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Abstract

N euroblastom a, a malignancy of neuroectoderm al origin, accounts fo r 15% of childhood  

cancer deaths. Despite both advances in understanding the  biology o f th e  cancer and 

aggressive tre a tm e n t strategies, it continues to  be one o f th e  most d ifficult paediatric  

cancers to  successfully trea t. M ore  than 60%  of patients present at diagnosis w ith  adverse 

features, and less than 40%  of these achieve disease free  long term  survival. A m ajor 

obstacle in th e  effective tre a tm e n t of neuroblastom a is th e  developm ent o f m ultidrug  

resistance (M D R ) to  a broad range o f cytotoxic drugs. This M DR phenotype often  includes 

am plification of th e  proto oncogene MYCN, m u tatio n /d e le tio n  of p53, deletion of loci at 

Ip  or l l q  and over expression of M DR proteins leading to  altered drug transport and an 

increase in drug efflux. There is thus a com pelling dem and fo r new/ tre a tm e n t strategies  

fo r this cancer th a t can bypass such resistance mechanisms.

The pyrro lo -l,5 -b en zo xazep ine  (PBOX) com pounds are a series of novel m icrotubule- 

targeting  agents th a t potently  induce apoptosis in various cancer cell lines, ex vivo patient 

samples and in vivo cancer models. In th e  first part of this study, the  ability o f tw o  

m em bers, PBOX-6 and -15, to  reduce th e  viability o f a panel o f neuroblastom a cell lines 

was exam ined and found to  exhibit a low er fold resistance in M DR cells w hen com pared  

to  standard chem otherapeutics. The e ffec t of PBOX-6 and -15  on clonogenic survival of 

SHSY5Y cells, prim ary neuroblastom a cells isolated from  bone m arrow  aspirates and an in 

vivo m urine m odel of neuroblastom a, was also investigated w hile part of the  m olecular 

mechanism through which th e  PBOX-6 induces apoptosis in neuroblastom a cells was 

delineated.

PBOX-6 synergistically enhanced apoptosis induced by etoposide, carboplatin and 

doxorubicin. Exposure of drug sensitive and resistant cell lines to  a com bination of PBOX- 

6 /carboplatin  induced cleavage and inactivation o f Bcl-2, a dow nregulation o f M c l- l  and a 

concom itant increase in pro-apoptotic  Bak. Furtherm ore activation o f caspase-3, -8  and -9 

was dem onstrated . Gene silencing o f M c l- l  by siRNA was shown to  sensitise both drug 

sensitive and m ultidrug resistant cells to  carboplatin-induced apoptosis dem onstrating  

the  im portance o f M c l- l  dow nregulation in th e  apoptotic pathw ay m ediated by the  PBOX 

com pounds in neuroblastom a.
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In the final part of this study, the molecular events associated with M c l-l downregulation 

were investigated. PBOX-6 was shown to induce production of reactive oxygen species 

(ROS) leading to activation of 5'AMP-activated protein kinase (AMPK), the master 

regulator of cellular homeostasis. Pretreatment with the antioxidant N-acetylcysteine 

(NAC) inhibited both the production of ROS and activation of AMPK. The anti-proliferative  

and pro-apoptotic effects of the PBOXs were impaired by pretreatm ent with NAC, while 

the PBOX-6 mediated decrease in M c l- l expression was prevented. Investigation of the 

downstream targets of AMPK revealed PBOX- induced AMPK activation lead to inhibition 

of the mammalian target of rapamycin (mTOR) signalling pathway. This study proposes 

that the PBOX mediated decrease in M c l- l may be attributable to inhibition of the mTOR 

pathway, resulting in a block in M c l- l translation. Finally PBOX-6 was shown to induce 

autophagy in neuroblastoma cell which may function as a survival mechanism as 

pretreatm ent with autophagy inhibitors, chloroquine and bafilomycin-Al, significantly 

enhanced PBOX-induced apoptosis. This provides a rationale for the use of autophagy 

inhibitors to further promote PBOX-6-induced apoptosis in neuroblastoma.

In conclusion, this study has demonstrated the ability of novel PBOXs to induce apoptosis 

in drug sensitive and resistant cell lines, to reduce the viability of ex vivo  patient samples, 

to synergise with current treatm ents for neuroblastoma and to reduce tum our burden in 

an in vivo murine model of neuroblastoma, indicating the potential of the novel PBOX 

compounds, either alone or in combination, for the treatm ent of drug sensitive and 

multidrug resistant neuroblastoma. This study provides new insights into understanding 

the molecular and cellular mechanisms involved in PBOX-6-induced cell death.
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Chapter 1

1.1 Neuroblastoma

The paediatric malignancy neuroblastoma is a neoplasm of the sym pathetic nervous 

system, which arises in cells of the neural crest (Cheung et al., 2013). Cells of the neural 

crest m igrate from  the neural tube to  give rise to  a num ber of differentiated cell types 

which control the function of m ultiple organs including the liver, lungs and stomach 

(Nelson., 2011). Since the 1970s the incidence of cancer in children has been steadily 

increasing (Nuchtern et al., 2012) and although neuroblastoma is relatively rare, it is the  

most com m only diagnosed tum our in the first year of life and is the most com mon extra 

cranial solid tum our in early childhood, accounting for 15% of cancer deaths in young 

children (M aris et al., 2010). Approxim ately 37% of patients diagnosed are under tw elve  

months while 90%  are less than five years (Maris et al., 2010) w ith the median age of 

diagnosis being 19 months.

In spite of both advances in understanding the biology of the cancer and aggressive 

trea tm en t strategies, including surgery, chem otherapy, radiation therapy, 

im m unotherapy and differentiation therapy, it continues to  be one of the most difficult 

paediatric cancers to successfully trea t w ith  more than 60% of patients classified as high 

risk, w ith less than 40%  of these patients being long term  survivors (Cheung et al., 2013). 

M any of these patients develop a progressive disease w ith failure to  respond to  

chem otherapy.

1.1.1 Classification and Staging

New ly diagnosed patients are classified into one of a num ber of possible risk 

groups/stages based on a num ber of d ifferent staging strategies. The first is the  

International Neuroblastom a Staging System (INSS), first developed in 1988; this is a post

operative staging system which uses the extent of surgical resection to classify patients 

(Brodeur et al., 1988). Due to  variability betw een different surgeons in d ifferent countries 

and advance in our knowledge of the biology and genetics of this cancer, this system has 

been updated to incorporate new er biological factors into the INSS (Brodeur et al., 1993). 

In this system patients are classified into one of six stages (1, 2A, 2B, 3, 4, 4S) ranging 

from  stage 1 in which the tum our is confined to  the area of origin and can be com pletely
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excised by surgery to stage 4 in which the primary tumour has metastasised to distant 

lymph nodes, bone marrow and other organs including the liver and skin (Table 1.1).

Stage 1 The tumour can be removed completely during surgery. Lymph nodes 
removed during surgery may or may not contain cancer, but other lymph 
nodes near the tumour do not.

Stage 2A The tumour is located only in the area it started and cannot be completely 
removed during surgery. Nearby Ivmph nodes do not contain cancer.

Stage 2B The tumour is located only in the area where it started and may or may not 
be completely removed during surgery. Nearby lymph nodes contain 
cancer.

Stage 3 The tumour cannot be removed with surgery. It has spread to regional 
lymph nodes (lymph nodes near the tumour) or other areas near the 
tumour, but not to other parts of the body.

Stage 4 The original tumour has spread to distant lymph nodes (lymph nodes in 
other parts of the body), bones, bone marrow, liver, skin, and/or other 
organs (except for those listed in stage 4S, below).

Stage 4S The original tumour is located only where it started (as in stage 1, 2A, or 
28), and it has spread only to the skin, liver, and/or bone marrow (in 
infants younger than one). The spread to the bone marrow is minimal 
(usuallv less than 10% of cells examined show cancer).

Table 1.1 International Neuroblastoma Staging System. Taken from Brodeur et al., 

(1993).

A second staging system, the International Neuroblastoma Risk Group (INRG) Staging 

System is a pre-operative, pre-treatment classification system which uses imaging tests 

taken before surgery and in contrast to the INSS, does not include surgical results or 

spread to lymph nodes to determine the stages as described in Table 1.2.

Stage LI The tumour is located only in the area where it started; no risk factors 
found on imaging scans, such as CT or MRI.

Stage L2 The tumour has not spread beyond the area where it started and the 
nearby tissue; risk factors are found on imaging scans, such as CT or 
MRI.

Stage M The tumour has spread to other parts of the body (except stage MS, see 
below).

Stage MS The tumour only has spread to the skin, liver, and/or bone marrow.

Table 1.2 International Neuroblastoma Risk Group. Taken from Cohen et al., (2009).
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Patients may also be classified based on the Children's Oncology Group Neuroblastoma 

Risk Stratification System which divides patients into three groups (low, intermediate or 

high risk) based on the stage of the disease according to the INSS system, age at 

diagnosis, MYCN gene status, tumour ploidy and tumour histopathology (Cohen et a!., 

2009). In addition to these three groups a subset of patients (approximately 5% of all 

cases), classified as 4S, are diagnosed with an advanced disease but have a favourable 

outcome (van Noesel et al, 2012). These children, less than one year, present with a small 

tumour localised to the adrenal gland and metastases present in the liver and skin but 

limited to less than 10% in the bone marrow (Cohen et al, 2009). These patients can be 

classified as low risk as the disease is often coupled with a high rate of spontaneous 

regression with a 75-90% survival rate (Benard et al., 2008). Spontaneous regression is 

as yet an unexplained phenomenon which is most commonly observed in infants less 

than 6 months with stage 1, 2, or 3 tumours without MYCN amplification. Other common 

features include tumours with a near triploid number of chromosomes, no MYCN 

amplification, and no loss of chromosome Ip . One hypothesis has been proposed to 

account for this response is the expression of telomerase. High expression is associated 

with poor response rate in neuroblastoma. Inhibition of telomerase may result in 

genomic crisis leading to tumour regression as in neuroblastoma where telomere 

shortening has been shown to correlate with tumour regression (Hiyama et al., 2003).

1.1.2 Presentation

The presentation of neuroblastoma is extremely variable, ranging from an asymptomatic 

mass to a tumour which has widely metastasised causing a life threatening illness. Initial 

symptoms can be ambiguous but the most common presentation is the presence of a 

growth in the abdomen (65% of cases) but also the neck or chest (Cheung et al., 2013). 

The majority of symptoms are due to the presence of a tumour or metastasis from the 

primary site. These include abdominal distension, bone pain, fever, anaemia, 

hypertension and paralysis (Fig. 1.1). Other symptoms include dark circles around the 

eyes, lumps under the skin and weakness (Mueller et al., 2009).

Stage 1 tumours are frequently present in one location and can be successfully removed 

by surgery. During the later stages of the disease, tumour cells spread through the
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haem atopoietic system to  regional lymph nodes and the  bone m arrow (M aris et at., 

2010). Surgery is often ineffective in this more advanced condition as tum ours surround 

critical nerves and blood supply. Tumours can arise anywhere along the sympathetic  

nervous system with the m ajority occurring in the adrenal medulla. Primary tum ours can 

occur in the neck, upper chest and along the spinal cord causing paralysis. Tum our cells 

can metastasise and invade the bone m arrow  and liver.

Figure 1.1 Clinical presentation of neuroblastoma.

Tumours can arise anywhere along the sympathetic nervous system, with the majority occurring 

in the adrenal medulla. They can spread along the spinal column causing cord compression with 

resulting paralysis. Late stage tumours can infiltrate the organs surrounding critical nerves and 

blood vessels rendering them unresectable. Tumours can metastasise through the hematopoietic 

system to distant sites, most notably the bone marrow. Taken from Maris et al., (2010).

1.1.3 Diagnosis

Diagnosis of neuroblastoma requires thorough clinical investigation to  distinguish it from  

other paediatric cancers. Under a light microscope neuroblastoma cells cannot be 

discriminated from  other childhood tum ours such as lymphom a, therefore various 

diagnostic methods are utilised such as im m unohistochem istry and imaging. A urine  

vanillylmandelic acid (VM A)/hom ovanillic  acid (HVA) test is given to m onitor levels of
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catecholamines such as adrenaline and noradrenalin as neuroblastoma cells have been 

shown to produce these hormones resulting in elevated levels (Strenger et al., 2007). 

Patients may undergo a CT or MR! scan to determine the size, location and possible 

metastasis of the tumour. A biopsy w/ill be taken to collect a sample o f the primary 

tum our. An extensive panel of diagnostic tests w ill be undertaken on this sample such as 

MYNC amplification status, chromosomal abnormalities and DNA index. A biopsy may 

also be taken to determine the presence or absence of tum our cells in the bone marrow.

1.1.4 Genetic abnormalities associated with neuroblastoma

Numerous genetic abnormalities have been identified to  be associated with 

neuroblastoma, the majority of which occur at the somatic level. There are multiple 

reports in the literature detailing associations o f genomic alterations w ith tum our 

phenotype, w ith regional deletions often reported as being a marker fo r disease 

progression and failure to respond to treatm ent (Brodeur et al., 2003; Caren et al., 2010; 

Schleiermacher et al., 2012). The incidence of chromosomal aberrations increases with 

age at diagnosis and is strongly indicative of patient outcome (Cheung et al., 2013). These 

genetic alterations include activation of oncogenes such as MYCN, changes in DNA 

content, whole chromosome gain or losses or structural chromosomal rearrangements. In 

general, low-risk, intermediate-risk and stage 4S neuroblastomas exhibit chromosomal 

gains such as chromosome Iq , l i p  and 17q, whereas high-risk neuroblastomas have 

intrachromosomal rearrangements such as loss of heterozygosity at lp 3 6  or l l q  (Maris et 

al., 2010).

1.1.4.1 Ploidy

Non-malignant cells are diploid in contrast to neuroblastoma cells which become 

aneuploid meaning 'w ithout normal ploidy' or hyperploid. Levels o f DNA ploidy can d iffer 

in patients depending on the stage of the disease allowing fo r DNA content to  be used as 

a prognostic indicator (Janoueix-Lerosey et al., 2009). Low risk neuroblastoma is usually 

hyperdiploid or trip lo id and is associated w ith earlier stages of disease, which responds 

better to chemotherapy, and usually predicts a more favourable prognosis. Ploidy is only 

a useful prognostic indicator up until the age of two. A link between ploidy and other
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chromosomal aberrations has been noted; near triploid tum ours exhibit a whole  

chromosomal gain of 17q associated with a favourable prognosis in contrast to  near 

diploid tum ours exhibiting an unbalanced 17q gain (Verm eulen et al., 2010).

1.1.4.2 MYCN amplification

MYC proteins are a fam ily of proto-oncogenes which orchestrate expression of 10-15%  of 

all cellular genes including those involved in cell cycle, survival, adhesion and metabolism  

(Hoffm ann et al., 2008). They are a basic helix loop helix leucine zipper transcription  

factor which forms heterodim ers w ith MAX, another transcription factor, and together 

they bind to E box sequences in prom oter regions in target genes, directly driving 

transcription of genes which participate in m ultiple cellular pathways including cell 

division, apoptosis and differentiation (Grotzer et al., 2009). They are among the most 

frequently affected genes in human cancers, including neuroblastom a. One m em ber of 

this family, c-Myc, has been shown to  play a critical role in the apoptotic response by 

either inducing apoptosis directly or by sensitising cells to apoptosis. Normally a cell with  

aberrant Myc expression will be eradicated by induction of apoptosis whilst in cells with  

defective apoptosis, overexpression of Myc may prom ote tumourigenesis (Hoffm an et al., 

2008). Myc am plification has been shown to  transform  cells though a num ber of 

mechanisms such as induction of angiogenesis, increased DNA instability, an increase in 

cell growth, m etabolism  and protein synthesis, through upregulation of several proteins, 

including EIF2A and EIF4A, and repression of adhesion proteins integrin and N-cadherin, 

allowing for anchorage-independent growth (Grzmil et al., 2012).

Amplification of MYCN, mapping to  2p24.1, was first identified in neuroblastoma patient 

samples by Schwab et al., (1989) and to this day remains one of the most im portant 

prognostic indicators w ith am plification correlating w ith disease progression, 

developm ent of drug resistance and poor prognosis (Huang et al., 2013). Since this initial 

discovery, amplification has been defined as the presence of more than 10 gene copies 

per diploid genome. Like other m em bers of the MYC family, this 60-63 kDa transcription  

factor heterodim erises w ith MAX and binds to E box sequences in prom oter regions of 

target genes supporting tum our progression through increased proliferation, 

angiogenesis and metastasis, while simultaneously suppressing apoptosis. In vivo studies
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have provided evidence to support the role of MYCN amplification in the tumourigenesis 

of neuroblastoma. Ectopic expression of MYCN was sufficient to drive tumourigenesis in 

zebrafish (Zhu et al., 2012) while overexpression of MYCN in the neural crest cells of 

transgenic mice lead to the development of neuroblastoma within several months (Weiss 

et al., 1997).

The mechanism underlying amplification is still unknown. High levels of amplification are 

observed in approximately 5% of stage 1 and 2 patients, 10% stage 4S and 30% of stage 3 

and 4 patients with an overall incidence of approximately 20-25% of cases of 

neuroblastoma (Althoff et al., 2014). Amplification is associated with advanced disease 

with an unfavourable outcome. The 3-year event-free survival (EFS) of infants whose 

tumours lacked MYCN amplification was 93% but was only 10% for those with tumours 

that had MYCN amplification (Schmidt et al., 2000). Currently there are no clinical trials 

targeting the MYCN protein directly in neuroblastoma due to the difficulties associated 

with developing therapies that directly target transcription factors.

1.1.4.3 p53

p53, commonly referred to as the guardian of the genome, is a tumour suppressor 

protein encoded by the TP53 gene. It is a nuclear phosphoprotein which has a pivotal role 

in the regulation of cell growth, apoptosis, DNA stability and inhibition of angiogenesis 

(Lane et al., 1992); therefore, it is a critical anti-cancer protein. Normally present at low 

levels in the cell in response to stresses such as DNA damage, it accumulates in the 

nucleus and binds to DNA to activate the transcription of a number of target genes 

involved in various cellular pathways such as apoptosis, cell cycle arrest and DNA damage 

repair (Muller et al., 2013). The activity of p53 is regulated though interaction with mouse 

double minute homolog 2 (Mdm2); binding of Mdm2 to the N-terminus transactivation 

domain blocks p53's transcriptional activity, transports it from the nucleus to the 

cytoplasm and targets it for degradation by the proteasome creating an autoregulatory 

feedback loop to tightly regulate p53 levels. M DM 2 binding to p53 may be inhibited by 

P I4ARF maintain p53 in its active state. pl4^'^'' binds to the central domain of Mdm2, 

keeping Mdm2 in the nucleolus leading to inhibition of the Mdm 2-p53 interaction (Muller 

et al., 2013). The release of p53 from M DM 2 results in p53 accumulation and activation of
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the p53 pathway leading to potent antitum or effects such as cell cycle arrest, apoptosis 

and cellular senescence (van M aerken et a!., 2014).

p53 is m utated in over 60% of cancers offering a selective advantage to tum our cells, as 

induction of p53 can activate DNA repair and apoptotic pathways following trea tm en t 

with chem otherapeutic drugs (Petroni et al., 2012). Expression of w ild-type p53 generally 

correlates w ith response to chem otherapy and a m ore favourable prognosis. MYCN drives 

transcription of M dm 2 in neuroblastom a cells (Slack et al., 2005; Chen et al., 2009) 

resulting in inhibition of p53. In contrast to many other cancers, in neuroblastoma p53 is 

rarely m utated at diagnosis but has been found to be inactive (Petroni et al., 2012). 

Studies of relapsed neuroblastom a patient samples found p53 to be inactivated in one 

third of cases (Carr-Wilkinson et al., 2010). 49% of relapsed neuroblastoma tum our 

samples exhibited abnorm alities in the p53 pathway at diagnosis, while p53 was m utated  

in 65% of these cases. Inactivation occurred through a variety of mechanisms including 

amplification of M dm 2 or inhibition of pl4*^'' activity. Furtherm ore, studies have found  

that the incidence of m utation increases a fter chem otherapy (Petroni et al., 2012). 

Neuroblastoma patients tend to respond to therapy initially and later develop drug 

resistance. This initial response to chem otherapy may be attributed in part to functional 

p53.

Restoration of p53 has already been proved to be effective in prom otion regression of 

tum ours in in vivo models, while strategies aimed at restoration of p53 function are  

currently undergoing clinical trials (Cheok et al., 2011; Khoo et al., 2014). These strategies 

include p53 gene therapy, wild type p53 restoration via small m o lecu le /M dm 2- 

antagonists and m utant-p53 folding restoration. As discussed above, M dm 2 is a negative  

regulator of p53 whose transcription is driven by MYCN in neuroblastom a. Nutlins are a 

fam ily of c/s-imidazoline compounds that have been developed to  selectively and potently  

disrupt the p 5 3 -M d m 2  interaction (Vassilev et al., 2004). Inhibition of the M D M 2 /p 5 3  

interaction by Nutlin-3 is currently under investigation (Chen et al., 2014). In a panel of 

18 neuroblastom a cell lines treated w ith Nutlin-3, Gamble et al., (2012) found tha t the  

cell lines which w ere MYCN am plified had increased caspase 3 /7  activity com pared w ith  

the non-M YCN-am plified group of cell lines, but p53 m utant cell lines w ere resistant to  

the antagonists regardless of MYCN status. They concluded that am plification or
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overexpression of MYCN sensitises neuroblastoma cell lines with wild-type p53 to M DM 2- 

p53 antagonists, and that these compounds may therefore be particularly effective in 

treating high-risk MYCN-amplified disease.

1.1.4.4 Ip  Loss of Heterozygosity

Cytogenetic analysis has identified a loss of heterozygosity (LOH) at chromosome 1, 

occurring in 20-35% of primary neuroblastoma tumours, (van Noesel et a i,  2004) 

involving a deletion or unbalanced translocation resulting in the loss of genetic material 

from the distal short arm of chromosome 1.

This aberration is frequently associated with amplification of MYCN and is found in 

approximately 70% of aggressive neuroblastomas (Fong et a i,  1989). Ip  LOH can also 

serve as a prognostic indicator as it not only is associated with advanced disease but also 

with a decrease in EFS (Attiyeh et a i,  2005). It has been established that the presence of 

Ip  LOH correlates with a metastatic disease in comparison to localised tumours with an 

intact Ip . Fong et al., (1989) found that 62% of tumours that had the Ip  deletion were 

MYCN amplified compared with only 3% of Ip  intact tumours.

Several potential tumour suppressor genes in the Ip  LOH genetic subtype have been 

identified. One of the first was the chromodomain helicase DNA binding domain 5 

(CHD5), mapping to lp36.31  (Thompson et al., 2003). Analysis of CHD5 in primary 

tumours and cell lines found very low levels of CDH5 which correlated with Ip  LOH, 

MYCN amplification and advanced disease. Later in vivo studies supported these reports 

where overexpression of CHD5 inhibited tumour growth (Fujita et al., 2008). More 

recently it has been suggested that loss of CHD5 contributes to tumour formation by 

preventing neuroblasts from undergoing terminal differentiation (Egan et al., 2013). 

Other potential tumour suppressor genes mapping to this region include the transcription 

factors CAMTAl (Heinrich et al., 2011) and CASZl (Liu et al., 2011).

1.1.4.5 l l q  deletion

Another common structural chromosomal aberration associated with poor prognostic 

outcome is l l q  LOH which occurs in approximately 4 0 -4 5  % of cases, (Guo et a!., 1999)
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with a small subset of patients exhibiting both l l q  LOH and MYCN am plification. Plantaz 

et al., (2001) perform ed com parative genomic hybridisation analysis on 50 patients with  

stage 4 neuroblastoma and found a high incidence of the l l q  deletion, while only 15% of 

patients were also MCYN am plified. This was in contrast to 59% w ithout the  am plification  

suggesting that M /C A /am plification  and l l q  LOH are independent markers of disease 

progression. Maris et al., 2005 found that the deletion correlated w ith acquisition of 

metastasis, a m arker of late stage aggressive disease. Since 2009, LOH at l l q  has been 

included in the INRG classification system (Cohen et al., 2009).

Similar to Ip  LOH, efforts have been made to  identify genes on the l l q  chromosome 

which contribute the pathology of neuroblastom a but to date few  genes have been 

identified. Cell adhesion molecule 1 (C A D M l)  has been identified as a novel tum our 

suppressor gene in neuroblastom a. This gene maps to l lq 2 3  and encodes a cell adhesion 

protein which has a role in neural cell developm ent (Michels et al., 2008). Loss 

of C/ADMJ expression has been described in many malignancies, including liver, 

pancreatic, breast, brain and prostate cancers, particularly in those showing invasion or 

metastasis (Heller et al., 2007). In neuroblastom a, loss of C A D M l  expression has been 

found in disseminated tum ours w ith adverse outcom e (Nowacki et al., 2008; Ando et al., 

2008). Overexpression of C A D M l  in neuroblastom a cells resulted in significant reduction 

of proliferation, viability and colony form ation in soft agar suggesting that 

downregulation of C /\D M i tum our suppressor gene expression is crucial for tum our 

progression and unfavourable prognosis (Nowacki et al., 2008).

1.1.5 Familial Neuroblastoma

A small percentage of cases of neuroblastom a have a familial origin due to a genetic

predisposition. M utations in Anaplastic lym phom a kinase (ALK) gene, located on

chrom osome 2 at position p23 and Paired-like hom eobox 2b (PH0X2B) gene, located on

chrom osome 4 at position p l2  are the tw o most common genetic changes associated

with familial neuroblastoma w ith alterations in ALK being the most com m on (Mosse et

al., 2004; 2008; Chen et al., 2008). Both of these genes are critical for norm al nervous

system developm ent; ALK encodes a receptor tyrosine kinase which is w idely expressed in

the nervous system. ALK related susceptibility occurs in people who are heterozygous for

a germ line m utation in ALK (Hallberg et al., 2013) in the kinase domain to  prom ote ALKs
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kinase activity leading to cellular transform ation. M utations that result in oncogenic 

activation can be acquired through somatic changes in betv^/een 5-15%  of neuroblastoma  

patients. Phase 1 clinical trials have recently been com pleted which investigated the use 

of Crizotinib, a small molecule inhibitor of ALK, for the treatm ent of patients harbouring  

the  ALK m utation (Mosse et al., 2013). Patients displayed minimal toxicity despite high 

doses of the drug while 50% of patients w ith the ALK m utation entered remission.

1.2 Current Treatments

M ost cases of neuroblastom a are treated by conventional means e.g. surgery, radiation  

therapy and chem otherapy w ith trea tm en t regime being dependent on the stage of the  

disease (Table 1.3). Recently a trend has em erged which has seen a reduction in 

therapeutic intensity for patients with early stage low risk disease; tum ours may regress 

w ithout therapeutic intervention or d ifferentiate  into a benign ganglioneuroblastoma  

(Zage et al., 2011). Doctors may em ploy the 'w ait and see' approach employing screening 

and observation while avoiding surgical intervention, therefore, thw arting any possible 

complications of surgery in the newborn (Cozzi et al., 2013). This approach is supported  

by studies which have reported that 81%  of early stage, low risk patients undergo 

spontaneous regression w ithout surgical intervention, while the three year EFS was 97%  

and overall survival (OS) was 100% (Hara., 2012). In cases w here surgery fails to  elim inate  

the tum our com pletely, patients undergo low dose chem otherapy including etoposide, 

doxorubicin, and carboplatin (Strother et al., 2012). Radiation therapy is introduced if 

chem otherapy is not successful. Chem otherapy for interm ediate risk patients  

encompasses four to  eight cycles of m ultip le chem otherapeutics. It is generally started  

before the patient undergoes surgery and involves chem otherapeutics including 

carboplatin, cyclophosphamide, doxorubicin, and etoposide. M ore  recently 

topoisom erase I inhibitors have shown efficacy in the clinic w ith a 30-50%  response rate  

in newly diagnosed patients (Hara., 2012).

The current trea tm en t of high risk neuroblastom a patients involves induction therapy  

consisting of 4 -9  months of high dose m yeloablative chem otherapy, surgical tum our 

rem oval, autologous stem cell transplantation and 6 -1 2  months m aintenance therapy. 

The aim of chem otherapy is to achieve a com plete and lasting remission through
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reduction of tumour burden at the primary and metastatic sites. Treatment can be 

divided into three phases; induction, consolidation of remission and maintenance of 

remission. The primary tumour is generally resected during or shortly after the induction 

phase while patients receive radiation therapy at the primary and if necessary metastatic 

sites. The aim of the consolidation phase is to reduce the tumour burden as much as 

possible before the tumour cells acquired multidrug resistance. Finally, the aim of the 

maintenance phase is to eradicate any remaining malignant cells as the patient enters 

remission. In addition to conventional chemotherapy patients v̂ îth high risk 

neuroblastoma may undergo radiation therapy, stem cell or bone marrow transplantation 

or retinoic acid therapy. Retinoids are derivatives of vitamin A, and include all trans- 

retinoic acid (ATRA), 13-cis-retinoic acid, (13-cis-RA), and fenretinide (4-HPR) which 

induce neuroblastoma cell differentiation.

Stage Treatment Options
Low-Risk
Neuroblastoma

Surgery followed by observation.
Chemotherapy with or without surgery (for symptomatic disease 
or unresectable progressive disease after surgery).
Observation without biopsy (for perinatal neuroblastoma with 
small adrenal tumours).

Intermediate-Risk
Neuroblastoma

Chemotherapy with or without surgery.
Surgery and observation (in infants).
Radiation therapy (only for emergent therapy).

High-Risk
Neuroblastoma

A regimen of chemotherapy, surgery, SCT, radiation therapy, and 
anti-GD2 antibody chl4.18, with interleukin-2/GM-CSF and 
isotretinoin.

Stage 4S 
Neuroblastoma

Observation with supportive care (for asymptomatic patients 
with favourable tumour biology).
Chemotherapy (for symptomatic patients, very young infants, or 
those with unfavourable biology).

Table 1.3 Treatment strategies for neuroblastoma

Although the immune system can recognise and eliminate malignant cells, cancers such 

as neuroblastoma can often escape immune surveillance, allowing them to spread and 

ultimately cause death (Cheung et al., 2013). Immunotherapy is a strategy being 

employed for the treatm ent of neuroblastoma which aims to redirect the immune system 

to target tumours and tumour-associated antigens, leading to the elimination of 

malignant cells. Multiple forms of immunotherapy are being used in the clinic. GD2 is a
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surface glycolipid antigen that is ubiquitously expressed on neuroblastom a cells and 

neuroblastom a patient samples (Ritter et al., 1991) while expression of this antigen in 

non-m alignant cells is lim ited to  neurons and peripheral pain fibers which are protected  

from  the effects of anti-GD 2 therapy by the  blood brain barrier (Svennerholm et al., 1994). 

M urine lgG3 monoclonal antibody 3F8 was the first monoclonal anti-GDa antibody to 

undergo pre-clinical testing in neuroblastom a patients (Cheung et al., 1998). It was shown 

to target neuroblastom a cells particularly m etastatic cells w ithin the bone m arrow  while 

other murine anti-GD2 mAbs C h l4 .18  and C hl4.G 2 have also been developed (Kowalczyk 

et al., 2009; Yu et al., 2010).

Antibodies can m ediate destruction of tum our cells through com plem ent m ediated  

cytotoxicity (Esser et al., 2012). The variable region of the antibody binds to  antigen on 

the tum our cell; the Fc portion of the  antibody can bind to  the Fc receptor on imm une  

cells such as monocytes, macrophages, neutrophils and natural killer (NK) cells and 

stim ulate tum our cell lysis via antibody-dependent cell-m ediated cytotoxicity (ADCC). In 

order to kill a malignant cell, an antibody must recognise and bind to the tum our cell for 

long enough to avoid internalisation allowing adequate im m une signalling. The activated  

im m une cell must be able to create a destructive signal such as activation of ADCC 

(Sondel et al., 2001). However, ADCC is often com prom ised in cancer patients due to 

im m une suppression from m etastatic cancer and /or chem otherapy (M arleau et al., 2012). 

Therefore cyctokines such as interleukin-2 (IL-2) or granulocyte-m acrophage colony- 

stim ulating factor (GM-CSF) th a t activate cells to m ediate enhanced ADCC may enhance  

the efficacy of im m unotherapy. Ch 14.18 is a chimeric hum an-m urine  anti-GD2  

monoclonal antibody, which has undergone clinical testing as both a single agent and in 

com bination with GM-CSF or IL-2 to enhance antibody-dependent cell-m ediated  

cytotoxicity. Results from  a recently com pleted phase tw o  clinical trial indicate that the  

inclusion of im m unotherapy resulted in significantly superior EFS and OS when compared  

with standard chem otherapy (66%  versus 42% for EFS) (Yu et al., 2010). Future 

developm ent of im m unotherapy is w arranted to identify m ore effective and less toxic 

ways to stim ulate ch l4 .18 -m ed ia ted  antibody-dependent cell-m ediated cytotoxicity, and 

to identify more efficacious GD 2 -targeted monoclonal antibodies.
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For children with high-risk neuroblastoma, with the current t r ea tm ent  strategies 

employed long term survival rates stand at approximately 54% (Maris et a i ,  2010) while 

children with aggressively t reated,  high-risk neuroblastoma have approximately a 60% 

chance of relapse within 5 years after completion of therapy. Therefore, it is clear there  is 

a need for new trea tm ent  strategies to improve mortality rates.

1.3 Novel treatment strategies

Conventional t rea tm ent  regimes although successful for low risk neuroblastoma have not 

achieved the desired survival rates for high risk patients, where clinical outcome remains 

poor and chemoresis tant  relapse is f requent  following high-intensity conventional 

therapy. Additional use of combination chemotherapy generally results in a temporary 

control of this cancer. It is clear novel t rea tment  strategies are necessary to improve 

survival rates of these high risk patients.

One approach currently under investigation is immunotherapy;  the conjugation of 

monoclonal antibodies to agents for site directed delivery of toxins, chemotherapeutic  

agents, radioactive isotopes, and immunological agents to the tumour site. Radiolabeled 

monoclonal antibodies have been used for both disease detection and targeted 

t rea tm ent  of a variety of adult cancers but very few childhood malignancies. However, 

radioimmunotherapy is an attractive strategy due to the  tendency of this cancer  to be 

radiosensitive (Modak et a!., 2005). By employing this approach, high dose radiation can 

be delivered to the tumour while sparing the surrounding tissues from the toxic effects of 

radiation. A phase I clinical trial has demonstrated the  feasibility of radioimmunotherapy 

for patients with GD2-expressing neoplasms using the anti-GD2 murine monoclonal 

antibody 3F8 labelled with ^̂ 1̂ (Kramer e t  al., 2007). Another murine monoclonal 

antibody, 8H9, is specific for 4lg-B7H3, a 58 kDa surface immunomodulatory glycoprotein 

that  inhibits natural killer cells and T cells. This B7-H3 protein is preferentially expressed 

on a number of paediatric and adult  solid tumours  when compared to normal human 

tissues (Modak et al., 2001). When radiolabeled with ^̂ 1̂, 8H9 can deliver therapeut ic 

doses of radiation to solid tumours  and suppress tumour cell growth in established 

xenografts (Modak e t  al., 2005). Treatment with ^^^l-3F8 has been shown to be well 

tolerated with no serious delayed toxicities observed (Bhandari e t al., 2010). Kramer et
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al., (2010) evaluated the addition of radioim m unotherapy in patients w ith  recurrent 

nnetastatic neuroblastoma and found it to improve the survival of this cohort of patients.

Natural killer (NK) cells represent one of the most promising anti-tum our strategies 

against neuroblastoma (M o re tta  et al., 2011). Tum our cells express cell surface molecules 

which can engage NK cells to regulate their activity. Tumours which express human 

leukocyte antigen (HLA class I molecules negatively regulate NK function while NK cells 

may be activated by expression of non-M HC class I 'danger' molecules on tum our cells 

(Bottino et al., 2014). Tum our cells have little to no HLA expression rendering them  

susceptible to  NK m ediated killing. Liu et al., (2013) has reported efficient ex vivo growth  

and activation of NK cells from  the blood of neuroblastoma patients which maintain 

potent anti-neuroblastom a activity. It has been suggested tha t repeated infusion of NK 

cells and anti-tum our antibodies may potentially trea t minim al residual disease. A phase I 

clinical trial investigating the feasibility of treating neuroblastom a w ith chem otherapy  

(cyclophosphamide, vincristine and topotecan) and infusion of NK cell and 3F8 is currently  

being undertaken (ClincalTrials.gov: NCT00877110).

As discussed above, neuroblastomas can escape im m une surveillance through 

downregulation of MHC molecules which are required for antigen presentation (Neefjees  

et al., 2011). Few clinical trials have been conducted to  determ ine w hether an imm une  

response could be exploited to fight neuroblastom a due to  the lim ited num ber of 

because potential tum our antigens. Cancer-testis (CT) antigens are a category of tum our 

antigens which are normally expressed on male germ cells in the testis but are also 

com m only expressed on a num ber of solid tum ours including neuroblastom a. M em bers  

of this fam ily include M A G E-A l, MAGE-A3, and NY-ESO-1. M any cell lines have been 

shown to downregulate expression of these antigens therefore  in order for cancer-testis 

antigens to be a viable therapeutic target; expression of these antigens would need to be 

pharmacologically enhanced. Decitabine (5-aza-2'-deoxycytidine [DAC]), a 

hom om ethylating agent which inhibits DNA methyltransferase (KIco et al., 2013) has been 

shown to upregulate the expression of CT antigens in a num ber of tum our cell lines (Adair 

et al., 2009) potentially making these tum ours more susceptible to M A G E-A 1-, MAGE- 

A 3 -, and N Y-ES O -l-m ediated  killing. Bao et al., (2011) recently dem onstrated decitabine 

m ediated upregulation of CT antigens in neuroblastoma cells. Krishnadas e t al., (2012)
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investigated a com bination of dem ethylating chem otherapy followed by a cancer antigen 

vaccine in a relapsed neuroblastoma patient. Decitabine was employed to upregulate 

cancer testis antigen expression, followed by a dendritic cell vaccine targeting the cancer 

testis antigens M AG E-A l, MAGE-A3, and NY-ESO-1. The patient had persistent tum our 

infiltration of the bone m arrow  after com pletion of standard therapy for neuroblastoma, 

including m ulti-agent chem otherapy, tum our resection, stem cell transplantation, 

radiation therapy, and anti-GDa monoclonal antibodies which persisted despite 

chem otherapy. A fter 3 cycles of decitabine and vaccine, this patient achieved a com plete  

remission w ith no evidence of relapse in the bone m arrow  or other sites highlighting the  

potential of chem otherapy in com bination with a cancer vaccine as a novel therapeutic  

strategy.

Genomic profiling has not revealed a high incidence of m utations in any significant 

num ber of therapeutically targeted genes with tw o exceptions, amplification of 

the MYCN  oncogene and point m utations in ALK, thus presenting possibilities for targeted  

therapy. >4/./C m utations drive constitutive phosphorylation of ALK which are critical for 

growth of neuroblasts (Bresler et a!., 2011). ALK m utations or amplifications occur in up 

to 15% of newly diagnosed neuroblastoma (Maris et al., 2010); approxim ately 6 -1 0 %  of 

sporadic neuroblastomas carry somatic 4/./C-activating m utations, while an additional 3 -  

4% have a high frequency of ALK gene am plification (Cheung et al., 2013). These reports 

indicate ALK is an oncogenic driver in both familial and sporadic neuroblastom a and thus 

a promising therapeutic target. As previously discussed Crizotinib, a small molecule 

inhibitor of ALK is undergoing clinical investigations. Results from  a phase 1 clinical study 

revealed promising findings; patients displayed m inim al toxicity despite high doses of the 

drug while 50% of patients with the ALK m utation entered remission (Mosse et al., 2013). 

A com bination trial of crizotinib w ith chem otherapy is currently ongoing 

(clinicalTrials.gov: NCT01606878) while several second-generation ALK inhibitors with  

increased potency and specificity are currently in early phase clinical trials (M ehra et al., 

2012; Seto et al., 2013).
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1.4 Analysis of drug interactions

C om bination  ch em o th erap y  has proved to  be an e ffec tive  th e ra p e u tic  s trategy fo r  th e  

tre a tm e n t o f m u ltip le  cancers including n eurob lastom a. Pre-clinical investigations are  

em p lo yed  to  id en tify  drug com binations w hich m ay in te rac t to  produce add itive  or 

synergistic effects . N um erous strateg ies m ay be used to  q u a n tita tiv e ly  m easure th e  dose- 

e ffe c t re lationsh ip  o f each drug alone and in co m b in ation  and to  d e te rm in e  w h e th e r a 

given com bination  produces a synergistic, add itive  or an tagon istic  e ffec t. O ne o f th e  m ost 

w id e ly  em p lo yed  m ethods to  eva lu a te  w h e th e r a co m b in ation  is e ffec tive  is th e  m ed ian - 

drug e ffec t analysis m etho d  (Chou and Talalay., 1 9 8 4 ). This m etho d  is based on th e  

m e d ia n -e ffe c t eq uatio n , derived  fro m  th e  m ass-action law  principle. It is th e  unified  

th e o ry  w hich provides a com m o n  link b e tw e e n  single e n tity  and m u ltip le  en tities , and  

firs t o rd e r and h igher o rd er dynam ics (Chou., 2 0 1 0 ). This genera l eq uatio n  encom passes  

th e  M ic h a e lis -M e n te n , Hill, H enderson-H asselbalch , and Scatchard equations.

This m eth o d  uses th e  com bination  index (Cl) as a q u a n tita tiv e  m easure o f an additive , 

synergisticor antagonistic  e ffec t. A Cl va lue g re a te r th an  1 indicates an tagon ism , equal to  

1 ind icating  an ad d itive  e ffec t and less th an  1 indicating synergism . To calcu late th e  Cl 

value, th e  c o m p u te r p ro gram m e Calcusyn m ay be em p lo yed . D ata can be e n te re d  fo r  

ind ividual drugs and fo r c o n s tan t-ra tio  o r n on -co n s tan t-ra tio  co m binations  o f drugs. 

Calcusyn graphs th e  data  and produces reports  sum m arising  th e  drug in teractions  

including th e  Cl va lue. The plots d raw n  by Calcusyn include d ose-effect, m ed ian -e ffec t 

and isobologram s. The isobologram  analysis can e v a lu a te  th e  n a tu re  o f in teraction  

b e tw e e n  tw o  drugs, i.e., drug A and drug B. The co ncen tra tio n s  requ ired  to  produce th e  

given e ffec t, fo r exam ple  th e  IC5 0  va lue, are  d e te rm in e d  fo r  each drug i.e. drug A (ICx, a ) 

and drug B (1C*, b ) and are ind icated  on th e  x and y axes o f a tw o -c o o rd in a te  p lo t, fo rm ing  

tw o  points (ICx, A/ 0 ) and (0, ICx, b )-  T he line w hich connects th ese  tw o  points is th e  line of 

ad d itiv ity . The concentrations o f th e  com bination  o f drug A and drug B are d e n o ted  as ( C a , 

X, Cb, x)/ and are placed on th e  sam e p lo t. If these points are  located  above th e  line, this  

ind icates an tagon ism , on th e  line indicates an ad d itive  co m b in ation  and a p o in t located  

b e lo w  th e  line o f ad d itiv ity  indicates a synergistic co m b in ation  (C hou., 2 0 1 0 ).
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1.5 Multidrug resistance

Despite both advances in understanding the biology of the cancer and aggressive 

treatment strategies, neuroblastoma continues to be one of the most difficult paediatric 

cancers to successfully treat. A major barrier in the effective treatm ent of neuroblastoma 

is the development of multidrug resistance (MDR) to a broad range of cytotoxic drugs 

(Keshelava et a i,  1998; 2000), which limits the effectiveness of these chemotherapeutics 

to successfully treat neuroblastoma. MDR is classified as the cross resistance to multiple 

structurally and functionally unrelated cytotoxic drugs. These include vinca alkaloids 

(vincristine, vinblastine), alkylating agents (cyclophosphamide), platinum compounds 

(cisplatin, carboplatin) and anthracyclines (doxorubicin, danorubicin) (Saraswathy et al., 

2013). Several MDR mechanisms may be simultaneously at play in a cell thereby 

increasing the degree of drug resistance. In neuroblastoma this MDR phenotype often 

includes amplification of the proto-oncogene MYCN, mutation/deletion of p53 deletion of 

loci at Ip  or l l q  and overexpression of MDR proteins leading to altered drug transport 

and increased drug efflux.

MDR may be intrinsic, in that a cell displays resistance from the initial exposure to 

chemotherapy, or acquired. The ABC (ATP binding cassette) transporters are a family of 

transmembrane proteins that use ATP hydrolysis to perform a number of functions; 

namely the exportation of molecules such as lipids, hydrophobic drugs and proteins. 

More than 48 MDR genes have been identified in humans while only ten are postulated 

to play a role in drug resistance (Saraswarthy et al., 2013). The normal function of these 

proteins is to detoxify cytotoxic chemicals (Alisi et al., 2013). Two of the best studied 

multidrug resistant genes of the ABC family are MDR-1 (also called ABCBl, multidrug 

resistant protein or p-glycoprotein (P-gp)) and MRP-1 (also called ABCCl). P-gp is a 170 

kDa plasma membrane protein normally expressed in certain cell types in the liver, 

pancreas, kidney, colon, and jejunum (Thiebaut et al., 1987), consisting of 1280 amino 

acids with twelve membrane spanning domains made up of two halves each containing 

six transmembrane regions with a large cytoplasmic tail that contains the ATP binding 

cassette (Liu et al., 2010). Binding of a chemotherapeutic drug to this transporter results 

in the activation of the ATP domains; hydrolysis of ATP induces a conformational change 

in P-gp and finally expulsion of the bound drug from the cell. P-gp is expressed in the
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intestinal epithelium  where it plays an im portant role in the extrusion of many drugs from  

the blood into the intestinal lumen and may prevent drugs from  entering the blood 

stream therefore the expression and activity of P-gp may reduce absorption and 

bioavailability of those drugs which bind to P-gp.

Extracellular

NH NBD2
NBDl
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Intracellular

Figure 1.2 Structure of P-glycoprotein

P-gp is a tw e lve  transm em b ran e dom ain  protein; th e  N -te rm in a l half o f th e  m olecule contains six 

transm em b ran e dom ains, fo llow ed  by a cytoplasm ic dom ain  w ith  an ATP-binding site, an o ther six 

transm em b ran e dom ains and a second ATP-binding site. W hen  ATP binds at the cytoplasm ic side 

to  th e  nucleotide binding dom ain (NBD), this induces d im erisation  o f th e  NBDs stim ulating a 

structural change which results in th e  o utw ard  facing conform ation.

Increased cellular expression of P-gp has been reported in many cancers including liver, 

pancreatic, m yeloma and neuroblastom a (Coley et al., 2010) and has been proposed as an 

independent prognostic m arker (Schaich e t al., 2005). The exact role of P-gp in 

neuroblastoma remains controversial; early studies noted a correlation betw een  

overexpression of P-gp and poor outcom e in patients (Chan et al., 1991; Goldstein et al., 

1990) w ith expression of P-gp increasing after exposure to chem otherapeutics in primary  

neuroblastoma (Bourhis et al., 1989). A more recent large scale study of P-gp expression 

in neuroblastoma was not shown to be predictive of outcom e in prim ary untreated  

neuroblastoma (Haber et al., 2006). Although the precise role of P-gp in acquired MDR is 

unresolved, it is clear the contribution of this transporter to the developm ent of MDR  

should not be disregarded. P-gp is upregulated in drug resistant neuroblastom a CHLA-90 

and SK-N-FI cell lines. Flahaut et al., (2009) generated tw o MDR chemoresistant 

neuroblastoma cell lines by prolonged exposure to doxorubicin and noted the acquired 

chemoresistance was not restricted to P-gp overexpression as sensitivity could only 

partially be restored by the addition of the P-gp inhibitor, verapam il. This study suggests
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P-gp has a role in MDR but other factors may be at play.

