
20ng/ml TNFa vs 20mM LiCl 

    
Row Factor 20ng/ml TNFa 20mM LiCl Difference 95% CI of diff. 

0h 100 100 0 -23.47 to 23.47 

  24 95 87 -8 -31.47 to 15.47 

48h 92.58 69.25 -23.33 -46.81 to 0.1431 

72h 93.2 54.03 -39.17 -62.65 to -15.70 
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Row Factor Difference t P value Summary 

0h 0 0 P > 0.05 ns 

  24 -8 1.184 P > 0.05 ns 

48h -23.33 3.452 P<0.01 ** 

72h -39.17 5.796 P<0.001 *** 

     
20ng/ml TNFa vs 30mM LiCl 

    
Row Factor 20ng/ml TNFa 30mM LiCl Difference 95% CI of diff. 

0h 100 100 0 -23.47 to 23.47 

  24 95 74 -21 -44.47 to 2.475 

48h 92.58 52.33 -40.24 -63.72 to -16.77 

72h 93.2 34.69 -58.51 -81.99 to -35.04 

     
Row Factor Difference t P value Summary 

0h 0 0 P > 0.05 ns 

  24 -21 3.107 P < 0.05 * 

48h -40.24 5.954 P<0.001 *** 

72h -58.51 8.657 P<0.001 *** 

     20ng/ml TNFa vs 20mM 

LiCl+TNFa 

    

Row Factor 20ng/ml TNFa 

20mM 

LiCl+TNFa Difference 95% CI of diff. 

0h 100 100 0 -23.47 to 23.47 

  24 95 64 -31 -54.47 to -7.525 

48h 92.58 38.41 -54.17 -77.64 to -30.69 

72h 93.2 16.1 -77.1 -100.6 to -53.63 

     
Row Factor Difference t P value Summary 

0h 0 0 P > 0.05 ns 

  24 -31 4.587 P<0.001 *** 

48h -54.17 8.014 P<0.001 *** 

72h -77.1 11.41 P<0.001 *** 

     
10mM LiCl vs 20mM LiCl 

    
Row Factor 10mM LiCl 20mM LiCl Difference 95% CI of diff. 

0h 100 100 0 -23.47 to 23.47 

  24 93 87 -6 -29.47 to 17.47 

48h 90.58 69.25 -21.33 -44.80 to 2.146 

72h 84 54.03 -29.97 -53.45 to -6.497 

     
Row Factor Difference t P value Summary 

0h 0 0 P > 0.05 ns 

  24 -6 0.8877 P > 0.05 ns 

48h -21.33 3.156 P < 0.05 * 

72h -29.97 4.434 P<0.001 *** 
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10mM LiCl vs 30mM LiCl 

    
Row Factor 10mM LiCl 30mM LiCl Difference 95% CI of diff. 

0h 100 100 0 -23.47 to 23.47 

  24 93 74 -19 -42.47 to 4.475 

48h 90.58 52.33 -38.24 -61.72 to -14.77 

72h 84 34.69 -49.31 -72.79 to -25.84 

     
Row Factor Difference t P value Summary 

0h 0 0 P > 0.05 ns 

  24 -19 2.811 P < 0.05 * 

48h -38.24 5.658 P<0.001 *** 

72h -49.31 7.296 P<0.001 *** 

     10mM LiCl vs 20mM 

LiCl+TNFa 

    

Row Factor 10mM LiCl 

20mM 

LiCl+TNFa Difference 95% CI of diff. 

0h 100 100 0 -23.47 to 23.47 

  24 93 64 -29 -52.47 to -5.525 

48h 90.58 38.41 -52.17 -75.64 to -28.69 

72h 84 16.1 -67.9 -91.38 to -44.43 

     
Row Factor Difference t P value Summary 

0h 0 0 P > 0.05 ns 

  24 -29 4.291 P<0.001 *** 

48h -52.17 7.718 P<0.001 *** 

72h -67.9 10.05 P<0.001 *** 

     
20mM LiCl vs 30mM LiCl 

    
Row Factor 20mM LiCl 30mM LiCl Difference 95% CI of diff. 

0h 100 100 0 -23.47 to 23.47 

  24 87 74 -13 -36.47 to 10.47 

48h 69.25 52.33 -16.91 -40.39 to 6.563 

72h 54.03 34.69 -19.34 -42.82 to 4.135 

     
Row Factor Difference t P value Summary 

0h 0 0 P > 0.05 ns 

  24 -13 1.923 P > 0.05 ns 

48h -16.91 2.502 P > 0.05 ns 

72h -19.34 2.861 P < 0.05 * 

     20mM LiCl vs 20mM 

LiCl+TNFa 

    

Row Factor 20mM LiCl 

20mM 

LiCl+TNFa Difference 95% CI of diff. 

0h 100 100 0 -23.47 to 23.47 
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  24 87 64 -23 -46.47 to 0.4750 

48h 69.25 38.41 -30.84 -54.31 to -7.362 

72h 54.03 16.1 -37.93 -61.40 to -14.45 

     
Row Factor Difference t P value Summary 

0h 0 0 P > 0.05 ns 

  24 -23 3.403 P<0.01 ** 

48h -30.84 4.562 P<0.001 *** 

72h -37.93 5.612 P<0.001 *** 

     30mM LiCl vs 20mM 

LiCl+TNFa 

    

Row Factor 30mM LiCl 

20mM 

LiCl+TNFa Difference 95% CI of diff. 

0h 100 100 0 -23.47 to 23.47 

  24 74 64 -10 -33.47 to 13.47 

48h 52.33 38.41 -13.93 -37.40 to 9.549 

72h 34.69 16.1 -18.59 -42.06 to 4.886 

     
Row Factor Difference t P value Summary 

0h 0 0 P > 0.05 ns 

  24 -10 1.48 P > 0.05 ns 

48h -13.93 2.06 P > 0.05 ns 

72h -18.59 2.75 P < 0.05 * 
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7.1.3 DU145: CHIR ± TNFα 

Two-way ANOVA 

    

     
Source of Variation % of total variation P value 

  
Interaction 16.65 < 0.0001 

  
Column Factor 34.48 < 0.0001 

  
Row Factor 45.59 < 0.0001 

  

     
Source of Variation P value summary Significant? 