Expression of P-gp has been proposed to  be regulated by p53, a tum our suppressor 

protein which is often m utated in cancer. M utant p53 has been reported to upregulate P- 

gp in osteocarcinoma and colon carcinoma cell lines (Sampath et a!., 2001). Interestingly  

nutlin-3, an inhibitor of M dm 2 (the negative regulator of p53), w/hich is currently in 

preclinical developm ent for the trea tm en t of neuroblastom a, has been shown to reverse 

P-gp m ediated drug resistance in a panel of MDR neuroblastoma cell lines (Michaelis et 

al., 2009). Non-toxic nutlin-3 concentrations were found to significantly decrease the IC50  

for vincristine (and other P-gp substrates structurally unrelated to vincristine) in different 

p53-m utated, P-gp-expressing cell lines (92- to  3,434-fold).

Another m em ber of the ABC fam ily of transporters, MRP-1 (multidrug resistance 

associated protein), may be contributing to MDR. This is a 190kDa protein that shares 

15% homology with P-gp; while they share a low level of homology, MRP-1 also mediates  

cellular resistance to a wide range of structurally and pharmacologically distinct 

chem otherapeutic drugs including vinca alkaloids, anthracyclines and epipodophyllotoxins  

(Pajic et al., 2005). Bordow et al., (1994) first reported a correlation between MRP-1 

expression and MYCN am plification. A high level of MRP-1 expression in primary tissue 

samples has been reported to  correlate with poor patient outcom e (Peaston et al., 2001).

Extracellular

NBD2
NBDl

Intracellular

Figure 1.3 Structure of multidrug resistance protein-1

The structure of MRP-1 is similar to P-gp. This protein possesses two ATP binding sites, twelve 

transmembrane domains and an additional five transmembrane domains at the amino terminal 

end. When ATP binds at the cytoplasmic side to the nucleotide binding domain (NBD), this 

induces dimerisation of the NBDs stimulating a structural change which results in the outward 

facing conformation.

20



Chapter 1

Following analysis of 209 neuroblastoma patient samples, Haber et a i, (2006) found that 

high levels of MRP-1 expression were associated with poor prognosis. They observed that 

after chemotherapy aggressive tumours increase expression of MRP-1. Using MRP-1 

antisense oligonucleotides in an in vivo mouse model, Kuss et a!., (2002) were able to 

decrease MRP-1 levels to 40% resulting in an increased chemosensitivity to etoposide, a 

substrate of MRP-1 leading to decreased tumourigenicity. A report describing a 

correlation between the expression of M RPl and MYCN amplification in primary NB 

tumours (Manohar et a!., 2004) and cell lines (Bordow et a i,  1994) suggested MYCN 

mediated regulation of MRPl. Bordow et a!., (1994) provided the first evidence of an 

association between high levels of M R Pl expression in primary tumours and amplification 

and overexpression of MYCN. The authors also found that the treatment of NB cell lines 

with retinoic acid resulted in coordinated down-regulation of MYCN and M RPl. Later 

studies identified M RPl as a direct transcriptional target of MYCN in neuroblastoma 

(Porro et a!., 2010) and as a consequence M RPl is highly expressed in MYCN amplified 

tumours. More recently, Henderson et a i, demonstrated that M RPl contributes to the 

development of neuroblastoma in an in vivo mouse model (Henderson et a!., 2011). 

Homozygous deletion of the MRPl gene in primary murine neuroblastoma tumours 

resulted in increased sensitivity to M RPl substrate drugs (vincristine, etoposide, 

doxorubicin), compared to tumours containing both copies of wild-type M RPl. Reversan, 

a small molecule inhibitor of M RPl, was found to increase the efficacy of both vincristine 

and etoposide in murine models of neuroblastoma (Burkhart et al., 2009) demonstrating 

the potential of M R Pl inhibition for the treatm ent of MDR neuroblastoma. Although it 

should be noted at present there are no M RPl inhibitors undergoing clinical trials for the 

treatm ent of neuroblastoma, a phase 1 clinical trial of sulindac, an MRP-1 inhibitor has 

been carried out in patients with advanced cancer (breast, lung, bowel, melanoma, renal 

and ovarian) (O'Connor et al., 2007).

As the intensity of high dose chemotherapy for advanced stage neuroblastoma is already 

at or approaching the limits of tolerance, it is clear the need for new therapeutics is vital, 

in particular more targeted treatments which can bypass or overcome MDR.
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1.6 Apoptosis

Apoptosis is the programmed series of events culminating in the death of a cell w/hich is 

essential for the normal development of an organism, maintenance of cellular 

homeostasis (Danial & Korsmeyer., 2004) and for the elimination of excess or potentially 

harmful cells that would otherwise threaten an organism's survival. Apoptosis proceeds 

through two distinct yet interconnected pathways; the intrinsic (or mitochondrial) or 

extrinsic (or death receptor) pathway both involving the activation of a series of cysteine 

proteases called caspases, also known as the death executioners of the cell. As 

approximately 50 to 70 billion cells are made per day, equal numbers must undergo 

apoptosis in order to maintain cellular homeostasis (Cotter et a i, 2009).

Apoptosis is characterised by a distinct set of physiological and biochemical processes 

beginning with cleavage of nuclear lamins which causes the cell to shrink (Wyllie et al., 

1980). Cells lose contact with neighbouring cells, cytoskeletal proteins are cleaved 

resulting in loss of cell shape (Rao et al., 1996) and the cell begins to bleb. Cytoplasmic 

swelling leads to membrane rupture and cell lysis. The hallmark feature of apoptosis is 

DNA 'laddering' (Wyllie et al., 1980). Within the nucleus, DNA is cleaved by caspase 

activated DNAse and the chromatin undergoes compaction. Chromatin aggregates into 

nucleosomal units of 180 bp. The cell continues to bleb and form apoptotic bodies which 

are eliminated by macrophages.

Figure 1.4 Morphological changes during apoptotic cell death in PC-2 cells in response 

to hypoxia. Adapted from Dai et al., (2012).
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1.6.1 Caspases

Caspases, often referred to as the death executioners of apoptosis, are a fam ily of 

cytosolic cysteine proteases that are specifically activated and cleave particular 

intracellular substrates as a cell undergoes apoptosis (Alnemri et a!., 1986). They are 

synthesised as zymogens w ith weak proteolytic activity containing an N-term inal 

prodom ain, a large subunit (p20) and a C-terminus small subunit (plO ) (W alker et al., 

1994). W hen cleaved at internal aspartate residues betw een the prodomain and the large 

subunit, they m ature and acquire increased proteolytic activity (Fig. 1.5). Their catalytic 

activity is dependent on a cysteine residue within a conserved pentapeptide m otif 

(QACXG) in the large subunit (Cohen e t al., 1997). W hen activated, the prodomain is 

cleaved off; the m ature enzyme is a hetero te tram er of tw o p20 and plO  heterodim ers in 

which the active site of each heterodim er is composed of residues from  both the small 

and large subunit. Caspases are activated by cleavage at Asp-X sites betw een the p lO  and 

p20 and betw een the prodom ain and p20 (Thornberry et al., 1997). These internal 

proteolytic sites are themselves caspase consensus sites. This allows one caspase to 

activate another leading to the initiation of caspase cascades. Twelve caspases have been 

identified to date, eleven of which are found in humans (Chai et al., 2014). Caspases can 

be categorised into tw o  classes, in itiator and effector, based on their position in apoptotic  

signalling cascade. Anti-cancer therapy such as chem otherapy, im m unotherapy or 

radiation therapy exert the ir effects partly though activation of apoptosis for the most 

part through activation of caspases.

Although caspases have been proven to  play a crucial role in the execution of apoptosis, 

there  is evidence to  support caspase-independent cell death. Furtherm ore a subset of 

caspases (1, 4 and 5) m ediate inflam m atory responses by cleaving precursor forms of 

in flam m atory cytokines such as interleukin-18 and are not implicated as having a role in 

apoptosis (Mcllwain et al., 2013).
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QACxG

Asp \ /  Asp

Figure 1.5 Activation of caspases

Capases are activated upon cleavage at internal aspartate residues between the pro-domain and 

the large subunit. Their catalytic activity is dependent on a cysteine residue within a conserved 

pentapeptide m otif (QACXG) in the large subunit. The pro-domain is cleaved off; the mature 

enzyme is a heterotetram er of tw o p20 and plO heterodimers. Caspases are activated by cleavage 

at Asp-X sites between the plO and p20 and between the pro-domain and p20.

1.6.2 Intrinsic Pathway

Also referred to as the mitochondrial pathway, the intrinsic pathway is activated by

internal stress signals such as DNA damage, growth factor withdrawal or cytotoxic drugs

(Tait & Green., 2010). These signals induce perturbations in the mitochondrial membrane

resulting in release of proteins such as the pro-apoptotic mitochondrial protein

cytochrome c (Green & Reed., 1998; Saelens et a i ,  2004). Cytochrome c binds to APAF-1

(apoptotic protease activating factor-1) via the W D40 repeats (Zou et a i,  1997; Saelens et

al., 2004) inducing a conformational change that exposes the CARD domains (caspase

recruitment domains). In mammalian cells internal stress induces mitochondrial outer

membrane permeabilisation (MOMP) leading to the release of cytochrome-c and other

pro-apoptotic proteins. Once released cytochrome c binds to the cytosolic protein APAF-1

to facilitate formation of a multimeric complex, the apoptosome (Li et al., 1997). Pro-

caspase-9 is recruited to the CARD motif within the apoptosome (Srinivasula et al., 1998).

Initiator caspase-9 is cleaved and activated leading to activation of a cascade of

downstream effector caspases 3, 6 and 7 (Zou et al., 1999) which subsequently cleave

cellular proteins such as the DNA repair enzyme PARP (poly ADP ribose polymerase)

resulting in cell death (Fig. 1.6). Permeabilisation of the mitochondrial membrane, the

central event in the execution of the intrinsic pathway, is controlled by the Bcl-2 family of
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proteins which will be discussed in the section below. Other pro-apoptotic factors such as 

AIF and Smac/DIABLO may be released from the mitochondria. Following release, 

Smac/DIABLO antagonises inhibitor of apoptosis proteins (lAPs) relieving their inhibitory 

effects on caspases (Martinez-Ruiz et a i,  2008).

1.6.3 Extrinsic pathway

The extrinsic pathway is activated by ligation of a member of the tumour necrosis factor 

(TNF) receptor family also referred to as 'death receptors'. Members of this family include 

tumour necrosis factor (TNFa), Fas/CD95, TNFRl and TNF related apoptosis inducing 

ligand (TRAIL) receptors all of which share structural similarity. These receptors posses a 

cysteine rich extracellular domain essential for recognition of their ligands and a 

cytoplasmic region called a 'death' domain (DD) which is critical for propagation of death 

signalling. The DD binds to the DD of adaptor molecules such as TRADD or FADD (Walczak 

et al., 2000) forming the death inducing signalling complex (DISC) to which pro-caspase-8 

is recruited via interaction of the death effector domains (DED) of FADD (Kischkel et al., 

1995). Pro-caspase-8 is activated by autocatalytic activation leading to the subsequent 

activation of effector caspases such as caspase-3 (Scaffidi et al., 1998). This is referred to 

as type I signalling (Fig. 1.6). In type II cells, activation of casapase-8 is not sufficient to 

induce cell death alone and requires amplification of death signalling though activation of 

the intrinsic pathway. Activated caspase-8, cleaves Bid, a pro-apoptotic member of the 

Bcl-2 family, to tBid which then translocates to the mitochondria where it interacts with 

other pro-apoptotic proteins, Bak and Bax to form pores in the mitochondria leading to 

the release of cytochrome c and consequently processing of pro-caspase-9 to active 

caspase-9 (Lou et al., 1998).
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Figure 1.6 The extrinsic and intrinsic pathways of apoptosis.

The intrinsic pathway is activated by internal stress signals which produce perturbations in the 

mitochondria resulting in the release of pro-apoptotic proteins such as cytochrome c which binds 

to APF-1 via the CARD domains forming the apoptososome. Pro-caspase-9 is recruited and 

activated which subsequently activates caspase-3. The extrinsic pathway is activated by ligation of 

a TNF receptor. These receptors possess cysteine rich death domains (DD) in their cytosolic region 

which recognise and bind to the DD of adaptor molecules such as FADD forming the death 

inducing signalling complex (DISC). Procaspase-8 is recruited via interaction of the death effector 

domains and activated resulting in subsequent activation of caspase-3. Taken from Byrne et al., 

(2004).

Caspase-8 has been shown to be inactivated in neuroblastoma through deletion or 

silencing by DNA m ethylation. Inactivation of this gene was found by Teitz et al., (2000) in
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63% of patients w ith  MYCN amplification. In this study caspase-8 null cells w ere shown to  

be resistant to doxorubicin m ediated apoptosis indicating that caspase 8 works as a 

tum our suppressor in MYCN amplified tumours. A link has also been established between  

loss of caspase-8 and the metastatic potential of neuroblastoma cells. Stupack et a i,  

(2006) found tha t suppression of caspase-8 expression occurs in vivo during the  

establishment of metastases. Restoration of caspase-8 expression suppressed metastases 

while the use of shRNA to knockdown caspase-8 expression doubled the incidence of 

metastases. M ore  recently Teitz et a!., (2013) found that mice w ith a caspase-8 deficiency 

develop advanced neuroblastoma with bone m arrow  metastases. Additionally  

amplification of MYCN in caspase-8 deficient mice was found to significantly increase the  

presence of metastases.

1.6.4 The Bcl-2 family

These are a fam ily of structurally similar proteins which are categorised based on their 

ability to either inhibit or activate apoptosis (Fig. 1.7). Bcl-2 was the first m em ber to be 

identified when it was discovered as an oncogene in follicular lymphocyte lymphoma 

(Tsujimoto et al., 1985). Normally present on chrom osom e 18, a translocation occurs 

which places the Bcl-2 gene next to the im m unoglobulin heavy chain locus on 

chromosome 14 (Bakhshi et al., 1985) resulting in the overexpression of Bcl-2.

The Bcl-2 fam ily is composed of three functionally distinct groups with each m em ber 

containing one or more BH domains. Group 1 fam ily members are those which inhibit 

apoptosis, in addition to four BH domains, they also contain a C term inal transm em brane  

domain which allows them  to  preferentially te th er themselves to  the outer mitochondrial 

although they may also anchor to other organelles (Juin et al., 2013). M em bers include 

Bcl-2, M c l- l, Bcl-xL, Bcl-W and Bcl-2A1. Group 2 m em bers prom ote apoptosis; they share 

a similar structure to group one w ith the exception of one less BH dom ain. M em bers  

include Bax, Bak and Bok. The final group 3 possess a single BH3 domain; they bind to 

anti-apoptotic members to prom ote Bcl-2 proteins and are thought to  control the  

perm eability of the  mitochondrial m em brane (Youle et al., 2008). Group 1 proteins 

inhibit permeabilisation while group 2 and 3 prom ote it. M em bers of the group 3 family  

include Bim, Bid, Puma, Bad, Noxa and BMF (Czabator et al., 2014).
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Figure 1.7 Structure of Bcl-2 family members

Bcl-2 family members are classified into three groups based on structure as well as sequence 

homology. Group 1 have four BH3 helices while group 2 have three. Group 3, the BH3-only 

proteins, contain a single BH3 amphipathic helix, which mediates their interaction with the groove 

of anti-apoptotic Bcl-2 proteins. Group 1 and 2 members have a transmembrane domain which 

allows Bcl-2 proteins to anchor to cellular membranes such as the mitochondria.

These proteins can interact with one another to either promote or inhibit apoptosis. Bax 

and Bak dimerise, insert into the mitochondrial membrane to form pores through which 

pro-apoptotic proteins are released (Czabator et a i, 2014). Two models have been 

proposed to account for the pro-apoptotic activities of these proteins (Fig. 1.8). The first, 

the indirect activator model, describes interaction of constitutively active Bax/Bak with 

anti-apoptotic Bcl-2 proteins. This inhibitory interaction may be relieved though 

competitive binding of BH3 only proteins. The second model, the direct activator- 

depressor model proposes that anti-apoptotic Bcl-2 proteins prevent cell death through 

direct interaction with Bax and Bak thus inhibiting their function. This model also 

proposes anti-apoptotic members prevent mitochondrial outer membrane 

permeabilisation (MOMP) by sequestering BH3 only proteins. A second set of BH3 

proteins, termed sensitisors, are thought not to directly activate Bak or Bak but function 

to neutralise anti-apoptotic Bcl-2 protein binding (Czabator et a!., 2014). The current 

consensus is that both models may apply in many circumstances.
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Figure 1.8 Proposed models to explain the control of M O M P by Bcl-2 proteins.

In th e  indirect activation m odel as w ell as sequestering BH3 only proteins, an ti-ap op to tic  Bcl-2 

proteins m ust sequester any Bax or Bak m olecule th a t becom es activated and exposes its BH3 

dom ain. According to  this m odel, Bax and Bak are only fre e  to  Induce M O M P  if all an ti-ap op to tic  

proteins are neutralised by BH3-only proteins. In th e  d irect activation m odel, certain  BH3-only  

proteins, nam ely Bid, Bim and PU M A  interact directly w ith  pro -apoptotic  Bcl-2 proteins, Bak and 

Bax to  activate th em . BH3-only proteins th a t lacking this d irect 'activator' function , such as Bad, 

are re ferred  to  as ' sensitisors' as they bind pro-survival Bcl-2 fam ily  m em bers, th e re b y  releasing 

any bound BH3-only activato r proteins.

1.6.4.1 Bcl-2

The first nnember of the family of proteins to be identified, Bcl-2 is a 26 kDa protein which 

is localised to the cytoplasmic face of the mitochondrial outer membrane, the 

endoplasmic reticulum and the nuclear envelope (Vaux et al., 1988). Bcl-2 functions as an 

anti-apoptotic protein preventing oligomerisation of Bak and Bax and the formation of a 

pore in the outer mitochondrial membrane leading to inhibition of cytochrome c release, 

caspase activation, and ultimately cell death (Youle et al., 2008). It has been shown that 

the binding of Bcl-2 to Bax is an essential step in its ability to prevent cell death (Murphy
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et a!., 2000). BH3 only proteins, such as Punna and Noxa, have been shown to exert their 

pro-apoptotic role by com petitively binding to  Bcl-2 and preventing binding of Bax or Bak. 

Bcl-2 expression has also previously been shown to correlate w ith  poor prognosis in 

primary neuroblastoma samples, although the exact contribution of Bcl-2 to the 

malignant phenotype of neuroblastoma remains controversial. Castle et al., (1993) found 

that Bcl-2 expression was associated with MCYN expression, unfavourable histology and 

marginally poorer prognosis, while Ramani et al., (1994) found no correlation between  

Bcl-2 expression in primary neuroblastoma samples and the stage of the tum our. 

Beltinger et al., (2002) dem onstrated that overexpression of Bcl-2 in the SHEP 

neuroblastoma cell line prevented TRAIL induced apoptosis by inhibiting TRAIL induced 

mitochondrial changes.

Bcl-2 has been proposed as a therapeutic target in neuroblastom a. At present several Bcl- 

2 inhibitors are undergoing clinical trials for a num ber of cancers (Vogler e t al., 2009) such 

as ABT263, a small molecule m im etic of the BH3 domain of Bad. This inhibitor has not 

proven to  be successful in several in vitro neuroblastoma studies, as most cell lines were 

found to be resistant. One approach to overcom e this resistance, is com bination therapy; 

norcantharidin (NCTD), a sm all-m olecule anticancer drug derived from  a traditional 

Chinese medicine, has been found to significantly enhance ABT-263- 

m ediated apoptosis induction, cell viability inhibition and inhibit clonal form ation in 

neuroblastoma SH-SY5Y and CHLA-119 neuroblastoma cell lines (W ang et al., 2014). An 

upregulation in Noxa expression was noted in response to  this novel combination. 

Notably, knockdown of Noxa significantly attenuated cell death induction by cotreatm ent 

with ABT-263 and NCTD, indicating Noxa essentially contributes to the combination 

anticancer effect. O ther reports have supported the use of com bination therapy. Lamers 

et al., (2012) has shown that a com bination with m ultiple chem otherapeutics which are 

currently used to  trea t neuroblastom a was an effective strategy to  maximise cell death. 

Each chem otherapeutic tested was found to synergistically enhance the effects of Bcl-2 

inhibition. To support these findings, combinations of ABT263 and etoposide or 

vincristine have been shown to  be synergistic in other cancers such as ALL (High et al., 

2010) and B cell lymphom a (Ackler et al., 2010).
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1.6.4.2 Mcl-l

M c l- l  (myeloid lymphocyte leukaemia sequence-1) was the second m em ber of the Bcl-2 

fam ily to be discovered. It was identified as a gene which is induced during early 

differentiation of the myeloid lymphocyte line M L-1 (Kozopas et a i ,  1993). Structurally 

M c l- l  differs from  other anti-apoptotic Bcl-2 proteins; the 170 amino acid N-term inus is 

larger in M c l- l than other mem bers and contains tw o PEST (proline/glutam ic  

acid /serine/threonine) sequences which are subject to modification, namely 

ubiquitination, phosphorylation and caspase cleavage (Thomas et al., 2010). Initially Mcl- 

1 was reported to possess three BH domains but m ore recent studies have identified a 

forth  BH domain betw een BH3 and the PEST region (Mojsa et al., 2014). This N terminus  

has been shown to be im portant for function and localisation, promoting its association 

with the m itochondria. Germain et al., (2007) showed tha t cellular localisation is 

regulated by the first 79 am ino acids in this region (Fig. 1.9).

ca>pa>c 1)127 1)1 f>7 K I9 7

S155 1163

Figure 1.9 Structure of anti-apoptotic Mcl-l

Schematic representation of M c l-l showing the transm embrane region (TM ), Bcl-2 homology 

domains (B H l-4) and PEST sequences of ubiquitination, caspase cleavage and phosphorylation. 

Taken from Mojsa et al., (2014).

M c l- l  is a highly regulated protein w ith a short half life of less than one hour (Stewart et 

al, 2010). The PEST sequences have been implicated in the regulation of M c l- l. M c l- l  can 

be cleaved by caspases and granzyme B, which proteolytically degrade M c l- l  during cell 

death (Clohessy et al., 2004) or undergo phosphorylation or ubiquitination. 

Phosphorlyation of Thr by ERK increases the half life of M c l- l while phosphorylation of 

Ser^^  ̂ by GSK-3 marks it for degradation by ubiquitination. Three E3 ubiquitin ligases 

have been identified which can target M c l- l  for proteasomal destruction; SCF''®'^  ̂ (Inzuka 

et al., 2011), SCF'̂ '̂̂ '"̂  (Ding et al., 2007) and M c l- l ubiquitin ligase E3 (M u le ). SCF (Skpl- 

Cullenl-F-box) is a multi com ponent E3 ligase which is active from  late G1 to G2. It

B
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mediates the destruction of G1 cyclins and CDK inhibitors by ubiquitination. It is 

composed of Skp-1, an adaptor protein, Cull, a scaffold protein, Rbxl, a ring finger 

protein and F box protein. The F box protein is responsible for substrate recognition 

therefore this component of the complex is variable. SCF''®'̂  ̂ functions as a tumour 

suppressor by mediating the degradation of several proto-oncogenes including Myc. 

Deletion of SCF''®'̂  ̂ in mouse T cells was shown to result in an accumulation of M c l-l 

leading to T- cell ALL (T-ALL) and resistance to chemotherapeutics confirming its tumour 

suppressor function (Inuzuka et a!., 2007; Wertz et al., 2011). In contrast, reintroduction 

of wild type SCF''®'̂  ̂dramatically reduced M c l-l levels and decreased its stability. Loss of 

this tumour suppressor function has been reported in multiple cancers (Wood et al., 

2007).

M c l-l blocks the progression of apoptosis by binding and sequestering the pro-apoptotic 

proteins Bak and Bax, which are capable of forming pores in the mitochondrial 

membrane, allowing the release of cytochrome c. Antagonism of M c l-l has been shown 

to have anti-cancer activity in a range of malignancies including lymphoma and melanoma 

(Nguyen et al., 2007). Small molecule antagonists of M c l-l are currently in development. 

Recently, a stapled BH3 peptide inhibitor (Joseph et al., 2012) and a small-molecule 

antagonist (Cohen et al., 2012) have been reported. Cohen et al identified an M c l-l 

inhibitor molecule that selectively targets the BH3-binding groove of M cl-l, this small- 

molecule antagonist binds to M c l-l with poor affinity, but can release Bax from M c l-l, 

triggering caspase activation and cell death. It was also shown to synergize with ABT-737, 

a small molecule inhibitor of Bcl-2, to kill cells that express both M c l-l and Bcl-2.

There is indirect evidence that points to M cl-l acting as an oncogene in neuroblastoma. 

The MCL-1 gene maps to lq21, a region which is amplified in many neuroblastoma cell 

lines and patient samples (Mosse et al., 2005; Janoueix-Lerosey et al., 2009). In the most 

aggressive forms of neuroblastoma, M c l-l is overexpressed; increased levels of a 

deubiquitase USP9X, causes stabilisation of the protein resulting in higher than normal 

levels of M c l-l (Schwickart et al., 2010) contributing to the survival of malignant cells. 

Stabilisation of M c l-l by a stress protein BAG3 has recently been shown to promote 

survival of neuroblastoma cells in vitro and resistance to ABT-737 (Boiani et al., 2013). In 

contrast, knockdown of M c l-l by siRNA sensitises neuroblastoma cell lines to ABT-737
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(Lestini e t at., 2009), while siRNA-mediated knockdown of M c l- l  has also been shown to  

sensitise neuroblastoma cells to cytotoxic drugs including etoposide and doxorubicin, 

both of which are currently used in the clinic (Karami et al., 2014). Numerous other 

studies have shown a correlation betw een a decrease in M c l- l  expression and induction 

of apoptosis in neuroblastoma cells (Bettayab et al., 2010; Rapino et al., 2013; Loschmann 

et al., 2013), indicating that inhibition of M c l- l expression and /or neutralisation of its 

anti-apoptotic function increases susceptibility to apoptosis and provides a viable target 

for therapeutic intervention in both neuroblastoma and m ultiple other cancers.

1.6.4.3 Bcl-xL

A third anti-apoptotic m em ber of the Bcl-2 family, Bcl-xL is a 30 kDa protein located on 

the outer mitochondrial m em brane, which prevents apoptosis through  

heterodim erisation with pro-apoptotic proteins such as Bax and Bak, inhibiting the  

form ation of m itochondrial outer m em brane pores (Youle et al., 2008). It interacts w ith  

other Bcl-2 proteins through its B H l and BH2 domains while the BH4 domain is essential 

for its anti-apoptotic function. W hen Bcl-xL is cleaved during apoptotic cell death, the  

cleaved protein lacks the BH4 domain and can no longer prevent cell death (Sugioka et 

al., 2003).

Expression of Bcl-2 proteins has been shown to be associated w ith increased survival of 

malignant cells and developm ent of resistance to therapy. Dole et al., (1995) determ ined  

the expression levels of Bcl-xl in a panel of neuroblastoma cell lines and investigated their 

role in the  cells response to a num ber of chem otherapeutic drugs. A high percentage 

(88%) of the cell lines were positive for Bcl-xl expression. Cytotoxicity assays revealed that 

overexpression of Bcl-xl in SHEP-1 neuroblastom a cells leads to an inhibition of drug- 

induced apoptosis, conferring a survival advantage to these cells. Additional studies of 

this nature have been carried out. Yuste et al., (2002) stably transfected Bcl-xl in SHSY5Y 

cells and showed resistance to  staurosporine-induced cytochrome c release. These cells 

survived for up to 15 days in IM  staurosporine. Prevention of apoptosis by 

overexpression of Bcl-xL in neuroblastom a cells has been postulated to be due to 

effective inhibition of cytochrome c release.
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1.6.4.4 Pro-apoptotic Bcl-2 family members

Multiple proteins are contained within the mitochondria which if released initiate a 

signalling cascade resulting in the survival or death of a cell. The integrity of the 

mitochondrial membrane is controlled by the Bcl-2 family. Loss of MOMP leads to the 

release of pro-apoptotic proteins and activation of apoptosis through the intrinsic 

pathway. Two proteins central to controlling this process are Bax and Bak (Garci'a-Saez et 

a!., 2010). Evidence for the role of Bak and Bax in initiating the intrinsic pathway has been 

provided by knock out studies. Bak- and Bax deficient mice are resistant to stimuli that 

induce the intrinsic pathway and are unable to activate initiator caspases (Wei et a!., 

2001; Hutchinson et al., 2005).

Under normal physiological conditions these monomeric proteins are found in a latent 

form; Bax residing primarily in the cytosol and Bak at the outer mitochondrial membrane. 

Both are globular proteins comprising of nine helices. The alpha 9 helix at the C-terminus 

mediates interaction with the mitochondrial outer member by acting as a transmembrane 

domain (Suzuki et al., 2000). Once activated through either the direct or indirect model as 

discussed above, Bax and Bak undergo a conformational change; they dimerise through 

interaction of the exposed BH3 domains of one molecule with the hydrophobic groove of 

another forming BH3: groove dimers (Westphal et al., 2011). These dimers may then 

oligomerise to form a complex which inserts into the mitochondrial membrane leading to 

the formation of pores through which pro-apoptotic proteins such as cytochrome-c may 

be released. In both the inactive forms of Bak and Bax (Dewson et al., 2009), an N- 

terminal amino acid sequence is buried in the folded protein. Once activated and a 

change in conformation occurs, this sequence is exposed. This structural change may be 

exploited as this amino acid sequence is now accessible as an epitope for antibody 

binding allowing monitoring of Bak and Bak activation.

Bid is another pro-apoptotic protein, in healthy cells it is unable to interact with anti- 

apoptotic proteins as it is sequestered in the cytoplasm. Caspase-8 is activated in the 

extrinsic pathway and cleaves Bid to generate tBid, a truncated form of Bid (Luo et al., 

1998). tBid translocates to the site where Bcl-2 resides and inhibits its function. tBid also 

functions to activate Bax by inducing its oligomerisation.
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1.7 Reactive oxygen species-mediated induction of apoptosis

The aim of chem otherapy is to selectively induce cell death in cancer cells whilst causing 

m inim um  effects on non- malignant cells. Num erous chem otherapeutics have been 

shown to induce apoptosis m ediated by production of reactive oxygen species (ROS). 

ROS is the term  which describes the by-products of m etabolism  form ed during the  

conversion of oxygen to w ater (Simon et a i ,  2000). As electrons pass through the electron  

transport chain, an electron is passed from  cytochrome c oxidase to oxygen resulting in 

the production of O2 , which is then converted to hydrogen peroxide (H2 O2 ) and oxygen 

{O2 ) by superoxide dismutase (SOD). H2 O2 and 02can  be further converted to H 2O and O 2 

by the detoxifying enzyme catalase. These reactive oxygen species may act as second 

messengers in signalling cascades or during times of oxidative stress oxidise DNA, lipids 

and proteins (M archi et a!., 2012).

At physiological levels, ROS functions as redox messengers in cell signalling while in 

m alignant cells increases in ROS production may induce apoptosis. M ultiple investigations 

have supported the role of ROS in apoptotic signalling; firstly, through identification of 

elevated levels of ROS in cells undergoing apoptosis (Alexandre et al., 2006); secondly, 

through dem onstration of the ability of exogenous ROS to induce apoptosis in m ultiple  

cell types (Conde de la Rosa et al., 2005); thirdly, through identification of the role of 

antioxidants in inhibiting apoptosis (Chan et al., 2005), and finally, through dem onstration  

that inhibition of intracellular anti-oxidant levels prom otes apoptosis (Pirlich et al., 2002).

In contrast to  normal cells, cancer cells exhibit increased levels of ROS production. Otto  

W arburg first observed tha t cancer cells actively m etabolise glucose, and produce 

excessive lactic acid, while at the same tim e consuming oxygen via mitochondrial 

oxidative phosphorylation in a process term ed 'aerobic glycolysis' or the so called 

'W arburg Effect' (W arburg et al., 1 93 1 ,1 9 56 ) in contrast to  normal cells which convert 

glucose to pyruvate when lim ited amounts of oxygen are available (anaerobic glycolysis) 

(Fig. 1.10) (Cairns et al., 2011). In addition to the normal energy requirem ents of a non- 

m alignant cell, rapidly dividing cancer cells must generate surplus energy supplies to 

sustain division. These cells reprogram m e their m etabolism to undergo anaerobic 

glycolysis; glucose is catabolised to lactate rather than directing it to the m itochondria to 

undergo oxidative phosphorylation. This lactate is exported to the m icroenvironm ent of



Chapter 1

cancer cells causing acidosis and creation of a toxic environment surrounding the cell. In 

normal cells, glucose is metabolised into pyruvate, a potent anti-oxidant which is not 

transported out of the cell, thus enhancing the anti-oxidant capacity of normal cells. 

Normal cells and weak cancer cells are unable to survive the toxic environment and this 

may lead to selection of a more aggressive, often MDR and metastatic cancer cell (Dhuo 

et ai, 2012).

Normal cell Cancer cell

Glucose Glucose

GLUT1 GLUT1

Glycolysis ^ Glycolysis ^

Pyruvate

Mitochondria

CO, energy

Figure 1.10 The 'Warburg' effect

Normal cells undergo oxidative phosphorylation to produce ATP as a source of energy. Cancer 

cells reprogram energy metabolism; they convert available glucose to pyruvate and lactate 

irrespective of the availability of oxygen. Taken from M arie et ai,  (2011).

As cancer cells are often under oxidative stress, they have a relatively high level of ROS 

which renders them more susceptible to oxidative stress-induced cell death, and can be 

exploited for selective cancer therapy (Noguiera et al., 2013). For example a drug which 

causes even a small increase in ROS, may push the level of ROS over a given threshold and 

induce cell death, in contrast to a normal cell which can better tolerate the drug-induced 

increase due to its superior anti-oxidant capacity. Therefore, development of cancer 

therapies which either directly increase ROS production to a toxic level and/or inhibit ROS 

scavenging systems, represent a promising means for selectively killing cancer cells.
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1.8 5'AMP-activated protein kinase

Oxidative stress is defined as an imbalance betw een the production of ROS and their 

elim ination by antioxidants (Noguiera et al., 2013). As previously discussed, cancer cells 

are under increased oxidative stress which can result in activation of MAP kinases such as 

5'AM P-activated protein kinase (AMPK). AMPK, a m aster regulator of homeostasis, is a 

kinase which becomes activated in response to stresses which inhibit the anabolic 

consumption of ATP such as a decrease in glucose levels, ischameia or hypoxia (Hardie et  

al., 2011). AMPK senses fluctuations in cellular energy status by m onitoring the ratios of 

AMP/ATP and ADP/ATP (Fig. 1.10). As ATP is consumed by the cells, levels of AMP and 

ADP increase. ATP com petes with ADP and AMP for binding to the regulatory sites on 

AMPK preventing activation of this enzym e. As the cell undergoes metabolic stress, ADP 

and AMP will replace ATP bound to  AMPK. A decrease in ATP leads to AMPK activation, 

resulting in the inhibition of anabolic pathways which consume ATP, such as protein  

synthesis, and the switching on of catabolic pathways which produce ATP such as 

autophagy resulting in restoration of cellular energy homeostasis (Kim et al., 2011). AMPK  

may also be regulated by the  upstream calm odulin-dependent protein kinase kinase 

(CaMKK) in response to increases of intracellular Ca(2+) levels (Gormand et al., 2011).

C aM K K LKB1

|[AMP]:[ATP]

Energy Energy
production expenditure

i i
Restore energy balance

Figure 1.11 Regulation of AMPK

AMPK can be activated by increases in cellular AMP: ATP or ADP:ATP ratio. Binding of AMP or ADP 

to AMPK causes a conformational change that promotes phosphorylation by upstream kinase 

LKBl while also inhibiting protein phosphatases. Taken from Long etal., (2006).
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AMPK activity is regulated by phosphorylation; an upstream AMPK kinase, liver kinase B1 

(LKBl) directly phosphorylates Thr-172 in the activation loop of the a subunit (Hardie., 

2011). Upon activation AMPK activates/inactivates a multitude of signalling pathways 

including protein synthesis, glucose and lipid metabolism and autophagy (Fig. 1.12). 

AMPK has been shown to be activated in response to numerous drugs such as the 

metformin, a drug which is used to treat diabetes, and numerous other natural plant 

products such as resveratrol, garlic and gallatte (Baur et al., 2006; Lee et al., 2011).

LKB1 CaMKKp

r kinases (TAK-1?)

^  EF2K '1̂  Protein synttiesis 

TSC2
" V

mTOR

HMQ-CoA p53 I Protein synthesis/
reductase Cell survival

Cell cycle arrest
^  Sterol synthesis

Figure 1.12 The AMPK signalling pathway. Taken from Fay et al., (2008).

AMPK functions to allow cells to cope with stress, by activating catabolic pathways and 

inhibiting anabolic metabolism. This role is not compatible with cell proliferation and 

cancer progression; studies have demonstrated that activation of AMPK causes cell cycle 

arrest associated with stabilization of p53 and the cyclin-dependent kinase inhibitors 

p2l'''̂ AFi and p27'""’  ̂(Jones et al., 2005; Liang et al., 2007) whilst inhibiting the synthesis of 

the majority of cellular macromolecules, proteins, ribosomal RNA, cholesterol and 

glycogen (Hardie et al., 2007; 2011; 2012). These findings are consistent with AMPK 

playing a tumour suppressor role. AMPK is situated at the centre of a signal transduction 

pathway, which has been shown to regulate cell growth and proliferation in response to 

stress (Faubert et al., 2014), where it signals to multiple other tumour suppressor 

proteins such as upstream LKBl, TSC2 and p53 (Inoki et al., 2006). For example, it has 

recently been shown that loss of AMPK accelerates Myc-induced lymphomagenesis.
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Inactivation of AMPK resulted in a shift to aerobic glycolysis; cells exhibited increased 

glucose uptake, glycolytic flux, a flow  of carbon into the tricarboxylic acid (TCA) cycle, 

suggesting that a loss of function promotes tum our progression, in part by regulating 

cellular metabolic pathways that support cell growth and proliferation (Faubert et a!., 

2013). In m elanom a, suppression of AMPK activation has been attributed to a m utation in 

B-RAF (Zheng et al., 2009), causing deregulation of the  signalling pathway leading to 

phosphorylation of LKBl by extracellular signalling related kinase (ERK) and ribosomal S6 

kinase (Rsk), reducing LKBls ability to bind and activate AMPK. Furtherm ore, Zheng et al., 

found that expression of a phosphorylation deficient LKBl resulted in activation of AMPK  

and subsequent inhibition of m elanom a cell growth.

If the LKBl-AMPK pathway is in fact a tum our-suppressing pathway, then it could be 

hypothesised that AMPK-activating drugs such as m etform in  and phenform in may protect 

against the developm ent of cancer. Hardie et al., (2003) reported that type 2 diabetics 

treated  w ith the AMPK-activating drug m etform in had a significantly reduced incidence of 

all forms of cancer, a finding which has been reproduced in m ultiple subsequent studies 

of d ifferent diabetic populations. An overall risk reduction of 30% was determ ined, with  

specific risk reductions being found for colon and liver cancers (Decensi e t al., 2010).

However, there is speculation that AMPK may also play a role in prom oting cancer cell 

survival. In order to continuously divide, m alignant cells have increased energy demands 

to allow them  to replicate the ir protein, lipid and DNA content. As tum ours grow, 

accessibility to nutrients and oxygen decreases, and in order to survive cells must adapt 

to hypoxia and nutrient deprivation by engaging in a lternative metabolic pathways such 

as increasing glycolysis. It is possible that AMPK can provide the cell w ith a 'm etabolic  

flexibility' to  survive periods of stress through numerous mechanisms such as induction of 

autophagy (Egan et al., 2011; Kim et al., 2011) or an increase in fatty  acid oxidation 

(McFadden et al., 2009). Previous studies have found th a t the expression of AMPK 

correlates with the ir ability to to lera te  stress such as glucose deprivation. Knock down of 

AMPK in pancreatic cells lines; PANC-1 and AsPC-1, significantly reduced the ir ability to 

to lerate  glucose deprivation (Duong et al., 2012). Similarly stable transfection of AMPK 

inhibited tum our growth in nude mice indicating that expression of AMPK in tum our cells 

may facilitate tolerance to nutrient deprivation (Kato et al., 2002).
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A pro- or anti-tumourogenic role fo r AMPK could depend on a number of factors such as 

the degree of activation, the expression of particular AMPK isoforms, the subcellular 

localisation or the activity o f other signalling networks such as the mammalian target of 

rapamycin (mTOR) pathway (which will be discussed in detail below). Similarly, it is 

possible that AMPK inhibition may lead to deregulation of other signalling cascades which 

could reduce the effects of AMPK inhibitors. W hether AMPK acts as a tum our suppressor 

or has an oncogenic function is contentious and requires fu rther investigation.

1.9 Mammalian target of rapamycin

To survive in times when nutrient availability is variable, a cell must be able to  turn o ff 

anabolic ATP consuming pathways, and turn on catabolic ATP-producing pathways and 

maintain control of the switch between the processes. As discussed above, AMPK is 

activated when ATP levels decrease; activation of this kinase leads to 

activation/inactivation of a number of downstream signalling pathways such as mTOR. 

mTOR (mammalian target of rapamycin) is a serine/threonine kinase that plays a role in 

multiple cellular pathways including cell growth, proliferation and metabolism. mTOR is a 

290 kDa protein belonging to the phosphatidylinositol kinases related kinase family. It is 

present in eukaryotes in tw o distinct complexes; mTORCl and mT0RC2. mTORCl is 

composed of five subunits; Raptor, Deptor, mLST, PRAS40 and mTOR. mT0RC2 is 

composed of Rictor, Deptor, Protor 1/2, SINl, mLST8 and mTOR (Fig.1.13).

mTORCl mT0RC2

Dap^r (wLST < ^ ^ 8
Protori/2   ̂ mTORj

~'^%ptor S in lT^ ifiiD tor

Figure 1.13 Structure of mTORCl and mTROCZ. Adapted from  Limon et a!., (2012).

The mTOR pathway integrates signals from multiple sources including growth factors, 

oxygen, stress, energy status and amino acid availability to control protein and lipid 

synthesis (Fig. 1.14). The mTORCl pathway regulates protein synthesis through one of
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two mechanisms; firstly by phosphorylation and inactivation of eukaryotic initiation factor 

4E-binding protein (4E-BP1), the repressor of mRNA translation, and, secondly, through 

the phosphorylation and activation of p70 ribosomal S6 kinase (p70 S6K). These 

mechanisms will be discussed in further detail below. In contrast, mT0RC2 plays a role in 

the regulation of actin. Regulation of translation plays a vital role in the control of cell 

growth and proliferation (Loayza-Puch et al., 2013), as an increase in the rate of 

translation is required for entry into the Gi phase of the cell cycle. Deregulation of this 

process is associated with aberrant growth and tumourigenicity (Silvera et al., 2010), 

therefore, drugs which target this pathway may provide a therapeutic opportunity to 

control aberrant cell growth and the development of malignant cells.

Figure 1.14 The mTOR signalling pathway. Taken from Fleming et al., (2010).

Protein translation in eukaryotes is regulated primarily though the recruitment of the 

small ribosomal subunit to mRNA (Shveygert et al., 2010). elF4E recruits 40S ribosomal 

subunits to the 5' end of mRNA. The elF4F subunit elF4E interacts directly with the mRNA
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5' cap structure. 4E-BP1 is a repressor of translation; through binding to elF4E it inhibits 

cap dependent translation. Activity of 4E-BP1 is regulated by phosphorylation; 

hypophosphorylated 4E-BP1 interacts strongly with elF4E, whereas hyperphosphorylated 

4E-BP1 does not (She et a i,  2010). In quiescent cells, 4E-BP1 is hypophosphorylated but 

becomes hyperphosphorylated on multiple sites in response to stimuli which activate the 

mTOR signalling pathway. For example, rapamycin, an inhibitor of mTOR signalling, 

inhibits phosphorylation of 4E-BP1, preventing translation.

The second target of mTOR is p70 S6  kinase is a serine/threonine kinase which regulates 

protein synthesis though phosphorylation of ribosomal S6  kinase. p70 S6  kinase is 

activated by phosphorylation on a number of serine/threonine residues; Thr^®  ̂ in the 

linker domain has been identified as being essential for p70 S6  kinase activity (Dufner et 

al., 1999). Phosphorylation releases the catalytic domain from the C terminal allowing 

Thr̂ ®® to be phosphorylated (Le et al., 2003). When p70 S6  kinase is active and 

phosphorylates its downstream target, ribosomal s6  kinase, this leads to an increase in 

the translation of 5' terminal oligopyrimidine (TOP) mRNAs that encode ribosomal 

proteins and translation factors resulting in an increase in protein translation (Meyuhas & 

Dreazen., 2009).

mTOR is regulated by a number of upstream pathways including phosphatidylinositol-4,5- 

bisphosphate 3-kinase (PI3K) and protein kinase B (also referred to as Akt) (Yang et al., 

2013). When insulin binds to the insulin receptor, PI3K interacts with the insulin receptor 

and phosphorylates phosphatidylinositol-4,5-bisphosphate (PIP2 ) to generate 

phosphatidylinositol-3,4,5-trisphosphate (PIP3 ). PIP3 recruits Akt and PDKl through 

binding of their pleckstrin homology (PH) domains. Activated Akt may phosphorylate a 

range of substrates, including TSC2 resulting in inhibition. mTORCl is inhibited by TSC2; 

TSC2 has GTPase activating protein (GAP) activity towards Rheb, a small GTP-binding 

protein. TSC2 forms a complex with TSCl and acts as a GAP converting Rheb from its 

active GTP bound form to an inactive GDP-bound form which leads to suppression of 

mTOR. Akt-mediated phosphorylation impairs the ability of TSC2 to inhibit Rheb and 

mTORCl (Chalhoub et al., 2009). mTOR may also be regulated by the upstream protein 

AMPK through inhibition of mTOR phosphorylation and phosphorylation of downstream
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targets p70 S6 kinase and 4E-BP1, resulting in an inhibition of protein translation (Zhu et 

a i ,  2012).

In addition to p70 S6 kinase and 4E-BP1, the mTOR signalling pathway also regulates the  

translation elongation process through the phosphorylation of eukaryotic elongation 

factor 2 (eEF2). eEF2 is a GTP-binding protein tha t mediates the translocation step of 

elongation. Similar to E4-BP1, binding of eEF2 is regulated by phosphorylation (Sengupta 

et al., 2010). W hen eEF2 is phosphorylated at Thr^^ w ithin the GTPase binding domain, it 

loses its ability to  bind to the ribosomes and is therefore inactivated, leading to a stop in 

translation. eEF2 is phosphorlyated and inactivated by eEF2K. eEF2K is regulated by the  

upstream protein p70 S6 kinase. p70 S6 kinase phosphorylates eEF2K leading to 

inactivation of eEF2K which consequently results in a dephosphorylation and activation of 

eEF2 thus allowing translation to proceed.