  
Interaction *** Yes 

  
Column Factor *** Yes 

  
Row Factor *** Yes 

  

     
Source of Variation Df Sum-of-squares Mean square F 

Interaction 12 7183 598.6 16.88 

Column Factor 4 14880 3719 104.9 

Row Factor 3 19670 6556 184.8 

Residual 40 1419 35.47 

 

     
Number of missing values 0 

   

     
Bonferroni posttests 

    

     
20ng/ml TNFa vs 1uM CHIR 

    
Row Factor 20ng/ml TNFa 1uM CHIR Difference 95% CI of diff. 

0h 100 100 0 -16.89 to 16.89 

  24 93.56 86.26 -7.301 -24.19 to 9.589 

48h 98.45 76.66 -21.79 -38.68 to -4.901 

72h 89.58 66.31 -23.27 -40.15 to -6.376 

     
Row Factor Difference t P value Summary 

0h 0 0 P > 0.05 ns 

  24 -7.301 1.501 P > 0.05 ns 

48h -21.79 4.481 P<0.001 *** 

72h -23.27 4.784 P<0.001 *** 

     
20ng/ml TNFa vs 5uM CHIR 

    
Row Factor 20ng/ml TNFa 5uM CHIR Difference 95% CI of diff. 

0h 100 100 0 -16.89 to 16.89 

  24 93.56 80.26 -13.3 -30.19 to 3.587 

48h 98.45 70.41 -28.05 -44.93 to -11.16 

72h 89.58 50.89 -38.68 -55.57 to -21.79 

     
Row Factor Difference t P value Summary 
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0h 0 0 P > 0.05 ns 

  24 -13.3 2.736 P < 0.05 * 

48h -28.05 5.767 P<0.001 *** 

72h -38.68 7.955 P<0.001 *** 

     
20ng/ml TNFa vs 10uM CHIR 

    
Row Factor 20ng/ml TNFa 10uM CHIR Difference 95% CI of diff. 

0h 100 100 0 -16.89 to 16.89 

  24 93.56 75.44 -18.13 -35.02 to -1.239 

48h 98.45 55.95 -42.5 -59.39 to -25.61 

72h 89.58 40.9 -48.68 -65.57 to -31.79 

     
Row Factor Difference t P value Summary 

0h 0 0 P > 0.05 ns 

  24 -18.13 3.728 P<0.01 ** 

48h -42.5 8.741 P<0.001 *** 

72h -48.68 10.01 P<0.001 *** 

     20ng/ml TNFa vs 5uM 

CHIR+TNFa 

    

Row Factor 20ng/ml TNFa 

5uM 

CHIR+TNFa Difference 95% CI of diff. 

0h 100 100 0 -16.89 to 16.89 

  24 93.56 59.55 -34.01 -50.90 to -17.13 

48h 98.45 26.16 -72.29 -89.18 to -55.40 

72h 89.58 6.301 -83.28 -100.2 to -66.39 

     
Row Factor Difference t P value Summary 

0h 0 0 P > 0.05 ns 

  24 -34.01 6.995 P<0.001 *** 

48h -72.29 14.87 P<0.001 *** 

72h -83.28 17.13 P<0.001 *** 

     
1uM CHIR vs 5uM CHIR 

    
Row Factor 1uM CHIR 5uM CHIR Difference 95% CI of diff. 

0h 100 100 0 -16.89 to 16.89 

  24 86.26 80.26 -6.002 -22.89 to 10.89 

48h 76.66 70.41 -6.255 -23.14 to 10.63 

72h 66.31 50.89 -15.42 -32.31 to 1.471 

     
Row Factor Difference t P value Summary 

0h 0 0 P > 0.05 ns 

  24 -6.002 1.234 P > 0.05 ns 

48h -6.255 1.286 P > 0.05 ns 

72h -15.42 3.171 P < 0.05 * 
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1uM CHIR vs 10uM CHIR 

    
Row Factor 1uM CHIR 10uM CHIR Difference 95% CI of diff. 

0h 100 100 0 -16.89 to 16.89 

  24 86.26 75.44 -10.83 -27.72 to 6.062 

48h 76.66 55.95 -20.71 -37.60 to -3.824 

72h 66.31 40.9 -25.42 -42.30 to -8.526 

     
Row Factor Difference t P value Summary 

0h 0 0 P > 0.05 ns 

  24 -10.83 2.227 P > 0.05 ns 

48h -20.71 4.26 P<0.001 *** 

72h -25.42 5.227 P<0.001 *** 

     
1uM CHIR vs 5uM CHIR+TNFa 

    

Row Factor 1uM CHIR 

5uM 

CHIR+TNFa Difference 95% CI of diff. 

0h 100 100 0 -16.89 to 16.89 

  24 86.26 59.55 -26.71 -43.60 to -9.825 

48h 76.66 26.16 -50.5 -67.39 to -33.61 

72h 66.31 6.301 -60.01 -76.90 to -43.12 

     
Row Factor Difference t P value Summary 

0h 0 0 P > 0.05 ns 

  24 -26.71 5.494 P<0.001 *** 

48h -50.5 10.39 P<0.001 *** 

72h -60.01 12.34 P<0.001 *** 

     
5uM CHIR vs 10uM CHIR 

    
Row Factor 5uM CHIR 10uM CHIR Difference 95% CI of diff. 

0h 100 100 0 -16.89 to 16.89 

  24 80.26 75.44 -4.826 -21.71 to 12.06 

48h 70.41 55.95 -14.46 -31.35 to 2.431 

72h 50.89 40.9 -9.997 -26.89 to 6.892 

     
Row Factor Difference t P value Summary 

0h 0 0 P > 0.05 ns 

  24 -4.826 0.9924 P > 0.05 ns 

48h -14.46 2.973 P < 0.05 * 

72h -9.997 2.056 P > 0.05 ns 

     
5uM CHIR vs 5uM CHIR+TNFa 

    

Row Factor 5uM CHIR 

5uM 

CHIR+TNFa Difference 95% CI of diff. 

0h 100 100 0 -16.89 to 16.89 

  24 80.26 59.55 -20.71 -37.60 to -3.823 

48h 70.41 26.16 -44.24 -61.13 to -27.36 
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72h 50.89 6.301 -44.59 -61.48 to -27.70 

     
Row Factor Difference t P value Summary 

0h 0 0 P > 0.05 ns 

  24 -20.71 4.259 P<0.001 *** 

48h -44.24 9.099 P<0.001 *** 

72h -44.59 9.17 P<0.001 *** 

     
10uM CHIR vs 5uM CHIR+TNFa 

    

Row Factor 10uM CHIR 

5uM 

CHIR+TNFa Difference 95% CI of diff. 

0h 100 100 0 -16.89 to 16.89 

  24 75.44 59.55 -15.89 -32.78 to 1.002 

48h 55.95 26.16 -29.79 -46.68 to -12.90 

72h 40.9 6.301 -34.6 -51.48 to -17.71 

     
Row Factor Difference t P value Summary 

0h 0 0 P > 0.05 ns 

  24 -15.89 3.267 P<0.01 ** 

48h -29.79 6.126 P<0.001 *** 

72h -34.6 7.115 P<0.001 *** 
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7.1.4 DU145: LiCl ± TNFα 

Two-way ANOVA 

    

     
Source of Variation % of total variation P value 

  
Interaction 19.25 < 0.0001 

  
Column Factor 42.58 < 0.0001 

  
Row Factor 34.5 < 0.0001 

  

     
Source of Variation P value summary Significant? 

  
Interaction *** Yes 

  
Column Factor *** Yes 

  
Row Factor *** Yes 

  

     

Source of Variation Df 

Sum-of-

squares Mean square F 

Interaction 12 9995 832.9 17.48 

Column Factor 4 22110 5526 116 

Row Factor 3 17910 5971 125.3 

Residual 40 1906 47.64 

 

     
Number of missing values 0 

   

     
Bonferroni posttests 

    

     
20ng/ml TNFa vs 10mM LiCl 

    
Row Factor 20ng/ml TNFa 10mM LiCl Difference 95% CI of diff. 

0h 100 100 0 -19.57 to 19.57 

  24 99.04 88.37 -10.67 -30.24 to 8.902 

48h 95.88 84.42 -11.46 -31.03 to 8.111 

72h 96.94 80.04 -16.91 -36.48 to 2.665 

     
Row Factor Difference t P value Summary 

0h 0 0 P > 0.05 ns 

  24 -10.67 1.893 P > 0.05 ns 

48h -11.46 2.034 P > 0.05 ns 

72h -16.91 3 P < 0.05 * 

     
20ng/ml TNFa vs 20mM LiCl 

    
Row Factor 20ng/ml TNFa 20mM LiCl Difference 95% CI of diff. 

0h 100 100 0 -19.57 to 19.57 

  24 99.04 71.77 -27.27 -46.84 to -7.695 

48h 95.88 69.5 -26.38 -45.95 to -6.804 

72h 96.94 56.59 -40.35 -59.92 to -20.78 
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Row Factor Difference t P value Summary 

0h 0 0 P > 0.05 ns 

  24 -27.27 4.839 P<0.001 *** 

48h -26.38 4.681 P<0.001 *** 

72h -40.35 7.16 P<0.001 *** 

     
20ng/ml TNFa vs 30mM LiCl 

    
Row Factor 20ng/ml TNFa 30mM LiCl Difference 95% CI of diff. 

0h 100 100 0 -19.57 to 19.57 

  24 99.04 65.9 -33.13 -52.71 to -13.56 

48h 95.88 44.57 -51.31 -70.88 to -31.74 

72h 96.94 35.93 -61.02 -80.59 to -41.45 

     
Row Factor Difference t P value Summary 

0h 0 0 P > 0.05 ns 

  24 -33.13 5.88 P<0.001 *** 

48h -51.31 9.105 P<0.001 *** 

72h -61.02 10.83 P<0.001 *** 

     20ng/ml TNFa vs 20mM 

LiCl+TNFa 

    

Row Factor 20ng/ml TNFa 

20mM 

LiCl+TNFa Difference 95% CI of diff. 

0h 100 100 0 -19.57 to 19.57 

  24 99.04 52.84 -46.2 -65.77 to -26.63 

48h 95.88 22.14 -73.74 -93.32 to -54.17 

72h 96.94 0.01842 -96.93 -116.5 to -77.35 

     
Row Factor Difference t P value Summary 

0h 0 0 P > 0.05 ns 

  24 -46.2 8.198 P<0.001 *** 

48h -73.74 13.09 P<0.001 *** 

72h -96.93 17.2 P<0.001 *** 

     
10mM LiCl vs 20mM LiCl 

    
Row Factor 10mM LiCl 20mM LiCl Difference 95% CI of diff. 

0h 100 100 0 -19.57 to 19.57 

  24 88.37 71.77 -16.6 -36.17 to 2.975 

48h 84.42 69.5 -14.92 -34.49 to 4.658 

72h 80.04 56.59 -23.44 -43.02 to -3.870 

     
Row Factor Difference t P value Summary 

0h 0 0 P > 0.05 ns 

  24 -16.6 2.945 P < 0.05 * 

48h -14.92 2.647 P < 0.05 * 

72h -23.44 4.16 P<0.001 *** 
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10mM LiCl vs 30mM LiCl 

    
Row Factor 10mM LiCl 30mM LiCl Difference 95% CI of diff. 

0h 100 100 0 -19.57 to 19.57 

  24 88.37 65.9 -22.46 -42.04 to -2.891 

48h 84.42 44.57 -39.85 -59.42 to -20.28 

72h 80.04 35.93 -44.11 -63.68 to -24.54 

     
Row Factor Difference t P value Summary 

0h 0 0 P > 0.05 ns 

  24 -22.46 3.986 P<0.01 ** 

48h -39.85 7.071 P<0.001 *** 

72h -44.11 7.827 P<0.001 *** 

     
10mM LiCl vs 20mM LiCl+TNFa 

    

Row Factor 10mM LiCl 

20mM 

LiCl+TNFa Difference 95% CI of diff. 