Translational control is crucial to the developm ent and progression of cancer, controlling 

both protein synthesis and the selective translation of specific mRNAs, which may 

prom ote tum our cell survival through upregulation of angiogenesis and an increase in the  

invasive and m etastatic potential of the cell. Numerous studies have found this pathway  

to be deregulated in m ultiple cancers. Initiation of translation is regulated by elF2 

proteins which dictate w hether a specific mRNA will be translated and the speed at which 

it will occur (Sonenberg & Hinnebusch., 2009). Expression of elF2 proteins have been 

reported to be increased in numerous cancers including m elanom a (Rosenwald et al., 

2003), colon (Rosenwald et al., 2003), stomach (Chen et al., 2004), colorectal (Xie et al., 

2008) and bladder cancer (Luo et al., 2009). At present it is unclear w hether this increase 

in elF proteins leads to an overall increase in protein synthesis or alteration of expression 

of specific mRNAs, although both may contribute to the developm ent and progression of 

cancer. The loss of translational control is thought to contribute to metastasis; for 

example, elF5A2 expression has been reported to increase in colon cancer from  benign 

tum ours to primary carcinomas to m etastatic lesions (Xie et al., 2008), while metastatic  

cells may survive periods of stress by increasing expression of anti-apoptotic proteins Bcl- 

2 and XIAP (Silvera et al., 2009).
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Control of this process could prove to be an effective means of controlling cancer cell 

survival. For example drug-induced activation of AMPK may lead to downstream 

inhibition of the mTOR pathway with potential therapeutic benefits. mTOR-mediated 

regulation of the cell cycle is controlled in part by an increase in translation of mRNAs 

encoding positive regulators of the cell cycle and a decreased translation of negative 

regulators such as p27, a cyclin dependent kinase inhibitor (Dalvai et a i,  2010). For 

instance, mTOR regulates the synthesis of cyclin D1 which controls progression though 

the G l/S  phase of the cell cycle. Oncogenic activation of the mTOR pathway drives 

proliferation via increases in cyclin D1 and cyclin E and loss of the restraining effects of 

p21 and p27 on cell cycle (Wander et al., 2011). Similarly inhibition of mTOR has been 

shown to decrease expression of the angiogenic protein VEGF (Yu et al., 2009).

1.10 Autophagy

Autophagy, an evolutionary conserved pathway, is a cellular degradation system which 

allows for the delivery of cytoplasmic material to the lysosomes for degradation (Codogno 

et al., 2014). Cytoplasmic components become enclosed in a double membrane structure 

which fuses with the lysosomes where the contents are hydrolysed. Amino acids and 

other biomolecules are transported back to the cytosol where they can be reused. In this 

way autophagy allows for the recycling of cellular material to maintain homeostasis. 

Numerous studies have provided evidence to support the housekeeping role of 

autophagy. Tissue specific deletions of Atg genes were shown to result in ubiquitinated 

protein aggregates leading to tissue specific dysregulation (Fig. 1.15).

This is a process which occurs both at a basal level in healthy cells and aberrant levels in 

malignant cells (Yang et al., 2011). It is a multi-step process involving firstly initiation 

followed by autophagasome formation, maturation and finally degradation. These 

processes are controlled by a family of ATG genes of which more than 30 have been 

identified. There are two Atg protein conjugation systems which are primarily responsible 

for autophagasome formation, namely the Atg 12- Atg-5 and Atg 8- 

phosphatidylethanolamine (PE) conjugation systems. Atg 12 is activated by Atg 7, a 

ubiquitin like protein which is conjugated to Atg 5. Atg 5 binds to Atg 16 to form a 

multimeric complex which aids the formation and elongation of the phagophore in 

autophagasome formation. This complex dissociates after autophagasome formation is
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complete. Atg 8 (also referred to as LC3) PE conjugate also assists in formation possibly by 

enhancing membrane fusion. Finally the autophagasome fuses with the lysosome to form  

the autophagolysosome. Autophagy is primarily controlled by two energy sensing 

pathways; the AMPK pathway which is activated during hypoxia or during times of energy 

depletion, and the mTOR pathway which is a negative regulator of autophagy (Jung et a i, 

2009).

Lysosome Lysosomal hydrolase 

AutolysosomeAutophagosome

Isolation *  
membrane

VESICLE VESICLE DOCKING VESICLE BREAKDOWN
NUCLEATION ELONGATION & FUSION & DEGRADATION

Figure 1.15 Schematic diagram of the steps of autophagy.

Autophagy begins with the formation of the phagophore which expands to form the 

autophagasome. The autophagosome can engulf bulk cytoplasm non specifically, including entire 

organelles, or specifically target cargo. When the outer membrane of the autophagosome fuses 

with an lysosome to form the autophagasosome in which the sequestered material is degraded 

and recycled. Taken from Melendez etai ,  (2009).

Autophagy may function at a basal level to eliminate old or unwanted proteins while 

providing the building blocks to cellular growth to maintain homeostasis; although 

mounting evidence points to a role in cancer with evidence showing autophagy may be 

induced under certain conditions such as hypoxia, unfolded protein response and nutrient 

deprivation. Loss of Atg 5 or 7 in the brain was shown to result in neurodegeneration 

(Hara et al., 2006; Komatsu et a i,  2006). A direct link between autophagy and cancer was 

established by the discovery that Beclin-1, the mammalian ortholog of yeast Atg 6 could 

function as a tumour suppressor (Liang et al., 2006). Multiple cancers such as breast 

carcinoma and prostate cancer exhibit decreased levels of Beclin-1 while disruption of the
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B E C N l gene leaves mice prone to  th e  d e v e lo p m e n t of spontaneous tu m o u rs  (Qu e t a l, 

2 0 0 3 ). Taken to g e th e r these studies indicate th a t au tophagy plays a tu m o u r suppressor 

role in cancer; although th e re  is also evidence to  contrad ict these findings. Both in vivo 

and in vitro  data  support a tu m o u r p ro m o tin g  role fo r au tophagy in cancer (Yu e t a l., 

2008 ; Chen e t a l., 2010 ; Yang et a!., 2 0 11 ). As au tophagy is activated  in response to  stress 

to  fa c ilita te  cell survival, it is plausible th a t this process m ay co n trib u te  to  th e  survival o f 

an established tu m o u r (Levine &  Yuan., 2 0 05 ). As a tu m o u r grows it becom es poorly  

vascularised leading to  a decrease in th e  availab ility  o f oxygen and n u trien ts  o ften  

resulting in a hypoxic e n v iro n m en t. Cells in th e  hypoxic core o f a tu m o u r can induce  

autophagy enabling  th e m  to  survive in these harsh conditions (M a zu re  e t al., 2 0 1 0 ). This 

allow s th e  m ost aggressive, drug resistant cells w ith  a h igher m etas ta tic  po ten tia l to  

survive, fu rth e rm o re  this scenario is m ore likely to  result in a fa ilu re  to  respond to  

tre a tm e n t and overall a p oo rer prognosis. The ab ility  o f a tu m o u r to  cope w ith  stress by 

activating  survival pathw ays m ay o ffe r tum ours  a selective advantage a llow ing th e m  to  

m etastasis and dessim inate. M a n y  ch em o th erap eu tic  drugs have been show n to  induce  

au tophagy and m ay co n trib u te  to  th e  d e v e lo p m en t o f drug resistance (Sui e t a l., 2 0 1 3 ). If 

au tophagy is indeed w orking  as a tu m o u r p ro m o te r, th en  inh ib ition  o f th is process though  

genetic  m an ipu la tion  such as th e  use o f siRNA o f shRNA o r th e  use o f chem ical inhib itors  

such as b a filo m y c in -A l, 3 -m e th y la d e n in e  or ch lorqu ine m ay be ab le to  resensitise cells to  

ch em o th erap y  and could be exp lo ited  to  p reven t th e  d eve lo p m en t o f M D R.

1.11 The Cell Cycle

This is th e  highly regu lated  series o f events  resulting in th e  division o f a single cell in to  

tw o  d aug h ter cells each w ith  identical copies o f th e  genom e. The cycle m ay be divided  

in to  tw o  phases; m itosis in w hich th e  cell d ivides, and in terphase, th e  stage b e tw e e n  tw o  

M  phases. M itosis m ay be fu rth e r  subdivided in to  prophase, m etaphase, anaphase and  

te lop h ase  during w hich tim e  th e  cells genetic  m ate ria l is rep licated  and d ivided in to  tw o  

identica l sets o f chrom osom es w hich separate  into  tw o  identical but en tire ly  separate  

d au g h te r cells. In terphase m ay also be subdivided in to  separate  phases, nam ely  G i, S and  

G 2 . D uring G i th e  cells are g row ing  and preparing  th e  chrom osom es fo r  rep lication . In S 

phase th e  DNA is synthesised. G 2 provides a gap b e tw een  DNA synthesis and division.
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Some cells may exit the cell cycle and enter a phase a resting period term ed Go, in which 

the cells are quiescent. This stage may be tem porary or perm anent.

To ensure tw o  genetically identical cells are produced, the  cell cycle is highly regulated by 

cyclins and the cyclin dependent kinases (CDKs), serine/threonine protein kinases that are 

activated at specific points during the cell cycle and phosphorylate specific proteins to 

activate downstream  signalling pathways. The activity of CDKs are controlled though 

binding of cyclins which are synthesised and destroyed at d ifferent points during the cell 

cycle leading to  fluctuations in their expressions; this is in contrast to  the levels of CDKs 

which remain constant (Fig. 1.16).

Cyclin E/CDK2 Cyclin A/CDK2

/  N

G j
\______ )  ̂ )

Cyclin D/CDK6

Cyclin D/CDK4

Cyclin B/CDK2 
Cyclin A/CDK2

Figure 1.16 The stages of the cell cycle.

Progression though the cell cycle is maintained by checkpoints that detect defects in 

proper DNA replication and chromosomal division thus preventing the inheritance of 

faulty genetic m aterial. These checkpoints are controlled by CDKs. For exam ple, if DNA 

damage has occurred, the cell must be given tim e to  repair this damage before continuing 

into S phase (G l-S  checkpoint) or a fter DNA replication (G 2-M  checkpoint), consequently 

levels o f CDKs fall preventing cell cycle progression. The spindle assembly checkpoint 

(SAC), also called the m itotic checkpoint, verifies that all conditions for chromosome
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segregation have been m et allowing segregation to proceed. The SAC will stall 

segregation until kinetochores of the sister chromotids are attached to polar 

microtubules (Musacchio and Salmon., 2007). Once com pleted the anaphase promoting  

complex (APC) m ediates the ubiquitination of securin resulting in the release of separin 

which in turn cleaves the sister-chromatin cohesion complex triggering the release of the  

sister chromatids (Nasymth et al. 2000).

Dysregulation of the cell cycle is a hallmark of m ultiple cancers including neuroblastoma. 

Increased expression of spindle assembly checkpoint regulatory genes has been reported  

to be associated w ith  MYCN amplification and Ip  deletion in neuroblastoma 

(W esterm ann et al., 2007; Ooi e t al., 2012). MYCN am plified tum ours fail to  arrest cells at 

the G l-S  checkpoint a fter exposure to DNA damaging drugs such as doxorubicin. Gogolin 

et al., (2013) have recently shown tha t several MYCN am plified neuroblastoma cell lines 

harbour m utations which result in an increase in CDK4 expression. Inhibition of CDK4 by 

siRNAs or selective small molecule inhibitors partly restored G l-S  arrest, delayed 

progression into S phase and lead to a reduction in cell viability a fter exposure to 

doxorubicin. Cyclin D1 forms complexes w ith CDK4 and CDK6 to  allow  progression 

through the G1 checkpoint. Similarly expression of CDK2, a regulator of the S-phase 

checkpoint has also been shown to  be increased in MYCN am plified tum ours. M olenaar et 

al., (2009) have dem onstrated that inhibition of CDK2 induces apoptosis in MYCN 

am plified tum ours advocating its role as a target for therapeutic intervention.

1.12 Microtubules

The cytoskeleton, the protein netw ork which gives structure to the eukaryotic cell and 

allows for various types of cell m ovem ent, is composed of actin, interm ediate  filaments  

and microtubules. The three broad functions are as follows, to  spatially organise the  

contents of the cell; to connect the cell physically and biochemically to  the external 

environm ent; and to  generate coordinated forces tha t enable the cell to move and 

change shape (Fletcher et al., 2010).

M icrotubules are polymers of a - and 3- tubulin bound to microtubule-associated proteins 

(MAPs) which regulate the stability and distribution of the m icrotubule. Each tubulin 

molecule is a heterodim er of tw o  globular subunits, a - and 3- tubulin each with very
H O
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similar st ructure.  Each m o n o m e r  is fo rmed  by a pair of central  be ta  shee ts  su rrounded  by 

helices, has  a molecular  weight of approximate ly  50 kDa and is character ised  by a 

s eq u e n ce  of approximate ly  450 amino acids (Nogales e t  al., 1998). Dimers of a-  and 3* 

tubul in d imers  polymerise into protof i laments by joining end to  end.  The microtubule  is 

fo rmed  w h en  13 linear protofi laments assemble  in parallel with the  sam e polarity around 

a hol low core.  In each protof i lament ,  a- tubulin is exposed  at  o n e  end and 3- at  the  o the r  

(Fig. 1.17). Microtubules  are  polar  s tructures;  t h e  microtubule grows m ore  rapidly a t  the  

posit ive en d  than  th e  negative.  The polarity of t h e  microtubule det er m ines  th e  direction 

of m ovem en t .

+ve end

Tubulin heterodim er

^  ^
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-v een d  M icrotubule top  end view

Figure 1.17 The structure of microtubules.

They are composed of dimers of a- and 3-tubulin that  polymerise to form microtubules, which are 

composed of 13 protofilaments assembled around a hollow core.

Microtubules  are  dynamic s t ructures  which und er go  assembly/disassembly through  

po lymeri sa t ion/depolymerisa t ion (Fig. 1.18). This constant  growing and shrinking is 

m ed ia t e d  by t h e  hydrolysis of GTP. Both a-  and 3- tubulin can bind GTP; binding to  a-  

tubul in is non exchangeable  as th e  site is t r ap p e d  be tw e en  two m o n o m er s  of the  

h e t e r o d im e r  (known as th e  N site) w h e reas  GTP can bind to  3-tubulin in t h e  'E' site. 

During polymerisat ion GTP bound to  3 tubulin is hydrolysed.  This w eakens  3- tubul ins 

affinity for ad jacent  molecules  resulting in depolymerisat ion.  Tubulin with bou nd  GDP are 

repet it ively lost from th e  minus end  and replaced a t  t h e  plus end with GTP bound tubulin.
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The microtubule will continue to grow as long as there is an excess of GTP bound tubulin. 

If the rate of GTP hydrolysis becomes faster than the rate of addition, the GDP bound 

tubulin at the end will dissociate and disassembly occurs. This switch betw een phases of 

growth and shrinkage is referred to as dynamic instability (Van der Vaart et a i,  2009). The 

microtubule will continue to  grow as long as the concentration of tubulin remains above a 

critical level. At the minus end the critical concentration is slightly higher than the plus 

end so it tends to stop growing first. Although the critical level may not be reached, the  

m icrotubule may stop growing and begin to shrink; this is term ed 'catastrophe'. If the  

m icrotubule begins to grow again this is called 'rescue'.

SUbta or cappad m lcrotubul* Tubukn bouid GDP Tubuln-txxrKJ GTP

Tubuln bound Cf "
GTPoGDP-P, 0 ( X  O

^  TubuNr-bound GOP5
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Figure 1.18 Polymerisation dynamics of microtubules.

GTP bound to tubulin is hydrolysed to GDP and inorganic phosphate (P|) at the time that tubulin 

adds to the microtubule ends. The P| dissociates from the microtubule. This leaves a microtubule 

consisting of tubulin with stoichiometrically bound GDP. A microtubule end is stable when 

containing tubulin-bound GTP or GDP-P| and will not depolymerise. When GTP is hydrolysed a 

conformational change alters the tubulin molecules so that the polymer is destabilised. This 

results in catastrophe and shortening of the microtubule. Taken from Jordan et al., (2001).

M icrotubules play an essential role in mitosis; namely in the separation of sister 

chromatids. The microtubule organising centre (MTOC) is the anchoring point near the  

centre of the cell from  which the microtubules extend out (Tanaka et al., 2005). In 

interphase cells the MTOC is located at the centrosome. During mitosis the microtubules 

disassemble from  this form  and reassemble to form  the mitotic spindle. After the nuclear
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envelope is broken down, the chromosomes are condensed; the spindle microtubules 

ensure they are correctly attached to the spindle via the ir kinetochores. During

metaphase, microtubules align the chromosomes along the metaphase plate.

Subsequently during anaphase and later telophase, microtubules aid the m ovem ent of 

chromosomes to opposite poles to ensure they are in the proper position when the cell 

divides into tw o daughter cells.

1.13 Microtubule Targeting Agents

The cell cycle has a num ber of checkpoints which can become faulty in cancerous cells 

allowing for uncontrolled proliferation. Therefore, one approach to com bating these 

defective cells is to  use drugs that target certain processes or proteins that impinge on 

the cell cycle machinery. As discussed above, m icrotubules play a critical role in cell 

division therefore making them  an attractive candidate for cancer therapy. M icrotubule  

targeting agents (MTAs) inhibit cell division by binding to microtubules and inhibiting 

m icrotubule dynamics during mitosis. Rapid dynamics is crucial for successful mitosis. 

During mitosis, microtubules tha t form  the spindle become 4 -100  times more dynamic 

than interphase microtubules (Rusan et a i ,  2001). MTAs inhibit cell division by

interfering with spindle m icrotubule dynamics. There are tw o classes of MTAs;

m icrotubule destabilising drugs and m icrotubule stabilising drugs. Destabilisers inhibit 

polymerisation, e.g. vinca alkaloids, colchicine and com bretastatin whereas stabilisers 

increase polymerisation, e.g. paxlitaxel and epothilones (Fig. 1.19). These agents may act 

directly on microtubules but also on soluble tubulin. Inhibition of dynamic instability 

decreases spindle tension and slows m ovem ent from  metaphase to anaphase (Jordan et 

a!., 1996).

Vinca alkaloids w ere first isolated from  the leaves of the periwinkle plant Catharanthus 

roseu. Since the 17^  ̂ century the leaves of this plant had been known for its medicinal 

properties. The anti-cancer potential of these drugs w ere discovered in the 1950s (Noble 

e t at, 1958). It was initially used as a single trea tm en t for solid and haematological 

malignancies in children and later in adults. Side effects include myelosuppression caused 

by inhibition of proliferation of bone m arrow  cells and peripheral neuropathy (M oudi et 

al., 2014). Vinca alkaloids bind at the vinca binding dom ain in the 3 subunit of tubulin
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dimers (Fig. 1.19). They can also bind directly to microtubules. Binding is rapid and 

reversible (Jordan et al, 1992). At low concentrations, vinca alkaloids such as vinblastine 

can block mitosis but it is only at higher concentrations tha t depolymerisation occurs 

(Jordan et al., 1992). Vinblastine affects the m itotic spindle such that it cannot assemble 

as it should, reducing tension at the kinetochores. Chromosomes become trapped in a 

metaphase like state, unable to enter anaphase. These cells then die by apoptosis.

In 1967, Paclitaxel was isolated from the bark of the yew tree (Wall et al., 1967) and is 

now used to treat several malignancies including cancers of the breast and ovaries. Unlike 

vinca alkaloids it binds poorly to soluble tubulin but strongly to 3-tubulin along the length 

of the microtubule. Binding stabilises the m icrotubule surface and polymerisation 

increases. It is thought tha t binding induces a conformational change in the tubulin which 

increases its affin ity fo r neighbouring tubulin (Nogales et al., 2001).
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Figure 1.19 The binding sites of vinblastine, colchicine and paclitaxel on the tubulin 

polymer. Taken from  Jordan et al., (2001).

1.14 The PBOX Compounds

Pyrrolo-l,5-benzoxazepines (PBOXs) are a series o f novel microtubule targeting agents 

originally designed as high affin ity ligands for the peripheral type benzodiazepine 

receptor (PBR), an 18 kDa protein primarily found on the outer mitochondrial membrane. 

The PBR was initially identified as a receptor fo r benzodiazepines and has been shown to
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be expressed in nnultiple locations in the body including the heart, liver and lymphatic 

system (Casellas et al., 2002). Its exact physiological role has not yet been identified but 

m ultip le biological roles including cell proliferation, the transport of cholesterol, 

modulation of the immune system and steroidogenesis (Papadopoulos., 1997) has been 

postulated. A number of both antagonistic and agonist ligands have been identified 

including the agonist, diazepam binding inhibitor (DBI), an 11 kDa neuropeptide which 

stimulates steroidogenesis in vivo (Veenman et al., 2012). Additionally PBR ligands, like 

the PBOXs have been shown to have a role in apoptosis although PBOX induced apoptosis 

has been shown to be independent of PBR. The PBOX were found to induce apoptosis in 

HL-60 (PBR expressing) and Jurkat (PBR deficient) cells w ith  similar potency whereas the 

PBOXs were unable to induce apoptosis in PBR rich R2C Leydig cells (Zisterer et al., 2000). 

PBOX compounds can be divided into two classes, those which arrest cells in G1 such as 

PBOX-21 and those which induce apoptotic cell death, fo r example PBOX-6 (Fig. 1.20).

PBO X-6 PBOX-15

Figure 1.20 Structure of two representative pro-apoptotic members of the PBOX family, 

PBOX-6 and PBOX-15.

Tubulin has been identified as the molecular target of the PBOXs (Mulligan et al., 2006). 

Mulligan et al., observed an accumulation of cells in G2/M in response to PBOX-6. PBOX-6 

was found to induce prometaphase arrest and an accumulation of cyclin B1 levels and 

activation of cyclin B l/C D K l kinase in a similar manner to that of nocodazole and 

paclitaxel. Both PBOX-6 and -15, another pro-apoptotic member of this fam ily of novel 

MTAs, were shown to induce microtubule depolymerisation in MCF-7 cells, in contrast to
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PBOX-21, a non-apoptotic PBOX com pound which was found to have no effect on the 

cellular m icrotubule network or on the assembly of purified tubulin. Although it is knov\n 

that disruption of the microtubule network is caused by PBOX binding to tubulin subunits, 

the PBOX binding site on tubulin is as yet unidentified.

Two of the more potent pro-apoptotic PBOXs, PBOX-6 and 15, have been shown to 

potently induce apoptosis in a num ber of cancer cell lines including, Jurkat and Hut-78 T 

lymphoma cells (Zisterer et at., 2000), MCF-7 breast cancer cells (Greene et al., 2005), HL- 

60, a promyelocytic leukaemia cell line (Mulligan et al., 2006), A2780 ovarian cancer cells 

(Nathw ani et al., 2010) and K562S and LAMA84, chronic myeloid leukaemia cell lines 

(Bright et al., 2009; 2010). Additionally, the PBOXs have been shown to induce apoptosis 

in a num ber of drug-resistant cell lines, for exam ple the highly drug-resistant chronic 

myeloid leukaemia (CML), K562 cell line (McGee et al., 2004). W hile it is im portant for 

anti-cancer drugs to  induce apoptosis in malignant cells, it is crucial they do not have 

adverse effects on non-cancerous cells. The PBOXs fulfil these requirem ents; they elicit 

m inim al toxicity to normal peripheral bone m arrow  cells (PMBC) (McGee et al., 2004). 

Inhibition of proliferation of normal B-cells and bone m arrow progenitor cells has been 

found to  be minimal (McElligott et al., 2009).

One characteristic common to a num ber of chem otherapeutics used in the  trea tm en t of 

neuroblastom a is that they are substrates for M DR proteins such as M D R l and BCRP, 

which can result in resistance to  these drugs. Previously, Nathwani et al., (2010) 

dem onstrated that the PBOXs are not substrates for these drug efflux proteins. In 

contrast to  other MTAs including vincristine and paclitaxel, which displayed resistance in 

cell lines expressing M D R l and BCRP, the PBOXs w ere equally potent in both the parental 

and resistant cell lines.

Ex vivo studies have dem onstrated PBOX-induced apoptotic cell death is not lim ited to  in 

vitro  cell lines. McElligott et al., (2009) reported that PBOX-15 induced apoptosis both in 

ex vivo B-cell lymphocytic leukaemia (CLL) cells harbouring poor prognostic indicators and 

fludarabine resistance-associated p53 deletions. The effects of the PBOXs have been 

investigated in ex vivo CML patient samples. CML is a cancer of the w hite blood cells 

characterised by the presence of the Philadelphia chromosome which is form ed by a 

reciprocal translocation betw een tw o genes, Bcr and Abl form ing an aberrantly expressed
D H
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Bcr-AbI oncogene. This gene codes for a constitutively active tyrosine kinase which 

phosphorylates proteins involved in growth factor signalling or cell adhesion (Deininger et 

a!., 2000). STI-571 (also called imatinib m esylate), a tyrosine kinase inhibitor is currently  

the front line treatm ent used in the clinic. PBOX-6 and -15 were shown to induce 

apoptosis in primary CML patient samples including those resistant to STI-571 (Bright et 

al., 2010). Additionally the effects of the PBOXs have been investigated in a num ber of 

animal models. PBOX-6 inhibited tum our growth in both a mouse 4T1 breast cancer 

model (Greene et al., 2005) and a mouse CML xenograph model (Bright et al., 2010).

Similar to  neuroblastoma, developm ent of resistance to chem otherapeutics is a major 

obstacle in the successful treatm ent of CML. A substantial num ber of CML patients 

develop resistance to STI-571 particularly during the advanced stages of the disease when  

resistant cells express a m utant form  of Bcr-AbI tha t dem onstrates decreased binding to  

STI-571 when compared with the unm utated protein. As in neuroblastom a, the  

developm ent of resistance to conventional chem otherapy dem onstrates the need for 

alternative treatm ent strategies. Bright et al., (2010) investigated the potential for PBOX- 

6 to synergistically enhance the anti-cancer effects of flavopiridol in drug-resistant CML 

cells. Flavopiridol is a potent CDKl inhibitor which has shown activity in a w ide variety of 

malignancies both in vitro and in in vivo animal models and is currently under clinical 

investigation for the trea tm en t of CML (ClinicalTrials.gov: NCT00278330). It was 

dem onstrated by flow  cytometric analysis, that K562 CML cells underw ent a dose- 

dependent increase in apoptosis when treated fo r 18 hours with PBOX-6 or PBOX-15 

follow ed by a 24 hour treatm ent with flavopiridol when compared to e ither agent alone. 

Similar enhancements of PBOX-induced apoptosis w ere  also seen in another CML cell line 

(LAMA84) a fter the addition of flavopiridol. Additionally, PBOX-6 was shown to enhance 

the apoptotic effects of flavopiridol in both native and Bcr-AbI m utated cells (Bright et al., 

2010) which could be attributed to an accelerated exit from  the G 2 /M  phase of the cell 

cycle resulting in an enhanced decrease cyclin B l/C D K l activity. As this complex is a 

regulator of survivin, a pro-survival lAP protein. Bright et al., reported a resultant 

decrease in survivin expression. This was further supported by additional studies showing 

an siRNA-mediated decrease in survivin expression increased PBOX-6 induced apoptosis 

in K562 cells. Other studies have shown PBOX enhancem ent of apoptosis in combination  

with other non MTA drugs in several malignant cell lines. Greene et al., (2007)
D D
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demonstrated the capacity of PBOX-6 to enhance the apoptotic effect of STI-571 in both 

drug sensitive and resistant CML cell lines. PBOX-21 was also shown by Bright et al., 

(2009) to work in combination with STI-571, to synergistically enhance the apoptotic 

effects of this tyrosine kinase inhibitor. Co-treatment of CML cells with PBOX-21 and 

STI571 induced more apoptosis than either drug alone in parental (K562S and LAMA84) 

and STI571-resistant cells lines (K562R). Apoptosis induced by PBOX-21/STI571 resulted in 

cleavage of the DNA repair enzyme PARP, downregulation of pro survival Bcl-xL and Mcl- 

1, upregulation of pro-apoptotic Bim and activation of caspase-8.

These findings would indicate the potential for the PBOXs to work in combination with 

other cytotoxic drugs to enhance their apoptotic effects. To date the anti-cancer effects 

of the PBOX compounds in human neuroblastoma cells have not been studied. However, 

the microtubule targeting agent, vincristine, is currently used to treat neuroblastoma, so 

tubulin is a valid therapeutic target in this type of cancer. Vincristine is a substrate of P-gp 

which may limit its efficacy in the treatment of neuroblastoma, thus novel tubulin 

depolymerising agents which are not substrates of P-gp may be more efficacious.
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1.15 Objectives of the project

The objective of this study was to determ ine the ability of novel PBOXs to induce 

apoptosis in a panel of drug sensitive and resistant neuroblastoma cell lines. The effects 

of the PBOXs were com pared to those currently used fo r the trea tm en t of neuroblastoma  

including vincristine, doxorubicin, etoposide and carboplatin. The effect of the PBOXs 

alone and in com bination w ith these chem otherapeutics was com pared and any additive 

or synergistic effects were determ ined. Additionally the molecular basis for this 

enhancem ent in neuroblastoma cell lines was determ ined. The ability of PBOX-6 to  

induce apoptosis in primary neuroblastoma cells isolated from  ex vivo patient samples, 

and to inhibit tum our form ation in an in vivo neuroblastoma model was also determ ined.
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2.1 Materials and Suppliers

A lam ar blue Invitrogen

A nti actin  m onoclonal an tibody C albiochem

A nti-B ak M erck

A nti Bak-NT Cell signalling technology

A nti-B ax Cell signalling technology

A nti-B cl-2 Cell signalling technology

A nti-caspase-3 Cell signalling technology

A nti-caspase-9 Cell signalling technology

A nti- caspase-8 Cell signalling technology

A nti-cy toch ro m e c BD Pharm ingen

A nti-G APD H C albiochem

A n ti-M c l-1 C alb iochem

A nti-m ou se  IgG secondary Ab M erck

Anti-PARP M erck

A m m o n iu m  persulfate Sigma

BCA pro te in  reagents A and B Pierce

BSA p o w d er Sigma

BSA p ro te in  standards Pierce

C arbop latin Tocris

Cryogenic tubes N algene

Crystal v io le t Sigma

D oxorubicin Tocris

D M E M + G lu ta m a x Biosciences

D M E M  low  glucose Biosciences

D M E M /F 1 2 Biosciences

D M SO Sigma

D ith io th re ito l Sigma

ECL d e tec tion  agents A and B Sigma

Ethanol Lennox

Etoposide Sigma

FACs flo w BD Biosciences

FACS tubes BD Biosciences

Fetal bovine serum Invitrogen

F ilter paper W h a tm a n

Glycerol Sigma

Glycine Sigma

HEPES Sigma

Iscove's M o d ifie d  Dulbecco's M e d iu m Biosciences
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Iso-propanol Lennox

Kodak-X-omat LS film Sigma

M ethanol Lennox

N-acetylcysteine Sigma Aldrich

Phosphate buffered saline Biosera

Penicillin Biosciences

Ponseau S Sigma

Protogel Sigma

Prism graphpad Graphpad software,lnc

Propidium iodide Sigma

PBS tablets Dulbecco

Protein molecular weight m arker Therm o Fisher

PVDF M illipore

RNAse Sigma

RPMI 1640 Biosciences

siRNA-Mcl-1 Therm o Fisher

Sodium dodecyl sulphate Sigma

Streptomycin Biosciences

TEMED Sigma

Trizma-base Sigma

Triton-X-100 Sigma

Tw een-20 Sigma

Vincristine Sigma

All sterile tissue culture flasks, pipettes, plates, pipette tips and universal tubes were  

from  Greiner Bio-one Ltd with the exception of CellBIND six well plates which were  

from  Corning. PBOX-6 and 15 w ere synthesised by Professor Guiseppe Campiani, 

University of Siena, Italy. SHSY5Y, Kelly and SK-N-BE(l) cells w ere a kind gift from  

Professor Raymond Stallings, RCSI, Dublin. The SK-N-FI and CHLA-90 cell lines were  

received from  the Childrens Oncology Group, Cell Culture and Xenograft Repository, 

Cancer Center, Texas Tech University Health Sciences Center School of Medicine, 

Lubbock, TX 79430, U.S.A. The SK-N-BE(2)c ceil line was kindly provided by Doctor Setha 

Douc-Rasy, Enseignante-chercheur, Universite Paris.

59



Chapter 2

2.2 Postal and email addresses of suppliers/ distributors

ATCC: LGC Standards, Queens Road, Teddington, Middlesex T W ll  OLY, U.K 

atcc@lgcpromochem.com

BD Bioscience: 21 Between Towns Road, Cowley. 0X4 SLY Oxford, U.K 

BDUK_customerservice@europe.bd.com

Biosciences: 3 Charlemont Terrece, Crofton Road, Dun Laoghaire, Co. Dublin, Ireland 

orders@biosciences.ie

Biosoft: 20 Dolphin Way, Stapleford, Cambridge CB2 5DW, U.K 

info@biosoft.com

Calbiochem: P.O Box 12087, La Jolla, California 92-39-2087, U.S A 

CUSTOMER.SERVICE@MERCKBIOSCIENCES.CO.UK

Cell Signalling Technology: 3 Trask Lame, Danvers, Massachusetts 01923, U.S.A 

enquiries@brennanco.ie

GraphPad Software Inc: 2236 Avenida de la Playa, La Jolla California 92037, US.A 

sales@graphpad.com

Grenier Bio-One Ltd: Brunei way, Stroudwater Business Park Stonehouse, Gloustershire

GLIO 3SX, U.K

orders@cruinn.ie

Harlan Laboratories U.K Ltd: Blackthorn, Oxon 0X25 ITP U.K 

orders@harlan.com

Invitrogen Ltd: 3 Fountain Drive, inchinnan Business Park, Paisley PA4 9RF, U.K 

orders@biosciences.ie

Lennox Laboratory Supplies Ltd: John. F. Kennedy Drive, Naas Road, Dublin 12, Ireland 

sales@lennox.ie

Millipore Ireland B.V: Tullagreen Carrigtwohill, Co. Cork, Ireland 

eiorders@europe.sial.com

Pierce Biotechnology, Inc: P.O Box 117, Rockford, Illinois 61105, U.S.A 

lnfo"medical-supply.ie

R&D Systems Europe Ltd: 19 Barton Lane, Abingdon Sciences Park, Abingdon, Oxon

0X14 3NB U.K

info@RnDSystems.co.uk
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Roche Diagnostics Ltd: Charles Avenue, Burgess Hill, West Sussex RH159RY U.K 

Uk.biochem@roche.com

Sigma Aldrich Ltd: Airton Road, Tallaght, Dublin 24, Ireland 

eiorders@europe.sial.com

Thermo Fischer Scientific: Plaza 212, Blanchardstow/n Corporate Park 2, Ballycoolin, 

Dublin 15

Fsie.sales@thermofisher.com

Tocris: Tocris House, 10 Centre, Moorend Farm Avenue, Bristol, B S ll OQL, United

Kingdom

info@tocris.com

Whatman International Ltd: Springfiels Mill, James Whatman Way, Maidstone, Kent, 

ME14 2LE U.K

information@ whatman.com
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2.3 Cell maintenance

SHSY5Y and S K -N -B E (l) cells w ere  cu ltu red  in D M E M /F 1 2 + G lu ta M A X  m ed ium  

su pp lem en ted  w ith  10%  (v /v ) fo e ta l bovine serum  (FBS) and 1% (v /v )

pen ic illin /s trep to m yc in . Kelly and SK-N-BE(2)c cells w e re  grow n in R PM l 1 6 4 0  + G lu taM A X  

m e d iu m  supp lem en ted  w ith  10%  (v /v ) (FBS) and 1% (v /v ) p en ic illin /s trep to m yc in . SK-N-FI 

cells w e re  grow n in D M E M + G lu ta m a x  m ed iu m  su pp lem en ted  w ith  10%  FBS and 1%  

p en ic illin /s trep to m yc in . CHLA-90 cells w ere  grow n in IM D M  m ed ium  su pp lem en ted  w ith  

1% (v /v ) in su lin /tran s fe rrin /se len iu m , 10%  (v /v ) (FBS) and 1% (v /v )

p en ic illin /s trep to m yc in . Cells w e re  incubated  in a h um id ified  en v iro n m en t at 95%  O 2 and  

5%  CO 2 and passaged tw ice  a w e e k  depend ing  on levels of clonfuency. M e d iu m  was  

decan ted  and th e  flask was w ashed  in 2 -3  mis sterile  phosphate  b uffered  saline (PBS). PBS 

was discarded and cells w e re  trypsinised in 1 ml o f IX  trypsin /E D TA  (lO X  trypsin /E D TA  

d ilu ted  1 :10  in PBS) at 37°C  fo r  3 mins. Cells w e re  rinsed in 9 mis o f m ed iu m , transferred  

to  a 30  m l universal tu b e  and cen trifuged  at 3 0 0  xg fo r 5 m ins in a Sorvall Legend T 

cen trifu ge . The su pernatan t was discarded, th e  p e lle t was resusupended in 10 mis 

m e d iu m  and th e  cells w e re  counted  using a h aem o cy to m ete r.

2.3.1 Cell counting

Cells w e re  counted  using a bright light h a e m o c y to m e te r, a glass m icroscope slide w ith  a 

rec tang u lar in d en ta tion  th a t creates a ch am b er 0 .1  m m  high. This ch am b er is engraved  

w ith  grid o f perpend icu lar lines. Each grid consists o f 9 large squares, e igh t o f which  

conta in  16 sm aller squares and th e  centra l square conta in ing  25. The ch am b er is designed  

so th a t both  th e  area bounded  by th e  lines and th e  depth  o f th e  ch am ber is also know n. 

This fac ilita tes  counting  o f cells in a specific vo lu m e o f fluid and th e re b y  calcu lation  o f the  

co ncen tra tio n  o f cells in th e  flu id  overall.

W h e n  in use a cover slip is p laced over th e  h a e m o c y to m e te r. A 10 pil cell suspension is 

p ip e tte d  into  an in d en ta tion  at th e  edge. The cell suspension m oves across th e  cham ber  

by cap illary  action . The n u m b er o f cells in each o f th e  fo u r large squares is counted  and  

th e  m ean  n u m b er o f cells p er square is calcu lated . The vo lum e o f each large square is 1 x
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10 '’ ml so the total cell concentration of the sample can be determined by multiplying the 

mean number of cells counted by 10'*.

2.3.2 Cryopreservation of cells

Stocks of cells were prepared at low passage numbers. Cells were subcultured as 

previously described. After centrifugation, the pellet was resuspended in 10% DMSO and 

90% FBS, transferred to a labelled cryotube and placed in a polycarbonate container 

containing iso-propanol. Cells were left overnight in a -80 °C freezer after which time they 

were stored in liquid nitrogen. When required an aliquot of cells was removed from liquid 

nitrogen, quickly thawed at 37°C and added to a 9 mis medium in a 30 ml universal tube. 

Cells were centrifuged at 300 xg for 5 mins. The pellet was resuspended in 1ml medium. 

Cells were added to 7mls medium in a T25cm^ flask. The media was changed after 24 

hours to remove any dead cells.

2.4 Reagents

The pyrrolo-l,5-benzoxazepine compounds, 7-[(N,N-dimethylcarbamoyl)oxy]-6-(naphth- 

l-yl)pyrrolo[2,l-d][l,5]benzoxazepine (PBOX-6) and 4-acetoxy-5-(l-

(naphthyl)naphtho[2,3-b]pyrrolo[2,l-d][l,4]oxazepine (PBOX-15) were synthesised as 

described previously (Campiani et ai, 1996) and dissolved in ethanol. Vincristine (Tocris), 

doxorubicin (Sigma Aldrich) and carboplatin (Sigma Aldrich) were dissolved in dH20 and 

sterile filtered. Etoposide (Sigma Aldrich) was reconstituted in DMSO (Sigma Aldrich). 

Anti-AMPK, p-AMPK, ACC, p-ACC, mTOR, p-mTOR, p70 S6kinase, S6 ribosomal protein, p- 

eEF2k, caspase-8 and caspase-9 antibodies were purchased from Cell Signalling 

Technologies. Cytochrome c was sourced from BD Bioscience while Bax and Bak 

antibodies were sourced from Santa Cruz. All other antibodies were obtained from 

Millipore. Caspase inhibitors were purchased from Millipore. All media and FBS were 

obtained from Invitrogen. The enhanced chemiluminescence reagents were supplied by 

Amersham Biosciences. The BCA reagents were from Pierce, the polyvinylidene difluoride 

membranes from Millipore, while the protease inhibitors were obtained from Roche. 

Unless otherwise stated all chemicals were obtained from Sigma-Aldrich. Cell culture 

materials were sourced from Greiner Bio-One GmbH.
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2.5 Preparation of stock solutions

A 10 m M  stock solution of PBOX-6 and a 1 m M  stock solution of PBOX-15 were prepared  

by dissolving the drugs in ethanol and storing at -20°C. A 1 m M  stock of vincristine, a 10 

m M  stock of doxorubicin and a 100 pM  stock of carboplatin were prepared by dissolving 

the drugs in dH20 and sterile filtering. A 10 m M  stock of etoposide was prepared by 

dissolving the drug in DMSO and heating gently until dissolved. Serial dilutions were made 

up in m edium. All dilutions were prepared fresh on day of experim ent. Working  

concentrations of each drug w ere made by serial dilution from  the principle stock and 

stored at -20  °C.

2.6 AlamarBlue viability assay

AlamarBlue can be utilised to determ ine the effects of a drug on cell viability. The assay 

uses the natural reducing power of living cells to  convert resazurin, a non toxic cell 

perm eable compound, to  the fluorescent molecule, resorufin. Reazurin is blue in colour 

and virtually nonfluorescent; upon entering cells, resazurin is reduced to resorufin, which 

produces very bright red fluorescence. Resazurin is continuously converted to  resorufin in 

healthy cell thereby generating a quantitative measure of viability and cytotoxicity.

Cells w ere seeded at densities varying from  2.5 x lO'* - 8.0 x 10'* cells/ml in a 96 well plate 

in a volum e of 200 pi m edium , left overnight to  attach and treated w ith a range of 

concentrations of PBOX-6, PBOX-15, vincristine, doxorubicin, etoposide, carboplatin or 

the appropriate vehicle up to 72 hours. AlamarBlue (final concentration 10% (v/v)) was 

added to  each well and left to incubate in the dark at 37°C for 5 hours. Fluorescence was 

measured using a SpectraMax Gemini plate reader (M olecular Devices, Sunnyvale, CA) at 

excitation and emission wavelengths of 544 nm and 590 nm respectively. The mean of 

each triplicate was calculated. Vehicle treated wells were set at 100% viability and treated  

wells w ere calculated as a percentage of the vehicle control. Dose response curves were  

plotted and IC50 values obtained using Prism GraphPad 4.

64



Chapter 2

2.7 Flow cytometry

Following the required treatment, floating and adherent cells were harvested and fixed in 

70% ethanol/PBS. Fixed samples were stored at -20 °C until required. Ethanol was 

removed by centrifugation and pellets were incubated in 400 nl FACS flow  sheath fluid 

supplemented w ith 10 |ig /m l RNase A (Sigma Aldrich, St Louis, MO, USA) and 100 ng/ml 

propidium iodide (Sigma Aldrich, St Louis, MO, USA). Cells were incubated in the dark at 

37°C for 30mins. Analysis was performed on a FACScalibur Fluorescence Associated Cell 

Sorter (FACS) (Becton-Dickinson, San Jose, CA, USA) using Cell Quest and Quanti-Quest 

software. Samples were first gated using a vehicle control to eliminate debris and cell 

aggregates from analysis. 1 X 10^ cells from each sample were counted and results were 

visualised on histograms (Fig. 2.1).

(A)

(B)

(C)

Figure 2.1 Representative flow cytometric histograms of propidium iodide stained 

SHSY5Y cells.

Representative histogram showing (A) vehicle treated cells, (B) cells undergoing G2/M 

arrest and (C) induction of apoptosis.

c
3
Oo

DNA

c
3
O

KJ

DNA

01/00

c
3
Oo

DNA

65



Chapter 2

M ito cho n d ria l m em brane  poten tia l was analyzed using 5 ,5 ,6 ,6 - te tra c h lo r o - l, l ,3 ,3 -  

te trae th y lb en zim id azo lcarb ocyan ine io d ide  (JC-1) (Inv itro g en ), an aggregate fo rm ing  

lipophilic dye. It selectively en ters  in to  m itochondria  and reversib ly changes co lour from  

green  to  red as th e  m em b ran e  p o ten tia l increases. In h ea lthy  cells w ith  high 

m itochondria l p o ten tia l, JC-1 spontaneously  form s aggregates know n as J-aggregates w ith  

in tense red fluorescence. In an ap op to tic  cell w ith  a decrease in m itochondria l po ten tia l, 

JC-1 rem ains in th e  m onom eric  fo rm , w hich shows only green fluorescence. T h e re fo re  a 

decrease in th e  red (~ 590  nm ) to  green (~ 529  nm ) fluorescence in tensity  ratio  is indicative  

of m itochondria l depo larisation . JC-1 was stored as a 200  |j M  so lution in D M SO  and  

added  to  cells a t a final co ncen tra tio n  o f 5 n M  fo r 20  mins a t 37  °C. Cells w e re  collected  

by centrifugation  at 300  x g fo r  5 m ins and th e  pellets w ere  re-suspended in 4 0 0  PBS. 

Cells w ere  tre a te d  w ith  50  m M  Carbonylcyanide m - ch lo rophenylhydrazone (CCCP), a 

m itochondria l m em brane  depolarisor, fo r 5 m ins as a positive contro l fo r depo larisation . 

Flow cy to m etry  analysis was th en  p e rfo rm ed  w ith in  10 m in by using a FACScalibur 

Fluorescence Associated Cell S orter (FACS) (B ecton -D ick inson , San Jose, CA, USA) using 

Cell Q uest and Q u an ti-Q u est so ftw are . Cells w ere  gated  to  exclude debris and standard  

com pensation  was p erfo rm ed  using th e  positive contro l. The red ;green  fluorescence ratio  

was m easured using th e  FITC and PE channels. C om plete  d epo lariza tion  was defined  by a 

gate  setting th e  CCCP contro l as 9 8 -1 0 0 %  depo larized . Response to  each tre a tm e n t was  

listed as th e  percentage o f cells w ith in  th e  depo larized  gate.

2.8 Determination of reactive oxygen species production 

2.8.1  ROS-Glo H2O2 assay

ROS production  was d e te rm in e d  using th e  ROS-Glo H 2O2 assay, a lum inescent assay th a t  

m easures th e  level o f th e  reactive  oxygen species, hydrogen peroxide (H 2O2 ), A H 2O2 

substrate is em p loyed  th a t reacts d irectly  w ith  H 2O 2 to  g en era te  a luciferin  precursor. 

U pon addition  o f th e  de tec tion  reagent w hich contains U ltra -G lo  reco m b in an t luciferase  

and D-Cysteine, the  precursor is converted  to  luciferin by the  D -Cysteine, and th e  luciferin  

reacts w ith  U ltra-G lo  reco m b in an t luciferase to  g e n era te  a lum inescent signal w hich is 

pro portiona l to  th e  co ncen tra tio n  of H 2O2 .
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Num ber o f Wells H2O2 Substrate Dilution Buffer H2 O 2 Substrate

10 200 \ i \ 2.5 Ml

50 1 ml 12.5nl

100 2 mis 25 fil

Table 2.1 Preparation of the H2O2 Substrate solution

Cells w ere  seeded at a density o f 6 .0  x lO " cells /m l in 8 0  |il o f m ed ium  in a 9 6 -w e ll p late  

and allow ed  to  adhere  overn ight. The substrate d ilu tion  b u ffe r was th aw ed  and placed on 

ice. H 2O 2 was added  to  th e  substrate d ilu tion  b u ffe r as described in Table 2 .1  and 20 ^1 of 

H 2 O 2 substrate solution was added to  th e  cells in add ition  to  th e  required  tes t com pound. 

The 96 w ell p la te  was placed in th e  incubator fo r th e  desired tim e . A fte r such tim e , 100  |il 

o f th e  ROS-Glo d e tec tion  reagen t (Table 2 .2 ) was added to  each w ell. The p la te  was le ft to  

incubate fo r 20  m ins at room  te m p  a fte r w hich tim e  lum inescence was read on the  

spectraM A X  G em in i p late  reader.