0h 100 100 0 -19.57 to 19.57 

  24 88.37 52.84 -35.53 -55.10 to -15.96 

48h 84.42 22.14 -62.28 -81.85 to -42.71 

72h 80.04 0.01842 -80.02 -99.59 to -60.45 

     
Row Factor Difference t P value Summary 

0h 0 0 P > 0.05 ns 

  24 -35.53 6.305 P<0.001 *** 

48h -62.28 11.05 P<0.001 *** 

72h -80.02 14.2 P<0.001 *** 

     
20mM LiCl vs 30mM LiCl 

    
Row Factor 20mM LiCl 30mM LiCl Difference 95% CI of diff. 

0h 100 100 0 -19.57 to 19.57 

  24 71.77 65.9 -5.866 -25.44 to 13.71 

48h 69.5 44.57 -24.93 -44.51 to -5.362 

72h 56.59 35.93 -20.67 -40.24 to -1.096 

     
Row Factor Difference t P value Summary 

0h 0 0 P > 0.05 ns 

  24 -5.866 1.041 P > 0.05 ns 

48h -24.93 4.425 P<0.001 *** 

72h -20.67 3.668 P<0.01 ** 

     
20mM LiCl vs 20mM LiCl+TNFa 

    

Row Factor 20mM LiCl 

20mM 

LiCl+TNFa Difference 95% CI of diff. 

0h 100 100 0 -19.57 to 19.57 

  24 71.77 52.84 -18.93 -38.51 to 0.6409 
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48h 69.5 22.14 -47.37 -66.94 to -27.79 

72h 56.59 0.01842 -56.58 -76.15 to -37.00 

     
Row Factor Difference t P value Summary 

0h 0 0 P > 0.05 ns 

  24 -18.93 3.359 P<0.01 ** 

48h -47.37 8.405 P<0.001 *** 

72h -56.58 10.04 P<0.001 *** 

     
30mM LiCl vs 20mM LiCl+TNFa 

    

Row Factor 30mM LiCl 

20mM 

LiCl+TNFa Difference 95% CI of diff. 

0h 100 100 0 -19.57 to 19.57 

  24 65.9 52.84 -13.07 -32.64 to 6.507 

48h 44.57 22.14 -22.43 -42.00 to -2.859 

72h 35.93 0.01842 -35.91 -55.48 to -16.33 

     
Row Factor Difference t P value Summary 

0h 0 0 P > 0.05 ns 

  24 -13.07 2.319 P > 0.05 ns 

48h -22.43 3.98 P<0.01 ** 

72h -35.91 6.372 P<0.001 *** 
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7.1.5 PC3: GSK3 siRNA ± TNFα 

Two-way ANOVA 

    

     
Source of Variation % of total variation P value 

  
Interaction 14.74 < 0.0001 

  
Column Factor 50.7 < 0.0001 

  
Row Factor 33.19 < 0.0001 

  

     
Source of Variation P value summary Significant? 

  
Interaction *** Yes 

  
Column Factor *** Yes 

  
Row Factor *** Yes 

  

     
Source of Variation Df Sum-of-squares Mean square F 

Interaction 24 14510 604.5 31.43 

Column Factor 6 49890 8315 432.4 

Row Factor 4 32660 8165 424.6 

Residual 70 1346 19.23 

 

     
Number of missing values 0 

   

     
Bonferroni posttests 

    

     
TNFa vs Scramble 

    
Row Factor TNFa Scramble Difference 95% CI of diff. 

0h 100 100 0 -13.13 to 13.13 

  24 102 92 -10 -23.13 to 3.125 

48h 97 87 -10 -23.13 to 3.125 

72h 94 84 -10 -23.13 to 3.125 

96h 91 79 -12 -25.13 to 1.125 

     
Row Factor Difference t P value Summary 

0h 0 0 P > 0.05 ns 

  24 -10 2.793 P < 0.05 * 

48h -10 2.793 P < 0.05 * 

72h -10 2.793 P < 0.05 * 

96h -12 3.351 P<0.01 ** 

     
TNFa vs Scramble+TNFa 

    
Row Factor TNFa Scramble+TNFa Difference 95% CI of diff. 

0h 100 100 0 -13.13 to 13.13 

  24 102 91 -11 -24.13 to 2.125 

48h 97 86 -11 -24.13 to 2.125 

72h 94 81 -13 -26.13 to 0.1254 
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96h 91 75 -16 -29.13 to -2.875 

     
Row Factor Difference t P value Summary 

0h 0 0 P > 0.05 ns 

  24 -11 3.072 P < 0.05 * 

48h -11 3.072 P < 0.05 * 

72h -13 3.631 P<0.01 ** 

96h -16 4.469 P<0.001 *** 

     
TNFa vs GSK3a kd 

    
Row Factor TNFa GSK3a kd Difference 95% CI of diff. 

0h 100 100 0 -13.13 to 13.13 

  24 102 87 -15 -28.13 to -1.875 

48h 97 74 -23 -36.13 to -9.875 

72h 94 61 -33 -46.13 to -19.87 

96h 91 53 -38 -51.13 to -24.87 

     
Row Factor Difference t P value Summary 

0h 0 0 P > 0.05 ns 

  24 -15 4.189 P<0.001 *** 

48h -23 6.424 P<0.001 *** 

72h -33 9.217 P<0.001 *** 

96h -38 10.61 P<0.001 *** 

     
TNFa vs GSK3a kd+TNFa 

    

Row Factor TNFa 

GSK3a 

kd+TNFa Difference 95% CI of diff. 

0h 100 100 0 -13.13 to 13.13 

  24 102 48 -54 -67.13 to -40.87 

48h 97 23.99 -73.01 -86.14 to -59.89 

72h 94 14 -80 -93.13 to -66.87 

96h 91 8.569 -82.43 -95.56 to -69.31 

     
Row Factor Difference t P value Summary 

0h 0 0 P > 0.05 ns 

  24 -54 15.08 P<0.001 *** 

48h -73.01 20.39 P<0.001 *** 

72h -80 22.34 P<0.001 *** 

96h -82.43 23.02 P<0.001 *** 

     
TNFa vs GSK3b 

    
Row Factor TNFa GSK3b Difference 95% CI of diff. 

0h 100 100 0 -13.13 to 13.13 

  24 102 76 -26 -39.13 to -12.87 

48h 97 59 -38 -51.13 to -24.87 
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72h 94 46 -48 -61.13 to -34.87 

96h 91 39 -52 -65.13 to -38.87 

     
Row Factor Difference t P value Summary 

0h 0 0 P > 0.05 ns 

  24 -26 7.262 P<0.001 *** 

48h -38 10.61 P<0.001 *** 

72h -48 13.41 P<0.001 *** 

96h -52 14.52 P<0.001 *** 

     
TNFa vs GSK3b+TNFa 

    
Row Factor TNFa GSK3b+TNFa Difference 95% CI of diff. 

0h 100 100 0 -13.13 to 13.13 

  24 102 48 -54 -67.13 to -40.87 

48h 97 23.99 -73.01 -86.14 to -59.89 

72h 94 14 -80 -93.13 to -66.87 

96h 91 8.569 -82.43 -95.56 to -69.31 

     
Row Factor Difference t P value Summary 

0h 0 0 P > 0.05 ns 

  24 -54 15.08 P<0.001 *** 

48h -73.01 20.39 P<0.001 *** 

72h -80 22.34 P<0.001 *** 

96h -82.43 23.02 P<0.001 *** 

     
Scramble vs Scramble+TNFa 

    
Row Factor Scramble Scramble+TNFa Difference 95% CI of diff. 

0h 100 100 0 -13.13 to 13.13 

  24 92 91 -1 -14.13 to 12.13 

48h 87 86 -1 -14.13 to 12.13 

72h 84 81 -3 -16.13 to 10.13 

96h 79 75 -4 -17.13 to 9.125 

     
Row Factor Difference t P value Summary 

0h 0 0 P > 0.05 ns 

  24 -1 0.2793 P > 0.05 ns 

48h -1 0.2793 P > 0.05 ns 

72h -3 0.8379 P > 0.05 ns 

96h -4 1.117 P > 0.05 ns 

     
Scramble vs GSK3a kd 

    
Row Factor Scramble GSK3a kd Difference 95% CI of diff. 

0h 100 100 0 -13.13 to 13.13 

  24 92 87 -5 -18.13 to 8.125 

48h 87 74 -13 -26.13 to 0.1254 
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72h 84 61 -23 -36.13 to -9.875 

96h 79 53 -26 -39.13 to -12.87 

     
Row Factor Difference t P value Summary 

0h 0 0 P > 0.05 ns 

  24 -5 1.396 P > 0.05 ns 

48h -13 3.631 P<0.01 ** 

72h -23 6.424 P<0.001 *** 

96h -26 7.262 P<0.001 *** 

     
Scramble vs GSK3a kd+TNFa 

    

Row Factor Scramble 

GSK3a 

kd+TNFa Difference 95% CI of diff. 

0h 100 100 0 -13.13 to 13.13 

  24 92 48 -44 -57.13 to -30.87 

48h 87 23.99 -63.01 -76.14 to -49.89 

72h 84 14 -70 -83.13 to -56.87 

96h 79 8.569 -70.43 -83.56 to -57.31 

     
Row Factor Difference t P value Summary 

0h 0 0 P > 0.05 ns 

  24 -44 12.29 P<0.001 *** 

48h -63.01 17.6 P<0.001 *** 

72h -70 19.55 P<0.001 *** 

96h -70.43 19.67 P<0.001 *** 

     
Scramble vs GSK3b 

    
Row Factor Scramble GSK3b Difference 95% CI of diff. 

0h 100 100 0 -13.13 to 13.13 

  24 92 76 -16 -29.13 to -2.875 

48h 87 59 -28 -41.13 to -14.87 

72h 84 46 -38 -51.13 to -24.87 

96h 79 39 -40 -53.13 to -26.87 

     
Row Factor Difference t P value Summary 

0h 0 0 P > 0.05 ns 

  24 -16 4.469 P<0.001 *** 

48h -28 7.82 P<0.001 *** 

72h -38 10.61 P<0.001 *** 

96h -40 11.17 P<0.001 *** 

     
Scramble vs GSK3b+TNFa 

    
Row Factor Scramble GSK3b+TNFa Difference 95% CI of diff. 

0h 100 100 0 -13.13 to 13.13 

  24 92 48 -44 -57.13 to -30.87 
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48h 87 23.99 -63.01 -76.14 to -49.89 

72h 84 14 -70 -83.13 to -56.87 

96h 79 8.569 -70.43 -83.56 to -57.31 

     
Row Factor Difference t P value Summary 

0h 0 0 P > 0.05 ns 

  24 -44 12.29 P<0.001 *** 

48h -63.01 17.6 P<0.001 *** 

72h -70 19.55 P<0.001 *** 

96h -70.43 19.67 P<0.001 *** 

     
Scramble+TNFa vs GSK3a kd 

    
Row Factor Scramble+TNFa GSK3a kd Difference 95% CI of diff. 

0h 100 100 0 -13.13 to 13.13 

  24 91 87 -4 -17.13 to 9.125 

48h 86 74 -12 -25.13 to 1.125 

72h 81 61 -20 -33.13 to -6.875 

96h 75 53 -22 -35.13 to -8.875 

     
Row Factor Difference t P value Summary 

0h 0 0 P > 0.05 ns 

  24 -4 1.117 P > 0.05 ns 

48h -12 3.351 P<0.01 ** 

72h -20 5.586 P<0.001 *** 

96h -22 6.144 P<0.001 *** 

     Scramble+TNFa vs GSK3a 

kd+TNFa 

    

Row Factor Scramble+TNFa 

GSK3a 

kd+TNFa Difference 95% CI of diff. 

0h 100 100 0 -13.13 to 13.13 

  24 91 48 -43 -56.13 to -29.87 

48h 86 23.99 -62.01 -75.14 to -48.89 

72h 81 14 -67 -80.13 to -53.87 

96h 75 8.569 -66.43 -79.56 to -53.31 

     
Row Factor Difference t P value Summary 

0h 0 0 P > 0.05 ns 

  24 -43 12.01 P<0.001 *** 

48h -62.01 17.32 P<0.001 *** 

72h -67 18.71 P<0.001 *** 

96h -66.43 18.55 P<0.001 *** 

     
Scramble+TNFa vs GSK3b 

    
Row Factor Scramble+TNFa GSK3b Difference 95% CI of diff. 