Num ber of Reactions Luciferin Detection Reagent D-Cysteine Signal Enhancer Solution

1 0 1 ml 1 0  Hi 1 0  Ml

50 5 ml 50 Hi 50 Ml

1 0 0 1 0  ml 1 0 0  Hi 1 0 0  Ml

Table 2.2 Preparation of ROS-Glo™ Detection Solution 

2.8.2 DCFH-DA staining

SHSY5Y cells w e re  seeded a t a density  o f 1.0 X 10^ cells /m l in a six w ell p la te  and le ft to  

ad here  overn ight. The fo llow ing  day cells w e re  tre a te d  w ith  a range o f concentrations of 

PBOX-6 (2 .5 , 5 and 10 ^ M ) fo r 4 hours. A fte r th is tim e , cells w ere  incubated  in phenol free  

m edia contain ing 10 (iM  DCFH-DA fo r 3 0  m ins a t 37°C . Cells w e re  w ashed, trypsinised and 

resuspended in 4 0 0  pil ice cold PBS. Cells w ere  analysed on by flo w  cytom etry ; the  4 8 8  nm  

laser was used fo r  excitation  and DCFH-DA was d e tec ted  in th e  FL-2 channel (535 nm ). 

Cell analysis was p erfo rm ed  on th e  CyAn using th e  ap p ro p ria te  gates, counting  10 ,000  

cells and ensuring th e  necessary com pensations w e re  m ade to  exclude the  dead cells. The
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percen tage  o f m ean  fluorescence w ith in  th e  cells was analysed using Flow Jo so ftw are  to  

g e n era te  histogram s plots.

2.9 Clonogenic Assays

2.9.1 Optimisation of seeding density

SHSY5Y cells w ere  seeded a t varying densities (250, 5 00 , 750 , 1000  and 12 5 0  ce lls /w e ll) in 

6 w ell CellB IND plates and left fo r 8 -1 0  days (Table 2 .3 ). Plates w e re  regularly  v iew ed  

under th e  m icroscope to  m o n ito r colony fo rm atio n . A colony is considered to  be 50 cells 

o r m ore. Colonies had to  be distinct and not in contact w ith  any o th e r colonies to  be 

accurate ly  counted . A fte r th e  requ ired  tim e , plates w e re  w ashed in 1 ml PBS and fixed  in 

70%  m ethan o l. Colonies w ere  stained w ith  0 .5%  crystal v io le t and colonies w e re  counted  

using th e  C olcount™ . The C olcount is a colony co un ter fo r a d h eren t m am m alian  cell 

colony fo rm ing  assays. This system uses th e  CHARM (C om pact Hough and Radial M ap )  

im age processing a lgorithm  fo r  accurate counting, including diffuse, irregular and  

o verlapp ing  colonies. The p lating effic iency was calculated as th e  ratio  o f th e  n u m b er o f 

colonies counted  over th e  n u m b er o f cells p lated . Experim ents  w e re  p e rfo rm ed  in 

trip lica te .

PBOX-6 (jiM ) Seeding density (cells/ml) PBOX-15 (nM) Seeding density (cells/ml)

0 1250 0 1250

1 1450 0.05 1875

2.5 3675 0.1 3750

5 7350 0.25 9500

10 14700 0.5 18750

Table 2.3 Varying seeding densities employed to determine the optimimum conditions 

for the clonogenic assay.

2.9.2 Treatment of colonies

The o p tim u m  seeding density was d e te rm in ed  for SHSY5Y cells. Cells w e re  seeded at a 

density  o f 1250  cells per ml in contro l w ells and increasing densities w ith  increasing drug  

co ncen tra tio n . For exam ple fo r a concentration  equal to  th e  IC50, tw ice  th e  control
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density was plated (2500 cells/ml). Seeding densities are described in Table 2.3. Cells 

were left overnight to attach. The following day cells were treated  w ith various 

concentrations of PBOX-6/15. Cells w ere incubated at 37 °C for 7 days a fter which tim e  

the drug containing media was removed. Cells w ere washed in 1 ml sterile PBS and 2 mis 

fresh media was added to each well. Cells were left for 8 -10  days to allow for colony 

recovery. Cells w ere then fixed in m ethanol, stained in 0.5%  crystal violet and counted 

using a ColCount^'^. Percentage clonogenicity was determ ined for each treatm ent.

2.10 Western Blot

2.10.1 Preparation of cell lysates

Cells were seeded at a density of 3.5 x lO'' cells in T25cm^ flasks in 5 mis of media and left 

to adhere overnight. The following day cells were treated with the required volume of 

each drug. Following the required incubation tim e, cells w ere detached from  each flask 

using a cell scraper. Cells and media w ere transferred into a universal tube and 

centrifuged at 600 xg for 10 mins. The supernatant was discarded and the pellet was 

washed in 1 ml non sterile PBS. The resuspended pellet was centrifuged as above. The 

PBS was rem oved and the pellets w ere stored at -80 °C until required. The cell lysates 

w ere rem oved from  storage and kept on ice. Lysates w ere pelleted at 600 xg for lOmins 

and any remaining PBS was rem oved. Lysates w ere resuspended in PBS and 2 X laemmli 

buffer (1X= 30m M  Tris-base pl-16.2, 2% (v/v) SDS, 10%, 10% (v/v) glycerol in dH20) w ith the 

exception of AMPK and ACC lysates which w ere resuspended in AMPK lysis buffer (50 m M  

Tris/HCI, pH 7.4 at 4°C, 50 m M  NaF, 5 m M  Na pyrophosphate, 1 m M  EDTA, 1 m M  EGTA, 

250 m M  m annitol, 1% (v/v), Triton X-100, 1 m M  DTT and the protease inhibitors) and 

mTOR, p70 S6Kinase, S6 ribosomal protein and eEF2K samples which were prepared in 

mTOR lysis buffer (10 m M  Tris pH7.5, 50 m M  NaCI, 30 m M  sodium pyrophosphate, 50 

m M  sodium fluoride, 5 nM  zinc chloride, 10% glycerol, 0.5% triton-X-100, 1 nM  DTT and 

protease inhibitors). Samples w ere sonicated for 10 secs to degrade DNA. Following 

sonication, 10^1 was rem oved for protein quantification using the BCA assay (see below). 

DTT (to a final concentration of 50 m M ) and brom ophenol blue w ere added to each 

sample. AMPK, ACC, mTOR, p70 S6Kinase, S6 ribosomal protein and eEF2K lysates were  

snap frozen in liquid nitrogen and stored at -80°C until required. All other lysates were
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boiled on a heating block fo r 3 mins at 100°C and stored at-80°C until required.

2.10.2 Preparation of cytosolic fractions

Following the required incubation time, media was removed from the flask and cells were 

washed in 1 ml PBS. Cells were trypsinised and pelleted at 600 xg fo r 5 mins. The pellet 

was washed in 1 ml ice cold PBS and incubated in 100 nl isotonic buffer (0.2 M mannitol, 

0.07 M sucrose, 1 mM EGDTA, 10 mM HEPES, 1 mM DTT in dH20) fo r 10 mins on ice. The 

resuspended pellet was drawn though a 21 G needle approximately 30 times and 

incubated on ice fo r a further 15 mins. Cells were pelleted at 1000 xg fo r 10 mins and the 

supernatant was removed. The supernatant was pelleted at 12,000 xg for 20 mins at 4°C 

to produce the cytosolic fractions which were stored at -80°C until required.

2.10.3 Determination of protein concentration

Standards were prepared as described in Table 2.4. Fresh standards were prepared on the 

day o f the experiment. BCA working reagent was prepared by a 1:50 dilution of BCA 

reagent B in BCA reagent A. 200 pi of this working reagent was added to each well in a 96 

well plate followed by 20 pi of each standard or unknown. This was performed in 

triplicate. The plate was wrapped in aluminium foil and left for 30 mins. Absorbance was 

read at 562 nm using the Molecular Devices microplate reader and the mean of the 

standards was determined and a standard curve was constructed. The standard curve was 

used to  determine the protein concentration of each sample and the volume of sample 

required to add 30 |ig protein per well was determined (Fig. 2.2).
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Vial Volume of Dilutent (^1) Volume and Source of BSA (^1) Final BSA concentration

A 0 300 of stock 2,000 ng/ml

B 125 375 of stock 1500 |ig/ml

C 325 325 of stock 1000 ng/ml

D 175 175 of vial B dilution 750 ng/ml

E 325 325 of vial C dilution 500 ng/ml

F 325 325 of vial E dilution 250 ng/ml

G 325 325 of vial F dilution 125 ng/ml

H 400 100 of vial G dilution 25 ng/ml

1 400 0 Blank

Table 2.4 Preparation of BSA standards

O.Sn

Ec 0 .4 -c < i
CO
m

0 .3 -

0 .2 -

0.00 0.25 0.50 0.75 1.00 1.25 1.50 1.75 2.00
BSA [^g/ml]

Figure 2.2 BSA standard curve used to determine protein concentration of cellular 

lysates.

2.10.4 Sodium Dodecylsulphate-Polyacrylamide Gel Electrophoresis

Glass plates were washed in methanol and assembled. Resolving gel was prepared as 

described in Table 2.4 and poured between the glass plates. 200 pil methanol was added 

to the top of the gel to  eliminate air bubbles. The stacking gel was prepared as described 

in Table 2.5. When the resolving gel had set, the methanol was poured off, the stacking 

gel was poured on top and a comb was added. The gel was left to set for 30 mins. Prior to 

use, the gel was placed into a chamber filled w ith IX  running buffer (5X= 125 mM Tris, 1 

M glycine, 0.5% (v/v) SDS in dH20) and the comb was removed to  create the wells. 30 ng 

of sample was loaded into each well. 8|il of a molecular weight marker was loaded into
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the last well of each gel. The chamber was filled w ith running buffer and the gel was run 

at 80 V until the samples passed through the stacking gel and the current was increased 

to 140 V until the samples had passed to  the end of the resolving gel.

Acylamide percentage 6% 8% 10% 12% 15% 5% stacking gel

dH20 5.2 ml 4.6 ml 3.8 ml 3.2 ml 2.2 ml 3.4 ml

Acrylamide mix 2 ml 2.6 ml 3.4 ml 4 ml 5 ml 0.83 ml

1.5M Tris (pH 8.8) 2.6 ml 2.6 ml 2.6 ml 2.6 ml 2.6 ml -

IM  Tris (pH 6.8) - - - - - 0.63 ml

10% (w/v)SDS 0.1 ml 0.1 ml 0.1 ml 0.1 ml 0.1 ml 0.05 ml

10% (w/v) APS 100 1̂ 100 \ i \ 1 0 0  Hi 1 0 0  Hi 1 0 0  Hi 50 |il

Table 2.5 Composition of resolving and stacking gels used in SDS-PAGE.

2.10.5 Western Blotting

The gel was removed from the chamber and rinsed in dH20. Two pieces of blotting paper 

and one PVDF membrane per gel were soaked in transfer buffer (1X=25 mM Tris, 200 mM 

glycine, 10% (v/v) methanol in dHaO) for 30 mins. Two pieces for blotting paper were 

placed in the transfer cassette followed by the membrane. The gel was removed from the 

cassette and placed on top o f the membrane. Two additional pieces of blotting paper 

were placed on top of the gel and air bubbles were eliminated. The cassette was placed in 

the transfer apparatus and filled w ith transfer buffer. The gel was transferred to the 

membrane fo r 1 hour at 150 mV. To ensure transfer to the membrane was successful it 

was stained w ith ponceau S. The membrane was then rinsed in dH20. Non-specific binding 

sites on the membrane were blocked using 5% Marvel at room temp fo r 1 hour. The 5% 

Marvel solution was changed three times during the hour. Following blocking the 

membrane was washed three times in PBS-tween (PBST) and incubated w ith the primary 

antibody overnight. The follow ing day, membranes were washed three times for 30 mins 

in PBST prior to incubation in secondary antibody conjugated to HRP fo r 60 mins. 

Membranes were washed fo r a further 30 mins in PBST and placed in ECL detection 

reagent fo r 5 mins before being transferred to the development cassette. Kodak X-Omat 

LS film  was placed on top o f the membrane w ith in the cassette and developed using an
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autom ated Fuji x-ray processor. W estern blot analysis was perform ed using antibodies 

directed against the protein of interest as described in Table 2.6 followed by incubation 

with a horseradish peroxidase-conjugated anti-mouse or anti-rabbit antibody (Promega, 

Madison, W l, USA). All blots w ere probed w ith anti-GAPDH to confirm equal loading.
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Antibody M r
(kDa)

% Gel Distributor Product code Host l° A b
Dilution

PARP 116 ,89 10 Millipore A M 30 Mouse 1 in 500

Bcl-2 28 12 Millipore OP60 Mouse 1 in 500

M c l-l 42 12 Millipore AM 50 Mouse 1 in 1000

Bax 25 12 Cell
signalling

5023 Rabbit 1 in 2500

Bak 25 12 Abeam 32371 Rabbit 1 in 500

Bak-NT 28 12 Millipore 06535 Rabbit 1 in 2500

Caspase-3 32 12 Millipore AM 39 Mouse 1 in 500

Caspase-8 57, 28 10 Cell
Signalling

9746S Mouse 1 in 1000

Caspase-9 4 6 ,3 5 12 Cell
Signalling

9508 Mouse 1 in 1000

Cytochrome c 60 ,15 10 BD 556433 Mouse 1 in 1000

GAPDH 38 10 Millipore CBlOOl Mouse 1 in 5000

AMPK 62 10 Cell
Signalling

5831 Rabbit 1 in 500

Phospho-
AMPK

62 10 Cell
Signalling

2535 Rabbit 1 in 500

ACC 289 6 Cell
Signalling

3676 Rabbit 1 in 500

Phospho-ACC 289 6 Cell
Signalling

11818 Rabbit lin  500

mTOR 290 6 Cell
Signalling

2983 Rabbit 1 in 1000

Phospho-
mlOR

290 6 Cell
Signalling

5536 Rabbit 1 in 1000

p70 S6 Kinase 70 10 Cell
Signalling

9234 Rabbit 1 in 1000

S6 ribosomal 
kinase

70 10 Cell
Signalling

4858 /5364 Rabbit 1 in 1000

Phospho-
eEF2K

32 10 Cell
signalling

3691 Rabbit 1 in 500

Table 2.6 Western blotting details for specific proteins

74



Chapter 2

2.10.6 Densitometric analysis

Western blots were analysed by using the Image], This software programme calculates 

area and pixel value statistics of defined selections i.e. a protein band on a western blot 

(analysis was performed as follows: the X-ray film  was scanned and saved as a JPEG file. 

This file was opened in the imageJ programme and the background was subtracted. The 

percentage of measurable pixels in the image was set by using the adjust image threshold 

command. The number o f square pixels in the section selected i.e. the protein bands 

were then counted by measuring the area in the binary or thresholded image.

2.11 siRNA knockdown of M cl-l

SHSY5Y and CHLA-90 cells in the log phase of growth were seeded at a density of 3.0 x 10^ 

cells in six well plates. The follow ing day cells were trypsinised, pelleted and transfected 

using the neon transfection system (Invitrogen, Paisley U.K) w ith 200 nM siRNA validated 

to target M c l- l (Invitrogen, Paisley U.K) Transfection conditions were optimised to ensure 

maximum knockdown o f protein expression; five conditions were analysed to  determine 

the optimum pulse voltage, pulse w idth and pulse number in each cell line transfected as 

described in Table 2.7).

Protein expression was assessed by SDS-PAGE up to 72 hours post transfection to ensure 

knockdown was successful. Transfected cells were treated w ith varying concentrations of 

carboplatin and the levels of apoptosis were analysed by flow  cytometric analysis of 

propidium iodide stained cells.

Condition no. Pulse voltage Pulse width Pulse no.
1 0 0 0
2 1500 20 1
3 1700 20 1
4 1200 30 1
5 1400 30 1

6 1100 40 1

Table 2.7 Conditions for Neon transfection optimisation.
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2.12 Immunomagnetic separation of neuroblastoma cells from bone 

marrow aspirates

Ethical approval for all work in patient samples was obtained from  Our Lady's Children's 

Hospital, Crumlin incorporating the National Children's Hospital Ethics Com m ittee. 

Samples w ere depleted of red blood cells by red cell lysis. 14 mis of red cell lysis buffer 

(0.15 M NH 4 CI, 10 m M  KHCO3 and 0.1 m M  EDTA in dH 2 0 ) was added per 1 ml of bone 

m arrow  and placed on a roller for Smins. The sample was pelleted at 300 xg for 5 mins. 

The supernatant was discarded and the sample was washed in 1 ml cold PBS. The 

resusupended pellet was centrifuged at 300 xg. The pellet was resuspended in 1 ml BSA 

and 0.1%  FBS and the cell num ber was determ ined. The pellet was centrifuged at 300 xg 

and resuspended in 80 |il MACs buffer (2m M  Tris/PBS+0.01% FBS), 20 pi FcR blocking 

reagent and anti-G D 2 antibody (0.5pg/10® cells) was added to the pellet. This was 

thoroughly mixed and incubated at 4°C for 30 mins. The sample was then resuspended in 

2 mis MACs buffer and pelleted at 300 xg for 5 mins. The supernatant was discarded and 

the pellet was resupended in 80 pi MACs buffer prior to the addition of 20 pi anti-mouse  

IgG microbeads. The sample was vortexed and incubated for 15 mins at 4°C. The sample 

was washed in 2 mis MAC buffer.

The column was placed in the magnet (M iltenyi Biotech) and prepared by rinsing with 3 

mis of MACs buffer three times. The cell suspension was added to the column and the  

flow  through collected. The column was washed three times w ith 3 mis of MACs buffer 

and the unlabelled cells w ere collected. The column was removed from  the magnet, 5 mis 

of MACs buffer was added to the column and the piston was applied. The GD 2  positive 

cells w ere collected in a 30 ml universal tube and centrifuged at 300 xg for 5 mins. The 

supernatant was discarded and the pellet was resusupended in 1 ml DMEM  

supplem ented w ith 20% (v/v) FBS and 1% (v/v) Pen/strep. Cells w ere counted and seeded 

at a density of 5 x 10^ cells/ml in a 48 well plate. Half the media was rem oved every 3 

days and replaced with fresh media. W hen the cells w ere confluent they w ere detached 

using Ix  trypsin. The effect of PBOX- 6  on the viability of primary neuroblastoma cells was 

determ ined using the alamarBlue viability assay.
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2.13 In vivo tumour model of neuroblastoma

2.13.1 Mice

Specific p a th og en -free  4- to  6 -w eek -o ld  adult fe m a le  B A LB /c-nu/nu  m ice w ere  purchased  

fro m  H arlan Laboratories (C am bridgeshire, UK). M ice  w ere  housed in sterile individually  

v e n tila te d  cages; food and w a te r  w e re  provided ad  lib itum , in accordance w ith  the  

standard  operating  procedures set dow n in th e  EC D irective 8 6 /6 0 9 . M ice w ere  

acclim atised fo r 1 w eek  b efo re  th e  in itia tion  o f any in vivo experim ents . Anim als w ere  

killed by CO2 fo llo w ed  by cervical d islocation if th e  tu m o u r exceeded 15 m m  in d iam ete r  

or th e  vo lum e exceeded 10%  of m ouse bod yw eig h t or if found  to  be in distress (hunching, 

fa ilu re  to  g room  etc .). Ethical approval and licence was obta in ed  by th e  BioResources 

C o m m ittee , T rin ity  College, Dublin and th e  Irish M ed ic ines  Board.

2.13.2 In vivo tumour study

The in vivo a n titu m o u r efficacy o f PBOX-6, carboplatin  and a com bination  o f th e  tw o  was 

exam ined  using an SHSY5Y xenograft in a BALB/c m ouse m odel. Fem ale B A LB /c-nu/nu  

m ice w ere  inocu lated  subcutaneously (s.c.) in to  th e  right flank w ith  2 x 10® SHSY5Y cells in 

th e  log phase o f g ro w th . A fte r 35 days, w h en  tu m o u rs  o f ap pro x im ate ly  3 m m  in d ia m e te r  

w e re  observed, m ice w e re  random ly  divided in to  fo u r groups (5 m ice per g roup). A stock 

solution o f PBOX-6 was p rep ared  at a concen tra tion  o f 15 mg m f^  in 1 : 1  

e th a n o l/c re m o p h o r EL. W h e n  requ ired , this was th en  d iluted  1 in 5 in sterile PBS to  give a 

fina l concen tra tion  o f 7 .5  mg kg"^ or 0 .1 5  mg p er m ouse. A stock solution o f carboplatin  

was p repared  at a concen tra tion  o f 9 m gs/m l in dH20 to  give a final concentration  o f 60  

m g /k g '^ o r  1.2 mg per m ouse. The PBOX-6 tre a tm e n t g roup (n=5) received an 

in tra tu m o u ra l (i.t.) in jection  (W illiam s e t a!., 2007 ; Shah e t a i ,  2 0 0 9 ; B righ t et a l., 2 0 1 0 ) o f 

PBOX-6 (1 0 0  |il) once every  tw o  days fo r th e  dura tio n  of th e  e x p e rim e n t starting on day 

35, th e  carboplatin  tre a tm e n t group (n=5) received an in trap erito n ea l (i.p) in jection of 

carboplatin  (1 0 0  pi) once every  tw o  days fo r th e  dura tio n  o f th e  ex p e rim e n t starting on 

day 35 w h ile  th e  com bination  group (n =5) received both an i.t in jection  o f PBOX-6 and  

and i.p in jection o f carboplatin  every  tw o  days fo r th e  duration  o f th e  exp erim ent. Control 

m ice (n=5) received an i.t o r i.p in jection  o f 50  ^1 o f th e  eq u iva len t vehicle also starting  on 

day 35. T u m o u r g ro w th  was m easured  every  second day w ith  a sterile  ve rn ie r calliper. 

The long (L) and short (S) axes w ere  recorded , and tu m o u r vo lu m e  (\/)  was calculated
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using the following equation as described previously (Becket al., 2003) (Fig. 2.3). Mice 

were weighed every two days. Mice were killed by CO2 asphyxiation followed by cervical 

dislocation at the experimental end point or if found to be under any distress.

V - X L
2

Figure 2.3 Calculation of tumour volume.

2.14 Analysis of drug interactions

Using the software programme Calcusyn (Biosoft), median dose analysis was undertaken 

to study interactions between different drugs. This method is based on the drug effect 

equation of Chao and Talalay (Chou & Talalay., 1984) providing quantitative 

determination for synergism (Cl < 1), additive effect (Cl = 1) and antagonism (Cl > 1). The 

lower the combination index value (Cl), the greater the degree of synergism. A Cl value of 

0.1-0.3 indicates strong synergism (++++), 0.3-0.7 indicates synergism (+++), 0.7-0.85 

indicates moderate synergism (++) and 0.85-0.9 indicates slight synergism (+).

Range of Cl Symbol Description
<0.1 +++++ Very strong synergism
G.1-0.3 ++++ Strong synergism
G.3-0.7 +++ Synergism
0.7-0.85 ++ Moderate synergism
0.85-0.9 + Slight synergism
0.9-1.10 +- Nearly additive
1.10-1.20 - Slight antagonism
1.20-1.45 - Moderate antagonism
1.45-3.3 . . . Antagonism
3.3-10 — Strong antagonism
10 Very strong antagonism

Table 2.8 Recommended symbols for describing synergism or antagonism in drug 

combination studies analysed with the Cl method. (Taken from Calcusyn manual, 2005)
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2.15 Statistics

The statistical analysis of experim ental data was perform ed using the com puter program  

Prism GraphPad 4. Results were presented as mean ± S.E.M. For comparison of two  

groups, values w ere determ ined using a Student's paired tte s t. For comparison of more 

than tw o groups, one way Anova followed by Tukey's m ultiple comparison test was 

em ployed. A value of P < 0.05 was deem ed to be significant.
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3.1 Introduction

The paediatric malignancy neuroblastoma is both the most com monly diagnosed tum our 

in the first year of life and the most common extra cranial solid tum our in early childhood, 

accounting for 15% of cancer deaths in young children (Maris et a!., 2010). Prognosis is 

largely dependent on the stage at the tim e of diagnosis w ith low risk patients having an 

approxim ately 90% survival rate. Yet this is a cancer that is extrem ely heterogeneous in 

term s of biology, response to trea tm ent and survival and, despite both advances in 

understanding the biology of this cancer and intense trea tm en t strategies, it continues to 

be one of the most difficult paediatric cancers to successfully treat w ith more than 60% of 

patients presenting at diagnosis w ith adverse features. Less than 40% of these patients 

achieve disease free long term  survival (M attany et a!., 2009). In contrast to other 

childhood cancers, survival rates for neuroblastoma have only marginally improved in 

recent times. Between 20-50%  of patients do not respond sufficiently to high dose 

chem otherapy.

A m ajor obstacle in the effective trea tm en t of neuroblastom a is the developm ent of 

multidrug resistance (MDR) to a broad range of cytotoxic drugs (Keshelava et al., 1998; 

2000a; 2000b) including vinca alkaloids, alkylating agents, platinum  compounds and 

anthracyclines. This MDR phenotype often includes am plification of the proto-oncogene  

MYCN, m utation /deletion  of p53, deletion of loci at Ip  or l l q  and over expression of 

M DR proteins leading to altered drug transport and an increase in drug efflux (Maris et 

al., 2010). There is, therefore, an urgent need for alternative approaches to treatm ent.

MDR proteins are members of a family of transm em brane ABC (ATP binding cassette) 

transporters that use ATP hydrolysis to m ediate the export of hydrophobic drugs from  the  

cell. Some of the best studied m ultidrug resistant proteins of the ABC fam ily are multidrug  

resistance protein (MDR-1) (also called ABCBl or P-glycoprotein (P-gp)), ABCCl (also 

called m ultidrug resistance associated protein (M RP-1)) and breast cancer resistance 

protein (BCRP) (Sakadi et al., 2008). The 170kDa P-gp is a transm em brane efflux pump 

with low substrate specificity which has been shown to be overexpressed in 

neuroblastom a patients w here it predicts poor outcom e (Chan et al., 1998), indicating 

that there  is a need for alternative chem otherapeutic agents which are not substrates for
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these transporters.

Some PBOX compounds have been identified as novel m icrotubule-targeting agents 

(MTAs) (Mulligan et a i ,  2006) that possess the ability to potently induce cell cycle arrest 

and apoptosis in a num ber of cancer cell lines derived from  both solid tum ours and 

haematological malignancies (Greene et a!., 2006; McElligott et al., 2009; Bright et a i,  

2009; Nathwani et al., 2010; Bright et al., 2010; Maginn et al., 2011; Greene et al., 2013). 

Additionally these compounds have been shown to be efficacious in ex vivo studies 

(McElligot et al., 2009; Bright et al., 2010) and in vivo chronic myeloid leukaemia (CML) 

(Bright et al., 2010) and breast cancer animal models (Greene et a i ,  2005). It has 

previously been dem onstrated that PBOX-15 induces apoptosis both in ex vivo B-cell 

lymphocytic leukaemia (CLL) cells harbouring poor prognostic indicators and fludarabine  

resistance-associated p53 deletions (McElligot et al., 2009), and in primary CML patient 

samples including those resistant to STI-571, the current frontline treatm ent for CML 

(Bright et al., 2009). Unlike many chem otherapeutic agents, the PBOX compounds are not 

substrates for many MDR drug efflux pumps (Nathwani et al., 2010). PBOX-6 and 15 were  

shown to induce comparable levels o f apoptosis in both drug sensitive and MDR human 

promyelocytic leukaemia and ovarian carcinoma cell lines expressing either P-gp or BCRP, 

tw o of the main ABC transporters associated with MDR, indicating that they may possess 

advantages over standard chem otherapy which is currently in clinical use.

In this chapter, the effects of tw o of the more potent pro-apoptotic members of the PBOX 

family, PBOX-6 and -15, on a panel of both drug sensitive and drug resistant 

neuroblastoma cell lines were determ ined. Both PBOX compounds were shown to reduce 

the viability of all cell lines with similar potency indicating a lack of resistance to these 

novel compounds. The effects of multiple chem otherapeutic drugs, which are currently 

used to treat neuroblastoma, were also tested on the panel of neuroblastoma cell lines. 

The PBOXs exhibited a lower fold resistance in MDR cells when compared to other 

chemotherapeutics. The effect of PBOX-6 and -15 on clonogenic survival of SHSY5Y cells 

and primary neuroblastoma cells isolated form  bone m arrow aspirates was also 

investigated while part of the molecular mechanism through which the PBOX-6 induces 

apoptosis in neuroblastoma cells was delineated.
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3.2 Results

3.2.1 Validity of the AlamarBlue viability assay in determining the effects of cytotoxic 

drugs on SHSY5Y cell viability.

The alamarBlue assay was employed to measure the decrease in viability o f cells 72 hours 

post drug treatments in SHSY5Y cells. The valid ity of the assay was determined before 

commencing experiments; SHSY5Y cells were seeded at a number of densities (10-50 x 

10^ cells/ml) and the fluorescence was read after 72 hours on the SpectraMax Gemini 

plate reader at excitation and emission wavelengths of 544 nm and 590 nm respectively. 

As shown in Figure 3.1 there was a linear correlation between cell density and 

fluorescence demonstrating the validity of the assay.
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Figure 3.1 The linear relationship between SHSY5Y cell density and fluorescence.

SHSY5Y cells were seeded at a number of densities (10-50 x 10  ̂cells/ml) in 96 well plates and left 

for 72 hours after which time 20 pil alamarBlue was added to each well. The plate was incubated 

at 37°C for 5 hours and the fluorescence was read on the SpectraMax Gemini plate reader at 

excitation and emission wavelengths of 544 nm and 590 nm respectively. Values represent the 

mean ± S.E.M of three independent experiments.
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3.2.3 Effect of vehicles, DMSO and ethanol, on viability of SHSY5Y cells.

In order to distinguish between the effects of a given drug and any potential cytotoxic 

effects of a vehicle, the effects of each vehicle on cell viability must be determ ined. It was 

necessary to determ ine the concentration of a given vehicle which could be used w ithout 

causing a reduction in cell viability. Doxorubicin, vincristine and carboplatin were  

reconstituted in dH20, etoposide in DMSO while PBOX-6 and 15 w ere reconstituted in 

ethanol. SHSY5Y cells were treated  w ith varying concentrations of ethanol (1-5% ) or 

DMSO (0.1-0.5% ). A fter 72 hours 20 |il alamarBlue was added to each well and 

fluorescence was measured on the Spectromax Gemini plate reader at 562 and 590 nm. 

As can be seen from  Figure 3.2, some of the higher concentrations of both vehicles 

exhibited significant effects on cell viability; however, 1% (v/v) ethanol (A) and 0.1%  (v/v) 

DMSO (B) did not affect cell viability (Fig. 3.2) therefore , these concentrations w ere used 

in all future  experiments.
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Figure 3.2 Effect of ethanol and DMSO on viability of SHSY5Y cells.

SHSY5Y cells were seeded at a density of 2.5 x 10^ cells/ml in a 96 well plate and left to 

adhere overnight. The follow ing day cells were treated with increasing concentrations of 

(A) ethanol (0-5% v/v) or (B) DMSO (0-1% v/v). A fter 72 hours 20 pil alamarBlue was added 

to each well and incubated for 5 hours. Fluorescence was measured on the Spectromax 

Gemini plate reader at 562 and 590 nm. Values represent the mean ± S.E.M of three 

independent experiments.
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3.2.4 PBOX-6 and -15, doxorubicin, etoposide, carboplatin and vincristine reduce the 

viability of neuroblastoma cell lines.

The alamarBlue v iab ility  assay was em ployed to  investigate the effects o f PBOX- 6  and 15 

on v iab ility  o f both drug-sensitive and resistant neuroblastom a cell lines. Cells were 

trea ted  w ith  a range o f concentrations o f PBOX- 6  (0.01-10 ^M ) o r PBOX-15 (0.001-1 ^M ) 

fo r 72 hours. Both PBOXs reduced the v iab ility  o f all cell lines tested in a dose-dependent 

m anner. The IC5 0  value o f PBOX- 6  and 15 was determ ined in each cell line (Fig. 3.3 and 

3.4) and were o f sim ilar value in all cell lines, both drug sensitive and resistant. For PBOX- 

6  th is ranged from  1.73 nM to  2.10 nM  in the sensitive (SHSY5Y, Kelly and SK-N-BE(l)) and 

1.08 piM to  3.73 |iM  in the resistant (SK-N-FI, Kelly and SK-N-BE2(C)). Sim ilarly the I C 5 0  

value fo r PBOX-15 was consistent between the sensitive and resistant cell lines analysed. 

This value ranged from  0.06 to  0.11 nM  (sensitive) and 0.04 |jM  to  0.11 nM 

(resistant).

The alamarBlue v iab ility  assay was also used to  assess the effect o f fou r 

chem otherapeutic drugs which are cu rren tly  used fo r the  trea tm en t o f neuroblastom a, 

on the  v iab ility  o f both drug-sensitive and resistant neuroblastom a cell lines. Cells were 

trea ted  w ith  a range o f concentrations o f v incristine (Fig. 3.5) doxorubicin (Fig. 3.6), 

etoposide (Fig. 3.7) o r carboplatin  (Fig. 3.8) fo r 72 hours. Results show th a t all drugs 

reduced the v iab ility  o f all cell lines tested in a dose-dependent m anner. The I C 5 0  value of 

v incristine in the drug sensitive cell lines was in a sim ilar range to  PBOX-15 (0.02-0.07 nM ) 

in the  sensitive cell lines but s ignificantly higher in the resistant CHLA-90 cell line (0.92 

|jM ). The I C 5 0  value fo r etoposide, doxorubicin and carboplatin was several fo ld  higher 

than PBOX-15 in all sensitive and resistant cell lines ranging from  0.18-0.1.83 nM  fo r 

doxorubicin and 0.34->20 nM  fo r  etoposide while  carboplatin  had the highest IC50 value in 

all cell lines tested (15->100 ^M ) s ignificantly higher than both PBOX- 6  and -15. In tw o  out 

o f th ree  o f the  resistant cell lines, no resistance to  PBOX- 6  o r 15 was observed while  a 

slight resistance was noted in the SK-N-FI cells. This was in contrast to  all fo u r o ther 

chem otherapeutics which displayed substantia lly higher I C 5 0  values in all th ree resistant 

cell lines. The I C 5 0  value o f all drugs in all six cell lines is summarised in Table 3.1.
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Figure 3.3 PBOX-6 reduces the viability of neuroblastoma cell lines.

Neuroblastoma cell lines (A) SHSY5Y, (B) Kelly, (C) SK-N-BE(l), (D) CHLA-90, (E) SK-N-BE(2)c and (F) 

SK-N-FI cells) were seeded at varying densities in 96 well plates and le ft fo r 24 hours to  attach. 

Cells were treated w ith  a vehicle (1% (v/v) ethanol) or a range o f concentrations o f PBOX-6. A fter 

72 hours cells were harvested, and 20 |il alamarBlue was added to  each well. Plates were 

incubated in the dark fo r up to  5 hours until a colour change was observed. Fluorescence was 

measured using a SpectraMax Gemini plate reader at excitation and emission wavelengths o f 544 

nm and 590 nm respectively. Values represent the mean + S.E.M o f three independent 

experiments.
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Figure 3.4 PBOX-15 reduces the viability of neuroblastoma cell lines.

N e u ro b la s to m a  cell lines (A) SHSY5Y, (B) Kelly, (C) S K -N -B E (l), (D ) C H L A -90 , (E) SK -N -B E (2)c  and  (F) 

SK-N-FI cells) w e re  see d e d  a t v a ry in g  d en s ities  in 9 6  w e ll p la tes  and  le ft fo r  2 4  hours to  a tta c h . 

Cells w e re  t re a te d  w ith  a ve h ic le  ( 1%  (v /v )  e th a n o l)  o r a ran ge  o f c o n c e n tra tio n s  o f P B O X -15 . A fte r  

72  hours  cells w e re  h a rv e s te d , and  2 0  |il a la m a rB lu e  w as a d d e d  to  each  w e ll. P lates w e re  

in c u b a te d  In th e  d ark  fo r  up  to  5 hours u n til a c o lo u r ch an g e  w as o b s e rv e d . F lu orescen ce  w as  

m e a s u re d  using a S p e c tra M a x  G e m in i p la te  re a d e r at e x c ita tio n  and  em iss ion  w a v e le n g th s  o f 5 4 4  

nm  and  5 9 0  nm  resp e ctiv e ly . V a lu es  re p re s e n t th e  m e a n  ±  S .E .M  o f th re e  in d e p e n d e n t  

e x p e r im e n ts ,
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Figure 3.5 Vincristine reduces the viability of neuroblastoma cell lines.

Neuroblastoma cell lines (A) SHSY5Y, (B) Kelly, (C) SK-N-BE(l), (D) CHLA-90, (E) SK-N-BE(2)c and (F) 

SK-N-FI cells) were seeded at varying densities in 96 well plates and left fo r 24 hours to attach. 

Cells were treated with a vehicle (1% (v/v) ethanol) or a range of concentrations of vincristine. 

After 72 hours cells were harvested, and 20 nl alamarBlue was added to each well. Plates were 

incubated in the dark fo r up to 5 hours until a colour change was observed. Fluorescence was 

measured using a SpectraMax Gemini plate reader at excitation and emission wavelengths of 544 

nm and 590 nm respectively. Values represent the mean ± S.E.M of three independent 

experiments.
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Figure 3.6 Doxorubicin reduces the viability of neuroblastoma cell lines.

Neuroblastoma cell lines (A) SHSY5Y, (B) Kelly, (C) SK-N-BE(l), (D) CHLA-90, (E) SK-N-BE(2)c and (F) 

SK-N-FI cells) were seeded at varying densities in 96 well plates and left fo r 24 hours to  attach. 

Cells were treated w ith  a vehicle (1% (v/v) ethanol) or a range o f concentrations o f doxorubicin. 

A fter 72 hours cells were harvested, and 20 pil alamarBlue was added to  each well. Plates were 

incubated in the dark fo r up to  5 hours until a colour change was observed. Fluorescence was 

measured using a SpectraMax Gemini plate reader at excitation and emission wavelengths o f 544 

nm and 590 nm respectively. Values represent the mean ± S.E.M o f three independent 

experiments.
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Figure 3.7 Etoposide reduces the viability of neuroblastoma cell lines.

Neuroblastoma cell lines (A) SHSY5Y, (B) Kelly, (C) SK-N-BE(l), (0) CHLA-90, (E) SK-N-BE(2)c and (F) 

SK-N-FI cells) were seeded at varying densities in 96 well plates and left for 24 hours to attach. 

Cells were treated with a vehicle (1% (v/v) ethanol) or a range of concentrations of etoposide. 

After 72 hours cells were harvested, and 20 pi! alamarBlue was added to each well. Plates were 

incubated in the dark for up to 5 hours until a colour change was observed. Fluorescence was 

measured using a SpectraMax Gemini plate reader at excitation and emission wavelengths o f 544 

nm and 590 nm respectively. Values represent the mean ± S.E.M of three independent 

experiments.
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Figure 3.8 Carboplatin reduces the viability of neuroblastoma cell lines.

Neuroblastoma cell lines (A) SHSY5Y, (B) Kelly, (C) SK-N-BE(l), (D) CHLA-90, (E) SK-N-BE(2)c and (F) 

SK-N-FI cells) were seeded at varying densities in 96 well plates and left fo r 24 hours to  attach. 

Cells were treated w ith  a vehicle (1% (v/v) ethanol) or a range o f concentrations o f carboplatin. 

A fter 72 hours cells were harvested, and 20 |il alamarBlue was added to  each well. Plates were 

incubated in the dark fo r up to  5 hours until a colour change was observed. Fluorescence was 

measured using a SpectraMax Gemini plate reader at excitation and emission wavelengths o f 544 

nm and 590 nm respectively. Values represent the mean ± S.E.M o f three independent 

experiments.
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Cell lines IC50 (k lM )

PBOX-6 PBOX-15 Vincristine Doxorubicin Etoposide Carboplatin

SHSY5Y 1.73 ±0.08 0.06 ± 0.06 0.07 ±0.01 0.21 ±0.03 0.51 ±0.06 24.35 ± 0.04

Kelly 1.47 ±0.09 0.06 ±0.06 0.02 ± 0.05 0.18 ±0.07 0.34 ± 0.05 15.75 ±0.04

SK-N-BE(l) 2.10 ±0.03 0.11 ±0.09 0.03 ± 0.06 0.10 ±0.05 0.60 ± 0.07 40.5 ± 0.05

SK-N-BE(2)c 1.08 ± 0.05 0.04 ± 0.09 0.06 ± 0.05 0.65 ±0.05 1.70 ±0.05 62.42 ±0.04

CHLA-90 1.58 ±0.01 0.06 ± 0.07 0.92 ±0.01 1.83 ± 0.07 >20 >100

SK-N-FI 3.73 ±0.05 0.11 + 0.1 0.15 ±0.09 0.91 ±0.06 9.76 ±0.10 >100

Table 3.1 IC50 values of PBOX compounds and standard chemotherapeutic drugs in a 

range of neuroblastoma cell lines
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3.2.5 Determination of fold resistance of PBOX-6 and 15, etoposide, carboplatin, 

doxorubicin and vincristine in drug resistant neuroblastoma cell lines.

Developm ent of drug resistance is a major obstacle for the successful treatm ent of 

neuroblastoma. M any mechanisms of resistance have been proposed including 

amplification of MYCN, m utated or deleted p53 and overexpression of drug efflux pumps. 

SK-N-FI, CHLA-90 and SK-N-BE(2)C are three representative resistant neuroblastoma cell 

lines. All three cell lines have m utated p53, both the CHLA-90 and SK-N-BE(2)c are MYCN  

am plified, while the SK-N-FI and CHLA-90 cells overexpress the MDR protein, P-gp 

(Dijkhuis et al., 2003).

The alamarBlue assay was used to determ ine the effects of the PBOXs and the four other 

chem otherapeutics on these three resistant cell lines. The fold resistance of each drug in 

the three multidrug resistant cell lines was determ ined as the ratio of the IC50  of an MDR  

cell line to the IC50 of a sensitive cell line (Table 3.2, 3.3, 3.4). A cell line with a higher IC50 

value than the clinically achievable levels is considered to be resistant (Keshelava et al., 

1998).

In comparison to all sensitive cell lines, SK-N-BE(2)C cells displayed no resistance to 

PBOX- 6  and 15 (Table 3.2). The IC50 values w ere in a similar range to those observed in 

the  three sensitive cell lines while the I C 5 0  value of PBOX-15 was lower in this resistant 

cell line than in all three sensitive cell lines. Indeed this was in contrast to the fold 

resistance observed with etoposide, doxorubicin and carboplatin which showed increased 

IC50 values indicating drug resistance. This is w ith the exception of vincristine in which no 

difference in the SK-N-BE(2)c cells in comparison to the SHSY5Y was observed while a 

small fold increase was noted in comparison to the Kelly and SK-N-BE(l) cells.

In the CHLA-90 cell lines the IC5 0  of PBOX- 6  was in a similar range to all o ther drug 

sensitive lines indicating that this MDR cell line is not resistant to this novel drug (Table 

3.3). In comparison to the three drug sensitive cell lines, the I C 5 0  value of PBOX-15 was 

slightly elevated but was w ithin a range consistent w ith previous PBOX studies. It is 

im portant to note that although the IC50  value of PBOX-15 increased in the MDR CHLA-90 

cell line, the fold resistance was lower than w ith all the other chem otherapeutics tested. 

Following treatm ent with etoposide, the I C 5 0  value was greater than 20 nM . The exact
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value could not be determ ined as it exceeded the limits of solubility, although it is clear 

this cell line is extrem ely resistant to this drug. Similarly, the IC50 value of carboplatin 

could not be determ ined in this cell line as it also exceeded the limits of solubility 

although it was greater than 100 piM again indicating resistance. The microtubule  

targeting agent vincristine also dem onstrated elevated levels of resistance in comparison 

to the PBOX compounds. An IC50  value 23 times higher was evident in CHLA-90 cells in 

comparison to the drug sensitive SK-N-BE(l) cell line.

The effects of PBOX- 6  and -15 w ere tested in a third drug resistant cell, SK-N-FI. One 

mechanism of resistance in this cell line is the expression of the drug efflux pump P-gp. It 

has been previously dem onstrated that PBOX- 6  and 15 are not substrates for this protein. 

Again in this cell line both PBOX- 6  and -15 showed a lower fold resistance than all other 

chem otherapeutics tested (Table 3.4). In particular no difference in the IC50  value was 

found for PBOX-15 in the drug sensitive SK-N-BE(l) as in the multidrug resistant SK-N-FI. 

Once again the fold resistance of etoposide was considerably higher than both PBOXs; 

with up to a 28 fold resistance in comparison to  the drug-sensitive Kelly cell line. Similar 

to the CHLA-90 cells, the exact IC50  value for carboplatin could not be determ ined as it 

exceeded the limits of solubility therefore an exact value for fold resistance could not be 

determ ined, although it is clear that the cell line displayed a higher fold resistance than 

both PBOXs. Vincristine, another MTA, was m ore than 7 times more resistant in 

comparison to the Kelly cell line. These results dem onstrate the potential of the PBOXs 

for the trea tm en t of resistant neuroblastoma.
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Fold resistance Fold resistance

IC50 PBOX- 6  (nM) IC50 PBOX-15 (jiM )

SHSY5Y 1.73 None 0.066 None

Kelly 1.47 None 0.067 None

SK-N-BE(l) 2 . 1 0 None 0.115 None

Fold resistance Fold resistance

ICso vincristine (^M ) ICso doxorubicin (^M )

SHSY5Y 0.074 None 0.214 3.04

Kelly 0 . 0 2 1 2.85 0.185 3.51

SK-N-BE(l) 0.039 1.53 0.105 6 . 2 0

Fold resistance Fold resistance

IC50 etoposide (^M ) ICso carboplatin (mM)

SHSY5Y 0.519 3.20 24.35 2.56

Kelly 0.346 4.90 15.75 3.96

SK-N-BE(l) 0.603 2.82 40.5 1.54

Table 3.2 Fold resistance of PBOX-6, PBOX-15 vincristine, doxorubicin, etoposide and 

carboplatin in SK-N-BE(2)c cells in comparison to drug sensitive neuroblastoma cell 

lines.

The alam arB lue assay was used to  de te rm ine  th e  effects o f th e  PBOXs and th e  fo u r  o the r 

chem otherapeu tics  on these th ree  res is tant cell lines. The fo ld  resistance o f each drug In the  

th re e  m u ltid ru g  resistant cell lines was de te rm ined  as the  ra tio  o f the  IC50 o f an MDR cell line to  

the  IC5 0  o f a sensitive cell lines.
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Fold resistance Fold resistance

IC50 PBOX- 6  (nM) IC50 PBOX-15 (nM)

SHSY5Y 1.73 None 0.066 3.25

Kelly 1.47 None 0.067 3.20

SK-N-BE(l) 2 . 1 0 None 0.115 1 . 8 6

Fold resistance Fold resistance

IC50 vincristine (^M ) ICso doxorubicin ((iM)

SHSY5Y 0.074 12.4 0.214 8.55

Kelly 0 . 0 2 1 13.78 0.185 9.85

SK-N-BE(l) 0.039 23.66 0.105 17.4

Fold resistance Fold resistance

ICso etoposide (mM) ICjo carboplatin (^M )

SHSY5Y 0.519 N.D 24.35 N.D

Kelly 0.346 N.D 15.75 N.D

SK-N-BE(l) 0.60 N.D 40.5 N.D

Table 3.3 Fold resistance of PBOX-6, PBOX-15 vincristine, doxorubicin, etoposide and 

carboplatin in CHLA-90 cells in comparison to drug sensitive neuroblastoma cell lines.