0h 100 100 0 -13.13 to 13.13 



 202 

  24 91 76 -15 -28.13 to -1.875 

48h 86 59 -27 -40.13 to -13.87 

72h 81 46 -35 -48.13 to -21.87 

96h 75 39 -36 -49.13 to -22.87 

     
Row Factor Difference t P value Summary 

0h 0 0 P > 0.05 ns 

  24 -15 4.189 P<0.001 *** 

48h -27 7.541 P<0.001 *** 

72h -35 9.775 P<0.001 *** 

96h -36 10.05 P<0.001 *** 

     
Scramble+TNFa vs GSK3b+TNFa 

    
Row Factor Scramble+TNFa GSK3b+TNFa Difference 95% CI of diff. 

0h 100 100 0 -13.13 to 13.13 

  24 91 48 -43 -56.13 to -29.87 

48h 86 23.99 -62.01 -75.14 to -48.89 

72h 81 14 -67 -80.13 to -53.87 

96h 75 8.569 -66.43 -79.56 to -53.31 

     
Row Factor Difference t P value Summary 

0h 0 0 P > 0.05 ns 

  24 -43 12.01 P<0.001 *** 

48h -62.01 17.32 P<0.001 *** 

72h -67 18.71 P<0.001 *** 

96h -66.43 18.55 P<0.001 *** 

     
GSK3a kd vs GSK3a kd+TNFa 

    

Row Factor GSK3a kd 

GSK3a 

kd+TNFa Difference 95% CI of diff. 

0h 100 100 0 -13.13 to 13.13 

  24 87 48 -39 -52.13 to -25.87 

48h 74 23.99 -50.01 -63.14 to -36.89 

72h 61 14 -47 -60.13 to -33.87 

96h 53 8.569 -44.43 -57.56 to -31.31 

     
Row Factor Difference t P value Summary 

0h 0 0 P > 0.05 ns 

  24 -39 10.89 P<0.001 *** 

48h -50.01 13.97 P<0.001 *** 

72h -47 13.13 P<0.001 *** 

96h -44.43 12.41 P<0.001 *** 

      

 

GSK3a kd vs GSK3b 
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Row Factor GSK3a kd GSK3b Difference 95% CI of diff. 

0h 100 100 0 -13.13 to 13.13 

  24 87 76 -11 -24.13 to 2.125 

48h 74 59 -15 -28.13 to -1.875 

72h 61 46 -15 -28.13 to -1.875 

96h 53 39 -14 -27.13 to -0.8746 

     
Row Factor Difference t P value Summary 

0h 0 0 P > 0.05 ns 

  24 -11 3.072 P < 0.05 * 

48h -15 4.189 P<0.001 *** 

72h -15 4.189 P<0.001 *** 

96h -14 3.91 P<0.01 ** 

     
GSK3a kd vs GSK3b+TNFa 

    
Row Factor GSK3a kd GSK3b+TNFa Difference 95% CI of diff. 

0h 100 100 0 -13.13 to 13.13 

  24 87 48 -39 -52.13 to -25.87 

48h 74 23.99 -50.01 -63.14 to -36.89 

72h 61 14 -47 -60.13 to -33.87 

96h 53 8.569 -44.43 -57.56 to -31.31 

     
Row Factor Difference t P value Summary 

0h 0 0 P > 0.05 ns 

  24 -39 10.89 P<0.001 *** 

48h -50.01 13.97 P<0.001 *** 

72h -47 13.13 P<0.001 *** 

96h -44.43 12.41 P<0.001 *** 

     
GSK3a kd+TNFa vs GSK3b 

    
Row Factor GSK3a kd+TNFa GSK3b Difference 95% CI of diff. 

0h 100 100 0 -13.13 to 13.13 

  24 48 76 28 14.87 to 41.13 

48h 23.99 59 35.01 21.89 to 48.14 

72h 14 46 32 18.87 to 45.13 

96h 8.569 39 30.43 17.31 to 43.56 

     
Row Factor Difference t P value Summary 

0h 0 0 P > 0.05 ns 

  24 28 7.82 P<0.001 *** 

48h 35.01 9.778 P<0.001 *** 

72h 32 8.937 P<0.001 *** 

96h 30.43 8.499 P<0.001 *** 

     
GSK3a kd+TNFa vs GSK3b+TNFa 
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Row Factor GSK3a kd+TNFa GSK3b+TNFa Difference 95% CI of diff. 

0h 100 100 0 -13.13 to 13.13 

  24 48 48 0 -13.13 to 13.13 

48h 23.99 23.99 0 -13.13 to 13.13 

72h 14 14 0 -13.13 to 13.13 

96h 8.569 8.569 0 -13.13 to 13.13 

     
Row Factor Difference t P value Summary 

0h 0 0 P > 0.05 ns 

  24 0 0 P > 0.05 ns 

48h 0 0 P > 0.05 ns 

72h 0 0 P > 0.05 ns 

96h 0 0 P > 0.05 ns 

     
GSK3b vs GSK3b+TNFa 

    
Row Factor GSK3b GSK3b+TNFa Difference 95% CI of diff. 

0h 100 100 0 -13.13 to 13.13 

  24 76 48 -28 -41.13 to -14.87 

48h 59 23.99 -35.01 -48.14 to -21.89 

72h 46 14 -32 -45.13 to -18.87 

96h 39 8.569 -30.43 -43.56 to -17.31 

     
Row Factor Difference t P value Summary 

0h 0 0 P > 0.05 ns 

  24 -28 7.82 P<0.001 *** 

48h -35.01 9.778 P<0.001 *** 

72h -32 8.937 P<0.001 *** 

96h -30.43 8.499 P<0.001 *** 
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7.1.6 DU145: GSK3 siRNA ± TNFα 

Two-way ANOVA 

    

     
Source of Variation % of total variation P value 

  
Interaction 16.61 < 0.0001 

  
Column Factor 45.6 < 0.0001 

  
Row Factor 33.55 < 0.0001 

  

     
Source of Variation P value summary Significant? 

  
Interaction *** Yes 

  
Column Factor *** Yes 

  
Row Factor *** Yes 

  

     
Source of Variation Df Sum-of-squares Mean square F 

Interaction 18 15800 877.9 12.19 

Column Factor 6 43390 7232 100.4 

Row Factor 3 31920 10640 147.7 

Residual 56 4034 72.04 

 

     
Number of missing values 0 

   

     
Bonferroni posttests 

    

     
TNFa vs Scramble 

    
Row Factor TNFa Scramble Difference 95% CI of diff. 

0h 100 100 0 -25.23 to 25.23 

  24 92 92 0 -25.23 to 25.23 

48h 88 90 2 -23.23 to 27.23 

72h 88 85 -3 -28.23 to 22.23 

     
Row Factor Difference t P value Summary 

0h 0 0 P > 0.05 ns 

  24 0 0 P > 0.05 ns 

48h 2 0.2886 P > 0.05 ns 

72h -3 0.4329 P > 0.05 ns 

     
TNFa vs Scramble+TNFA 

    
Row Factor TNFa Scramble+TNFA Difference 95% CI of diff. 

0h 100 100 0 -25.23 to 25.23 

  24 92 88 -4 -29.23 to 21.23 

48h 88 81 -7 -32.23 to 18.23 

72h 88 76 -12 -37.23 to 13.23 

     
Row Factor Difference t P value Summary 
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0h 0 0 P > 0.05 ns 

  24 -4 0.5772 P > 0.05 ns 

48h -7 1.01 P > 0.05 ns 

72h -12 1.732 P > 0.05 ns 

     
TNFa vs GSK3a kd 

    
Row Factor TNFa GSK3a kd Difference 95% CI of diff. 

0h 100 100 0 -25.23 to 25.23 

  24 92 59 -33 -58.23 to -7.772 

48h 88 58 -30 -55.23 to -4.772 

72h 88 53 -35 -60.23 to -9.772 

     
Row Factor Difference t P value Summary 

0h 0 0 P > 0.05 ns 

  24 -33 4.762 P<0.001 *** 

48h -30 4.329 P<0.001 *** 

72h -35 5.05 P<0.001 *** 

     
TNFa vs GSK3a kd+TNFa 

    

Row Factor TNFa 

GSK3a 

kd+TNFa Difference 95% CI of diff. 

0h 100 100 0 -25.23 to 25.23 

  24 92 37 -55 -80.23 to -29.77 

48h 88 10 -78 -103.2 to -52.77 

72h 88 4 -84 -109.2 to -58.77 

     
Row Factor Difference t P value Summary 

0h 0 0 P > 0.05 ns 

  24 -55 7.936 P<0.001 *** 

48h -78 11.26 P<0.001 *** 

72h -84 12.12 P<0.001 *** 

     
TNFa vs GSK3b 

    
Row Factor TNFa GSK3b Difference 95% CI of diff. 

0h 100 100 0 -25.23 to 25.23 

  24 92 58 -34 -59.23 to -8.772 

48h 88 49 -39 -64.23 to -13.77 

72h 88 46 -42 -67.23 to -16.77 

     
Row Factor Difference t P value Summary 

0h 0 0 P > 0.05 ns 

  24 -34 4.906 P<0.001 *** 

48h -39 5.628 P<0.001 *** 

72h -42 6.061 P<0.001 *** 
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TNFa vs GSK3b+TNFa 

    
Row Factor TNFa GSK3b+TNFa Difference 95% CI of diff. 

0h 100 100 0 -25.23 to 25.23 

  24 92 26 -66 -91.23 to -40.77 

48h 88 3 -85 -110.2 to -59.77 

72h 88 4 -84 -109.2 to -58.77 

     
Row Factor Difference t P value Summary 

0h 0 0 P > 0.05 ns 

  24 -66 9.524 P<0.001 *** 

48h -85 12.27 P<0.001 *** 

72h -84 12.12 P<0.001 *** 

     
Scramble vs Scramble+TNFA 

    
Row Factor Scramble Scramble+TNFA Difference 95% CI of diff. 

0h 100 100 0 -25.23 to 25.23 

  24 92 88 -4 -29.23 to 21.23 

48h 90 81 -9 -34.23 to 16.23 

72h 85 76 -9 -34.23 to 16.23 

     
Row Factor Difference t P value Summary 

0h 0 0 P > 0.05 ns 

  24 -4 0.5772 P > 0.05 ns 

48h -9 1.299 P > 0.05 ns 

72h -9 1.299 P > 0.05 ns 

     
Scramble vs GSK3a kd 

    
Row Factor Scramble GSK3a kd Difference 95% CI of diff. 

0h 100 100 0 -25.23 to 25.23 

  24 92 59 -33 -58.23 to -7.772 

48h 90 58 -32 -57.23 to -6.772 

72h 85 53 -32 -57.23 to -6.772 

     
Row Factor Difference t P value Summary 

0h 0 0 P > 0.05 ns 

  24 -33 4.762 P<0.001 *** 

48h -32 4.618 P<0.001 *** 

72h -32 4.618 P<0.001 *** 

     
Scramble vs GSK3a kd+TNFa 

    

Row Factor Scramble 

GSK3a 

kd+TNFa Difference 95% CI of diff. 

0h 100 100 0 -25.23 to 25.23 

  24 92 37 -55 -80.23 to -29.77 

48h 90 10 -80 -105.2 to -54.77 
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72h 85 4 -81 -106.2 to -55.77 

     
Row Factor Difference t P value Summary 

0h 0 0 P > 0.05 ns 

  24 -55 7.936 P<0.001 *** 

48h -80 11.54 P<0.001 *** 

72h -81 11.69 P<0.001 *** 

     
Scramble vs GSK3b 

    
Row Factor Scramble GSK3b Difference 95% CI of diff. 

0h 100 100 0 -25.23 to 25.23 

  24 92 58 -34 -59.23 to -8.772 

48h 90 49 -41 -66.23 to -15.77 

72h 85 46 -39 -64.23 to -13.77 

     
Row Factor Difference t P value Summary 

0h 0 0 P > 0.05 ns 

  24 -34 4.906 P<0.001 *** 

48h -41 5.916 P<0.001 *** 

72h -39 5.628 P<0.001 *** 

     
Scramble vs GSK3b+TNFa 

    
Row Factor Scramble GSK3b+TNFa Difference 95% CI of diff. 