The alamarBlue assay was used to determ ine the effects of the PBOXs and the four other 

chemotherapeutics on these three resistant cell lines. The fold resistance of each drug in the 

three multidrug resistant cell lines was determined as the ratio of the IC50 of an MDR cell line to 

the IC50 of a sensitive cell lines. N.D = not determined.
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Fold resistance Fold resistance

IC50 PBOX-6 (nM) IC50 PBOX-15 (nM)

SHSY5Y 1.73 2.10 0.066 1.7

Kelly 1.47 2.5 0.067 1.7

SK-N-BE(l) 2.10 1.77 0.115 None

Fold resistance Fold resistance

ICso vincristine (^M) ICjo doxorubicin (^M)

SHSVSY 0.074 2.13 0.214 4.35

Kelly 0.021 7.52 0.185 5.08

SK-N-BE(l) 0.039 4.05 0.105 8.71

Fold resistance Fold resistance

ICso etoposide (^M) IC50 carboplatin (^M)

SHSYSV 0.519 18.80 24.35 N.D

Kelly 0.346 28.2 15.75 N.D

SK-N-BE(l) 0.603 16.1 40.5 N.D

Table 3.4 Fold resistance of PBOX-6, PBOX-15 vincristine, doxorubicin, etoposide and 

carboplatin in SK-N-FI cells in comparison to drug sensitive neuroblastoma cell lines.

The alamarBlue assay was used to determine the effects of the PBOXs and the four other 

chemotherapeutics on these three resistant cell lines. The fold resistance of each drug in the 

three multidrug resistant cell lines was determined as the ratio of the IC50 of an MDR cell line to 

the IC50 of a sensitive cell lines. N.D=not determined.
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3.2.6 Optimisation of cell seeding density for clonogenic assay

Conventional cell viability assays such as the alamarBlue viability assay do not allow for 

long term treatment times so the prolonged effects of a given drug on a cell population 

cannot be ascertained by this method. The clonogenic assay overcomes this obstacle; 

cells can be treated for longer periods permitting investigation into the effects of a given 

drug over a prolonged duration. After the treatm ent period, cells are left for a number of 

days to allow for colony formation.

The clonogenic assay was employed to study the longer term effect of the PBOXs on 

neuroblastoma cells. It was necessary to optimise the cell seeding density before 

commencing the clonogenic survival assays therefore five seeding densities, ranging from  

250-1250 cells/ml were tested. It is necessary that all wells, both controls and drug 

treated contain at least 100 colonies at the endpoint of the assay. It is also essential that 

the plating efficiency is approximately 10% (Forde et al., 2011). This is determined by 

dividing the average number of colonies per well by the original plating density and 

multiplying by one hundred. The optimum density for SHSY5Y cells was identified as 1250 

cells/well (Fig. 3.9). This density was chosen as although the plating efficiency was closer 

to 10% in the 750 and 1000 cells/well, these wells contained less than 100 colonies and 

were therefore deemed to be unsuitable.
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1250 8.6
1000 8.7
750 9.2
500 11.8
250 16.0

Figure 3.9 Optimisation of seeding density of SHSY5Y cells for clonogenic assay.

Cells were seeded at 250, 500, 750, 1000 and 1250 cells/ CellBIND well and left for 10 days. After 

this time wells were washed with 1ml PBS fixed in Ice cold methanol and stained with 0.5% crystal 

violet. (A) The number of colonies per well were quantified using a ColCount™ (Oxford Optronix, 

U.K). (B) Plating efficiency was calculated as the ratio of the number of colonies counted over the 

number of cells plated. Values represent the mean ± S.E.M of three independent experiments 

preformed in triplicate.
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3.2.7 PBOX-6 and 15 inhibits the clonogenicity of SHSY5Y cells in a dose-dependent 

manner.

The seeding density of each plate was dependent on the concentration of drug 

treatm ent. The control plates w ere seeded at 1250 cells/well. This num ber was doubled if 

cells w ere treated with a concentration equal to the IC50 value i.e. plates were seeded at 

2500 cells/well if they w ere to be treated w ith a concentration of 1.7 |iM  PBOX-6 . Both 

PBOX- 6  and -15 inhibited the clonogenicity of SHSY5Y cells in a dose-dependent m anner 

(Fig. 3.10). A fter treatm ent with 1 |iM  PBOX-6 , the percentage clonogenicity decreased to 

85%. This further decreased to 30% after trea tm en t with 2.5 (ilVI PBOX-6 . Treatm ent with  

both 5 piM and lO^iM PBOX- 6  com pletely inhibited the cells ability to  produce colonies. A 

similar trend in decreasing clonogenic potential was noted following treatm ent with  

PBOX-15 although the concentration which inhibited clonogenic survival was found to  be 

significantly lower, indicative of PBOX-15 being the more potent m em ber of this fam ily of 

novel MTAs. The IC50 of each drug was established; the values w ere comparable to those 

determ ined by the alamarBlue viability assays.
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Figure 3.10 PBOX-6 and 15 inhibit the clonogenicity of SHSY5Y cells.

SHSY5Y cells w ere  seeded at densities dep en dent on concentration  o f tre a tm e n t. Cells w ere  left 

to  adhere overnight and tre a te d  w ith  a range o f concentrations o f (A) PBOX-6 o r (B) PBOX-15. 

A fte r 7 days m edia containing drug was rem oved, cells w e re  w ashed in PBS and fresh m edia was 

added to  each w ell. Cells w ere  left fo r 10 days to  allow  fo r recovery o f colonies. A fte r 10 days cells 

w ere  fixed in m ethanol and stained using crystal v io let. Colonies w ere  counted using a 

Colcount^“ . Values represent th e  m ean ± S.E.M o f th re e  ind ependent experim ents perfo rm ed  in 

trip licate.
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3.2.8 PBOX-6 decreases the viability of neuroblastoma cells isolated from primary bone 

marrow samples

Anti-cancer research is dependent on cell lines to screen for activity of compounds and 

determ ine the mechanism of action of drugs. They are an indispensible tool and provide a 

wealth of valuable inform ation allowing for exploration of all aspects of cancer, from the 

role of individual molecules, to cellular processes involved in invasion and metastasis 

within animal models. They have the advantage of being easy to use, grow rapidly, 

produce reproducible results and have a strong track record of use in cancer research 

(Holliday et a!., 2011). There are some disadvantages to the ir use, over tim e a cell line 

may undergo selection to the extent that it no longer truly represents a particular 

malignant phenotype. Cell lines are adapted to grow in conditions far different to the  

original tum our and become dependent on particular growth factors and nutrients (Pan 

et a!., 2009). Therefore primary cell culture is an essential com ponent of any drugs 

developm ent (Eglan et al., 2011)

Approxim ately 70% of neuroblastoma patients present with a m etastatic disease at the  

tim e of diagnosis w ith bone m arrow  involvem ent being extrem ely com mon in children 

with m etastatic disease (Maris et al., 2010). Approxim ately 60-65%  of stage 4 patients 

test positive for metastasis in this area. Despite an intensive program m e of therapy  

combining surgery, chem otherapy, and radiotherapy, patients who present with bone 

m arrow involvem ent have a poor prognosis and higher m ortality rates with the  

probability of remission lasting longer than three years less than 10% (London et al., 

2011). Neuroblastoma cells present in the bone m arrow represent the most advanced, 

aggressive form  of this cancer that have dem onstrated the capacity to metastasise and 

invade distant organs. These are the cells which become resistant to  chem otherapy and 

so are an im portant population to consider when examining new therapeutic strategies 

for this cancer. GD2 is a cell surface antigen which is widely expressed on neuroblastoma 

cells (Yang et al. 2010). This principle can be exploited to separate neuroblastoma cells 

from  a bone m arrow  sample (Scaruffi et al., 2011). Neuroblastom a cells were isolated 

from  bone m arrow  samples by im m unom agnetic separation based on the positive 

selection of GD 2 expressing cells, and cultured. Not all isolated cells are capable of being 

grown in culture. Some cells will not adhere to the cell culture dish and will die
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im m ed ia te ly . O thers will adhere  to  th e  cell cu lture  dish but w ill not undergo cell division  

(personal com m unication  w ith  Dr. David Betts, O ur Lady's C hildren's H ospital, C rum lin, 

D ublin ). As sam ples w ere  received prior to  diagnosis all sam ples w e re  separated  

regardless o f stage. The characteristics o f all p a tie n t sam ples received to  date  are  

sum m arised in Table 3.5. Only six sam ples w ere  positive fo r m etastasis and w ere  

subsequently  cu ltured . If cu lturing was successful, v iab ility  assays w ere  p e rfo rm ed . The  

effe c t o f PBOX - 6  on viab ility  o f p rim ary  neurob lastom a cells isolated from  p a tie n t 3 was  

d e te rm in e d  using th e  a lam arB lue v iab ility  assay (Fig. 3 .1 1 ). Cells w e re  tre a te d  w ith  

varying concentrations o f PBOX - 6  (1 - lO n M ) fo r 72 hours and th e  IC50 was d e te rm in e d . 

The IC5 0  value o f PBOX-6 , (6 .0 4  ± 2 .1 5 |iM )  although slightly e leva ted , was in th e  sam e  

range as those established in in v itro  studies. Previously it has been show n th a t to  induce  

apoptosis in ex vivo CML sam ples, cells w e re  tre a te d  w ith  a h igher co ncen tra tio n  o f both  

PBOX - 6  and 15 than  used in in vitro  studies (Bright e t a!., 2 0 1 0 ). The IC50 value fo r p a tien t  

19 could not be d e te rm in ed  as v iab ility  did not fall b e low  50%  a fte r  tre a tm e n t w ith  PBOX- 

6  a lthough  it should be noted  th a t th e  trend  is sim ilar to  th a t observed in p a tie n t 3 

suggesting PBOX - 6  is having a s im ilar e ffec t on p rim ary  cell v iab ility . Due to  th e  lim ited  

n u m b e r o f cells availab le it was not possible to  d e te rm in e  th e  effects  o f PBO X-15 in these  

prim ary  cells.
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Nunnber Sex Bone m arrow Grew in culture Date received

1 F Negative - 2 6 /1 /1 1

2 M Negative - 4 /5 /1 1

3 F Positive Yes 1 4 /9 /1 1

4 F Negative - 2 7 /9 /1 1

5 M Negative - 2 4 /1 0 /1 1

6 M Negative - 1 1 /1 1 /1 1

7 M Positive Contamination 2 2 /1 2 /1 1

8 F Negative - 2 8 /1 1 /1 1

9 F Negative - 4 /5 /1 2

10 F Negative - 1 1 /5 /1 2

11 F Positive No 5 /6 /1 2

12 M Positive No 1 6 /7 /1 2

13 M Negative - 3 0 /1 1 /1 2

14 F Negative - 7 /1 /1 3

15 F Negative - 1 3 /2 /1 3

16 F Negative - 2 2 /3 /1 3

17 F Positive Contamination 9 /8 /1 3

18 M Positive Yes 2 5 /1 0 /1 3

Table 3.5 Characteristics of neuroblastoma patient samples in ex vivo study.

Bone marrow samples were obtained from Dr. Anne O'Meara In Our Lady's Children's Hospital 

Crumlin. All patients' guardians signed a written consent allowing the use of samples and clinical 

data for research purposes. Relevant medical data was obtained including patient's sex and 

presence of metastasis in the bone marrow. M-Male, F-Female.
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Figure 3.11 PBOX-6 decreases the viability of primary neuroblastoma cells.

Primary cells were isolated from  bone marrow aspirate of a stage 4 neuroblastoma patients. Cells 

were seeded at a density of 1.5 x 10^ cells/ml in a 96 cell plate and left to adhere overnight. The 

following day cells were treated with varying concentrations of PBOX-6 (1 nM , 2.5 |iM , 5 nM and 

10 ^IM). After 72 hours cells were harvested, 20 nl alamarBlue was added to each well and 

incubated in the dark for up to 5 hours until a colour change was observed. Fluorescence was 

measured using a SpectraMax Gemini plate reader at excitation and emission wavelengths of 544 

nm and 590 nm respectively. Values represent two independent experiments.
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3.2.9 The effect of PBOX-6 and 15 on SHSY5Y cell cycle progression and induction of 

apoptosis.

Results from the alamarBlue assays showed a decrease in cell viability following 

treatment with the novel PBOX compounds. It was then necessary to determine whether 

this observed decrease in cellular viability was due to apoptosis, cell cycle arrest or a 

combination of the two. Flow cytometric analysis of propidium iodide-stained cells was 

therefore employed. Flow cytometry, a more thorough quantitative method to establish 

the effect of a drug on cell viability, was used to assess the effects of the drugs on cell 

cycle progression. The percentage of cells undergoing apoptosis and/or cell cycle arrest 

was determined. Dose and time-dependent studies were performed; a range of 

concentrations of both PBOX-6 (1 ^lM, 2.5 nM, 5 nM and 10 nM) and PBOX-15 (0.01 (iM, 

0.1 |iM, 0.25 (iM, 0.5 liM  and 1 nM) were examined at five time points (6, 16, 24, 48 and 

72hours).

PBOX-6-induced apoptosis in SHSYSY cells in a time-dependent manner. The effect of 5 

|iM and 10 |iM PBOX-6 on cell cycle progression and induction of apoptosis was 

investigated over a 72 hour period (Fig. 3.12). Apoptosis induction by PBOX-6 was first 

observed between 6 and 16 hours. At 16 hours 5 |iM PBOX-6 induced 5.97±0.7% which 

continued to increase to a maximum of 21.76±5.2% at 72 hours. In a similar manner after 

16 hours, 10 (iM PBOX-6 induced 12.75±1.2% apoptosis which also continued to rise to a 

maximum of 47.77±1.0% at 72 hours. Similar results were obtained with the more potent 

analogue PBOX-15 (Fig. 3.12). At 0.5 nM PBOX-15 induced apoptosis in SHSY5Y cells 

between 6 and 16 hours post treatment with a maximum level of 23.94±1.1% apoptosis 

being reached after 72 hours. Furthermore 72 hours after treatment with 1 jiM PBOX-15 

a maximum of 48.57±1.2% apoptosis was induced. Additionally a dose response analysis 

was undertaken. SHSY5Y cells were treated with varying doses of PBOX-6 (1 |iM, 2.5 nM, 

5 |iM or 10 nM) or -15 (0.1 piM, 0.25 |aM, 0.5 |iM or 1 |iM) for 72 hours. Both PBOX-6 and 

-15 induced apoptosis in SHSY5Y cells in a dose-dependent manner (Fig. 3.13).

The effect of the PBOX compounds on cell cycle progression was also established (Fig. 

3.14). PBOX-6 (5 |iM) induced a G2/M arrest which peaked at 24 hours. After 48 hours the 

cells exited mitosis and the percentage of cells in the G2/M phase fell to less than 20%
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(17.98 ± 2.5%) with a further decrease to 11.05 ± 1.1% after 72 hours. As cells exited the 

G2/M phase at 16 or 24 hours, the percentage of cells undergoing apoptosis increased. 10 

HM PBOX-6 induced a transient G2/M arrest which peaked at the  earlier time of 16 hours 

(36.56 ± 4.9%) and decreased to 10.83 ± 1.9% after 48 hours and 6.14 ± 3.9% after 72 

hours. These levels were significantly lower than the controls which remained constant at 

approximately 18% over all time points. A concentration of 10 ijM PBOX-6 more potently 

induces both the G2/M arrest and apoptosis in SHSYSY cells. Similar to 10 nM PBOX-6, 0.5 

pM PBOX-15 induced a transient G2/M arrest which peaked at 16 hours (30.84 ± 4.9%) 

and decreased to 17.34 ± 1.9% after 72 hours (Fig. 3.14). In contrast to PBOX-6, cells 

trea ted  with 1 nM PBOX-15 exhibited a more sustained G2/M arrest which peaked at 24 

hours and was maintained until 48 hours post treatm ent. An apoptotic cell population 

was observed from 16 hrs post treatm ent, increasing with time (Fig. 3.12). A substantial 

decrease in the  G2/M population was noted between 48 and 72 hours which could be 

accounted for by the increase in the sub Gl/GO population after 48 hours. The observed 

G2/M arrest induced by both these drugs was in agreem ent with previous reports 

demonstrating that  the  PBOX's target the  microtubules (McGee et al., 2006).
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Figure 3.12 PBOX-6 and -15 induces apoptosis in SHSY5Y cells in a time-dependent 

manner.

SHSY5Y cells were treated for up to 72 hours with a vehicle (1% (v/v) ethanol), (A) 5 ^lM PBOX-6, 

(B) 10 nM PBOX-6, (C) 0.5 nM PBOX-15 or (D) 1 ^iM PBOX-15. After the required incubation time 

(6 hours, 16 hours, 24 hours, 48 hours or 72 hours), cells were harvested, fixed in 2 mis ethanol 

and stained with propidium iodide. Cells were analyzed by flow cytometry fo r the percentage of 

cells undergoing apoptosis and determined by quantification of the sub Gl/GO peak. Values 

represent the mean ± S.E.M of three independent experiments.
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Figure 3.13 PBOX-6 and -15 induces apoptosis in SHSY5Y cells in a dose-dependent 

manner.

SHSY5Y were seeded at 1 x 10^ cells/ml in a 6 well plate and left to adhere overnight. The 

following day, cells were treated for 72 hours with a vehicle (1% (v/v) ethanol), (A) up to 10 

PBOX-6 or (B) up to 1 nM PBOX-15. After 72 hours cells w ere harvested, fixed in 2 mis ethanol and 

stained with propidium iodide. Cells were analysed by flow  cytometry for the percentage of cells 

undergoing apoptosis and determ ined by quantification of the sub-Gl/GO peak. Values represent 

the mean ± S.E.M of three independent experiments.
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Figure 3.14 PBOX-6 and -15 induces G 2/M  arrest in SHSY5Y cells.

SHSY5Y were seeded at 1 x 10^ cells/ml in a 6 well plate and left to adhere overnight. The 

following day cells were treated for up to 72 hours with a vehicle (1% (v/v) ethanol), (A) 5 nM  

PBOX-6, (B) 10 nM PBOX-6, (C) 0.5 nM PBOX-15 or (D) 1 nM PBOX-15. After the required 

incubation tim e (6 hours, 16 hours, 24 hours, 48 hours or 72 hours) cells were harvested, fixed in 

2 mis ethanol and stained with propidium iodide. Cells were analyzed by flow cytometry for the 

percentage of cells in the G 2/M  phase of the cells cycle. The percentage of cells undergoing G 2/M  

arrest was determ ined by quantification of the G 2/M  peak. Values represent the mean ± S.E.M of 

three independent experiments.
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3.2.10 PBOX-6 induces PARP cleavage in SHSY5Y cells.

Poly (ADP) ribose polymerase PARP is a llB kD a nuclear protein which plays a role in the 

detection and repair of DNA damage. During apoptosis this protein is cleaved between 

Asp^ '̂' and Gly^^  ̂ by caspase-3 and it loses enzymatic repair function (Chaitanya et al., 

2010). PARP cleavage has been shown in almost all forms of apoptosis so is a powerful 

indicator of cell death. Western blot analysis of PARP cleavage was undertaken to confirm 

that the sub GO/GI peaks observed by flow cytometric analysis was representative of an 

apoptotic cell population. Consistent with results from flow cytometric analysis, PARP was 

cleaved in a time and dose dependent manner in SHSY5Y neuroblastoma cells. Cleavage 

of PARP was first observed between 6 and 16 hour treatm ent with the appearance of 

faint bands at 89kDa. Cleavage was found to increase with concentration and time. The 

full length form representing the fully functional repair enzyme was observed in the 

vehicle control at all time points (Fig. 3.15).

112



Chapter 3

ID

6 hrs 

16 hrs

24 hrs

48 hrs

72 hrs 

GAPDH

_QJ
u

QJ
>

t o X
X o xO CO O
C O Q . CO
Q . o .

= 3 2
L T |

rH rsi L O

UDt
X
O
CO
Q .

o

PARP (116kD a) 

C leaved PARP (89kDa)

PARP (116kO a) 

C leaved PARP (89kD a)

PARP (116kD a) 

C leaved PARP (89kDa)

PARP (116kD a) 

C leaved  PARP (89kD a)

PARP (116kD a) 

C leaved PARP (89kDa)

38kDa

Figure 3.15 PBOX-6 induces PARP cleavage in SHSY5Y cells.

SHSY5Y cells w e re  s e e d e d  a t  a density  of 3 .0 x 10^ cells in T25cm^ flasks and left to  a d h e re  

overnight.  The following day, cells w e re  t r e a te d  with  e i th e r  vehicle (1% v/v) e th an o l)  o r  varying 

co n c en tra t io n s  of PBOX-6 (1 |iM, 2.5 nM, 5 nM and  10 nM). After th e  required  t im e  cells w e re  

h a rv e s ted  and  lysates w e re  p re p a re d  fo r  w es te rn  blot analysis. 30 jig of p ro te in  w as s e p a r a te d  on 

a 10% resolving gel w ith  5% stacking gel, t r a n s fe r re d  to  a PVDF m e m b r a n e  and  p ro b ed  w ith  an 

anti-PARP an tibody . M e m b ra n e s  w e re  also p robed  fo r  GAPDH as a loading contro l .  Results a re  

re p re se n ta t iv e  of th r e e  s e p a r a te  exper im en ts .
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3.2.11 The effect of PBOX-6 on the Bcl-2 family of proteins.

Determinat ion of the  molecular  mechanisms through  which PBOX-6 media tes  apop tos is  

was next under taken.  As th e  Bcl-2 family of proteins control  the  induction or inhibition of 

apoptos is by exerting e i ther  pro or ant i-apoptot ic  affects on the  cell, analysis of the  

expression levels of different m em b er s  of this family and determinat ion of thei r  role in 

inhibition or induction of apoptos is was under taken.

Overexpression of the  ant i -apoptot ic  protein Mcl- l  is a major de te rm in a n t  of drug 

resistance in many cancers including neurob las toma w h e re  it has  bee n suggested  to  serve  

as a putat ive oncogene  (Boiani e t  a!., 2013). Primary neu rob la s tom a t u m o u rs  have been 

shown to he ter ogeneous ly  express  Mcl-l ,  with high expression correlat ing to  high-risk 

phen o type (Lestini et  a i ,  2009).  Downregulat ion of Mcl- l  expression has bee n  show n to 

sensit ise neurob las toma cells to  ch em othe ra py  (Lestini e t  al., 2009). Therefore  we  first 

sought  to establish the  effects of PBOX-6 on this ant i-apoptot ic protein.  Cells w e re  

t r e a t ed  with a vehicle, or various concentra t ions  of PBOX-6 (1-lO^M) for up to  72 hours.  

It was  found that  PBOX-6 d ec reased  ant i-apoptot ic Mcl- l  expression in a t im e - d e p e n d e n t  

m a n n e r  (Fig. 3.16). No change in Mcl-l  expression was  observed  af ter  a 6 hour  t r e a t m e n t  

with PBOX-6. A dec rease  was  first noted  af ter  t r e a t m e n t  for 16 hours and con t inued to 

dec rease  with t ime.  Additionally Mcl-l  expression was  found to dec rease  in a dose-  

d ep e n d e n t  manner .

Expression of the  ant i-apoptot ic  Bcl-2 protein in u n t r e a t ed  neuroblas toma t u m o u rs  has 

bee n  shown to correlate with poor  prognosis (Dole et  al., 2003). Silencing of Bcl-2 was 

found to  sensitise neu rob la s toma cells to  ch e m o th e rap y  with a n u m b e r  of small molecule 

inhibitors of Bcl-2 currently undergoing clinical trials (Lamers e t  al., 2012) indicating this is 

a valid therapeu t i c  target  in neuroblas toma.  Following a 16 hour  t r e a t m e n t  with PBOX-6 

th e re  was  no discernible change in Bcl-2 expression (Fig. 3.17). After 24 hou r  t r e a t m e n t  

PBOX-6 induced cleavage of Bcl-2 in a d o s e - d ep e n d e n t  manner .  This cleaved f ragm en t  

r epre sen ts  a form of the  Bcl-2 protein which has lost its ant i -apoptot ic activity (Cheng et  

al., 1999; Kirsch etal . ,  1999).
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Next the effect of PBOX-6 on expression of pro-apoptotic Bcl-2 proteins was examined; 

Bak was chosen as a representative member of this family (Fig. 3.18). It has been reported 

that therapies which shift the  balance of protein expression from an anti-apoptotic to a 

pro-apoptotic state, prime neuroblastoma cells for apoptotic cell death (Bender et al., 

2011). No change in Bak expression after a 6 or 16 hour t rea tm en t with PBOX-6 was 

observed. An increase in expression was noted after 24 hours and continued to increase 

with time with the highest level of Bak expression being observed after a 72 hour 

trea tm ent with PBOX-6. Expression of pro-apoptotic Bax in SHSY5Y cells was monitored; 

no change in expression was noted (Fig. 3.19). This is consistent reports showing that 

although PBOX-6 induced phosphorylation and inactivation of several anti-apoptotic 

proteins in CML cells, Bax expression was not affected (McGee et al., 2004).

Pro-apoptotic cytochrome c is released though pores which form in the outer 

mitochondrial m em brane in an apoptotic cell. These pores have been postulated to form 

when Bak and Bax oligomerise and insert into the m embrane. This oligomerisation 

requires a conformational change that involves exposure of N-terminal epitopes. 

Therefore, we sought to determine w hether the  increase in Bak expression observed 

after trea tm ent with PBOX-6 represented an activated form of Bak which was capable of 

forming pores and consequently the release of cytochrome c. An anti-Bak antibody 

specific for the  conformationally active form of Bak was utilised and expression was 

analysed by western blot. After a 72 hour trea tm en t  Bak was activated in a dose- 

dependent m anner by PBOX-6 (Fig. 3.18). No expression was observed in the vehicle- 

treated  lane or with the 1 |iM PBOX-6 trea tm ent. Bands were visible in the  lanes 

representing the  2.5-10 liM PBOX-6 treated  cells with expression increasing in a dose- 

dependent manner.

115



Chapter 3

6 hrs 

16 hrs 

24 hrs 

48 hrs 

72 hrs 

GAPDH

1
1

X
X
O

KD
X

X
o

O c o O CO
CO CO o.

y
r—

Q . o .

OJ 3 LO o
> (N LO

42 kDa 

42 kDa 

42 kDa

42 kDa 

42 kDa 

38 kDa

Figure 3.16 PBOX-6 decreases the expression of anti-apoptotic M cl-l in a tim e and dose- 

dependent manner.

SHSY5Y cells w e re  s e e d e d  a t  a density  of 3.0 x 10^ cells in T25cm^ flasks and  left to  a d h e r e  

overnight.  The following day, cells w e re  t r e a te d  with varying c o n c en tra t io n s  of PBOX-6 (1 |iM, 2.5 

jiM, 5 |iM and  10 nM). After th e  indicated  t im e ,  cells w e r e  h a rv e s ted  and  lysates w e re  p re p a re d  

for  w es te rn  blot analysis. 30 ng of p ro te in  w as  s e p a ra te d  on a 12% resolving gel w ith  5% stacking 

gel, t r an s fe r red  to  a PVDF m e m b r a n e  and  p ro b e d  with an anti-Mcl-1 an tibody . M e m b ra n e s  w ere  

also p robed  for  GAPDH as a loading control.  Results a re  re p re se n ta t iv e  of t h r e e  s e p a ra te  

exper im en ts .

116



Chapter 3

u
Ic
OJ>

X
C
CO
Q .

6 hrs
r ’an r"

X
O
CO
CL

d.
i f ]
rsj

X
O
CO
o .

un

X
O
CO
CL

ZL
O

25kDa

16 hrs 25kDa

24 hrs
Bcl-2

Cleavage fra g m e n t

48 hrs
Bcl-2

Cleavage fra g m e n t

72 hrs
Bcl-2 

Cleavage fra gm en t

GAPDH 38kDa

Figure 3.17 PBOX-6 induces cleavage of anti-apoptotic Bcl-2 in SHSY5Y cells.

SHSY5Y cells were seeded at a density of 3.0 x 10^ cells in T25cm^ flasks and left to adhere 

overnight. The following day, cells were treated with varying concentrations of PBOX-6 (1 piM, 2.5 

HM, 5 nM and 10 nM ). After the indicated time, cells w ere harvested and lysates were prepared 

for western blot analysis. 30 ng of protein was separated on a 12% resolving gel with 5% stacking 

gel, transferred to a PVDF mem brane and probed with an anti-Bcl-2 antibody. Membranes were 

also probed for GAPDH as a loading control. Results are representative of three separate 

experiments.
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Figure 3.18 PBOX-6 increases the expression of pro-apoptotic Bak in SHSY5Y cells.

SHSY5Y cells were seeded at a density of 3.0 x 10^ cells in T25cm^ flasks and left to adhere 

overnight. The following day, cells were treated with varying concentrations of PBOX-6 (1 |iM , 2.5 

HM, 5 |iM  and 10 |iM ). After the indicated tim e, cells w ere harvested and lysates were prepared 

for western blot analysis. 30 |ig of protein was separated on a 12% resolving gel with 5% stacking 

gel, transferred to a PVDF mem brane and probed with an anti-Bak or anti-Bak-NT (activated Bak) 

antibody. Membranes were also probed for GAPDH as a loading control. Results are 

representative of three separate experiments.
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Figure 3.19 Bax expression is unaltered upon treatment with PBOX-6 in SHSY5Y cells.

SHSY5Y cells were seeded at a density of 3.0 x 10^ cells In T25cm^ flasks and left to  adhere 

overnight. The following day, cells were treated with varying concentrations of PBOX-6 (1 |aM, 2.5 

^M, 5 nM and 10 nM). After the indicated times, cells were harvested and lysates were prepared 

for western blot analysis. 30 ng of protein was separated on a 12% resolving gel w ith 5% stacking 

gel, transferred to a PVDF membrane and probed w ith an anti-Bax antibody. Membranes were 

also probed for GAPDH as a loading control. Results are representative of three separate 

experiments.
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3.3 Discussion

Neuroblastoma, a paediatric malignancy caused by aberrant developm ent of the  

sympathetic nervous system, is the most fatal solid tum our in children. Although patients 

with low risk disease have a very favourable outlook (>90% survival rate), children who 

are diagnosed late with a m etastatic disease have a very poor prognosis (10-40%  survival 

rate) often suffering from recurrent relapses (M aris et a i ,  2010). These patients have 

been shown to develop resistance to a broad range of chem otherapeutic drugs used in 

the trea tm en t of this cancer (Keshelava et al., 1998). Several mechanisms such as 

am plification of MYCN and p53 loss of function have been reported to contribute to the  

developm ent of multidrug resistance (Cheung et al., 2013). Some neuroblastoma cells 

become resistant through enhanced drug efflux caused by the overexpression of a family  

of ABC (ATP binding cassette) transporters which use ATP hydrolysis to pump drugs out of 

cells. This poses a problem as many chem otherapeutic drugs used in the treatm ent of 

neuroblastom a, are substrates for these transporters such as etoposide, vincristine and 

doxorubicin, all of which are substrates of P-gp (Balayssac et al., 2005). P-gp has been 

shown to be overexpressed in a num ber of m ultidrug resistant neuroblastoma cell lines. 

Dijkhuis et al., (2003) characterised the P-gp status of three neuroblastoma cell lines (SK- 

N-DZ, SK-N-AS and SK-N-FI) dem onstrating that P-gp expression was highest in the SK-N-FI 

cell line. Consequently this study found that the IC5 0  values for all drugs tested correlated  

with P-gp expression with the highest IC50 values being recorded in SK-N-FI cells, the cell 

line with the highest levels of P-gp expression, concluding that expression of P-gp 

correlates with the level of resistance pointing to its role in drug resistance. Park et al., 

(1990) have previously shown that high levels of P-gp mRNA are often associated with  

resistance to chemotherapeutics and these high levels may contribute to  resistance. 

Similarly Chan et al., (1991) found that the tum ours of all relapsed patients studied had 

high expression of P-gp whereas it was not detected in low risk localised tum ours. The 

expression of P-gp in p re-treatm ent samples was predictive of outcom e with those 

patients who were negative for P-gp expression having superior rates of response to  

treatm en t. It is therefore clear that there is a need for new therapeutics which are not 

substrates for P-gp.

it has been previously shown that the novel m icrotubule targeting drugs, the PBOXs are
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not substrates for these MDR proteins (Nathwani et a!., 2008). Although the PBOXs had 

not previously been tested in neuroblastoma cells, they have been shown to potently  

induce apoptosis in a num ber of cell lines, ex vivo leukaemia patient samples and in 

several mouse cancer models (Greene et al., 2007; McElligott et al., 2009; Nathwani et al., 

2010; Bright et al., 2010; Maginn et al., 2011). The aim of this work was the determ ine the  

effects of novel PBOXs on the viability of neuroblastoma cell lines, to identify if these 

compounds could induce apoptosis in NB cell lines and to establish the molecular 

mechanisms through which these drugs induce apoptosis.

The alamarBlue viability assay was employed to investigate the effects of the PBOXs on 

the viability of a panel of drug-sensitive and -resistant neuroblastoma cell lines. The IC5 0  

value of PBOX- 6  was found to be in a similar range in all six cell lines, both drug sensitive 

and resistant. This was in contrast to all four other chemotherapeutics tested which 

displayed increased fold resistance in the resistant cell lines when compared to the drug 

sensitive. This includes vincristine, another microtubule targeting agent which is currently  

used to treat neuroblastoma which displayed up to 23 fold resistance in the CHLA-90 cell 

line when compared to the SK-N-BE(l). The I C 5 0  values obtained for PBOX-15 was low er in 

all cell lines tested when compared to PBOX- 6  indicating that this is a more potent 

m em ber of the PBOX family of compound, which is consistent with prior findings in 

several other cancer cell lines. Similarly the I C 5 0  values obtained for both PBOX- 6  and 15 

were consistent w ith previous published results. Greene et al., (2005) tested the effects 

of PBOX- 6  in four breast cancer cell lines and determ ined the I C 5 0  value to  be in a range of 

l-2 .0 3 |iM . Similarly in human ovarian carcinoma A2780 cells and chronic myelogenous 

leukaemia K562 cells the I C 5 0  values w ere found to be 3 .58 |iM  and 6 .49 |iM  respectively. 

Likewise the IC5 0  of PBOX-15 was consistent with previous studies in numerous malignant 

cell lines including the leukaemia cell line, HL60 (0 .21nM ) and lung adenocarcinoma cell 

line A2780 (0.24|aM) (Nathw ani et al., 2008).

The I C 5 0  of PBOX- 6  has been determ ined in a num ber of other multi drug resistant cancer 

cell lines. Nathwani et al., (2010) established the I C 5 0  value of PBOX- 6  in tw o multidrug  

resistant leukaemia cells lines, HL60-P-gp (expressing P-gp) and HL60-ABCG2 (expressing 

BCRP) and found no increase in this value between the parental and resistant cell lines. In 

contrast, tw o  other microtubule targeting agents, vincristine and paclitaxel exhibited
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su b s ta n t ia l ly  h ig h er  IC50 va lues  w h e n  c o m p a r e d  to  t h e  p a re n ta l  cell l ines (> 1 0  piM in H L60-  

M D R  cells in c o n tras t  to  2 .7 9  n M  in th e  p a re n ta l  l ine fo r  p ac li taxe l  an d  6 7 9  n M  in co n tra s t  

to  2 .5 3  n M  fo r  v incr is tine).  F lo w  c y to m e tr ic  analysis o f  p ro p id iu m  iod ide  s ta in e d  cells 

s h o w e d  t h a t  n e i th e r  v in cr is t in e  n o r  pacli taxel  in d u c e d  a p o p to s is  in th e  M D R  cell lines. A 

v ir tu a l  m o le c u la r  docking  s tu d y  w as  u n d e r ta k e n  a n d  d e t e r m in e d  t h a t  b ased  on its 

s t ru c tu re  P B O X -6  w a s  n o t  a s u b s tra te  o f  P-gp. It w a s  c o n c lu d e d  t h a t  in c o n tra s t  t o  o t h e r  

M T A s, P B O X -6  an d  15 a re  n o t  su b stra tes  fo r  severa l  M D R  p ro te in s  w h ic h  c o n fe r  

res is tance t o  c h e m o th e r a p e u t ic  drugs. C o m p a r a b le  resu lts  w e r e  fo u n d  in t h e  p res en t  

s tu d y  in n e u ro b la s to m a  cells lines. In th e  P-gp o vere x p re s s in g  SK-N-FI a n d  C H L A -90  cell 

l ines, th e  fo ld  res is tance w as  s ignif ican tly  lo w e r  in c o m p a r is o n  to  ea ch  o f  t h e  o t h e r  drugs  

te s te d .  In t h e  SK-N-Fi cells, e to p o s id e ,  a s u b s tra te  o f  P-gp d isp layed  a fo ld  res is tance o f  9 

to  I S  in c o m p a r is o n  to  th e  t h r e e  sensit ive  cell lines. V inc r is t ine  also e x h ib ite d  an  

in c reased  fo ld  resistance in c o m p a r is o n  to  P B O X -6  an d  15 .  T h e  level o f  res is tance w a s  n o t  

as high as seen  in th e  H L 6 0 -M D R  cell line. It is possible  t h a t  th is cou ld  be d u e  to  a 

d if fe re n c e  in level o f  express ion  o f  P-gp b e t w e e n  th e s e  cell l ines b u t  th is  h yp oth es is  

w o u ld  n eed  to  be tes te d .  N o  d if fe re n c e  w as  r e p o r te d  in th e  IC50 v a lu e  o f  t h e  PBOXs in th e  

S K-N -BE(2)C  cell l ine in c o m p a r is o n  to  all o t h e r  c h e m o th e r a p e u t ic s .  T h e  fo ld  inc rease  o f  

v in cr is t in e  in C H L A -90  cells in c o m p a r is o n  to  S K -N -B E ( l )  w as  a p p r o x im a te ly  23 ,  th is  w as  in 

c o n tra s t  to  P B O X -6  w h ich  d isp layed  no  res is tance d e m o n s t r a t in g  th e  p o te n t ia l  a d v a n ta g e  

o f  t h e  PBOXs o v e r  c u r re n t  M T A s  b e ing  used  in th e  clinic. W ic k s t r o m  et a!., ( 2 0 0 7 )  

in v e s t ig a te d  t h e  e f fe c ts  o f  six c o m m o n ly  used c h e m o t h e r a p e u t ic  drugs on  t h e  v ia b i l i ty  o f  

seven  n e u ro b la s to m a  cell l ines (b o th  d ru g -s en s it iv e  a n d  res is tant)  a n d  f o u n d  inc reased  

IC50 v a lues  fo r  each  dru g  in t h e  M D R  cell lines. It is in te re s t in g  to  n o te  t h a t  t h e  IC50 va lues  

f o r  v in cr is t in e ,  e to p o s id e  a n d  ca rb o p la t in  f r o m  t h e  SK-N-FI cell l ine in t h e  p re s e n t  s tu d y  

w e r e  in th e  s a m e  range as r e p o r te d  by W ic k s to m  et a!., (2 0 0 7 ) .

M u l t ip le  cy to to x ic ity  assays a re  v ita l fo r  d e te r m in in g  t h e  re sp on se  o f  a cell to  a g iven  

t h e r a p y  b u t  also fo r  th e  p re-c lin ica l  e v a lu a t io n  o f  novel drugs such as th e  PBOXs. 

C o n v e n t io n a l  cell v iab i l i ty  assays such as t h e  a la m a r B lu e  v iab i l i ty  assay do  n o t  a l lo w  fo r  

t h e  lon g er  t e r m  e f fec ts  o f  a g iven  d ru g  on  a cell p o p u la t io n  to  b e  e s tab l is h e d .  T h e  

c lo n o g en ic  assay o v e rc o m e s  th is  obstac le ;  cells can be t r e a t e d  fo r  lo n g e r  per io ds  

p e rm it t in g  inves tig a t ion  in to  t h e  e f fec ts  o f  a g iv en  d ru g  o v e r  a p ro lo n g e d  d u ra t io n .
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Therefore in addition to the alamarBlue viability assay, clonogenic assays were employed. 

SHSY5Y cells were treated with increasing doses of PBOX-6 and -15 and the percentage 

clonogenicity was determined. It was found that PBOX-6 and -15 reduced the 

clonogenicity of SHSY5Y cells in a dose-dependent manner indicating that both PBOXs 

prevent recovery of SHSY5Y cells. This is the first time the effects of PBOX-6 on the 

clonogenic survival of a malignant cell line has been established. Previously Forde et a i, 

(2011) investigated the effect of PBOX-15 on the clonogenicity of several malignant cell 

lines including lung cancer, glioma and prostate cancer and found that PBOX-15 

significantly reduced the surviving fraction of the cell lines at all concentrations tested. 

The sensitivity of PBOX-15 in these cancer cell lines was comparable to those observed in 

response to other microtubule disrupting agents, such as paclitaxel. To our knowledge the 

effects of other microtubule targeting agents on the clonogenic survival of neuroblastoma 

cell lines have not previously been reported in the literature.

Microtubule targeting agents have been reported to disrupt formation of the mitotic 

spindle blocking cells in the G 2/M  phase of the cell cycle, consequently resulting in 

apoptosis. Preliminarily results from the alamarBlue viability assays and clonogenic assays 

indicated that PBOX-6 and -15 reduce the viability of neuroblastoma cells although it was 

not clear whether this reduction in viability could be attributed to cell cycle arrest, 

induction of apoptosis or a combination of both. Therefore cell cycle analysis by flow 

cytometry was employed. It was found that PBOX-6 and -15 induced apoptosis in a time- 

dependent manner. Findings from flow cytometry were in agreement with those from 

viability assays which showed a dose-dependent decrease in cell viability. It was also 

demonstrated that G 2/M  arrest preceded apoptosis in neuroblastoma cells and was 

dependent on the concentration of PBOX used, with arrest peaking at 16 hours in the 

case of PBOX-6 and a more sustained arrest at 24 hours for cells treated with PBOX-15. 

Mulligan et al., (2006) showed that PBOX-6 induced G 2/M  arrest and subsequently 

apoptosis in MCF-7 cells by binding to tubulin and disrupting tubulin polymerisation. 

Recently studies in multiple myeloma (M M ) cell lines, U266 and NCI-H929, supported 

these earlier findings (Maginn et al., 2011). Maginn et al., demonstrated by direct 

immunoflourescent staining that PBOX-15 treatm ent resulted in complete disruption of 

the microtubule network in these two M M  cell lines.
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One ha llm ark  o f neurob lastom a is h e te ro g en e ity  at both  a cellu lar and clinical level. 

N euroblasts are present in tu m o u rs  at d iffe ren t stages of d iffe ren tia tio n  th e re fo re  both  

neurob lastom a tum ours  and cell lines have a n u m b er o f distinct cell types, th e  'N ' or 

neural typ e  o f a neuronal lineage, 'S' o r schw annian o f a glial lineage and th e  'I' type  

w hich is an in te rm ed ia te  w ith  th e  ab ility  to  progress to w ards  a neuronal or glial lineage  

upon d iffe re n tia tio n  (Ross e t a i ,  2 003 ). The d ifference  in m alignant p roperties  b e tw e e n  S- 

and N -typ e  cell subtypes m ay have clinical re levance. It has been previously  

d em o n stra ted  th a t N and S type  cells exh ib it d ifferences in response to  tre a tm e n t w ith  

MTAs. S typ e  cells undergo m ito tic  arrest in contrast to  N type  cells w hich undergo  

apoptosis (P iacentin i e t al., 1996 ). This w ou ld  support o ur finding th a t N type  cells 

(SHSY5Y, Kelly and S K -N -B E (l)) undergo apoptosis in response to  our novel M TA.

Previously th e  PBOX com pounds have show n efficacy in ex vivo CLL sam ples (M cE lligo tt e t  

al, 2 0 0 9 ) and ex vivo CML patien ts  (Bright e t al, 2 0 1 0 ). It was necessary to  confirm  th e  

response o f p rim ary neurob lastom a cells to  this novel M T A  in o rd er to  p red ict its 

p o ten tia l clinical response. M etastasis  is th e  m ain cause o f death  in patien ts  w ith  

n eurob lasto m a w ith  the  bone m a rro w  being th e  m a jo r site o f m etastasis. In spite o f 

aggressive th e ra p y  children presenting  w ith  d issem ination  o f m alignant neuroblasts in the  

bone m a rro w  have a poor prognosis, th e re fo re  cells isolated from  th e  bone m a rro w  are  

rep resen ta tive  o f th e  m ost advanced and drug resistant popu lation .

M e ta s ta tic  neurob lastom a cells w e re  freshly isolated from  patien ts ' bone m a rro w  by 

positive selection of GD 2 expressing cells using an a n ti-G D 2 m onoclonal an tibody. PBOX-6 

was fo u n d  to  reduce th e  v iab ility  o f p rim ary  neurob lastom a cells. As w ith  all p rim ary  cell 

cu ltu re , th e re  are num erous obstacles to  overcom e, including th e  low  num bers o f p a tien t 

sam ples availab le. Prior to  isolation th e  stage o f th e  tu m o u r was unknow n so isolation of 

every  sam ple  was undertaken. In to ta l e igh teen  sam ples have been received and isolated  

since co m m e n c e m e n t o f th is w ork; o f these sam ples, six w ere  positive fo r m etastasis in 

th e  bone m arro w  and tw o  w e re  successfully grow n in cu ltu re . PBOX-6 w as show n to  

decrease th e  v iab ility  o f these prim ary neurob lastom a cells in a dose d e p e n d e n t m anner. 

As previously discussed p rim ary  n eurob lastom a cells are  not alw ays a m en ab le  to  cu lture; 

cells m ay die im m ed ia te ly  a fte r  isolation or m ay not p ro life ra te . O f th e  six G D 2 positive  

sam ples, tw o  did not grow  in cu ltu re  w h ile  tw o  could not be used due to  bacteria l
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contam ination. This study is therefore limited by the low num ber of samples available 

and as a result there is a need for furth er samples to validate our initial findings. Although 

no firm  conclusion may be drawn from  such a low sample number, this is a positive result 

and would support further investigation into the use of PBOXs for treatm ent of 

neuroblastoma. Due to  the difficulty associated w ith  culturing primary neuroblastoma 

cells, there are few  reports in the literature detailing the effects of conventional or novel 

therapeutic strategies on these cells. One other study which successfully isolated and 

cultured primary neuroblastoma cells (Bender et al., 2011) and dem onstrated an 

enhancem ent of doxorubicin induced apoptosis in com bination with PIS kinase inhibitors.

To confirm that apoptosis observed by flow cytom etric analysis was truly representative  

of an apoptotic cell population; western blot analysis of the repair enzyme PARP was 

carried out. The tim e-dependency of PARP cleavage correlated with flow  cytometric  

results. A fter confirming the cells w ere undergoing apoptosis, the molecular mechanisms 

by which PBOX-6 enhances the apoptotic effect of other chem otherapeutic drugs in 

neuroblastoma cells was investigated. Entry into the mitochondrial pathway is controlled  

by binding of pro-death Bcl-2 proteins to  pro-survival Bcl-2 proteins which can inhibit the  

pro-apoptotic activity of these proteins. Activation of anti-apoptotic members may tip the  

balance towards survival and contribute to chemoresistance. Therefore expression levels 

of several of these proteins in SHSY5Y cells was examined to see if they were altered upon 

treatm ent.