0h 100 100 0 -25.23 to 25.23 

  24 92 26 -66 -91.23 to -40.77 

48h 90 3 -87 -112.2 to -61.77 

72h 85 4 -81 -106.2 to -55.77 

     
Row Factor Difference t P value Summary 

0h 0 0 P > 0.05 ns 

  24 -66 9.524 P<0.001 *** 

48h -87 12.55 P<0.001 *** 

72h -81 11.69 P<0.001 *** 

     
Scramble+TNFA vs GSK3a kd 

    
Row Factor Scramble+TNFA GSK3a kd Difference 95% CI of diff. 

0h 100 100 0 -25.23 to 25.23 

  24 88 59 -29 -54.23 to -3.772 

48h 81 58 -23 -48.23 to 2.228 

72h 76 53 -23 -48.23 to 2.228 

     
Row Factor Difference t P value Summary 

0h 0 0 P > 0.05 ns 

  24 -29 4.185 P<0.001 *** 

48h -23 3.319 P<0.01 ** 
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72h -23 3.319 P<0.01 ** 

     Scramble+TNFA vs GSK3a 

kd+TNFa 

    

Row Factor Scramble+TNFA 

GSK3a 

kd+TNFa Difference 95% CI of diff. 

0h 100 100 0 -25.23 to 25.23 

  24 88 37 -51 -76.23 to -25.77 

48h 81 10 -71 -96.23 to -45.77 

72h 76 4 -72 -97.23 to -46.77 

     
Row Factor Difference t P value Summary 

0h 0 0 P > 0.05 ns 

  24 -51 7.359 P<0.001 *** 

48h -71 10.25 P<0.001 *** 

72h -72 10.39 P<0.001 *** 

     
Scramble+TNFA vs GSK3b 

    
Row Factor Scramble+TNFA GSK3b Difference 95% CI of diff. 

0h 100 100 0 -25.23 to 25.23 

  24 88 58 -30 -55.23 to -4.772 

48h 81 49 -32 -57.23 to -6.772 

72h 76 46 -30 -55.23 to -4.772 

     
Row Factor Difference t P value Summary 

0h 0 0 P > 0.05 ns 

  24 -30 4.329 P<0.001 *** 

48h -32 4.618 P<0.001 *** 

72h -30 4.329 P<0.001 *** 

     
Scramble+TNFA vs GSK3b+TNFa 

    
Row Factor Scramble+TNFA GSK3b+TNFa Difference 95% CI of diff. 

0h 100 100 0 -25.23 to 25.23 

  24 88 26 -62 -87.23 to -36.77 

48h 81 3 -78 -103.2 to -52.77 

72h 76 4 -72 -97.23 to -46.77 

     
Row Factor Difference t P value Summary 

0h 0 0 P > 0.05 ns 

  24 -62 8.947 P<0.001 *** 

48h -78 11.26 P<0.001 *** 

72h -72 10.39 P<0.001 *** 

     
GSK3a kd vs GSK3a kd+TNFa 

    

Row Factor GSK3a kd 

GSK3a 

kd+TNFa Difference 95% CI of diff. 
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0h 100 100 0 -25.23 to 25.23 

  24 59 37 -22 -47.23 to 3.228 

48h 58 10 -48 -73.23 to -22.77 

72h 53 4 -49 -74.23 to -23.77 

     
Row Factor Difference t P value Summary 

0h 0 0 P > 0.05 ns 

  24 -22 3.175 P<0.01 ** 

48h -48 6.926 P<0.001 *** 

72h -49 7.071 P<0.001 *** 

     
GSK3a kd vs GSK3b 

    
Row Factor GSK3a kd GSK3b Difference 95% CI of diff. 

0h 100 100 0 -25.23 to 25.23 

  24 59 58 -1 -26.23 to 24.23 

48h 58 49 -9 -34.23 to 16.23 

72h 53 46 -7 -32.23 to 18.23 

     
Row Factor Difference t P value Summary 

0h 0 0 P > 0.05 ns 

  24 -1 0.1443 P > 0.05 ns 

48h -9 1.299 P > 0.05 ns 

72h -7 1.01 P > 0.05 ns 

     
GSK3a kd vs GSK3b+TNFa 

    
Row Factor GSK3a kd GSK3b+TNFa Difference 95% CI of diff. 

0h 100 100 0 -25.23 to 25.23 

  24 59 26 -33 -58.23 to -7.772 

48h 58 3 -55 -80.23 to -29.77 

72h 53 4 -49 -74.23 to -23.77 

     
Row Factor Difference t P value Summary 

0h 0 0 P > 0.05 ns 

  24 -33 4.762 P<0.001 *** 

48h -55 7.936 P<0.001 *** 

72h -49 7.071 P<0.001 *** 

     
GSK3a kd+TNFa vs GSK3b 

    
Row Factor GSK3a kd+TNFa GSK3b Difference 95% CI of diff. 

0h 100 100 0 -25.23 to 25.23 

  24 37 58 21 -4.228 to 46.23 

48h 10 49 39 13.77 to 64.23 

72h 4 46 42 16.77 to 67.23 

     
Row Factor Difference t P value Summary 
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0h 0 0 P > 0.05 ns 

  24 21 3.03 P < 0.05 * 

48h 39 5.628 P<0.001 *** 

72h 42 6.061 P<0.001 *** 

     
GSK3a kd+TNFa vs GSK3b+TNFa 

    
Row Factor GSK3a kd+TNFa GSK3b+TNFa Difference 95% CI of diff. 

0h 100 100 0 -25.23 to 25.23 

  24 37 26 -11 -36.23 to 14.23 

48h 10 3 -7 -32.23 to 18.23 

72h 4 4 0 -25.23 to 25.23 

     
Row Factor Difference t P value Summary 

0h 0 0 P > 0.05 ns 

  24 -11 1.587 P > 0.05 ns 

48h -7 1.01 P > 0.05 ns 

72h 0 0 P > 0.05 ns 

     
GSK3b vs GSK3b+TNFa 

    
Row Factor GSK3b GSK3b+TNFa Difference 95% CI of diff. 

0h 100 100 0 -25.23 to 25.23 

  24 58 26 -32 -57.23 to -6.772 

48h 49 3 -46 -71.23 to -20.77 

72h 46 4 -42 -67.23 to -16.77 

     
Row Factor Difference t P value Summary 

0h 0 0 P > 0.05 ns 

  24 -32 4.618 P<0.001 *** 

48h -46 6.638 P<0.001 *** 

72h -42 6.061 P<0.001 *** 
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