Bcl-2 has previously been shown to be expressed in a significant percentage of untreated  

neuroblastoma tum ours, w ith expression correlating with poor prognosis (Dole et al., 

1994). Bcl-2 expression was also shown to inhibit chem otherapy induced apoptosis in 

neuroblastoma; therefore investigation into the effect of PBOX-6 on expression of this 

anti-apoptotic protein in SHSY5Y cells was undertaken. It was found that PBOX-6 induces 

a dose-dependent cleavage of Bcl-2 which results in the form ation of a Bcl-2 cleavage 

fragm ent and the loss of its anti-apoptotic activity. Cleavage of Bcl-2 was previously 

observed by Nathwani et al., (2010) in HL-60 cells after treatm ent with PBOX-6, while 

other MTAs have dem onstrated similar activity (Srivastava et al., 1998). Although Bcl-2 is 

an anti-apoptotic protein it has been reported in the literature that the cleavage product 

of this protein is pro-apoptotic (Cheng et al-, Kirsch et al., 1999). Cleavage results in

125



Chapter 3

form ation of a pro-apoptotic fragm ent lacking the N -term inal 34 amino acids of Bcl-2. 

Kirsch et a i ,  (1999) established that caspase-3 dependent cleavage of Bcl-2 prom oted  

release of Bcl-2. This pro-apoptotic fragm ent was then shown to localise to the  

mitochondria and cause the release of cytochrome c. In this present study, these results 

indicate that PBOX-6 induced cleavage of Bcl-2 may prom ote apoptosis in a num ber of 

ways, by preventing inhibition of pro-apoptotic Bcl-2 proteins such as Bak and by 

form ation of a pro-apoptotic fragm ent which induces cytochrome c release.

M c l- l is a pro-survival Bcl-2 protein which has been implicated to play a role in 

chemoresistance in a range of cancers. It is widely expressed in a num ber of tum our cells 

but expression is poor or com pletely absent in normal cells. As previously discussed M c l- l  

has been postulated to function as an oncogene in neuroblastoma and may contribute to  

pathogenesis though prevention of apoptosis. Antagonism of M c l- l has been shown to 

have anti-cancer activity in a num ber of different malignancies including sarcoma, 

m yelom a, lymphom a and small and non small cell lung cancer (Lestini et a!., 2009). M ore  

recently a novel small molecule inhibitor of M c l- l has been found to block pancreatic  

cancer growth both in vitro and in vivo (Abulwerdi et a!., 2014). M c l- l has recently been 

postulated to  be a critical regulator of apoptosis induced by MTAs. W ertz et al., 2011  

treated  mouse embryonic fibroblasts (MEFs) with taxol and nocodazole and found that 

while both drugs induced mitotic arrest, they also decrease expression of M c l- l. As PBOX- 

6 is a MTA, it was hypothesised that it may affect expression of M c l- l in neuroblastoma  

cells.

PBOX-6 induced a dose-dependent reduction in M c l- l  w ith com plete abolition of 

expression following 72 hour treatm ent. This is the first report of PBOX-6 alone 

decreasing the expression of M c l- l. Previously Greene et al., (2007) found that a 

com bination of PBOX-6 and STI-571 caused a downregulation of M c l- l in CML cell lines. 

Similarly, trea tm en t of CML cells (LAMA84) with a com bination of S T l-571  and PBOX-21 

was dem onstrated to result in a decrease in expression of M c l- l  (Bright et al., 2008). In 

contrast to the findings presented herein, both of these previous reports found that 

PBOX-6 or -21 alone had no effect on M c l- l expression, suggesting that the apoptotic  

pathway by which PBOXs induce cell death may be cell line specific. Our results are in 

agreem ent with previous findings which found that PBOX-15 com pletely abolished M c l- l
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expression in M M  cell lines (Maginn et al, 2011). This finding is of particular interest as 

downregulation of M c l- l has been shown to be an effective strategy to enhance 

neuroblastoma cells to Fas- or chem otherapy-induced apoptosis (Ammann et al., 2009).

As levels of M c l- l  expression were decreased a fter treatm ent with PBOX-6, work was 

then undertaken to identify how this decrease affects other pro-apoptotic members of 

the Bcl-2 family, nam ely expression of Bak and Bax. It has been proposed that some Bcl-2 

proteins exert the ir anti-apoptotic function by inhibiting transiocation of Bax to the  

mitochondria w here it heterodimerises w ith Bak to form  pores in the mitochondrial 

m em brane (Czabator et al., 2014). W hen Bcl-2, Bcl-xL and M c l- l levels are decreased or 

inactivated though cleavage or phosphorylation, Bax and Bak are free to heterodimerise  

allowing for the release of cytochrome c and consequent activation of caspases (Youle et 

al., 2008). An increase in Bak expression was noted up to 72 hours post treatm ent with  

PBOX-6 while no increase in Bax was observed. One proposed mechanism of Bcl-2 

function is inhibition of Bax transiocation from  the cytosol to the mitochondria, but 

treatm ent with PBOXs has previously been shown to occur through an alternative  

mechanism. M cGee et al., (2004) found that although PBOX-6 induced phosphorylation  

and inactivation of several anti-apoptotic proteins in CML cells, Bax expression was not 

affected. Additionally subcellular localisation studies showed that Bax expression was 

neither altered in the mitochondrial or cytosolic fractions. O ther studies have shown that 

while Bcl-2, Bcl-xL and M c l- l expression may decrease after drug treatm ent Bax 

expression may not be effected. For example bortezom ib trea tm en t of neuroblastoma  

cells caused a decrease in Bcl-2 expression while levels of Bax were unaltered. (Combaret 

et al., 2008).

Interestingly a tim e- and dose-dependent increase in Bak expression was observed upon 

treatm ent with PBOX-6. In contrast to the previous findings w ith Bax, it was shown that a 

decrease in M c l- l  expression correlated with a simultaneous increase in Bak expression. 

This is the first report in the literature describing the effect of PBOX-6 treatm ent on 

expression of Bak. It has previously been shown that in healthy cells Bak is sequestered  

by M c l- l and not Bcl-2 (Willis et al., 2005). It is only when BH3 only proteins such as Noxa 

are activated, the cell receives a cytotoxic signal, and they can engage w ith M c l- l and 

displace Bak from  this complex allowing it to induce cell death. Release of Bak from  this
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complex precedes degradation of M c l- l by ubiquitination. Recently Bender et al., (2011) 

investigated the effect of PI3K inhibitors on neuroblastoma cells, and found that cells 

become primed for chem otherapy induced apoptosis by shifting the balance from  anti- 

apoptotic Bcl-2 proteins to pro-apoptotic members. In SH-EP neuroblastoma cells treated  

with a combination of doxorubicin and a PI3K inhibitor (LY294002), expression of M c l- l  

was decreased with a corresponding increase in Bak. In this study, it was hypothesised 

that a PBOX-6 induced reduction of M c l- l correlates w ith an increase in Bak expression in 

SHSY5Y cells due to release of Bak from  the M c l- l complex. The shift in the ratio of these 

proteins initiates a conform ational change in Bak (as dem onstrated by western blot 

analysis of the conform ationally active form  of Bak), allowing for form ation of pores in 

the mitochondrial m em brane and release of pro-apoptotic proteins such as cytochrome c. 

Additional studies are w arranted to further explore the events downstream  of Bak 

activation, such as release of cytochrome c and activation of various initiator and effector 

caspases.

In conclusion this study has shown for the first tim e the anti-cancer effects of POX-6 and - 

15 fam ily on neuroblastoma cells, dem onstrating the ability of PBOX-6 to reduce the 

viability of neuroblastoma cells in vitro and in ex vivo neuroblastoma patient samples; 

induction of apoptosis while delineating part of the mechanism through which this 

occurs. This work supports the use of these novel compounds as a potential trea tm en t for 

neuroblastoma.
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4.1 Introduction

Drug design has evolved from  a trial and error approach involving a large scale screening 

process of m ultiple natural and synthetic compounds to a targeted approach term ed  

'rational drug design' in which a specific cellular target is identified (Mavrom oustakos et 

a i ,  2011). A drug is generally synthesised to activate or inhibit the chosen target or 

cellular process to produce the required effect such as induction of cell death (Temirak et 

al., 2012). Although this approach is more logical, efficient and cost effective it, due to the  

heterogeneous nature of cancer, a single target approach does not always achieve the  

desired effects therefore combining m ultiple drugs, each designed to target a specific 

cellular pathway is deemed to be the most therapeutically effective strategy (Kapse- 

Mistry et al., 2014).

Since first pioneered in the 1950s as a novel therapeutic strategy for acute lymphoblastic 

leukaemia (ALL), combination chem otherapy has since been established as more effective  

than single agent therapy in m ultiple cancers. Combination chem otherapy is based on the  

idea that the use of m ultiple cytotoxic drugs may result in an increased therapeutic  

benefit, when compared to single agent therapy. The key principles of combination  

therapy are to firstly use drugs with non-overlapping toxicities, if necessary; the maximal 

doses of each drug may be used and secondly to use drugs w ith  different mechanisms of 

actions so m ultiple cellular pathways can be targeted simultaneously, and finally to use 

drugs which have been previously shown to be effective when used alone (M ayer et al., 

2007).

This m ultim odal approach has a num ber of advantages; firstly com bination chem otherapy  

offers the benefit of targeting m ultiple cellular pathways that induce apoptosis, and has 

proven in other paediatric cancers to  be efficacious leading to higher rates of long term  

survival (M atthay  et al., 2012). For example, vincristine will target the microtubule 

network, while etoposide will target DNA replication. In addition, a com bination of tw o  

drugs may reduce the possibility of the malignant cell developing resistance to each drug, 

while also reducing the chance of m utated cells evolving w ithin the tum our. 

Combinations of drugs which will synergise may help to decrease the developm ent of 

resistance, while maximising the anti-tum our effects on the cell (Furfaro e t al., 2014).
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The aim of chem otherapy is to elim inate all traces of cancer from  the body before the  

malignant cells may potentially evolve into resistant cells. Tumours may develop 

resistance through intrinsic mechanisms or by exposure to sub lethal concentrations of a 

given drug. Conventional chem otherapy can often target DNA, triggering events in the  

cell such as activation of p53, cell cycle arrest and apoptosis. Frequently in advanced 

tumours such as late stage neuroblastoma these pathways are defective, for example p53 

may be m utated or deleted leading to ineffective induction of cell death by 

chemotherapeutics (Maris et al., 2010). Similarly amplification of the transcription factor 

MYCN, may lead to suppression of apoptosis and promotion of cell proliferation and 

survival (Gogolin et al., 2010). Lone chem otherapeutic drugs may provide insufficient 

toxicity to overcome these pro-survival mechanisms and cells may develop multidrug 

resistance.

M em bers of the PBOX family have previously been shown to work in combination with  

other drugs to synergistically enhance apoptosis. These include flavopiridol, a pan Cdk 

inhibitor and imatinib, a receptor tyrosine kinase inhibitor. Co-treatm ent of CML cells 

with PBOX-21 and STI571 was shown to induce more apoptosis than either drug alone in 

parental (K562S and LAMA84) CML and STI571-resistant CML cells lines (K562R) (Bright et 

al., 2010). The Bcr-AbI translocation present in approxim ately 95% of CML patients has 

been identified as having a central role in CML pathology. This potentiation of apoptosis 

was specific to Bcr-Abl-positive leukaemia cells w ith no effect observed on Bcr-Abl- 

negative HL-60 acute myeloid leukaemia cells. Bright et al., (2010) showed that 

combination therapy of the PBOX compounds and flavopiridol induced a sequence 

dependent, synergistic enhancem ent of apoptosis in the imatinib-resistant T315I m utant 

CML cells. A phase 1 clinical trial investigating the therapeutic potential of flavopiridol in 

neuroblastoma has recently been com pleted (ClinicalTrials.gov NCT00012181), while  

flavopiridol has also been reported to synergistically enhance the effects of HDAC 

inhibitors such virinostat, in MDR neuroblastoma cell lines with p53 loss of function (LOF). 

Huang et al., (2010) found that a combination of vorinostat and flavopiridol was 

synergistic and significantly more cytotoxic in cell lines with p53-LOF, and in the clones 

stably transfected w ith dom inant-negative p53 plasmids. These results support the
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h y p o th e s i s  t h a t  PBOX-6 a n d  -15 hav e  t h e  po t en t ia l  t o  w o rk  in c o m b in a t i o n  wi th  o t h e r  

c h e m o t h e r a p e u t i c s  t o  e n h a n c e  ap o p to s i s  in n e u r o b l a s t o m a  cells.

In t h e  ca se  of  m a n y  c h e m o t h e r a p e u t i c  drugs ,  t h e  m e c h a n i s m  t h r o u g h  w hic h  individual 

d rugs  w o rk  h as  b e e n  ex tensively s tud ied ,  whi le inves t iga t ion into t h e  m e a n s  t h r o u g h  

which  dr ug s  w o r k  in c o m b i n a t i o n  has no t  b e e n  as t h o r o u g h .  T h e r e f o r e ,  in this  c h a p te r ,  a 

s tu d y  t o  iden ti fy a ny  po ten t i a l  synergis t ic  c o m b i n a t i o n s  b e t w e e n  t h e  PBOXs a n d  c u r r e n t  

c h e m o t h e r a p e u t i c  drugs ,  a n d  e x a m in a t io n  into t h e  m o le cu la r  m e c h a n i s m s  t h r o u g h  which 

t h e s e  dr ug s  work ,  w a s  u n d e r t a k e n .
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4.2 Results

4.2.1 PBOX-15 works in combination with other chemotherapeutics to reduce the 

viability of SHSY5Y cells.

The alamarBlue assay was employed to identify potential synergies between the novel 

microtubule targeting drugs, the PBOXs, and other chemotherapeutic drugs currently 

used in the clinic to treat neuroblastoma. An enhanced decrease in cell viability may point 

to the potential additive or synergistic interactions between two drugs. SHSY5Y cells were 

treated fo r 72 hrs w ith varying concentrations o f either PBOX-15, carboplatin or a 

combination of the two. As shown in Fig 4.1 an enhanced decrease in viability was 

observed in the cells treated with the combination in comparison to either drug 

treatm ent alone. Cell viability decreased from 85% w ith PBOX-15 or 62% w ith carboplatin 

alone to  19% for a combination of the two. This indicated that PPBOX-15 may potentially 

work in combination w ith other chemotherapeutic drugs to  produce additive or 

synergistic effects although further studies using flow  cytometry were required to confirm 

this.
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* * *

Figure 4 .1  Com bination o f PBOX-15 and carboplatin en h anced  th e  ob served  d ecrease  in cell 

viability in SH5Y5Y cells.

SHSY5Y cells w e re  se e d e d  a t  2.5x 10^ cells per  ml in 96 well p la tes and  left fo r  24hrs  to  a t tach .  

Cells w e re  t r e a te d  with a vehicle (1% (v/v) e thanol) ,  10 nM PBOX-15, 20 nM ca rbop la tin  o r  a 

co m bina t ion  of  both . After 72 hours  cells w e re  harves ted  and  20 nl a lam arB lue w as a d d e d  to  each  

well. Plates w e re  incubated  in th e  dark  for up  to  5 hours  until a co lour  change  w as o bse rved .  

F luorescence  w as m e a su re d  using a S pectraM ax Gemini p la te  re a d e r  a t  excita tion  and  em ission 

w av e len g th s  of 544 nm and  590 nm respectively. Values r e p re s e n t  th e  m e an  ± S.E.M of th r e e  

in d e p e n d e n t  exper im en ts .  Statistical analysis w as  p e r fo rm ed  using o n e  way ANOVA with  Tukey 's 

m ult ip le  com parison  test.  *** p<0.001.
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4.2.2 The effect of PBOX-6 and -15 in combination with a number of current 

chemotherapeutics used to treat neuroblastoma.

Regardless of stage, all neuroblastoma patients that receive chemotherapy are treated by 

combination therapy. This indicated the potential fo r the novel microtubule targeting 

drugs, the PBOXs, to be used in combination w ith several chemotherapeutic drugs which 

are currently used in the clinic. It was proposed that the PBOXs may work in combination 

with doxorubicin, etoposide and carboplatin and may synergistically increase the 

apoptotic effects o f these drugs on neuroblastoma cells. The percentage of apoptosis 

induced by these drugs alone and in combination was assessed by flow  cytometric 

analysis of the sub Gl/GO peak of propidium iodide stained cells. SHSY5Y cells were 

initially treated fo r 48 hours with varying concentrations of PBOX-6, PBOX-15, etoposide, 

doxorubicin and carboplatin alone and in combination.

Findings from the viability assays indicated that PBOX-15 had the potential to synergise 

with carboplatin and possibly other cytotoxic drugs. A concentration of 0.5 nM PBOX-15 

was chosen fo r further investigation as it induced an intermediate level of apoptosis in 

5HSY5Y cells (Fig. 3.12). Cells were then treated with 0.5 |iM  PBOX-15 or a range of 

concentrations of carboplatin (10, 20 and 50 pM) alone and in combination (Fig. 4.3). 

Apoptosis was significantly enhanced in cells treated w ith combinations of both drugs. 

Apoptosis increased from 12% w ith PBOX-15 alone to 18%, 26% and 28% in combination 

w ith 10 pM, 20 pM and 50 pM carboplatin respectively. Cl values fo r each combination 

were identified using Calcusyn and all three combinations were shown to be synergistic 

w ith the 0.5 pM PBOX-15/20 pM carboplatin showing the highest degree of synergism 

(Table 4.1).

Given that PBOX-15 synergised w ith carboplatin it was hypothesised that PBOX-6 may 

also have additive or synergistic effects on this and potentially other chemotherapeutics. 

A concentration of 5 pM PBOX-6 was chosen as it was shown to induce an intermediate 

level o f apoptosis in SHSY5Y cells 48 hours post treatm ent (Fig. 3.12). Cells that were 

treated for 48 hours w ith 5 pM PBOX-6 alone induced approximately 7% apoptosis, this 

increased to 21% in combination w ith  10 pM carboplatin, 27% with 20 pM carboplatin 

and 28% w ith 50 pM carboplatin (Fig. 4.2). Apoptosis was also induced by carboplatin
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a l o n e  (8%, 11% a n d  17% for  10 [iM, 20  | iM a n d  50 nM  respect ively) .  In c o m p a r i s o n  to  

single t r e a t m e n t s ,  c o m b i n a t i o n s  gave  g r e a t e r  t h a n  add i t ive  e ffec ts .  A Cl va lue  w a s  

d e t e r m i n e d  for e a c h  c o m b in a t i o n  using Calcusyn.  C o - t r e a t m e n t  wi th 5 nM PBOX-6 a n d  10 

HM carbopla t in  ga ve  a Cl va lue  which  ind ica ted  a s t r o n g  synerg ism.  Likewise, a 

c o m b i n a t i o n  of  5 piM PBOX-6 a n d  20  | iM ca rb op la t in  w a s  s h o w n  t o  be  s t rongly  synergist ic 

whi le  c o - t r e a t m e n t  with 5 0 n M  c a rb op la t in  w a s  d e t e r m i n e d  t o  b e  synergis tic  (Table 4.2). 

Stat ist ical  analysi s w a s  p e r f o r m e d  using o n e  w a y  ANOVA with Tukey ' s  mul t ip le  

c o m p a r i s o n  tes t .  All P va lues  o b t a i n e d  w e r e  less t h a n  0 .05  indicat ing t h a t  resu l t s  w e r e  

stat is t ical ly significant.

Al thoug h b ot h  d ru gs  ind uc ed  similar  levels of  ap o p to s i s ,  a lo w er  Cl va lue  w a s  o b t a i n e d  

wi th  t h e  PBOX-6/carboplat in  c o m b i n a t i o n  t h a n  t h e  PBOX-15/carbopla t in  c o m b in a t i o n .  

T h e r e f o r e  it w a s  d ec ided  t o  c o n t i n u e  t o  inv es t iga te  thi s  d ru g  in c o m b i n a t i o n  wi th 

doxorubic in  a n d  e t o p o s i d e ,  t w o  o t h e r  c h e m o t h e r a p e u t i c s  which  a re  u s e d  t o  t r e a t  

n e u r o b l a s t o m a .  Apopt os i s  w a s  signif icantly inc re ase d  in cells t r e a t e d  wi th  PBOX-6 a n d  

e t o p o s i d e  in c o m p a r i s o n  t o  t r e a t m e n t  wi th  e a c h  drug  a lone .  Levels o f  a p o p t o s i s  inc re as ed  

f r o m  5% wi th 1 | iM e t o p o s i d e  a lo n e  t o  23% w h e n  t r e a t e d  wi th 5 PBOX-6. Similarly an 

e n h a n c e m e n t  of  ap o p to s i s  w a s  o b s e r v e d  in cells t r e a t e d  wi th 2.5 | iM a n d  10 

e t o p o s i d e  in c o m b in a t i o n  wi th PBOX-6 (Fig. 4.4). Analysis by Calcusyn c o n f i r m e d  t h a t  

PBOX-6 w as  synergist ical ly a u g m e n t i n g  t h e  a p o p t o t i c  e f fec t s  of  e t o p o s i d e  (Table 4.3). 

Stat ist ical  analysi s w a s  p e r f o r m e d  using o n e  w a y  ANOVA wi th Tukey ' s  mul t iple  

c o m p a r i s o n  tes t .  All P va lues  o b t a i n e d  w e r e  less t h a n  0 .0 5  indicat ing t h a t  resu l t s  w e r e  

significant .

F u r th e r  synerg ies  b e t w e e n  doxorubic in  a n d  PBOX-6 w e r e  inves t iga ted .  Initially cells w e r e  

t r e a t e d  wi th 5 | iM PBOX-6 and  varying c o n c e n t r a t i o n s  of  doxorub ic in  (0.5 | iM, 1 (iM a n d  5 

HM). To conf irm synergy,  c o m b i n a t i o n s  m u s t  be  d e e m e d  t o  b e  s tat is t ical ly significant.  

Analysis by calcusyn  fo u n d  all t h r e e  of  t h e s e  c o m b i n a t i o n s  w e r e  s h o w n  t o  b e  synergist ic;  

a l t h o u g h  fol lowing stat ist ical  analys is  ( o n e  w a y  ANOVA fo l lo we d by  s t u d e n t s  t  t es t )  o n e  of  

t h e s e  c o m b in a t i o n s  (5 |j M PBOX-6 a n d  1 | iM doxorubic in)  w a s  n o t  d e e m e d  t o  be  

stat i st ical ly significant,  t h e r e f o r e  it w a s  d e c i d e d  t h a t  c o n c e n t r a t i o n s  of  PBOX-6 w o u ld  be  

var ied .  Th re e  c o n c e n t r a t i o n s  of  PBOX-6 (1 nM,  2.5 | iM a n d  5 piM) w e r e  u s e d  a l o n e  a n d  in 

c o m b i n a t i o n  wi th 5 pM doxorubic in  (Fig. 4.5). All t h r e e  c o m b i n a t i o n s  w e r e  s h o w n  t o  be
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synergistic but th e  synergism was no t  as s trong w hen com pared  with o th e r  combinations 

te s te d  previously (Table 4.4).
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Figure 4 .2  PBOX-15 enhances th e  apoptotic effects of carboptatin in SHSY5Y cells.

SHSY5Y cells w ere  se e d e d  at a dens ity  of 1.0 x 10^ cells /ml in 6 well p la tes and  left for  24hrs  to  

a t tach .  Cells w ere  t r e a te d  with  a vehicle (1% (v/v) e thano l) ,  O.SpiM PBOX-15, lO ^M  or  a 

co m bina t ion  of both , (B) 0 .5nM  PBOX-15, 20|iM o r  a com bina t ion  of bo th  o r  (C) 0 .5nM  PBOX-15, 

50nM  carboplatin  o r  a com bina t ion  of both . After 48  hrs cells w e r e  harves ted ,  r e su sp e n d e d  in 

200^1  PBS, fixed in 2mls e th an o l  and  s ta ined  with  p ropid ium  iodide. Cells w e re  ana lysed  by flow 

c y to m e try  and  th e  p e rc en ta g e  of  ap o p to t ic  cells w as d e te r m in e d  by quantif ica tion  of th e  sub  

G/GO peak. Values re p re se n t  t h e  m e a n  ± S.E.M of a t  least th r e e  in d e p e n d e n t  expe r im en ts .  

Statistical analysis w as pe r fo rm ed  using o n e  way ANOVA with Tukey's m ultiple  com par ison  test.

*** p<0.001, ** p<0.01.
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PBOX-15 Carboplatin % sub 61/GO cells Cl value Rating
0.5 10 18.91 0.618 ++
0.5 20 26.44 0.477 +++
0.5 50 28.97 0.569 +++

Table 4.1 Cl values of PBOX-15 in combination with carboplatin in SHSY5Y cells.

Data from  flow  cy tom etry  experim ents was used to  analyse th e  interactions b etw een  PBOX-15 

and carboplatin  using th e  isobologram m ethod described by Chou and Talalay. The degree of 

synergism b etw een  PBOX-15 and carboplatin  was d eterm ined  by using com bination index (Cl) 

analysis at a non-constant ratio , i.e., drug com binations w ere  m ade by varying th e  concentrations  

of one drug (carboplatin) w hile  keeping the second drug (PBOX-15) concentration fixed. An 

average Cl < 1 indicates synergism, >1 indicates antagonism  and an average Cl o f 1 indicates 

additivity. Cl values fo r each drug com bination w ere  calculated using Calcusyn softw are (Biosoft, 

U.K).
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(A) (B)

Figure 4.3 PBOX-6 enhances the apoptotic effects of carboplatin in SHSY5Y cells.

SHSY5Y cells were seeded at a density of 1.0 x 10^ cells/ml in 6 well plates and left fo r 24 hours to 

attach. Cells were treated with a vehicle (1% (v/v) ethanol), (A) 5 |iM PBOX-6, 10 carboplatin 

or a combination of both, (B) 5 nM PBOX-6, 20 nM carboplatin or a combination or (C) 5 nM 

PBOX-6, 50 nM carboplatin or a combination of both. After 48 hours cells were harvested, 

resuspended in 200^1 PBS, fixed in 2mls ethanol and stained with propidium iodide. Cells were 

analysed by flow cytometry and the percentage of apoptotic cells was determined by 

quantification of the sub Gl/GO peak. Values represent the mean ± S.E.M of at least three 

independent experiments. Statistical analysis was performed using one way ANOVA with Tukey's 

multiple comparison test. * * *  p<0.001, * *  p<0.01.
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PBOX-6 Carboplatin % sub G l/G O  cells Cl value Rating
5 10 2 0 .88 0 .2 9 9 ++++
5 20 27 .22 0 .2 4 9 ++++
5 50 2 8 .0 8 0 .4 3 0 +++

Table 4.2 Cl values of PBOX-6 in combination with carboplatin in SHSY5Y cells.

Data from flow cytometry experiments was used to analyse the interactions between PBOX-6 and 

carboplatin using the isobologram method described by Chou and Talalay. The degree of 

synergism between PBOX-6 and carboplatin was determined by using combination index (Cl) 

analysis at a non-constant ratio, i.e., drug combinations were made by varying the concentrations 

of one drug (carboplatin) while keeping the second drug (PBOX-6) concentration fixed. An average 

Cl < 1 indicates synergism, >1 indicates antagonism and an average Cl of 1 indicates additivity. Cl 

values for each drug combination were calculated using Calcusyn software (Biosoft, U.K).
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(A) (B)

Figure 4.4 PBOX-6 enhances the apoptotic effects of etoposide in SHSY5Y cells.

SHSY5Y cells were seeded at a density of 1.0 x 10^ cells/ml in 6 well plates and left for 24 hours to 

attach. Cells were treated with a vehicle (1% (v/v) ethanol), (A) 5 piM PBOX-6, 1 ^iM etoposide or a 

combination of both, (B) 5 nM PBOX-6, 5 nM etoposide or a combination or (C) 5 nM PBOX-6, 10 

HM etoposide or a combination of both. After 48 hours cells were harvested, resuspended in 200 

PBS, fixed in 2 mis ethanol and stained with propidium iodide. Cells were analysed by flow 

cytometry and the percentage of apoptotic cells was determined by quantification of the sub 

Gl/GO peak. Values represent the mean ± S.E.M of at least three independent experiments. 

Statistical analysis was performed using one way ANOVA with Tukey's multiple comparison test. 

**  p<0.01, * p<0.05.
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PBOX-6 Etoposide % sub Gl/GO cells Cl value Rating
5 1 23.8 0.194 +++++
5 5 29.7 0.281 ++++
5 10 26.9 0.590 +++

Table 4.3 Cl values of PBOX-6 in combination with etoposide in SHSY5Y cells.

Data from  flow cy to m etry  ex p e r im en ts  w as used  to  analyse th e  In terac tions b e tw e e n  PBOX-6 and 

e to p o s id e  using th e  isobologram  m e th o d  descr ibed  by Chou and  Talalay. The d e g re e  of synergism 

b e tw e e n  PBOX-6 and  e to p o s id e  w as d e te rm in e d  by using com binat ion  index (Cl) analysis at  a 

no n -co n s ta n t  ratio, i.e., drug  com bina t ions  w e re  m a d e  by varying th e  c o n c en tra t io n s  of o n e  drug 

(e toposide)  while keeping th e  second  d rug  (PBOX-6) con c en tra t io n  fixed. An ave rag e  Cl < 1 

indicates synergism, >1 indicates an tagon ism  and  an ave rag e  Cl of 1 indicates additivity. Cl values 

for  each  drug  com bina t ion  w e re  calcu la ted  using Calcusyn so f tw are  (Biosoft, U.K).
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(A) (B)

Figure 4.5 PBOX-6 enhances the apoptotic effects of doxorubicin in SHSY5Y cells.

SHSY5Y cells were seeded at a density of 1.0 x 10^ cells/ml in 6 well plates and left fo r 24 hours to 

attach. Cells were treated with a vehicle (1% (v/v) ethanol), (A) 1 |iM PBOX-6, 5 |iM doxorubicin or 

a combination of both, (B) 2.5 pM PBOX-6, 5 pM doxorubicin or a combination of both or (C) 5 pM 

PBOX-6 or 5 pM doxorubicin or a combination of both. After 48 hours cells were harvested, 

resuspended in 200 pL PBS, fixed in 2 mis ethanol and stained with propidium iodide. Cells were 

analysed by flow cytometry and the percentage of apoptotic cells was determined by 

quantification of the sub Gl/GO peak. Values represent the mean ± S.E.M of at least three 

independent experiments. Statistical analysis was performed using one way ANOVA with Tukey's 

multiple comparison test. * * *  p<0.001, **  p<0.01, *p<0.05.
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PBOX-6 Doxorubicin % sub G l/G O  cells Cl value Rating
1 5 45.99 0.398 +++

2.5 5 47.54 0.380 -I-++

5 5 36.49 0.700 ++

Table 4.4 Cl values of PBOX-6 in combination w ith doxorubicin in SHSY5Y cells.

Data fro m  flow  cytom etry  experim ents was used to  analyse the interactions betw een  PBOX-6 and 

doxorubicin using the isobologram m ethod  described by Chou and Talalay. The degree of 

synergism betw een  PBOX-6 and doxorubicin was d eterm ined  by using com bination index (Cl) 

analysis at a non-constant ratio , i.e., drug com binations w ere  m ade by varying the concentrations  

of one drug (PBOX-6) w hile keeping the second drug (doxorubicin) concentration fixed. An 

average Cl < 1 indicates synergism, >1 indicates antagonism  and an average Cl o f 1 indicates 

additiv ity . Cl values fo r each drug com bination w ere  calculated using Calcusyn so ftw are (Biosoft, 

U.K).
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4.2.3 PBOX-6 synergistically increases the apoptotic effect of carboplatin 72hrs hours 

post treatment in drug sensitive and multidrug resistant neuroblastoma cell lines.

Upon com pletion  o f th e  48  hour com bination  studies it was decided to  expand the  

com bination  studies to  a 72 hour tim e  point to  establish if th e  synergism observed could 

be m ainta ined  or enhanced at this la te r tim e . C arbop latin  was chosen as the  

rep resen ta tive  ch em o th erap eu tic  as both  PBOX - 6  and 15 was show n to  synergise w ith  

th is drug and these com binations d em o nstra ted  th e  strongest synergism . A lthough  PBOX- 

6  was show n to  synergise w ith  doxorubicin  w h en  tre a te d  at varying concentrations, these  

com binations proved to  be less synergistic than  carbop la tin . W h ile  good Cl values w ere  

obta ined  w ith  etoposide it was d eem ed  th a t these concentrations w e re  high in 

com parison to  carboplatin . A concen tra tion  o f 10 |iM  e toposide  w hich induced just 15%  

apoptosis alone is alm ost tw e n ty  tim es h igher than  th e  IC50 va lue fo r this drug in SHSY5Y 

cells. In contrast sim ilar levels o f apoptosis (8 -17% ) w e re  induced w ith  various  

concentrations o f carboplatin  in a range o f its I C 5 0  value in this cell line. C onsequently  it 

was decided to  continue w ith  th e  PBOX-6 /c a rb o p la tin  com bination  and investigate  th e ir  

effects on SHSY5Y cells 72 hours post tre a tm e n t. SHSY5Y cells w ere  tre a te d  w ith  th e  sam e  

concentrations o f PBOX - 6  and carboplatin  a lone and in com bination  fo r 72 hours. Analysis 

by calcusyn confirm ed  th a t PBOX - 6  synergistically increased th e  a p o p to tic  effects  o f 

carboplatin  72 hours post tre a tm e n t (Fig. 4 .6 ). Statistical analysis was p e rfo rm e d  using 

one w ay A N O VA  w ith  Tukey's m u ltip le  com parison test. All p values o b ta in ed  w e re  less 

than  0 .05  indicating th a t results w e re  significant. Cl values fo r each com bination  was less 

than  0 .5  indicating  synergism (Table 4 .5 ).

The CHLA-90 cell line derived fro m  an 8)4 year old stage 4  post th e rap y  and bone m arro w  

transp lan ta tio n  neurob lastom a p a tien t is p53 m u ta te d , MYCN am p lified  and  

overexpresses th e  M D R  p ro te in , P-gp and has been show n to  be resistant to  m ultip le  

chem o th erap eu tics  w hich are curren tly  used in th e  tre a tm e n t o f n eurob lastom a such as 

carbop la tin , doxorubicin and e toposide (H uang et a!., 2 0 1 0 ). This cell line w as chosen as a 

rep resen ta tive  M D R  cell line to  test th e  lead PBOX-6 /c a rb o p la tin  co m b in ation . SHSY5Y 

cells w e re  tre a te d  w ith  5 (iM  PBOX - 6  and 1 0 /2 0 /5 0 n M  carboplatin  a lone and in 

com bination  fo r 4 8  (Fig.4 .7 ) and 72 hours (Fig. 4 .8 ). Analysis by calcusyn confirm ed  th a t  

th a t PBOX - 6  synergistically increased th e  ap op to tic  effects  o f carboplatin  at both  tim e
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poin ts  (Table 4.6). Statistical  analysi s w a s  p e r f o r m e d  using o n e  w a y  ANOVA wi th Tukey ' s  

mul t ip le  c o m p a r i s o n  tes t .  All p va lues  o b t a i n e d  w e r e  less t h a n  0 .05 indicat ing t h a t  resu lt s  

w e r e  significant.  Cl va lues  for  e a c h  c o m b i n a t i o n  w a s  less t h a n  0.8 indicat ing synerg ism 

(Table 4.7).
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Figure 4.6 PBOX-6 enhances the apoptotic effects of carboplatin in SHSY5Y cells 72hrs 

post treatment.

SHSY5Y cells were seeded at a density of 1.0 x 10^ cells/ml in 6 well plates and left for 24 hours to 

attach. Cells were treated with vehicle (1% (v/v) ethanol), (A) 5 |iM PBOX-6, 10 |aM carboplatin or 

a combination of both, (B) 5 nM PBOX-6, 20 nM carboplatin or a combination or (C) 5 nM PBOX-6, 

50 nM carboplatin or a combination of both. After 72 hours cells were harvested, resuspended in 

200 piL PBS, fixed in 2 mis ethanol and stained with propidium iodide. Cells were analysed by flow 

cytometry and the percentage of apoptotic cells was determined by quantification of the sub 

Gl/GO peak. Values represent the mean ± S.E.M of at least three independent experiments. 

Statistical analysis was performed using one way ANOVA with Tukey's multiple comparison test. 

* * *  p<0.001, ♦* p<0.01, *p<O.OS.
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PBOX-6 Carboplatin % sub G l/G O  cells Cl value Rating
5 10 37 0 .440 +++
5 20 47 0.359 +++
5 50 53 0.450 +++

Table 4 .5  Cl values o f PBOX-6 in com bination with carboplatin in SHSY5Y cells.

Data from  flow cy tom etry  ex p e r im en ts  w as used  to  analyse th e  in te rac t ions  b e tw e e n  PBOX-6 and 

carboplatin  using th e  isobologram  m e th o d  descr ibed  by Chou and  Talalay. The d e g re e  of 

synergism b e tw e e n  PBOX-6 and  carboplatin  w as d e te rm in e d  by using com binat ion  index (Cl) 

analysis a t  a no n -co n s ta n t  ratio, i.e., drug com binat ions  w e re  m a d e  by varying th e  co n cen tra t io n s  

of o n e  drug  (carboplatin) while keeping th e  second  drug  (PBOX-6) c o n c en tra t io n  fixed. An average  

Cl < 1 indicates synergism, >1 indicates an tagon ism  and  an average  Cl o f  1 indicates additivity. Cl 

values fo r  each d rug  com binat ion  w e re  calculated  using Calcusyn so f tw are  (Biosoft, U.K).
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Figure 4.7 PBOX-6 enhances the apoptotic effects of carboplatin in CHLA-90 cells 48hrs 

post treatm ent.

CHLA-90 cells were seeded at a density of 1.0 x 10^ cells/ml in 6 well plates and left for 24 hours 

to attach. Cells were treated w ith vehicle (1% (v/v) ethanol), (A) 5 nM PBOX-6, 10 nM carboplatin 

or a combination of both, (B) 5 nM PBOX-6, 20 nM carboplatin or a combination or (C) 5 nM 

PBOX-6, 50 |iM carboplatin or a combination of both. After 48 hours cells were harvested, 

resuspended in 200 |iL PBS, fixed in 2 mis ethanol and stained with propidium iodide. Cells were 

analysed by flow cytometry and the percentage of apoptotic cells was determined by 

quantification of the sub Gl/GO peaks. Values represent the mean ± S.E.M of at least three 

independent experiments. Statistical analysis was performed using one way ANOVA with Tukey's 

multiple comparison test. * * *  p<0.001, **  p<0.01, *p<0.05.
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PBOX-6 Carboplatin % sub Gl/GO cells Cl value Rating
5 10 23.71 0.727 ++
5 20 27.74 0.644 +++
5 50 27.47 0.657 +++

Table 4.6 Cl values of PBOX-6 in combination with carboplatin in CHLA-90 cells.

Data fro m  flow  cytom etry  experim ents was used to  analyse th e  interactions betw een  PBOX-6 and 

carboplatin  using th e  isobologram m ethod described by Chou and Talalay. The degree of 

synergism b etw een  PBOX-6 and carboplatin  was d eterm ined  by using com bination index (Cl) 

analysis at a non-constant ratio, i.e., drug com binations w ere  m ade by varying the concentrations  

of one drug (carboplatin) w hile  keeping th e  second drug (PBOX-6) concentration fixed. An average  

Cl < 1 indicates synergism, >1 indicates antagonism  and an average Cl o f 1 indicates add itiv ity . Cl 

values fo r each drug com bination w ere  calculated using Calcusyn so ftw are  (Biosoft, U.K).
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(A) (B)

Figure 4.8 PBOX-6 enhances the apoptotic effects of carboplatin in CHLA-90 cells 72hrs 

post treatment.

CHLA-90 cells were seeded at a density of 1.0 x 10^ cells/ml in 6 well plates and left for 24 hours 

to attach. Cells were treated with vehicle (1% (v/v) ethanol), (A) 5 jilVI PBOX-6, 10 nM carboplatin 

or a combination of both, (B) 5 nM PBOX-6, 20 nM carboplatin or a combination or (C) 5 nM 

PBOX-6, 50 |iM carboplatin or a combination of both. After 72 hours cells were harvested, 

resuspended in 200 nL PBS, fixed in 2 mis ethanol and stained with propidium iodide. Cells were 

analysed by flow cytometry and the percentage of apoptotic cells was determined by 

quantification of the sub Gl/GO peak. Values represent the mean ± S.E.M of at least three 

independent experiments. Statistical analysis was performed using one way ANOVA with Tukey's 

multiple comparison test. * * *  p<0.001, **  p<0.01, *p<0.05.

151



Chapter 4

PBOX-6 Carboplatin % sub Gl/GO cells Cl value Rating
5 10 28.50 0.771 ++
5 20 32.90 0.642 +++
5 50 43.40 0.431 +++

Table 4.7 Cl values of PBOX-6 in combination with carboplatin in MDR CHLA-90 cells.

Data fro m  flow  cytom etry  experim ents was used to  analyse th e  interactions b etw een  PBOX-6 and 

carboplatin  using th e  isobologram m ethod described by Chou and Talalay. The degree of 

synergism b etw een  PBOX-6 and carboplatin  was d eterm ined  by using com bination  index (Cl) 

analysis at a non-constant ratio, i.e., drug com binations w ere  m ade by varying th e  concentrations  

o f one drug (carboplatin) w hile keeping th e  second drug (PBOX-6) concentration fixed. An average  

Cl < 1 indicates synergism, >1 indicates antagonism and an average Cl o f 1 indicates additivity. Cl 

values fo r each drug com bination w ere  calculated using Calcusyn so ftw are  (Biosoft, U.K).
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4.2.4 A combination of PBOX-6 and carboplatin enhances PARP cleavage in SHSY5Y 

cells.

In chapter 3, PBOX-6 was shown to induce cleavage of the DIMA repair enzyme PARP, a 

hallmark of apoptosis. Having observed an enhancement of PBOX-6 mediated apoptosis 

in combination w ith carboplatin, it was next sought to establish the effects of these 

combinations on PARP. PARP was found to be cleaved in SHSY5Y cells after treatm ent 

w ith PBOX-6, carboplatin or a combination of the two after 48 hours (Fig. 4.9). The full 

length form was observed in the vehicle controls at both tim e points. Some cleavage is 

observed in single doses of each drug although residual full length bands are prominent in 

each of these lanes. The 89 kDa cleaved band increased in each of the three combinations 

w ith decreasing full length bands indicating a greater proportion of apoptotic cells while 

the full length band becomes increasingly faint. This was consistent w ith flow  cytometric 

analysis demonstrating a potentiation of apoptosis.

One PBOX-6 and carboplatin combination was chosen as the lead combination to further 

investigate the molecular events associated w ith the enhancement of cell death. 10 nM 

carboplatin was chosen as the representative dose as it was decided to use the least toxic 

dose which induced an intermediate level of apoptosis alone, while in the combination 

w ith PBOX-6 at both 48 and 72 hours was shown to be highly synergistic. The effect of 

these drugs alone and in combination on PARP cleavage was determined. Comparable to 

Fig. 4.9, some cleavage is observed in single doses o f each drug although residual full 

length bands were clearly observed, while the 89kDa cleavage band was shown to 

increase w ith the combination indicating an increase in the apoptotic cell population (Fig. 

4.10). Similar results were observed after a 72 hour treatm ent, although the proform was 

entirely absent in the combination treated cells indicating an even greater enhancement 

of apoptosis (Fig. 4.10).
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•PARP (116 kDa)PARP

‘Cleaved PARP (89 kDa)
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Figure 4.9 PBOX-6 and carboplatin alone and in combination induce cleavage of PARP.

SHSY5Y cells were seeded at a density of 3.0 x 10^ cells in T25cm^ flasks and left to adhere 

overnight. The following day, cells were treated with S^M PBOX-6, lOuM, 20nM, SOjiM 

carboplatin or a combination of both. After 48 hours cells were harvested and lysates were 

prepared for Western blot analysis. 30 ng of protein was separated on a 10% resolving gel with 

5% stacking gel, transferred to a PVDF membrane and probed with an anti-PARP antibody. 

Membranes were also probed for anti-GAPDH as a loading control. Results are representative of 

three separate experiments.
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Figure 4.10 A combination of PBOX-6 and carboplatin enhances PARP cleavage in SHSY5Y cells.

SHSY5Y cells were  seeded at a density o f 3.0 x 10^ cells in T25cm^ flasks and le ft to  adhere 

overnight. The fo llow ing day, cells were treated w ith 5 |iM  PBOX-6, 10 nM carboplatin or a 

combination o f PBOX-6 and carboplatin. (A) A fter 48 or 72 hours cells were harvested and lysates 

were prepared fo r Western blot analysis. 30 |ig o f protein was separated on a 10% resolving gel 

w ith  5% stacking gel, transferred to  a PVDF membrane and probed w ith  an anti-PARP antibody. 

Membranes were also probed fo r GAPDH as a loading control. Results are representative o f three 

separate experiments. (B) Western blots were normalised to  to ta l GAPDH as a contro l and 

densitom etric analysis o f bands was carried out w ith  the imageJ software. Statistical analysis was 

perform ed using one way ANOVA w ith  Tukey's m ultip le  comparison test. * * *  p<0.001, *p<0.05.
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4.2.5 The effect of PBOX-6/carboplatin combination of Bcl-2 family members.

Results from flow cytometric analysis of drug-sensitive SHSY5Y and drug-resistant CHLA- 

90 cell lines indicated that PBOX-6 synergistically enhanced the apoptotic effects of 

carboplatin. Western blotting showed that cleavage of PARP was increased in the 

combination in comparison to either agent alone (Fig. 4.10). It was next sought to 

determine the molecular events that underlie this enhancement of apoptosis. Members 

of the Bcl-2 family, namely M cl-l and Bcl-2 have been shown to be overexpressed in 

neuroblastoma with overexpression correlating with the development of drug resistance 

and poor prognosis. Small molecule inhibitors of Bcl-2 and M cl-l have been developed 

and have shown promising results in preclinical studies (Lestini et a i, 2009; Abulwerdi et 

al., 2014), while there are currently four phase 1 clinical trials of ABT 263, a small 

molecular inhibitor of Bcl-2, ongoing for the treatment of multiple cancers. Due to the 

contribution of these proteins in the control of apoptosis and the development of drug 

resistance, determination of the effects of this novel drug combination of their expression 

in drug sensitive and resistant neuroblastoma cell lines was undertaken.

Western blotting analysis showed that expression of two anti-apoptotic Bcl-2 proteins, 

M cl-l and Bcl-2, and pro-apoptotic Bak were affected by treatment with SpiM PBOX-6 

alone and in combination with 10(iM carboplatin after 48 hours. The PBOX-6/carboplatin 

combination decreased expression of M c l-l (Fig. 4.11) and induced cleavage of Bcl-2 (Fig. 

4.11), while expression of the conformationally active Bak was only present in cells 

treated with PBOX-6 alone and in combination with carboplatin (Fig. 4.12). This was in 

contrast to carboplatin which had no effect on the expression of any of these proteins. 

M cl-l and Bak expression were equivalent to the vehicle treated cells, while no cleavage 

of Bcl-2 was observed in the carboplatin treated cells. Comparable results were also 

found after 72 hour treatment (Fig. 4.11, 4.12).
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Figure 4.11 The PBOX-6/carboplatin combination reduces the expression of antl-apoptotic Mcl-

1 and induces cleavage of Bcl-2 in drug sensitive and MDR neuroblastoma cell lines.

SHSY5Y and CHLA-90 cells were seeded at a density o f 3.0 x 10^ cells in T25cm^ flasks and left to  

adhere overnight. The fo llow ing day, cells were treated w ith  5 nM PBOX-6, 10 liM  carboplatin or a 

combination o f PBOX-6 and carboplatin. A fter 48 or 72 hours cells were harvested and lysates 

were prepared fo r Western b lot analysis. 30 ng o f protein was separated on a 12% resolving gel 

w ith  5% stacking gel, transferred to  a PVDF membrane and probed w ith  an anti-M cl-1 or anti-Bcl-

2 antibody. Membranes were also probed fo r GAPDH as a loading control. Results are 

representative of three separate experiments.

48 hrs

72 hrs 

CHLA-90: 72 hrs 

48 hrs 

72 hrs 

CHLA-90: 72 hrs 

GAPDH

o
0)>

CD
I

Xo
CD
Q_

ro
Q .o
k_
03O

o
+
CD

X c

m ™ 
o

2  - ero
tn o

157



Chapter 4

o
0)>

48 hrs 

72 hrs 

CHLA-90: 72 hrs 

GAPDH

Xo
CO
CL

LO

_cg
Q.o
So

3 .o  ■«!—
<£>
>< c

m ™ 
8- 

2  -e
3 . ro 
in  o

28 kDa 

28 kDa 

28 kDa 

38kDa

Figure 4.12 The PBOX-6/carboplatin combination induces activation of Bak in drug sensitive and 

MDR neuroblastoma cell lines.

SHSY5Y and CHLA-90 cells were seeded at a density of 3.0 x 10^ cells in T25cm^ flasks and left to 

adhere overnight. The following day, cells were treated with 5 nM PBOX-6,10 carboplatin or a 

combination of PBOX-6 and carboplatin. After 48 or 72 hours cells were harvested and lysates 

were prepared for Western blot analysis. 30 ng of protein was separated on a 12% resolving gel 

with 5% stacking gel, transferred to a PVDF membrane and probed with an anti-Bak-NT antibody. 

Membranes were also probed for GAPDH as a loading control. Results are representative of three 

separate experiments.
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Figure 4.13 Densitometric analysis of M cl-l, Bcl-2 and Bak expression following treatment with 

PBOX-6, carboplatin or a combination of PBOX-6 and carboplatin in SHSY5Y and CHLA-90 cells.

Western blots were normalised to total GAPDH as a control and densitometric analysis of bands 

was carried out with the imageJ software. Statistical analysis was performed using one way 

ANOVA with Tukey's multiple comparison test. * * *  p<0.001, **  p<0.01 *p<0.05.
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4.2.6 The PBOX-6/carboplatin combination induces depolarisation of the mitochondrial 

membrane and release of cytochrome c.

The mitochondria plays a fundamental role in the intrinsic apoptotic pathway allowing for 

the release of pro-apoptotic factors such as SMAC/DIABLO and cytochrome c through 

pores formed by Bak and Bax (Youle et al., 2008). Cytochrome c is a small heme protein 

found in the inner membrane of the mitochondria. In addition to its pro-apoptotic role it 

is also a component of the electron transport chain where it transfers electrons between 

complexes 3 and 4 (Ow et al., 2008). In non-apoptotic cells cytochrome c is anchored to 

the inner mitochondrial membrane preventing its release. The release of cytochrome c 

triggers formation of the apoptosome leading to the processing and activation of pro- 

caspase 9 and in turn cleavage and activation of executioner caspases 3 and 7 (Tait et al., 

2010).

The observed increase in conformationally active Bak would indicate that Bak is 

homodimerising and forming pores in the mitochondrial membrane. When this occurs the 

electrochemical gradient across the mitochondrial membrane collapses and the 

membrane is depolarised. This can be visualised by JC-1, a cationic dye which detects loss 

of mitochondrial membrane potential. As can be seen in Figure 4.14, depolarisation of the 

mitochondrial membrane 24 hours post treatment was observed.

Formation of pores and depolarisation enables the release of pro-apoptotic proteins such 

as cytochrome c. Previous studies have demonstrated that in response to some apoptotic 

stimuli, cytochrome c is released from the mitochondria and accumulates in the cytosol. 

Therefore cytosolic fractions were prepared and cytochrome c expression was analysed 

by Western blotting in both SHSY5Y and CHLA-90 cells. PBOX-6 alone and the PBOX- 

6/carboplatin combination triggered the release of cytochrome c into the cytosol which 

correlated with induction of apoptosis (Figure 4.14). In contrast, in cells treated with 

carboplatin alone, cytochrome c release was not observed in either cell line. The antibody 

utilised recognises both monomeric and polymeric cytochrome c. In the combination 

treated SHSY5Y cells, cytochrome c was observed in both the monomeric and polymeric 

form. Release of cytochrome c correlated with induction of apoptosis in this cell line (Fig. 

4.14).
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Figure 4.14 The PBOX-6/carboplatln combination evokes depolarisation of the mitochondrial 

membrane and the release of cytochrome c

(A) SHSY5Y cells were treated as indicated above and stained with JC-1 for ISmins. Depolarisation 

of the mitochondrial membrane was assessed by flow cytometry as described in materials and 

methods. (B) SHSY5Y and CHLA-90 cells were seeded at a density of 3.0 x 10^ cells in T25cm^ flasks 

and left to adhere overnight. The following day, cells were treated with 5 nM PBOX-6, 10 nM 

carboplatin or a combination of PBOX-6 and carboplatin. After 72 hours cells were harvested and 

lysates were prepared for Western blot analysis. Cytosolic lysates were prepared by subcellular 

fractionation for cytochrome c analysis. 30 ng of protein was separated on a 12% resolving gel 

with 5% stacking gel, transferred to a PVDF membrane and probed with an anti-cytochrome c 

antibody. Results are representative of three separate experiments.
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4.2.7 Involvement of caspase-3, 8 and -9 in the apoptotic pathway induced by the 

PBOX-6/carboplatin combination

The release of cytochrome c triggers formation of the apoptosome leading to the 

processing and activation of pro-caspase-9 and in turn cleavage and activation of 

executioner caspases-3 and -7. It has been previously reported that PBOX-6 induced 

apoptosis may involve both caspase-dependent and -independent pathways (Zisterer et 

al., 2000; McGee et a!., 2001). The involvement of caspases in the pathway initiated in 

neuroblastoma cells was therefore determined.

A series of pharmacologic inhibitors of caspase activity were utilised to determine the 

importance of the caspases in the apoptotic pathway. Pre-treatment of SHSY5Y and 

CHLA-90 cells with zVAD-fmk, a pan-caspase inhibitor, significantly inhibited PBOX- 

6/carboplatin-induced apoptosis indicating caspases play a role in the apoptotic pathway 

induced by the combination in both SHSY5Y and CHLA-90 cells (Fig. 4.15). The role of 

various caspases through the use of caspase inhibitors (Z-LEHD-fmk which inhibits 

caspase-9 and Z-IETD-fmk which inhibits caspase-8) was next investigated. Apoptosis was 

found to be significantly inhibited by pre-treatment with a caspase-9 inhibitor (Fig. 4.15 

A,D). Activation of caspase-9 was investigated by Western blot analysis. In the pro-form, 

caspase-9 is present as a 47 kDa band which when activated through cleavage appears as 

a 37kDa band. As shown in Figure 4.16, treatment of cells with a combination of PBOX-6 

and carboplatin resulted in a decrease of the pro-form and appearance of a lower 

molecular weight band at 37 kDa indicating cleavage and activation of caspase-9. 

Comparable results were observed in cells treated with PBOX-6 alone.

Similarly pre-treatment with a caspase-8 inhibitor significantly decreased apoptosis after 

treatment with the PBOX-6/carboplatin combination was observed, suggesting possible 

involvement of the extrinsic pathway in mediating apoptosis (Fig. 4.15 B,E). To confirm 

the involvement of caspase-8 in the apoptotic pathway, cleavage and activation was 

visualised by Western blot (Fig. 4.16). The pro-form was expressed at very low levels in 

the vehicle treated cells while expression of the proform was increased in cells treated 

with carboplatin alone with a slight cleavage band visible. Cleaved caspase-8 was present 

in lanes treated with PBOX-6 alone and in combination with carboplatin indicating
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activation (Fig. 4.16). Previously, caspase-8  has been  shown to  be undetec tab le  or 

p re sen t  at  very low levels in SHSY5Y cells but  expression has been  induced though  various 

m ea n s  such as af ter  t r e a tm e n t  with interferon y (Tong et a!., 2009) or a combinat ion of 

inter feron y and valproic acid (Hacker et al., 2009). These  results herein indicate t h a t  the  

PBOX-6/carboplatin combination res tores  caspases-8 expression in SHSY5Y cells as 

previously re por ted  in the  l iterature.  Consequent ly activation of execut ioner  caspase-3 

was  moni to red  and similar to  caspase-8 and -9, caspase-3,  was  found to  be activated in 

cells t r e a t e d  with PBOX-6 a lone and in combinat ion with carboplat in in both  drug 

sensit ive and res is tant  neuroblas toma cell lines (Fig. 4.16).
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Figure 4.15 Apoptosis induced by the PBOX-6/carboplatin combination is caspase dependent In 

SHSY5Y and CHLA-90 neuroblastoma cell lines.

SHSY5Y and CHLA-90 cells were seeded at a density of 1 X 10^cells/ml in 6 well plates and left to 

adhere overnight. The following day cells were pre-treated with (A, D) 50|iM zVAD-fmk, a general 

caspase inhibitor, (B, E) 50^M z-LEHD-fmk, a caspase-9 inhibitor or (C, F) 50nM z-IETD-fmk, a 

caspase-8 inhibitor before being treated with the PBOX-6/carboplatin combination. Apoptosis was 

measured by flow cytometric analysis of PI stained cells. Values represent the mean ± S.E.M. of 

three independent experiments. Statistical analysis was performed using one way ANOVA with 

Tukey's multiple comparison test. * * *  p<0.001.
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Figure 4.16 PBOX-6/carboplatin induces activation of caspase-3, -8 and -9.

Caspase-3, -8 and -9 activation was monitored by Western blot. SHSY5Y and CHLA-90 cells were 

seeded at a density of 3.0 x 10^ cells in T25cm^ flasks and left to adhere overnight. The following 

day, cells were treated with 5 |iM  PBOX-6, 10 |iM  carboplatin or a combination of PBOX-6 and 

carboplatin. After 72 hours cells were harvested and lysates were prepared for Western blot 

analysis. 30 ng of protein was separated on a 10% or 12% resolving gel with 5% stacking gel, 

transferred to a PVDF membrane and probed with an anti-caspase-3, -8 or -9 antibody. Results 

are representative of three separate experiments.
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Figure 4.17 Densitometric analysis of caspase-3. -8 and -9 activation following treatm ent with 

PBOX-6, carboplatin or a combination of PBOX-6 and carboplatin in SHSY5Y and CHLA-90 cells.

Western blots were normalised to total GAPDH as a control and densitometric analysis of bands 

was carried out with the imageJ software. Statistical analysis was performed using one way 

ANOVA with Tukey's multiple comparison test. **  p<0.01 *p<0.05.
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4 .2 .8  Knockdown o f M cl-l sensitises SHSY5Y and CHLA-90 cells to  carboplatin

Finally t h e  i m p o r t a n c e  of  M c l - l  in t h e  a p o p t o t i c  p a t h w a y  w a s  inves t ig a ted .  Th ro u g h  t h e  

use  of  siRNA to k n ockdow n  Mcl - l ,  this s tu dy  a im e d  to  as s e s s  w h e t h e r  this  could sens i t ise  

n e u r o b l a s t o m a  cells to  ca rbopla t in .  SHSY5Y a n d  CHLA-90 cells w e r e  t r a n s f e c t e d  with 

siRNA t a r g e t e d  aga ins t  M c l - l  using t h e  N eon  t r a n sf e c t i o n  sy s te m .  Transfec t ion  condi t io ns  

w e r e  op t im i sed  (Table 4.8) t o  d e t e r m i n e  t h e  m o s t  e f fec t ive  kn o c k d o w n  of  Mc l - l .Pu lse  

vo l tage ,  pulse w id th  and  pulse  n u m b e r  w e r e  var ied ,  a n d  t h e  m o s t  e f fec t ive  

d o w n r e g u l a t i o n  of  t h e  ex pr es s io n  levels o f  t h e  M c l - l  p ro t e in  w a s  co n f i r m e d  by W e s t e r n  

b lot  analysis  (Fig. 4 .18  A, B). Following kn ockd ow n,  cells w e r e  t r e a t e d  wi th  varying 

c o n c e n t r a t i o n s  (10, 20  a n d  50  | iM) of  ca rb opl a t in  a n d  a s s e s s e d  by f low c y t o m e t r y  for  

induc t ion  of  a p o p t o s i s  a f t e r  48  h o u r s  (Fig. 4.19).  W e  f o u n d  t h a t  a kno c k d o w n  of M c l - l  

ex p re s s io n  sens i t i sed  b o th  cell lines t o  ca rbopla t in .  T h e r e  w a s  a significant  inc re a se  in t h e  

p e r c e n t a g e  of  cells u n d e r g o in g  a p o p t o s i s  fol lowing k n o c k d o w n  of M c l - l  a t  all ca rbop la t in  

c o n c e n t r a t i o n s  e x a m in e d ,  poin t ing  to  t h e  im p o r t a n c e  of  M c l - l  in m ed ia t i n g  a p op to s i s .  As 

M c l - l  o v e re x p re s s io n  has  b e e n  s h o w n  t o  co n t r ib u te  t o  t r e a t m e n t  fai lure in p a t i e n t s  wi th  

n e u r o b l a s t o m a ,  dr ug  c o m b i n a t i o n s  including PBOX-6/carbopla t in  which  t a r g e t  this  

p r o t e in  w ou ld  a p p e a r  t o  be  a promis ing  t h e r a p e u t i c  s t ra tegy .
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Condition no. Pulse voltage Pulse width Pulse no.
1 0 0 0
2 1500 20 1
3 1700 20 1
4 1200 30 1
5 1400 30 1

Table 4.8 Conditions for Neon transfection optimisation

(A) (B)
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1 2  3
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Figure 4.18 Optimisation of conditions for transfection efficiency in SHSY5Y and CHLA- 

90 cells.

SHSY5Y and CHLA-90 cells were seeded at 3.5 x lO'* cells/ml in 10mm petri dishes and left to 

adhere overnight. The following day cells were transfected with 200nM siRNA targeting M cl-l 

using the varying pulse voltage, width and number as described in Table 4.8. The degree of 

knockdown was assessed by Western blotting analysis of M c l-l expression in (A) SHSY5Y and (B) 

CHLA-90 cell lines. Membranes were also probed with GAPDH to ensure even loading. Results 

are representative of three separate experiments.
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Figure 4.19 Knockdown of M c l-l sensitises SHSY5Y and CHLA-90 cells to carboplatin.

SHSY5Y and CHLA-90 cells were seeded at 3.5 x lO'' cells/ml in 10mm petri dishes and left to 

adhere overnight. The following day cells were transfected with 5mM siRNA targeting M c l-l using 

the optimised voltage, pulse width and number. The degree of knockdown was assessed by 

Western blotting (A). Membranes were also probed with GAPDH to ensure even loading. Cells 

were subsequently treated with varying concentrations of carboplatin (10-50 nM) for 48 hours 

after which they were harvested, fixed in ethanol and stained with propidium iodide. Apoptosis 

was measured by quantification of the sub Gl/GO peak (B). Values represent the mean ± S.E.M. of 

three independent experiments. Statistical analysis was performed using one way ANOVA with 

Tukey's multiple comparison test. * * *  p<0.001.
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4.2.8 PBOX-6 significantly decreases tumour volume in a mouse model of 

neuroblastoma.

Four-six week-old female BALB/c-nude mice received a subcutaneous injection of 2 x 10® 

SHSY5Y cells in the log phase of growth into the right flank. Tumours started to appear by 

day 30 and were measurable by day 35. Mice were randomly divided into four groups 

(n=5). The PBOX-6 treatment group (n=5) received an intratumoural (i.t.) injection of 7.5 

mg kg“  ̂ PBOX-6 once every two days for the duration of the experiment starting on day 

35. PBOX-6 was administered by i.t. injection as previous studies have indicated that this 

is the most efficacious route of administration (Green et a i ,  2005; Bright et al., 2010). The 

carboplatin treatment group (n=5) received an intraperitoneal (i.p.) injection of 60 mg 

kg"  ̂carboplatin once every two days for the duration of the experiment starting on day 

35 while the combination group (n=5) received both an i.t. injection of PBOX-6 and i.p. 

injection of carboplatin every two days for the duration of the experiment. Control mice 

(n=5) received an i.t. and i.p. injection of 50 nl of the equivalent vehicle (10% (v/v) 

ethanol and 10% (v/v) cremophor EL in PBS). Welfare was monitored every two days to 

ensure that no mouse suffered any form of distress such as failing to groom or hunching.

Tumour growth was measured every second day, the long (L) and short (S) axes were 

recorded, and tumour volume (V) calculated using the following equation: \/=(S^ x /.)/2  

(Beck et a!^ 2003). Injections were initiated on day 35 when there was no significant 

difference in tumour volume between the control and the PBOX-6-treated groups. By day 

7, PBOX-6 had significantly reduced tumour growth when compared to control group (Fig. 

4.20A). Tumour burden was continuously and significantly inhibited up until the 

experimental end point of the study (Fig. 4.20A). Statistical analysis was performed using 

an unpaired Student's t-test. At the experimental end point, day 13, mice were killed by 

CO2 asphyxiation followed by cervical dislocation.

Mice were weighed every two days. Results indicate that neither the vehicle nor PBOX-6 

adversely affected body weight. In fact, both groups put on a small amount of weight 

during the experiment (Fig 4.20B) which would be expected with healthy mice of this age. 

This was in contrast to carboplatin treated mice which suffered severe weight loss. In 

both the carboplatin and the carboplatin/PBOX-6 combination groups, the mice were
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euthanized on day 5 of t h e  s tudy due to  excessive weight  loss and this aspect  of t h e  study 

could not  be  completed .  Results for the  effect  of carboplat in or the  carboplatin/PBOX-6 

combinat ion on tu m o u r  growth could there fo re  not be obtained.
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Figure 4.20 Adm inistration of PBOX-6 significantly inhibits tum our growth in an in vivo mouse 

model of neuroblastoma.

Four-six week-old fem ale BALB/c-nude mice received a subcutaneous injection o f 2 x 10® SHSY5Y 

cells in the log phase of growth into the right flank. On day 35 when the tum our diam eter was 

approximately 3 mm, mice were randomly divided into groups (n=5). (A) The PBOX-6 treatm ent 

group (n=5) received an intratumoural (i.t.) injection of 7.5 mg kg"  ̂ PBOX-6 once every tw o days 

for the duration of the study. Control mice (n-5)  received an i.t. injection of 50 /jI of vehicle (10% 

(v/v) ethanol and 10% (v/v) cremophor EL in PBS). Tumour growth was measured every second 

day, the long (L) and short (S) axes were recorded, and tum our volume (V) calculated using the 

equation: V-(S^ x L)/2. Data shown represents the mean ± SEM of five mice per group. Statistical 

analysis was performed using the Student's unpaired t-test. * * *  p<0.001, p<0.01, *p<0.05. The 

tum our volume after PBOX-6 treatm ent was measured and was compared to the tum our volume 

after vehicle treatm ent on a day 2, 4 ,6,8,10,12 and 14. (B) Following commencement of the  

vehicle/PBOX-6 injections, animals were weighed once every tw o days for the duration of the  

study.
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4.3 Discussion

An investigation was  un der taken to assess  the  effects of PBOX-6 in combinat ion with 

doxorubicin,  e toposide  and carboplat in on SHSY5Y cells, a representa t ive  drug sensitive 

cell lines, and PBOX-6 in combinat ion with carboplat in in CHLA-90 cells, a representa t ive  

MDR cell line. These cell lines we re  chosen as they  are  well establ ished neu ro blas toma 

cell lines which have been  used extensively to s tudy combinat ion t r e a t m e n t s  (Bender et 

ai,  2009). PBOX-6 was  shown to  synergistically en h an ce  t h e  apoptot ic  effects of all t h ree  

drugs  investigated.  PBOX-6 target s  the  microtubule network  but each of th e  o the r  drugs 

targe t  di fferent  cellular pa thways  to  induce apoptosis .  T re a tm en t  of advanced 

neu rob las toma entails the  incorporat ion of intensive courses  of combinat ion 

chemothe rapy .  Conventional ch em o th e rap y  can often  targe t  DNA triggering even ts  in the  

cell such as activation of p53, cell cycle ar res t  and apoptos is .  Frequently in advanced 

tumours ,  these  pathways  are  f requent ly  defective,  for example  p53 may be m uta t e d  or 

de le te d  leading to ineffective induction of cell de a th  by chemotherapeut i cs .  Single agen t  

ch e m o th e rap y  may provide insufficient toxicity and cells may develop MDR. Combination 

the ra py  offers the  benefi t  of ta rget ing multiple cellular pa thways  tha t  induce apoptosis,  

and has  proven to be efficacious in o th e r  paediat ric cancers leading to higher ra tes of 

long t e r m  survival.

M em bers  of the  PBOX family have previously been shown  to  work in combinat ion with 

o th e r  drugs  to  synergistically increase apoptos is .  These  include flavopiridol, a pan Cdk 

inhibitor,  and Imatinib, a re cep to r  tyrosine kinase inhibitor (Bright et al., 2009). There 

have also bee n  previous repor ts  in the  l i te rature of o th e r  novel co m p o u n d s  potent iat ing  

th e  effects of s tandard  che mothe rapeut ic s  via modula t ion of th e  Bcl-2 family of proteins.  

Mohan e t  al., (2011) d em o n s t r a t e d  t h a t  2,3-DCPE (a small molecule inhibitor of the  anti- 

apop tot ic  protein Bcl-xL) in combinat ion with 4-HPR (a synthet ic retinoid) works 

synergistically to significantly increase apoptos is  in SK-N-DZ and SH-SY5Y neurob la s toma 

cells via downregulat ion of th e  ant i -apoptot ic  proteins  Bcl-xL, Bcl-2 and  Mcl-l  and 

upregulat ion of the  pro-apoptot ic  proteins  Bax, p53. Puma and Noxa, ul timately causing 

activation of caspase-3.  Similarly, Fang et al., (2011) found th a t  4-HPR synergises with 

ABT-737, a small-molecule BH3-mimetic,  in neu roblas toma cell lines. It was  proposed  tha t  

inhibition of ant i -apoptot ic Bcl-2 proteins  induced by ABT-737 en hances  4-HPR activity in
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neurobla s toma cell lines though an increase in pro-apoptot ic  Bcl-2 proteins,  such as Bax, 

Bak and tBid. While PBOX-6 has  been shown to  ta rge t  the  microtubule network,  

doxorubicin, e to po side  and carboplat in each med ia te  apoptos is thou gh a n u m b er  of 

different means .

Etoposide is an inhibitor of to po isomerase  I! (Ezoe., 2012). Topoisomerases  are  enzymes 

th a t  regulate th e  relaxing and unwinding of DNA during replication. As DNA is a double 

helix, the  two s t rands  must  be sep a ra ted  before they can be replicated.  Topoisomerase  II 

gen e ra tes  t rans ient  breaks  in t h e  DNA allowing it to unwind. When  cells are  t r e a t ed  with 

etoposide,  the  accumulat ion of cleavages gene ra te s  p e r m a n e n t  breaks  in t h e  DNA 

st rands  which triggers repair pathways ,  mutagenesis  and chromosomal  t rans locations 

(Chen e t  a!., 2013). If these  breaks  overpo wer  the  cell, apoptos is  is induced.  Etoposide 

swi tches topo i somera se  II from an essential  enzyme for successful DNA replication to a 

cellular poison th a t  f r agm ent s  th e  geno me.  As topo i somerase  II is highly expressed in 

proliferating cells, especially at late S and G2/M phases  of th e  cell cycle, cells are  most  

sensitive to  e to pos ide  at these  s tages  in t h e  cell cycle (Chen e t  al., 2013). The dose- 

limiting toxicity of e to pos ide  is myelotoxicity while non-haematological  toxicities are  mild 

to m od e ra t e  (Wolff e t  al., 2008). In the  pre sen t  study,  t r e a t m e n t  with PBOX-6 in 

combination with e topos ide  synergistically enhanced  apoptos is in neu ro blas toma cells. 

The en h a n c e m e n t  in apoptos is  seen in the  PBOX-6 combinat ion was  most  likely caused by 

multiple pathways  being t arge ted  simultaneously.  The combinat ion of e topos ide  and 

paclitaxel, an o th e r  microtubule target ing agen t  has previously been  used to  t re a t  a 

n u m b er  of cancers  including, breas t  lung and colon (Cobleigh e t  al., 2011; Loriot e t  al., 

2009).  Unlike neuroblas toma,  re t inoblas toma an o th e r  paediat ric malignancy has a 

generally positive prognosis (a 5 year  m ean  survival of 95.6% in t h e  United States) with 

the  except ion of cases  w he re  diagnosis is late and th e  pat ient  p re sen ts  with an advanced,  

highly invasive d isease similar to  neuroblas toma .  Kaliki e t  al., (2011) found th a t  a 

combination of vincristine, e to po side  and carboplat in p re ven ted  metas tas is  in 100% of 52 

re t inoblas toma pat ients  af ter  a m ean  follow up t ime of 66 months .  Combinat ion 

ch em othe ra py  with e toposide ,  vincristine, doxorubicin and d e x a m e th aso n e  has  been 

proposed by Zhong e t  al., (2012) to  re pre sen t  a new  therapeu t i c  approach for the
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trea tm en t of advanced AIDS-related Kaposi's sarcoma, for patients w here first line 

trea tm en t has failed.

Doxorubicin is an anthracycline antibiotic derived from  Streptomyces peucetius var. 

caesius. which interacts with DNA, forming complexes by intercalation between base 

pairs. Topoisomerase II activity is inhibited by stabilizing the DNA-topoisomerase I! 

complex, preventing the religation of DNA strands (Tacar et a i ,  2013). Doxorubicin is an 

active drug in solid tum ours such as neuroblastoma but its use is lim ited by developm ent 

of resistance (m ediated in part by overexpression of P-gp) and adverse side effects such 

as acute myelosuppression and cardiotoxicity (Sieczkowski et al., 2010; Bao et a!., 2011; 

Ichikawa et al., 2014). By combining doxorubicin with PBOX-6, this could potentially  

prevent the developm ent of resistance. It is possible that the use of low er concentrations 

of doxorubicin may not elicit such toxic side effects. Similar to results w ith etoposide, 

PBOX-6 was shown to synergistically enhance doxorubicin m ediated apoptosis.

PBOX-6 and -15 in com bination w ith a third drug currently used to  trea t neuroblastoma  

was also investigated; carboplatin is an alkylating agent which induces apoptosis in 

m alignant cells by a num ber of mechanisms. Firstly by attaching alkyl groups to DNA 

resulting in fragm entation of DNA by repair enzymes preventing DNA synthesis; secondly 

through form ation of cross-links preventing separation of DNA strands, and lastly through  

introduction of mispaired nucleotides causing mutations which activate cell cycle 

checkpoints, triggering apoptosis (Bristow et al., 2008). Carboplatin has become 

increasingly popular for the trea tm ent of multiple cancers as it has displayed significantly 

lower toxicities when com pared to its parent compound cisplatin. However, the efficacy 

of both drugs is limited by the developm ent of resistance, which occurs through a num ber 

of mechanisms, including decreased uptake or increased efflux of the drug; increased 

repair of lesions in DNA, or by DNA tolerance through replication of DNA containing 

unrepaired damage (Stewart e t al., 2007). Therefore, a com bination w ith another drug, 

which acts through an alternative pathway, provides a promising alternative treatm ent 

strategy.

Carboplatin is commonly used in com bination with paclitaxel in a num ber of malignancies 

including ovarian, breast and non small cell lung cancer (Xiong et al., 2007; Chen et al.,
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2010; Pignata et a i ,  2014). In addition, Huang et at., (2012) found that a com bination of 

carboplatin and paclitaxel showed a greater decrease in the survival of OS732 

osteocarcinoma cell lines than either drug alone. A phase 1 clinical trial examining the  

efficacy of a com bination of carboplatin and vinblastine for the treatm ent of recurrent 

glioma has recently been com pleted and found that combining carboplatin with  

vinblastine reduced the myelosuppressive effect experienced by patients when treated  

with vinblastine alone. Patients who received paclitaxel in combination with carboplatin 

experienced less throm bocytopenia than when carboplatin was administered alone 

(Jakacki et al., 2009). In a recent trial of low grade glioma patients, a com bination of 

vincristine and carboplatin was given as the first line trea tm ent and after a mean follow  

tim e of 56 months all patients were alive with 68% of patients being progression free 

(Ronghe et al., 2010). These published results would support the hypothesis that MTAs 

may enhance the apoptotic effects of carboplatin in malignant cells and the further 

investigation is warranted.

The effect of PBOX-6 with varying doses of carboplatin on SH5Y5Y and CHLA-90 cells was 

examined and it was found that PBOX-6 synergistically enhanced the apoptotic effects of 

carboplatin. There are checkpoints w ithin the cell cycle which are activated in response to 

DNA damage or replication stress, that determ ine w hether the cell cycle should progress, 

and as carboplatin is a DNA damaging agent these checkpoints may be activated. Ataxia 

telangiectasia and Rad3-related protein (ATR) and ataxia telangiectasia m utated protein 

(ATM) are tw o key players in the cellular response to carboplatin. They activate  

checkpoints which lead to arrest of the cell cycle at S, G2 or M phase, and cause 

activation of cell cycle kinases, c h k l and chk2, which regulate S phase progression and 

entry into mitosis, and the G l/S  and G 2 /M  checkpoints respectively (Bristow et al., 2008). 

As carboplatin covalently crosslinks DNA, it causes the replication fork to stall activating 

the replication checkpoint at S phase. C hkl phosphorylates cdc25C, a phosphatase which 

functions to  rem ove phosphorylations which inhibit the activity of CDKs. Phosporylation 

of cdc25C prevents activation of cyclinE/CDK2 a complex which plays a vital role in 

progression from  G1 to S phase. In contrast to carboplatin, PBOX-6 does not target the G1 

or S phase of the cell cycle, it induces depolymerisation of microtubules, preventing  

form ation of the metaphase spindles subsequently activating the mitotic spindle
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checkpoint and several proteins such as BubRl act to initiate a G2/M  arrest (Greene et 

al., 2008; Nathw/ani et al., 2010). By 48 hours cells have undergone arrest and enter 

apoptosis. Acting alone each drug may not cause adequate damage to permanently arrest 

the cells at either S or G 2/M  and induce substantial amounts of apoptosis, as could be 

observed by the intermediate levels of apoptosis induced by each drug alone. By 

targeting multiple checkpoints, it is possible that the damage induced by both drugs in 

combination was too great for the cell to recover and consequently there was a 

significant induction of apoptosis.

Carboplatin was chosen as the representative chemotherapeutic for further investigation 

into the molecular basis for the enhancement of apoptosis, as both PBOX- 6  and 15 were 

shown to synergise with this drug, while low Cl values were obtained by both 

combinations indicating synergism. Although PBOX- 6  was shown to synergise with 

doxorubicin when treated at varying concentrations, these combinations proved to be 

less synergistic than carboplatin. While good Cl values were obtained with etoposide it 

was deemed that these concentrations were high in comparison to carboplatin. A 

concentration of 10|iM  etoposide which induced just 15% apoptosis alone is almost 

twenty times higher than the IC5 0  value for this drug in SHSY5Y cells. In contrast similar 

levels of apoptosis (8-17%) were induced with various concentrations of carboplatin in a 

range of its I C 5 0  value in this cell line. To confirm that apoptosis observed by flow  

cytometric analysis was truly representative of an apoptotic cell population; Western blot 

analysis of the repair enzyme PARP was carried out. The time-dependency of PARP 

cleavage correlated with flow cytometric results. After confirming the cells were 

undergoing apoptosis, it was decided to investigate these findings further by identifying 

the molecular mechanisms by which PBOX- 6  enhances the apoptotic effect of other 

chemotherapeutic drugs in neuroblastoma cells.

Having investigated the molecular events leading to PBOX-6 -induced apoptosis in Chapter 

3, it was next sought to identify the possible mechanism by which PBOX- 6  enhances 

carboplatin induced apoptosis. Carboplatin treatment alone had no effect on the anti- 

apoptotic Bcl-2 and M c l-l proteins or the pro-apoptotic Bak, whereas the PBOX- 

6 /carboplatin combination resulted in cleavage of Bcl-2, a downregulation of M c l-l and 

upregulation of Bak in both drug sensitive and MDR neuroblastoma cell lines. The
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dis turbance of th e  microtubule netw ork  induce signals th a t  initiate cell d ea th  via th e  

mitochondrial pa thw ay indicating th a t  microtubules, th e  m itochondria and cell dea th  are 

very much linked. PBOX-6 in combination with carboplatin was found to  provoke 

depolarisation of th e  m itochondria, re lease of cytochrom e c and activation of caspase-9  

and  -3. P re - trea tm en t with caspase-9 inhibitors d em o n s tra ted  th e  im portance of caspase- 

9 activation in th e  apopto tic  pathway.

Caspase-8 has been  shown to  be silenced by m ethylation of th e  p ro m o te r  region of th e  

caspase-8  gene  (Teitz e t  a i ,  2000). Inactivation of caspase-8  is a hallmark of defective 

apoptosis, and a m echanism  by which tu m o u r  cells evade d ea th  by chem othe rapeu tics  

and develop MDR (Hacker e t  al., 2010). Therefore, agen ts  which can induce re-expression 

of caspase-8 may sensitise cells to  apoptosis  as activated caspase-8  may directly activate 

th e  extrinsic pa thw ay  (extrinsic pa thw ay type I) o r  activate th e  intrinsic pa thw ay through 

cleavage of Bid leading to  re lease  of cytochrome-c, activation of caspase-9  and  caspase-3 

(extrinsic pa thw ay type II) (Tait e t  al., 2010). Previously, caspase-8 has been  shown to  be 

un d e tec tab le  or p re sen t  a t very low levels in SHSY5Y cells but expression has been 

induced though  various m ean s  such as a f te r  t r e a tm e n t  with in terferon y (Tong e t  al., 

2009) or a com bination of in terferon y and valproic acid (Hacker e t  al., 2010). Loss of 

caspase-8  expression w as show n to  result in chem oresis tance , while induction of 

expression was d em o n s tra te d  to  res to re  sensitivity to  TRAIL (Hacker e t  al., 2009). 

Therefore, th e  role of caspase-8  in PBOX-6/carboplatin induced apoptosis  w as examined. 

The results p re sen ted  herein would indicate th a t  th e  PBOX-6/carboplatin-combination 

res to res  caspases-8  expression in SHSY5Y cells. Similar to  caspase-9, inhibition of caspase- 

8 was found to  significantly dec rease  apop tosis  induced by th e  combination.

Activation of Bak, re lease of cy tochrom e c and activation of caspase-9  would support  th e  

hypothesis th a t  apoptosis  is being m ed ia ted  by th e  intrinsic pa thw ay  bu t as crosstalk 

b e tw een  th e  pathw ays may occur so involvem ent of th e  extrinsic pa thw ay cannot be 

ruled out. Indeed, th e  caspase-8  activation d em o n s tra te d  herein  may indicate 

involvement of th e  extrinsic pathway. However, as caspase-8  can be activated  by effector 

caspases  such as caspase-3  (Ferreira e t  al., 2012), and as DISC form ation  has not be 

d em o n s tra ted ,  it cannot be concluded th a t  th e  extrinsic pa thw ay type II is activated. It is 

possible th a t  th e  PBOX-6/carboplatin com bination occurs primarily th rough  th e  intrinsic
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pathway while caspase-8 activation may be present, not as a direct activator, but rather 

to augm ent the apoptotic process.

M c l- l overexpression has been shown to correlate with disease progression and degree 

of aggression suggesting a role in developm ent of chemoresistance. RNA interference  

experim ents showed that M c l- l knockdown sensitized SHSY5Y and CHLA-90 cells to 

carboplatin. Cell death or survival is m ediated by a balance of pro and anti-apoptotic  

proteins, w ith some cells relying predom inantly on M c l- l for survival. A reduction in 

apoptosis induced by the com bination caused by overexpression of M c l- l  would be 

necessary to definitively conclude the role of M c l- l  is mediating apoptosis. Nevertheless 

we postulate that a decrease in M c l- l  expression either through siRNA m ediated  

knockdown or treatm ent with the com bination, shifts the balance towards cell death, 

suggesting that M c l- l plays a key role in cell survival and response to chem otherapy. 

Inactivation of M c l- l by novel compounds such as PBOX-6 may present an innovative  

therapeutic strategy for future trea tm ent of neuroblastoma.

Downregulation of M c l- l and reversion of suppression of caspase-8 expression in 

response to PBOX-6 has been dem onstrated, therefore, it is possible that PBOX-6 may be 

m odulating transcription in neuroblastoma cells. There have been previous reports in the  

literature of modulation of transcription by MTAs. W alker et al., (2010) observed that 

microtubule based chemotherapeutics, such as paclitaxel or vinorelbine, inhibit STAT 

signalling. W hen treated with e ither of these drugs, M D A -M B -468 breast cancer cells, 

with constitutive activation of STATS, displayed a loss of STAT3 phosphorylation. 

Additionally, paclitaxel disrupted interaction of STAT3 w ith tubulin. In contrast, other 

chem otherapeutics such as doxorubicin had no effect on STAT3. Loss of STAT3 

phosphorylation resulted in a loss of transcription of STAT3 target genes. These findings, 

in addition to  the effects on M c l- l and caspase-8 in neuroblastoma cells, would support 

the hypothesis that MTAs may m odulate transcription in malignant cells, but further work  

is required to  ascertain any direct effects of the PBOXs on transcription.

In chapter 3, PBOX-6 was found to  induce apoptosis in vitro and reduce the viability of ex 

vivo patient samples, whilst in this chapter; PBOX-6 was shown to synergistically enhance 

the pro-apoptotic effects of carboplatin. It was next of interest to determ ine the effects
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of the PBOX compounds in an in vivo neuroblastoma xenograft model. The BALB/C 

neuroblastoma model has previously been used to study the effects of 

chemotherapeutics such as cisplatin, on tum our burden, and this model has also been 

used to investigate combination therapy, such as the enhancem ent of cisplatin by YM 155, 

a small molecule inhibitor of survivin (Liang et a!., 2013).

PBOX-6 has previously been shown to  restrict tum our growth in an in vivo mouse 

m am m ary carcinoma (Greene et al, 2005) and an in vivo CML model (Bright et a i ,  2010). 

Results from  this study showed that PBOX-6 significantly inhibited neuroblastoma tum our 

growth when compared to mice receiving vehicle injections. Mice did not experience  

weight loss or exhibit any signs of distress during PBOX treatm ent suggesting PBOX-6 

does not induce gross toxicity. In fact, all mice gained a small am ount of weight during the  

study.

An investigation into the effects of carboplatin alone and in combination with PBOX-6 on 

tum our burden was also undertaken. However, the  effects of carboplatin could not be 

determ ined due to adverse side effects observed following i.p. injections. Carboplatin 

treated  mice w ere found to suffer excessive weight loss and had to be euthanised. This 

was unforeseen, as previous studies have indicated that the concentration of carboplatin 

employed in this study should not have had such deleterious effects on weight (Iwasa et 

al., 2010). Higher concentrations of carboplatin have been associated with weight loss in 

in vivo models; Shalinsky et al., (1999) reported that a concentration of 120 mg/kg 

carboplatin induced a 21.9%  decrease in body while 60 mg/kg induced a 9% decrease in 

body weight, which is within the acceptable levels of toxicity.

Future studies examining a range of lower concentrations of carboplatin are planned, 

w hile the coadministration of squalene, an isoprenoid antioxidant, may also be 

w orthw hile. Squalene has been reported to act as a potential cytoprotective agent 

against chem otherapy-induced toxicity (Das et al., 2008). These authors reported that 

squalene significantly reduced the body weight loss of carboplatin-treated mice. The use 

of more advanced models such as an orthotopic neuroblastoma tum our model may also 

be employed in the future. In this model, luciferase stably-expressing neuroblastoma cell 

lines are induced through retroperitoneal injection in im m unodeficient mice, allowing for
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real t i m e  in vivo  visualisat ion of  luci fe rase  expres s ion ,  co r re la t ing  t o  t h e  d e g r e e  of  t u m o u r  

b u r d e n  in t h e  animal.  This w ou ld  e n a b l e  m o r e  a c c u r a t e  ca lculat ion of  t u m o u r  g r o w t h  a n d  

re duc t io n .

In conc lus ion ,  it has  b e e n  d e m o n s t r a t e d  t h a t  PBOX-6 h as  t h e  abili ty to  induce  a p o p t o s i s  in 

n e u r o b l a s t o m a  cell lines a l o n e  a n d  t o g e t h e r  with severa l  c h e m o t h e r a p e u t i c  ag e n ts ;  

ind icat ing t h a t  PBOX-6 r e p r e s e n t s  a p rom is i ng  t h e r a p e u t i c  a l te rn a t iv e  t o  c ur re n t ly  

ava i lab le  t r e a t m e n t s .  T hese  f indings prov id e  novel  insights  into t h e  signalling p a t h w a y s  

which  a r e  ac t iva ted  in r e s p o n s e  t o  PBOX-6 in b o t h  d ru g  sensi t ive  a n d  r e s i s t an t  

n e u r o b l a s t o m a  cell lines a n d  in c o m b i n a t i o n  wi th  c a rbop la t in  t o  ach i eve  synergis t ic  

e f fec t s  indica ting t h e  p o te n t i a l  of  t h e  PBOXs, a lo n e  a n d  in c o m b i n a t i o n  wi th  s t a n d a r d  

c h e m o t h e r a p e u t i c s ,  as  an e f fec t ive  t h e r a p y  aga ins t  n e u r o b l a s t o m a .
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5.1 Introduction

The PBOXs are a series of microtubule targeting agents (Mulligan et al., 2006) which have 

been shown to induce apoptosis in m ultiple tum our cells including drug sensitive and 

multiple drug resistant cancer cell lines (Greene et al., 2005; Greene et al., 2007; Bright et 

al., 2010; Nathwani et al., 2010; Lennon et al., 2014), ex vivo patient samples (McElligott 

et al., 2009; Bright et al., 2010) and in vivo murine models (Greene et al., 2005; Bright et 

al., 2010). The molecular mechanisms through which these compounds induce apoptosis 

have been partially delineated; they have been shown to  induce apoptosis though 

modulation of both the intrinsic and extrinsic pathways in both a caspase dependent and 

independent m anner, which is dependent on cell type. Activation of the c-Jun N-term inal 

kinase (JNK) has been identified as a key m ediator in PBOX-induced apoptosis (McGee et 

al., 2002). The effect of these compounds on other cellular pathways such as 

angiogenesis, cell adhesion and migration has also been investigated (McElligott et al., 

2009; Nathwani et al, 2010; Lysaght et al., 2013).

In chapters 3 and 4, PBOX-6-induced apoptosis in neuroblastoma cells m ediated by a 

decrease and inactivation of anti-apoptotic M c l- l  and Bcl-2, an increase in pro-apoptotic  

Bak and activation of caspases-3, -8 and -9 was dem onstrated. Furtherm ore gene 

silencing of M c l- l was shown to sensitise both drug sensitive and multidrug resistant cells 

to carboplatin induced apoptosis, dem onstrating the im portance of M c l- l  downregulation  

in the apoptotic pathway m ediated by the PBOXs in neuroblastom a. The objective of this 

chapter was to identify the molecular events associated w ith M c l- l downregulation.

It has recently been reported in that glucose removal or the use of a nonm etabolizable  

form  of glucose (2-deoxyglucose), leads to a decrease in M c l- l  expression which has 

been attributed to a block in translation m ediated by activation of 5' adenosine 

monophosphate-activated protein kinase (AMPK) in a num ber of cancer cell lines (Pradelli 

et al., 2010). In a similar m anner, TRAIL induced AMPK activation in ovarian cancer cell 

lines, lead to a block in M c l- l translation (Yang et al., 2010). AMPK is a sensor of cellular 

homeostasis which is activated in response to a falling level of cellular ATP, to maintain 

energy balance within the cell. AMPK is phosphorylated when the ratio of AMP: ATP 

decreases leading to inhibition of ATP-consuming pathways and activation of ATP
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producing pathways. Interestingly, recent reports have demonstrated that AMPK is 

involved in induction of apoptosis by a variety of chemotherapeutics {Chen et a i,  2011; 

Chen et al., 2013; Wu et a i,  2014). For example, activation of AMPK by the activator 

AlCAR was shown to inhibit the growth of EGFR-expressing glioblastomas. Additionally 

doxorubicin-induced apoptosis in breast (MCF-7), pancreatic (L3.6), ovarian (CaOVB) and 

melanoma (W M -115) cancer cell lines, was mediated by AMPK activation (Ji et al., 2010). 

Furthermore, a recent study demonstrated that activation of AMPK is involved in 

apoptosis induced by the microtubule targeting agents, vincristine and taxol, in B16 

melanoma cell (Chen et al., 2011). Activation of the upstream kinase, LKBl, was shown to 

mediate activation of AMPK in response to vincristine. Knockdown of LKBl by siRNA 

largely inhibited vincristine induced activation of AMPK. In addition to changes in ATP 

levels, Chen et al., (2011) also found that LKBl activation was dependent on the 

production of reactive oxygen species (ROS). Other studies have suggested anti-cancer 

agents may mediate their apoptotic effects through the production of oxidative stress 

such as the generation of ROS (Circu et al., 2012). Chen et al., (2010) observed a dramatic 

AMPK activation in response to hydrogen peroxide in primary murine neurons PC12 and 

SHSY5Y cells. Levels of phospho-AMPK and the downstream target acetyl-CoA carboxylase 

(ACC) were increased in a time- and dose-dependent manner in response to hydrogen 

peroxide. These reports lead us to postulate that the PBOXs could induce production of 

ROS in neuroblastoma cells which in turn results in activation of AMPK; therefore an 

investigation into the role of ROS production and AMPK activation in PBOX mediated 

apoptosis was undertaken.

Production of ROS may be inhibited by the antioxidant N-acetylcysteine (NAC). NAC, a 

precursor of glutathione, is a scavenger of free radicals and has been extensively used as 

a means to investigate the role of ROS production in various cellular pathways such as 

apoptosis, in addition to its role in various pathologies including cancer, inflammation, 

arthritis and cardiovascular disease (Kerksick et al., 2005). There have been reports that 

pretreatment with NAC can impair or inhibit the apoptosis inducing ability of anti-cancer 

agents. Chen et al., (2011) established the inhibitory effects of NAC on vincristine and 

taxol mediated apoptosis mediated by AMPK activation in B16 melanoma cells. Similarly 

Wu et al., (2005) found that NAC blocked cisplatin-induced apoptosis in small cell lung
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carcinoma cells by inhibiting the effects of cisplatin on m ultiple pro- and anti-apoptotic  

Bcl-2 proteins, and preventing activation of caspases. Consequently in this study, the  

effect of NAC on the apoptotic effects of PBOX-6 or-15 in SHSY5Y cell was determ ined.

AMPK phosphorylation triggers a phosphorylation cascade that regulates the activity of 

various downstream  targets such as the m am m alian target of rapamycin (mTOR) 

signalling pathway. Indeed AMPK activation has previously been shown to lead to  

inhibition of the mTOR signalling pathway resulting in a block in M c l- l translation (Pradelli 

et al., 2010). mTOR is a highly conserved serine/threonine kinase which regulates a broad 

range of cellular events including transcription, translation, proliferation and division, 

therefore  control of this pathway is of the upmost im portance for maintaining normal cell 

division. M any studies point to mTOR playing a critical role in the  progression of many 

cancers, including prostate (Bitting et al., 2013), breast (Vinayak et al., 2013), 

haem atological malignancies (Barrett et al., 2013) and hepatocellular carcinoma (M a tte r  

et al., 2014). Oncogenic activation of this pathway induces several processes necessary 

for tum our growth and proliferation. Indeed, it is interesting to note that proteins in this 

signalling pathway have been shown to  be constitutively activated in neuroblastoma cell 

lines and patient samples (Johnsen et al., 2008). Inhibition of mTOR by rapamycin and 

other rapalogues have been shown to effectively induce cell death in neuroblastoma  

cells, indicating that inhibitors of this pathway may represent a promising new approach 

for the trea tm en t of neuroblastoma. In this present study, the effect of PBOXs on the  

mTOR signalling pathway, nam ely mTOR and its downstream  targets p70 S6 kinase, S6 

ribosomal protein and eEF2K was undertaken.

Inhibition of mTOR is a strategy which is being extensively investigated for the  treatm ent 

of many cancers. Currently there are 559 active clinical trials exploring the potential of 

mTOR inhibitors alone and in com bination with other chem otherapeutics for the  

trea tm en t of various cancers, six of which are specifically investigating the use of these 

inhibitors in neuroblastoma (ClinicalTrial.gov). Although inhibition of this pathway has 

been shown in multiple studies to have potent anti-cancer effects, there are reports of 

unw anted activation of survival pathways such as AKT and autophagy. Therefore, work  

was also undertaken to determ ine the ability of this MTA to  induce autophagy in
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n e u r o b l a s t o m a  a n d  c o n s e q u e n t l y  t h e  e f fec t  of  pharmac olo gica l  inhibit ion of  a u t o p h a g y  

on  PBOX-6 in du ced  a p o p t o s i s  w a s  d e t e r m i n e d .

In thi s  cha p te r ,  PBOX-6 is d e m o n s t r a t e d  for  t h e  first  t i m e  t o  induce AMPK ac tiva t ion  and  

d o w n s t r e a m  ACC phosp h o ry la t i o n  in SHSY5Y n e u r o b l a s t o m a  cells. ROS pr od u c t i o n  

a p p e a r s  t o  be  involved in AMPK ac t iva t ion  by PBOX-6. F u r th e rm o re ,  ev i d e n c e  is p rovided  

to  s u p p o r t  t h e  sugges t io n  t h a t  ac t iva t ion  of  AMPK m e d i a t e s  a popt os i s  in PBOX-6 t r e a t e d  

SHSY5Y cells, t h r o u g h  inhibit ion of  t h e  mTOR p a th w a y .  Finally, PBOX-6 is s h o w n  t o  induce 

a u t o p h a g y  in n e u r o b l a s t o m a  cells which  m a y  func t io n  as  a survival m e c h a n i s m ,  and  

pro vi des  a ra t iona le  for  t h e  u se  of  a u t o p h a g y  inhibi tors  to  fu r t h e r  p r o m o t e  PBOX-6- 

in d u c e d  ap o p to s i s  in SHSY5Y n e u r o b l a s t o m a  cells.
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5.2 Results

5.2.1 PBOX-6 activates AMPK in SHSY5Y cells.

Numerous studies have demonstrated that AMPK plays a vital role in apoptosis induction 

in multiple cancers (Garcia-Gill et a!., 2003; Hadad et a!., 2009). Furthermore previous 

studies have indicated that MTAs such as vincristine, which induce apoptosis mediated by 

the production of reactive oxygen species, also activate AMPK (Chen et al., 2011). It was 

hypothesised that PBOX-6 may induce the production of ROS in neuroblastoma cells 

which in turn activates AMPK. To test this hypothesis, SHSY5Y cells were treated with 

PBOX-6 and the activation of AMPK and phosphorylation of the downstream protein 

acetyl-CoA carboxylase (ACC) was monitored.

To assess activation of AMPK a phospho-specific antibody was utilised. When activated, 

AMPK is phosphorylated on Thr^^  ̂ by an upstream MAPK kinase, LKBl. Activation of 

AMPK up to 6 hours post treatment with PBOX-6 was monitored and was shown to 

increase in a time dependent manner (Fig.5.1 A). A total AMPK antibody to confirm equal 

protein loading was utilised.

Upon observing activation of AMPK, the effect of PBOX-6 on the downstream target of 

AMPK, ACC was examined. ACC catalyses the carboxylation of acetyl CoA to malonyl CoA. 

Malonyl CoA is a key substrate for the synthesis of fatty acids, an anabolic process which 

consumes ATP. When AMPK is activated by phosphorylation it can phosphorylate ACC 

causing it to be inactivated thus switching off an ATP consuming pathway (Kim et al., 

2011). Following treatment of cells with PBOX-6, a time dependent phosphorylation of 

ACC in SHSY5Y cells (Fig. 5.1A) was observed, which correlated with the phosphorylation 

and activation of AMPK. No change in expression of total ACC was observed 

demonstrating equal protein loading.

Densitometric analysis of the bands followed by statistical analysis demonstrated a 

significant increase in phosphorylated AMPK and phosphorylated ACC within 2 hours of 

PBOX-6 treatment (Fig. 5.1 B).
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Figure 5.1 PBOX-6 activates AMPK and inactivates ACC in SHSY5Y cells in a time 

dependent manner

SHSY5Y cells were seeded at a density of 3.0 x 10^ cells in T25cm^ flasks and left to adhere 

overnight. The following day, cells were treated with 2.5 PBOX-6 for up to 6 hours. After the 

required incubation time, cells were harvested and lysates were prepared fo r Western blot 

analysis. 30 ng of protein was separated on a 6% or 10% resolving gel with 5% stacking gel, 

transferred to a PVDF membrane and probed with an anti-phospho-AMPK or anti-phospho-ACC 

antibody (A) Membranes were also probed for AMPK or ACC as a loading control. Results are 

representative of three separate experiments. (B) Western blots were normalised to total AMPK 

or ACC as a control and densitometric analysis o f bands was carried out w ith the imageJ 

software. Statistical analysis was performed using one way ANOVA with Tukey's multiple 

comparison test. * * *  p<0.001, *p<0.05. The effect of 1, 2, 4 or 6 hours PBOX-6 treatment on 

phospho-AMPK expression was compared to the vehicle controlled cells.
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5.2.2 PBOX-6 induces production of reactive oxygen species.

Having observed activation of AMPK and inactivation of ACC in response to PBOX-6 in 

SHSY5Y cells, examination of both the upstream and downstream events associated with 

AMPK activation in SHSY5Y cells was undertaken. Studies by Chen et ai, (2011) indicated 

that activation of the upstream kinase, LKBl, mediated the activation of AMPK in 

response to vincristine while knockdown of LKBl by siRNA largely inhibited vincristine 

induced activation of AMPK. Furthermore, LKBl activation was shown to be dependent 

on the production of ROS. Therefore, an investigation into the production of ROS by 

PBOX-6 using the ROS-Glo assay (Promega) was undertaken. Menadione, an analog of 

1,4-naphthoquinone which produces ROS through redox cycling, was employed as a 

positive control for the production of ROS. A 15 minutes treatment with 50 ^iM 

menadione was found to induce ROS production when compared in control cells (Fig. 

5.2A). Treatment with 2.5 |iM  PBOX-6 for up to 6 hours was shown to induce ROS 

production in SHSY5Y cells (Fig. 5.2A).

To further validate these findings, a second assay to monitor ROS production was 

employed. 2',7'-dichlorodihydrofluorescein diacetate (H 2 DCFDA) is a cell permeable dye 

that measures hydroxyl, peroxyl and ROS activity within the cell. Upon entering the cell, 

H2 DCFDA is deacetylated by cellular esterases to a non-fluorescent compound. This 

compound is oxidised by ROS to 2', 7' -dichlorofluorescein (DCF). DCF is a highly 

fluorescent compound which can be detected by fluorescence spectroscopy with 

maximum excitation and emission spectra of 495 nm and 529 nm respectively. A second 

positive control, hydrogen peroxide, was utilised and found to induce ROS production as 

shown by the increase in fluorescence. Flow cytometric analysis of H2 DCFDA-stained cells 

indicated PBOX-6 induced ROS production as demonstrated by the increase in 

fluorescence (Fig. 5.2B). Taken together these results would suggest PBOX-6 induces ROS 

in SHSY5Y cells.

Cells possess an innate defence system in the form of detoxifying enzymes, such as 

glutathione which allows for a balance between the production and clearance of ROS. 

The antioxidant NAC is a precursor of cysteine which can enter the glutathione synthesis 

pathway. Glutathione (GSH) acts as a reducing agent and key antioxidant to maintain
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control of a cells redox status. GSH levels have been shown to reduce after exposure to 

cytotoxic agents such as chemotherapeutics which induce oxidative stress such as ROS 

production. Depletion of GSH has been shown to correlate with induction of apoptosis 

whilst high GSH levels have been associated with resistance to apoptosis (Friesen et a!., 

2004). Previous studies have shown that GSH supplementation with NAC may prevent 

apoptosis (Kirkland et al., 2001; Franco et ai, 2006; 2007).

Having observed an increase in ROS production in response to  PBOX-6, an experiment 

was next undertaken to assess the  effect of p retrea tm ent with NAC on PBOX-6 induced 

ROS production. ROS production was largely diminished by NAC pretreatm ent. Levels of 

ROS production were comparable to the  vehicle control (Fig. 5.2A). These results indicate 

ROS production may be an early event (up to 6 hours post trea tm ent)  which precedes 

PBOX-6 induced G2/M arrest and apoptosis.
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Figure 5.2 PBOX-6 induces production of reactive oxygen species.

ROS was d etec ted  using th e  ROS-Glo H 2 O2 assay. SHSY5Y cells w ere  seeded in th e  log phase of 

g ro w th  at 2 .5  X 10'* ce lls /w ell and left to  adhere overnight. The fo llow ing  day, th e  H 2O2 substrate  

solution was added each w ill prior to  tre a tm e n t w ith  2 .5  n M  PBOX-6 fo r up to  6 hours. Cells w ere  

also p retrea ted  w ith  NAC fo r 1 hour and tre a te d  w ith  2.5 pM  PBOX-6 fo r 1 hour. A fte r th e  

required incubation tim e, th e  ROS-Glo detection  reagent was added to  th e  cells and th e  plate was 

incubated fo r 20 mins at room  tem p e ra tu re . Luminescence was read on th e  spectraM A X Gem ini 

plate reader. Values represent th e  m ean ± S.E.M of th re e  ind ependent experim ents. Statistical 

analysis was perfo rm ed  using a paired student's  t-tes t. (B) SHSY5Y cells w ere  seeded at a density  

o f 1.0 X 10^ cells /m l in a six w ell p late and left to  adhere overnight. The fo llow ing  day cells w ere  

tre a te d  w ith  a range o f concentrations o f PBOX-6 (2.5, 5 and 10 p M ) fo r 4  hours. A fte r this tim e, 

cells w ere  incubated in phenol free  m edia containing 10 p M  DCFH-DA fo r 30  mins at 37°C. Cells 

w e re  w ashed, trypsinised and resuspended in 40 0  [il ice cold PBS. Cells w ere  analysed by flow  

cytom etry; th e  488  nm laser was used fo r excitation and DCFH-DA was d etec ted  in th e  FL-2 

channel (535 nm ). Results are representative o f an experim ent prefo rm ed  tw ice.
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5.2.3 Pretreatment with the antioxidant, N-acetylcysteine, inhibits the PBOX-6 

mediated activation of AIVIPK and ACC.

Having identified ROS as a possible upstream activator of AMPK in response to PBOX-6 

and having observing the inhibitory effects of NAG on ROS production, it was next decided 

to establish the effect of this antioxidant on phosphorylation of AMPK and the 

downstream target ACC in SHSY5Y cells. Cells were pretreated w ith 5 mM NAC fo r one 

hour followed by PBOX-6 for up to 6 hours. Pretreatment w ith NAC prevented PBOX-6 

induced phosphorylation of AMPK while expression o f tota l AMPK was unaffected (Fig. 

5.3). Similar results were observed with ACC. These findings would support the role of 

ROS as an activator of AMPK in response to PBOX-6. It was next of interest to investigate 

the effects of this antioxidant on the anti-proliferative and pro-apoptotic effects o f PBOX- 

6 .
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Figure 5.3 Pretreatment with NAC inhibits PBOX-6 mediated phosphorylation of AMPK 

and ACC in SHSY5Y cells.

SHSY5Y cells were seeded at a density of 3.0 x 10^ cells In T25cm^ flasks and left to  adhere 

overnight. The following day, cells were treated with either 2.5 nM PBOX-6 or pretreated with 5 

m M  NAC followed by 2.5 nM PBOX-6 for the indicated times. After the required incubation time, 

cells were harvested and lysates were prepared for W estern blot analysis. 30 ng of protein was 

separated on a 6% or 10% resolving gel with 5% stacking gel, transferred to a PVDF membrane 

and probed with an anti-phospho-AMPK or anti-phospho-ACC antibody. Mem branes were also 

probed for AMPK or ACC as a loading control. Results are representative of three separate 

experiments.
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5.2.4 The antioxidant N-acetylcysteine protects against the anti-proliferative effects of 

PBOX-6 and -15.

The A lam arB lue viab ility  assay was used to  assess th e  e ffect o f PBOX- 6  and -15  a lone and 

in com bination  w ith  NAC on the  viab ility  o f SHSY5Y cells up to  48  hours post tre a tm e n t. 

Prior to  com bination  tre a tm e n t w ith  NAC, th e  IC50 value o f each drug was d e term in ed  

a fte r  a 24  or 4 8  hour tre a tm e n t period. A fte r a 24  hour tre a tm e n t period, th e  IC50  value o f 

PBOX - 6  was > 10  |iM  and PBOX-15 >1 n M . The exact values could not be d e te rm in ed  as 

th e  concentrations tested  did not decrease cellu lar viab ility  below  50% . The IC5 0  value 48  

hours post tre a tm e n t was d e term in ed  as 2 .03  n M  fo r PBOX-6 and 0 .1 0  piM fo r PBOX-15. 

Both MTAs w ere  found to  decrease th e  viab ility  o f SHSY5Y neurob lastom a cell in a tim e  

and dose depen d en t m an n er (Fig. 5 .4 ).

N ext, an investigation into th e  effects  o f NAC on th e  viability o f SHSY5Y cells was 

und ertaken . P re tre a tm e n t w ith  NAC fo r one hour provided a pro tective  e ffect against the  

a n ti-p ro life ra tive  effects o f the  PBOXs in SHSY5Y cells. A fte r 24  hours, p re tre a tm e n t w ith  

NAC co m plete ly  inh ib ited  th e  effects o f both PBOXs (Fig. 5 .5 , 5 .6 ). 2 .5 |iM  PBOX-6 on its 

ow n reduced th e  cellu lar viab ility  by 21 .66%  ± 3 .05  w h ile  th e  v iab ility  o f cells p re trea ted  

w ith  NAC and subsequently tre a te d  w ith  PBOX-6 or -15 was m ainta ined  at 100%  (Fig. 

5.5A ). S im ilar results w ere  obta ined  fo r o th e r concentrations o f PBOX-6 (Fig 5 .5A )

A fte r 48  hours th e re  was an even g re a te r decrease in viability a fte r tre a tm e n t w ith  PBOX- 

6 a lone. A concentration  o f 2.5 n M  PBOX-6 reduced viab ility  by 67 .05%  ± 5 .4  (Fig. 5.5B). 

P re tre a tm e n t w ith  NAC reduced this decrease to  37% ±2 .7  (Fig. 5.5B). C om parable results 

w ere  obta ined  at both tim e  points using PBOX-15 (Fig. 5 .6 ). These results indicate th a t  

th e  an tiox idan t NAC im pairs th e  cytotoxic effects o f PBOX-6 and -15  suggesting th a t ROS 

production  by th e  PBOXs m ay play an im p o rtan t role in m ediating  th e ir  cytotoxic effects.
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Figure 5.4 PBOX-6 and -15 reduce the viability of SHSY5Y neuroblastoma cells.

SHSY5Y cells w ere  seeded at a density o f 2.5 X 10^ cells /m l in 96  w ell plates and left fo r overnight 

to  attach. Cells w ere  tre a te d  w ith  a vehicle (1% (v /v ) e th an o l) o r a range o f concentrations o f (A, 

B) PBOX - 6  o r (C, D) PBOX-15. A fte r 24  (A, C) o r 48  (B, D) hours, cells w ere  harvested, and 20 nl 

alam arB lue was added to  each w ell. Plates w ere  incubated in th e  dark fo r up to  5 hours until a 

colour change was observed. Fluorescence was m easured using a SpectraM ax Gem ini plate  

read er at excitation and emission w avelengths o f 544n m  and 590n m  respectively. Values 

represent th e  m ean ± S.E.M o f th re e  ind ependent experim ents.
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Figure 5.5 Pretreatment with the antioxidant NAC significantly inhibits the anti

proliferative effects of PBOX-6 in SHSY5Y cells.

SHSY5Y cells were seeded In the log phase of growth at 5 x 10^ cells/well and left to adhere 

overnight. The following day cells were either treated with varying concentrations of PBOX-6 (2.5, 

5, 10 |iM), or pretreated with 5 mM NAC for 1 hour followed by varying concentrations of PBOX-6 

(2.5, 5, 10 liM ) for (A) 24 or (B) 48 hours. After the required incubation time, cells were harvested 

and 20 pil alamarBlue was added to each well. Plates were incubated in the dark for up to 5 hours 

until a colour change was observed. Fluorescence was measured using a SpectraMax Gemini plate 

reader at excitation and emission wavelengths of 544nm and 590nm respectively. Values 

represent the mean ± S.E.M of three independent experiments. Statistical analysis was performed 

using one way ANOVA with Tukey's multiple comparison test. * * *  p<0.001, ** p<0.01.
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Figure 5.6 Pretreatment with the antioxidant NAC significantly inhibits the anti

proliferative effects of PBOX-15 in SHSY5Y cells.

SHSY5Y cells were seeded in the log phase o f growth at 5 x 10^ cells/well and left to  adhere 

overnight. The fo llow ing day cells were e ither treated w ith  varying concentrations o f PBOX-15 

(0.25, 0.55, 1 piM), or pretreated w ith  5 mM NAC fo r 1 hour fo llow ed by varying concentrations of 

PBOX-15 (0.25, 0.55, 1 piM) fo r (A) 24 or (B) 48 hours. A fter the required incubation tim e, cells 

were harvested and 20|al alamar blue was added to  each well. Plates were incubated in the dark 

fo r up to  5 hours until a colour change was observed. Fluorescence was measured using a 

SpectraMax Gemini plate reader at excitation and emission wavelengths o f 544nm and 59Gnm 

respectively. Values represent the  mean ± S.E.M of three independent experiments. Statistical 

analysis was performed using one way ANOVA w ith  Tukey's m ultip le  comparison test. * * *  

p<0.001, * *  p<0.01.
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5.2.5 Pretreatment with N-acetylcysteine reduces PBOX induced apoptosis.

In chapter 3, the reduction in cell viability induced by the PBOXs was attributed to G2/M 

arrest and induction of apoptosis in SHSY5Y cells (Fig. 3.12, 3.14). Having observed the 

effects o f NAC in combination w ith the PBOXs on the viability o f SHSY5Y cells, an 

experiment was undertaken to establish the possible protective effects of NAC 

pretreatment on PBOX-induced apoptosis in these cells.

Pretreatment w ith NAC was found to significantly protect against induction of apoptosis 

by both PBOX-6 and -15 up to 48 hours post treatment. For example, after 24 hours 2.5 

|iM  PBOX-6 induced between 21.16% ± 3.3 which decreased to 7.13% ± 3.3 after 

treatm ent w ith NAC (Fig. 5.7). A fter 48 hours the percentage of apoptosis induced by 

PBOX-6 alone increased to up to a maximum of 48.12% ± 3.32 which decreased to 

between 24.6% ± 4.4 and 6.06% ± 1.7 upon pretreatment w ith NAC (Fig. 5.7). Comparable 

results were found when cells were treated w ith PBOX-15 (Fig. 5.8).

These results indicated that NAC was protecting against PBOX-induced apoptosis possibly 

by inhibiting induction of reactive oxygen species. As apoptosis was only partially 

inhibited this could be one of a number of pathways through which the PBOXs mediate 

the ir anti-cancer effects.
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Figure 5.7 Pretreatment with the antioxidant NAC significantly inhibits induction of 

apoptosis by PBOX-6 in SHSY5Y cells.

SHSY5Y cells were treated with either varying concentrations of PBOX-6 (2.5, 5 or 10 nM ) or 

pretreated with NAC for one hour followed by PBOX-6 (2.5, 5 or 10 |iM ) for (A) 24 hours or (B) 48 

hours. After the required incubation tim e, cells were harvested, fixed in 2 mis ethanol and stained 

with propidium iodide. Cells w ere analyzed by flow cytometry for the percentage of cells 

undergoing apoptosis and determ ined by quantification of the sub G l/G O  peak. Values represent 

the mean ± S.E.M of three independent experiments. Statistical analysis was performed using one 

way ANOVA with Tukey's multiple comparison test. * * *  p<0.001, * *  p<0.01, *p<0.05.
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Figure 5.8 Pretreatment with the antioxidant NAC significantly inhibits induction of 

apoptosis by PBOX-15 in SHSY5Y cells.

SHSY5Y cells were treated with either varying concentrations of PBOX-15 (0.25, 0.55 or 1 ^M) or 

pretreated with NAC for one hour followed by PBOX-15 (0.25, 0.5 or 1 pM) for (A) 24 hours or (B) 

48 hours. After the required incubation time, cells were harvested, fixed in 2 mis ethanol and 

stained with propidium iodide. Cells were analyzed by flow cytometry for the percentage of cells 

undergoing apoptosis and determined by quantification of the sub Gl/GO peak. Values represent 

the mean ± S.E.M of three independent experiments. Statistical analysis was performed using one 

way ANOVA with Tukey's multiple comparison test. **  p<0.01, *p<0.05.
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5.2.6 PBOX-6 inhibits the mTOR signalling pathway in SHSY5Y cells.

Many studies have identified mTOR as a downstream target of AMPK. Reports have 

indicated that activated AMPK phosphorylates TSC2 and RAPTOR to inhibit mTOR 

signalling (Gwinn et a!., 2008). As PBOX-6 was shown to increase phosphorylation of 

AMPK indicating activation, it was hypothesised that this MTA may inhibit the mTOR 

signalling pathway. Therefore assessment of the effects of PBOX-6 on mTOR and its 

downstream targets p70 S6 kinase, S6 ribosomal protein and eEF2K in SHSYSY cells was 

carried out.

Activation/inactivation of these proteins was assayed by Western blotting up to six hours 

post treatment with PBOX-6 was monitored. PBOX-6 was found to decrease 

phosphorylation of mTOR between 20 and 40 minutes after treatm ent with PBOX-6 (Fig. 

5.9). This decrease was maintained up to six hours after drug exposure indicating 

inhibition of this pathway and potential inhibition of protein translation and synthesis 

(Fig. 5.10). Analysis of phosphorylation of p70 S6 kinase was next undertaken; a phospho- 

specific antibody which recognises phosphorylation at Thr̂ ®®, a site which has previously 

been shown to be essential for activation, was utilised. A time dependent decrease in 

phosphorylation of this site in response to PBOX-6 was observed. Comparable to 

phosphorylated mTOR this decrease in phosphorylation was first observed approximately 

40 minutes post treatment with the maximum level of inhibition being observed 1 hour 

after exposure. This inhibition was seen to be transient with expression of 

phosphorylated p70 S6 kinase increasing between 1 and 2 hours, while it should be 

noted, phosphorylation did not return to the level of the vehicle (Fig. 5.9, 5.10). Previous 

studies have reported transient effects on p70 S6 kinase activation and inactivation (Choi 

et al., 2011; Arsikin et a!., 2013).

To further examine the effects of the PBOXs in the mTOR signalling pathway, activation of 

the downstream target S6 ribosomal protein was investigated. When S6 ribosomal 

protein is phosphorylated, this facilitates the recruitment of the 40S ribosomal subunit 

onto actively translating polysomes and enhances the translation of 5' TOP mRNAs which 

code for ribosomal proteins and elongation factors to increase translation. When 

activated this protein is phosphorylated on multiple residues within the small carboxyl-

200



Chapter 5

term inal region, therefore, the use of several phosphor specific antibodies which 

recognise m ultiple sites including Ser235, Ser 236, Ser240 and Ser244 w ere employed. 

The effect of PBOX-6 on phosphorylation of S6 ribosomal protein was com parable to  

those observed on p70 S6 kinase (Fig.5.9, 5 .10). A tim e dependent decrease in 

phosphorylation of these sites in response to PBOX-6 was observed. A decrease in 

expression was first noted approxim ately 40 minutes post treatm ent w ith the maxim um  

level of inhibition being observed 1 hour a fter exposure. This inhibition was seen to  be 

transient with expression of phosphorylated S6 ribosomal protein increasing betw een 1 

and 2 hours, while it should be noted, phosphorylation did not return to  the level of the  

vehicle (Fig. 5.9, 5.10).

In addition to p70 S6 Kinase, the mTOR signalling pathway also regulates the translation  

elongation process through the phosphorylation of eukaryotic elongation factor 2 (eEF2). 

eEF2 is a GTP-binding protein that m ediates the translocation step of elongation which is 

inactive when phosphorylated. eEF2 is phosphorylated by eEF2K at Thr^^ in the GTP 

binding domain. This phosphorylation prevents eEF2 from  binding the ribosome. As 

inhibition of upstream members of the mTOR signalling pathway had been observed, 

work was next undertaken to investigate the possible inhibitory effects of PBOX-6 on 

translation elongation process. Using a phosphor specific eEF2K antibody a decrease in 

phosphorylation was observed, beginning 40 m inutes post trea tm ent with significant 

inhibition evident from  2 hours post treatm en t. An almost com plete inhibition in 

expression was observed after 6 hours (Fig 5.9, 5.10).

Taken together these results indicate tha t PBOX-6 inhibits m ultiple mem bers of the mTOR 

signalling pathway in SHSY5Y which may potentially inhibit protein translation in this cell 

line.
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Figure 5.9 Inhibition of the mTOR signalling pathway in SHSY5Y cells in a time 

dependent manner within 40 minutes of PBOX-6 treatment.

SHSY5Y cells w ere  seeded at a density o f 3 .0  x 10^ cells in T25cm^ flasks and left to  adhere  

overnight. The fo llow ing  day, cells w ere  tre a te d  w ith  2.5 n M  PBOX-6 fo r up to  1 hour. A fte r the  

requ ired  incubation tim e  cells w ere  harvested and lysates w ere  prepared  fo r W estern  blot 

analysis. 30  ng o f protein was separated on a 6%, 10% or 12%  resolving gel w ith  5% stacking gel, 

trans ferred  to  a PVDF m em brane and probed w ith  an anti-phospho-m TO R , anti-m TO R , an ti-p70  

S6 Kinase, anti-phospho-S6 ribosom al protein or anti-phospho-eEF2K antibody. M em bran es w ere  

also probed fo r GAPDH as a loading control. Results are  representative  o f th re e  separate  

experim ents.
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Figure 5.10 PBOX-6 inhibits the mTOR signalling pathway in SHSY5Y cells in a time 

dependent manner

SHSY5Y cells were seeded at a density of 3.0 x 10^ cells in T25cm^ flasks and left to adhere 

overnight. The following day, cells were treated with 2.5 |aM PBOX-6 for up to 6 hours. After the 

required incubation time cells were harvested and lysates were prepared for Western blot 

analysis. 30 |ag of protein was separated on a 12% resolving gel with 5 % stacking gel, transferred 

to a PVDF membrane and probed with an anti-phospho-mTOR, anti-mTOR, anti-p70 S6 Kinase, 

anti-phospho-S6 ribosomal protein or anti-phospho-eEF2K antibody. Membranes were also 

probed for GAPDH as a loading control. Results are representative of three separate experiments.
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Figure 5.11 Densitometric analysis of phospho-mTOR, mTOR, phospho-p70 S6 kinase, 

phospho-S6kinase and phospho-eEF2K expression in SHSY5Y cells following PBOX-6 

treatm ent.

W estern blots from Fig. 5.9 and 5.10 were normalised to total GAPDH as 

a control and densitometric analysis of bands was carried out with the imageJ software 

programme. Statistical analysis was performed using one way ANOVA with Tukey's multiple 

comparison test. * * *  p<0.001, * *  p<0.01, *p<0.05.
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5.2.7 Pretreatment with the antioxidant N-acetylcysteine inhibits the PBOX-6-mediated 

decrease in M cl-l expression.

Primary neuroblastoma tumours have been shown to heterogeneously express M c l-l, 

w ith high expression correlating to high-risk phenotype (Lestini et a!., 2009) while 

downregulation of M c l- l expression has been shown to sensitise neuroblastoma cells to 

chemotherapy (Lestini et al., 2009). In chapter 3, PBOX-6 was shown to induce a time and 

dose dependent decrease in M c l- l expression in SHSY5Y cells (Fig 3.16), while in chapter 

4, siRNA mediated knockdown of M c l- l sensitised neuroblastoma cells to carboplatin 

pointing to the importance of M c l- l in mediating apoptosis (Fig. 4.16).

Having observed AMPK activation and consequent inhibition of the mTOR signalling 

pathway, a regulator o f protein synthesis controlling multiple components involved in the 

initiation and elongation stages of translation, it was hypothesised that PBOX-6 induced 

decrease in M c l- l expression may be mediated by activation of AMPK leading to  mTOR 

inhibition, a decrease in phosphorylation of p70 S6 kinase, S6 ribosomal kinase and 

eEF2K. Altogether this may lead to an inhibition of translation of M c l- l and a decrease in 

expression. As NAC was found to  inhibit both AMPK activation and the apoptotic effects 

of PBOX-6, the effect of this antioxidant on M c l- l expression was determined. SHSY5Y 

cells were pretreated w ith NAC fo r 1 hour followed by treatm ent w ith varying 

concentrations of PBOX-6. Pretreatment of cells w ith NAC prevented PBOX-6 mediated 

decrease in M c l- l expression (Fig. 5.12). These findings may suggest that PBOX-6 induced 

inhibition of M c l- l expression is mediated through the AMPK/mTOR signalling pathway in 

neuroblastoma cells.
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Figure 5.12 Pretreatment with the antioxidant NAC inhibits PBOX-6 mediated decrease 

in M cl-l expression.

(A) SHSY5Y cells were seeded at a density of 3.0 x 10^ cells in T25cm^ flasks and left to adhere 

overnight. The following day, cells were treated with varying concentrations of PBOX-6 (2.5 nM , 5 

or 10 nM ) or pretreated with 5 mM NAC for 1 hour followed by PBOX-6 2.5 nM , 5 |iM  or 10 

HM). After 24 hours cells were harvested and lysates were prepared for Western blot analysis. 30 

Hg of protein was separated on a 12% resolving gel with 5% stacking gel, transferred to a PVDF

membrane and probed with an anti-M cl-1 antibody. Mem branes were also probed for GAPDH as

a loading control. Results are representative of three separate experiments. (B) Western blots 

were normalised to GAPDH and densitometric analysis of bands was carried out with the imageJ 

software. Statistical analysis was performed using one way ANOVA with Tukey's multiple 

comparison test. * * *  p<0,001. The effect of varying concentrations of PBOX-6 on M c l-l 

expression was compared to the effect of the vehicle on M c l-l expression.
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5.2.8 PBOX-6 induces autophagy in SHSY5Y cells.

Autophagy, an evolutionary conserved pathway, is a cellular degradation system which 

allows for the delivery of cytoplasmic m aterial to  the lysosomes for degradation (Codogno 

et a i ,  2014). Cytoplasmic components become enclosed in a double m em brane structure 

which fuses with the lysosomes w here the contents are hydrolysed. Amino acids and 

other biomolecules are transported back to the cytosol w here they can be reused. In this 

way autophagy allows for the recycling of cellular material to maintain homeostasis. 

Rapamycin, a macrocyclic antibiotic produced by the bacterium Streptomyces 

hygroscopicus, was first discovered as an antifungal agent but has since been shown to 

possess potent immunosuppressive and anti-cancer effects (Seto e t a i ,  2012). Rapamycin 

binds simultaneously to the intracellular receptor FK506 binding protein 12 of m TORCl. A 

potential role for the use of rapamycin as an anti-cancer agent has emerged due to its 

ability to  inhibit proliferation of cancer cells in vitro, as well as in several human and 

murine tum our models. Although the direct use of this drug is lim ited by its 

hydrophobicity and poor stability in solution, analogues (also referred to as rapalogues) 

with improved pharmacological feature  have been developed and are currently in phase 

1 /2  clinical trials for various cancers (Albert et o/., 2010; De P et a!., 2013; Grunt et a!., 

2013).

Studies of rapamycin have highlighted a possible consequence of mTOR inhibition; as 

mTOR is a negative regulator of autophagy (by inhibiting autophagasom e form ation), 

rapamycin has been shown to induce autophagy. Therefore, as PBOX-6 was 

dem onstrated to  inhibit the mTOR signalling pathway, the effects of PBOX-6 on induction 

of autophagy in neuroblastoma cell lines was next investigated. Autophagy was 

m onitored by flow  cytom etric analysis of acridine orange stained cells. Acridine orange is 

a dye which crosses into lysosomes and other acidic com partm ents in the cell and 

becomes protonated, and can be detected in the red channel (Greene et a i ,  2013). 

Acridine orange which is not protonated emits in the green channels. The red:green 

fluorescent ratio was calculated to determ ine the percentage of stained acidic vesicular 

organelles. PBOX-6 induced autophagy in a dose dependent m anner in SHSY5Y cells (Fig 

5.13A). Autophagy was first observed a fter trea tm en t w ith 1 nM  PB0X6 and increased in 

a dose dependent manner.
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To confirm these findings, analysis of expression of LC3 by W estern blot was next 

undertaken. LC3 is a soluble protein with a molecular mass of approxim ately 17 kDa 

which is distributed ubiquitously in eukaryotic cells. During autophagy, the  

autophagosomes engulf cytoplasmic components and a cytosolic form  of LC3 (LC3-I) is 

conjugated to phosphatidylethanolam ine to form  LC3-phosphatidylethanolamine 

conjugate (LC3-II), which is recruited to autophagosomal membranes. As a result, the  

presence of autophagy in a cell can be observed by monitoring the conversion of LC3-I to 

LC3-II. A dose-dependent increase in the conversion of LC3-I to L3C-II in response to  

PBOX-6 was observed, indicating PBOX-6 does in fact induce autophagy in SHSY5Y cells. 

W estern blots w ere also probed w ith GAPDH to  ensure equal loading (Fig.5.13B). 

Densitom etric analysis of W estern blots confirmed that PBOX-6 significantly induced 

expression of LC3-II (Fig. 5.13C).
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Figure 5.13 PBOX-6 induces autophagy in SHSY5Y cells as monitored by acridine orange 

staining of AVO and by the appearance of the LC3-II band by Western blotting.

(A) SHSY5Y cells were treated with varying concentrations of PBOX-6 (1 |aM, 2.5 nM, 5 |iM and 10 

^iM) for 48 hours. Quantification of PBOX-6-induced AVO formation was assessed by flow 

cytometric analysis of acridine orange stained cells using the FL3 mode to quantify the bright red 

fluorescence and the FLl mode to quantify the green fluorescence. Results are expressed as mean 

values ± SEM of at least 3 independent experiments and analysed by the Student's t-test. * * *  P 

<0.001. The effect of varying concentrations of PBOX-6 on AVO expression was compared to 

vehicle treated cells. (B) SHSY5Y cells were seeded at a density of 3.0 x 10^ cells in T25cm^ flasks 

and left to adhere overnight. The following day, cells were treated with varying concentrations of 

PBOX-6 (1 nM, 2.5 nM, 5 nM and 10 |iM). After 48 hours, cells were harvested and lysates were 

prepared for Western blot analysis. 30 ng of protein was separated on a 15% resolving gel with 

5% stacking gel, transferred to a PVDF membrane and probed with an antl-LC3 antibody. 

Membranes were also probed for GAPDH as a loading control. Results are representative of thee 

separate experiments. (C) Western blots were normalised to  total GAPDH as 

a control and densitometric analysis of bands was carried out with the imageJ software. The 

effect of varying concentrations of PBOX-6 on LC3-II expression was compared to the effect of the 

vehicle on LC3-II expression. Statistical analysis was performed using one way ANOVA with 

Tukey's multiple comparison test. * * *  p<0.001, *p<0.05.
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5.2.9 Inhibition of autophagy enhances PBOX-6 induced apoptosis in SHSY5Y cells

Numerous chemotherapeutic drugs have been shown to induce autophagy in tum our 

cells although the tum our suppressor/survival role of autophagy is still very much 

debated. Many studies support a tum our survival role of autophagy (Qu et al, 2003; Liang 

et al., 2006); however, some suggest autophagy works as a type of cell death in cancer 

cells (Clarke., 2012). As induction of autophagy by acridine orange staining of AVOs and 

an increase in LC3-II in response to PBOX-6 was observed in SHSY5Y cells, determination 

of whether autophagy was mediating pro-survival or pro-death effects was next 

undertaken in these cells. The use of tw o inhibitors o f autophagy, bafilom ycin-A l; an 

inh ib itor o f vascular type H+ ATPases, an enzyme which functions to pump protons across 

the plasma membrane and acidify intracellular compartments such as the lysosomes 

(Kanematsu et al., 2010), and chloroquine; a weak base which inhibits lysosomal 

enzymes (Liang et al., 2014) were employed. Both of these inhibitors disrupt the vesicular 

proton gradient and increase the pH of acidic vesicles preventing the fusion of 

autophagosomes w ith the lysosomes thereby inhibiting autophagy.

If PBOX-6 was inducing autophagic cell death (also referred to as type-ll programmed cell 

death), it was postulated that inhibition of autophagy by bafilom ycin-Al or chloroquine, 

would decrease cell death, whereas, if autophagy was mediating cell survival, 

pretreatm ent w ith either inh ib itor would be expected to  increase cell death. SHSY5Y cells 

were pretreated with chloroquine (10 or 50 |iM ) or bafilom ycin-A l (10 or 20 nM) fo r 1 

hour, followed by 2.5 |iM  PBOX-6 for 48 hours. Pretreatment w ith either inhibitor 

prevented the PBOX-6-induced increase in AVO form ation as demonstrated by flow  

cytom etry (Fig. 5.14, 5.15). Western blotting analysis o f LC3 was also undertaken; as 

expected, both chloroquine and bafilom ycin-A l were shown to increase form ation of the 

LC3- II band (Fig. 5.14, 5.15). As chloroquine is a weak base, it becomes protonated and 

accumulates inside the lysosome leading to a rise in pH. This increase in pH inactivates 

acidic lysosomal proteases causing an accumulation of autophagosomes, inhibiting the 

fusion of autophagosomes w ith lysosomes. Similarly bafilom ycin-A l inhibits vacuolar H+ 

ATPase preventing maturation of autophagic vacuoles by inhibiting fusion between 

autophagosomes and lysosomes. These inhibitors prevent completion of autophagy at 

the final step, resulting in an accumulation of LC3-II. Accumulation of LC3-ll-positive

210



Chapter 5

au to p h ag o so m es  is evidence of efficient autophagic flux, while failure of LC3-II protein  to  

increase in th e  p resence  of such inhibitors, would indicate a defect or delay earlier in the  

process, prior to  degradation  a t th e  auto lysosom e (Barth et ai,  2010). Having confirmed 

both  of th ese  inhibitors w ere  effectively inhibiting autophagy, investigation into their 

effects on PBOX-6 induced apop to tic  cell dea th  was next undertaken . Apoptosis was 

m onitored  by flow cytom etric analysis of propidium iodide stained cells. P re trea tm en t 

with chloroquine or bafilomycin-Al significantly increased PBOX-6 m ed ia ted  apoptosis  in 

SHSY5Y cells (Fig. 5.16, 5.17). This data ,  there fo re ,  provides evidence th a t  au tophagy 

functions as a survival m echanism  in neu rob las tom a cells in response  to PBOX-6, and a 

ra tionale for th e  use of au tophagy  inhibitors to  fu r the r  enhance  PBOX-6 induced 

apoptosis.

Bafilomycin-Al was chosen as th e  represen ta tive  au tophagy  inhibitor for fu r the r  

investigation. To confirm apop to tic  cell dea th , th e  cleavage of th e  DNA repair enzym e 

PARP was assessed  by W este rn  blotting. W hen a cell is undergoing apoptosis ,  th e  116 kDa 

proform  is cleaved by caspase-3 into an 89 kDa fragm ent.  A dec rease  in th e  proform in 

response  to  both  PBOX-6 and  bafilomycin-Al alone, with a com ple te  d isappearance of 

th e  proform band in th e  com bination  t re a te d  lane w as observed  (Fig. 5.18). These results 

corre la ted  with th e  flow cy tom etry  results p re sen ted  in Fig. 5.17.

The effects of this com bination on expression of an ti-apopto tic  Bcl-2 proteins Mcl-l and 

Bcl-2 w ere  next investigated by W este rn  blotting. Both PBOX-6 and bafilomycin-Al w ere  

show n to  partially d ec rease  M cl-l expression although alm ost com ple te  inhibition of 

expression of M cl-l in SHSY5Y cells w as found following t re a tm e n t  with th e  combination. 

The an ti-apopto tic  effects of Bcl-2 may be p reven ted  through  e ither a decrease  in 

expression or cleavage of this protein. It has previously been  rep o r ted  th a t  PBOX-6 

induces cleavage of Bcl-2 in SHSH5Y cells resulting in form ation  of a pro-apoptotic  

cleavage fragm ent.  Bafilomycin-Al w as found to  induce a slight cleavage of Bcl-2. This 

cleavage band was m ore  p rom inen t  in re sponse  to  PBOX-6 alone and  in combination with 

bafilomycin-Al (Fig. 5.18). This study suggests  th a t  bafilomyin-Al significantly enhances  

PBOX-6-mediated cell d ea th  though  an apop to tic  pathw ay m ed ia ted  by a decrease  in th e  

an ti-apopto tic  proteins M cl-l and  Bcl-2.
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Finally, c a s p a s e -3  act iva tion in r e s p o n s e  t o  e i t h e r  d rug  a lo n e  a n d  in c o m b in a t i o n  was  

d e t e r m i n e d .  Casapse -3  ac t iva t ion  w a s  m o n i t o r e d  by t h e  d i s a p p e a r a n c e  of  t h e  pro-  

ca sp ase -3  b a n d  by W e s t e r n  blot t ing.  Both PBOX-6 and  ba f i lomycin-Al  w e r e  s h o w n  to  

ac t iva te  ca spa se- 3 ;  which c o r r e l a t ed  with f low c y t o m e t r y  resu lt s  indicat ing t h a t  bo t h  

c o m p o u n d s  ind uc e  similar levels of  ap op to s i s .  In c on t r a s t ,  ex pr es s ion  of  t h e  p ro -c a sp a se -  

3 ba n d  w a s  com ple te ly  d imin ish ed  in r e s p o n s e  to  a c o m b i n a t i o n  of  PBOX-6 a n d  

baf i lomcyin-Al  (Fig. 5.18).  De ns i t om e t r ic  analys is  of  W e s t e r n  blot s  c o n f i r m e d  t h a t  

inhibit ion of a u t o p h a g y  by baf i lomyc in-Al  significantly e n h a n c e d  PBOX-6 induc ed  

a p o p to s i s  (Fig. 5.19).  Taken t o g e t h e r  t h e s e  resul ts  indica te t h a t  inhibi t ion of  a u t o p h a g y  

significantly e n h a n c e s  t h e  p r o - a p o p t o t i c  e f fec t  of  PBOX-6 in SHSY5Y n e u r o b l a s t o m a  cells.
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Figure 5.14 Chloroquine inhibits PBOX-6 induced autophagy in SHSY5Y cells.

(A) SHSY5Y cells were treated w ith  e ither 2.5 PBOX-6, 10 or 50 nM chloroquine or a 

combination o f PBOX-6 and chloroquine fo r 48 hours. Quantification o f AVO form ation  was 

assessed by flow  cytom etric analysis o f acridine orange stained cells as described in materials and 

methods. Chloroquine was added 45 min prior to  acridine orange staining. Results are expressed 

as mean values ± SEM o f at least 3 independent experiments and analysed by one-way Anova test 

fo llowed by the Student's t-test. * * *  P = 0.001. (B) SHSY5Y cells were seeded at a density o f 3.0 x 

10^ cells in T25cm^ flasks and left to  adhere overnight. The fo llow ing day, cells were treated w ith  

varying concentrations o f chloroquine (10 and 20nM). A fter 48 hours, cells were harvested and 

lysates were prepared fo r Western blot analysis. 30|ig o f protein was separated on a 15% 

resolving gel w ith  5 %  stacking gel, transferred to  a PVDF membrane and probed w ith  an anti-LC3 

antibody. Membranes were also probed fo r GAPDH as a loading control. Results are 

representative o f thee separate experiments. (C) Western blots were normalised to  GAPDH as 

a control and densitom etric analysis o f bands was carried out w ith  the imageJ software. The 

effect o f chloroquine on LC3-II expression was compared to  the effect o f the vehicle on LC3-II 

expression. Statistical analysis was performed using one way ANOVA w ith  Tukey's m ultip le  

comparison test. * * *  p<0.001, * p<0.05.
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Figure 5.15 Bafilomycin-Al inhibits PBOX-6 induced autophagy in SHSY5Y cells.

(A) SHSY5Y cells were treated w ith  e ither 2.5 |iM  PBOX-6, 10 or 20 nM bafilomycin or a 

combination o f PBOX-6 and bafilom ycin-A l fo r 48 hours. Quantification o f AVO form ation was 

assessed by flow  cytom etric analysis o f acridine orange stained cells as described in materials and 

methods. Results are expressed as mean values ± SEM o f at least 3 independent experiments and 

analysed using one way ANOVA w ith  Tukey's m ultip le  comparison test. * * *  P = 0.001. (B) SHSY5Y 

cells were seeded at a density o f 3.0 x 10^ cells in T25cm^ flasks and left to  adhere overnight. The 

fo llow ing day, cells were treated w ith  varying concentrations o f bafilom ycin-A l (10 or 20 nM). 

A fte r 48 hours, cells were harvested and lysates were prepared fo r Western b lot analysis. 30^g of 

protein was separated on a 15% resolving gel w ith  5% stacking gel, transferred to  a PVDF 

membrane and probed w ith  an anti-LC3 antibody. Membranes were also probed fo r GAPDH as a 

loading control. Results are representative o f thee separate experiments. (C) Western blots 

were normalised to  GAPDH as a control and densitom etric analysis o f bands was carried out w ith  

the imageJ software. The effect o f bafilom ycin-A l on LC3-II expression was compared to  the 

effect o f the vehicle on LC3-II expression. Statistical analysis was performed using one way 

ANOVA w ith  Tukey's m ultiple comparison test. * * *  p<0.001.
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(A) (B)

Figure 5.16 Inhibition of autophagy by chloroquine enhances PBOX-6-mediated 

apoptosis in SHSY5Y cells.

SHSY5Y cells w ere seeded at a density of 1 .0  X 10® cells /m l in 6 well plates and left to  adhere  

overnight. Cells w ere  trea ted  w ith  vehicle (1% (v /v) ethanol), 2 .5  nM  PBOX-6, 10 pM  or 50  pM  

chloroquine or a com bination o f both (A, B). A fte r 72hrs cells w ere  harvested, resuspended in 200  

pL PBS, fixed in 2 mis ethanol and stained w ith  propidium  iodide. Cells w ere analysed by flow  

cytom etry and th e  percentage o f apoptotic cells was d eterm ined  by quantification of th e  sub- 

G l/G O  peak. Values represent the mean ± S.E.M of at least th ree  independent experim ents. 

Statistical analysis was perform ed using one w ay ANOVA w ith  Tukey's m ultip le comparison test. 

* * ♦  p<0.001, ♦ *  p<0.01.
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(A) (B)

Figure 5.17 Inhibition of autophagy by bafilomycin-Al enhances PBOX-6 mediated apoptosis in 

SHSY5Y cells.

SHSY5Y cells were seeded at a density of 1.0 X 10® cells/ml in 6 well plates and left to adhere 

overnight. Cells were treated with vehicle (1% (v/v) ethanol), 2.5nM PBOX-6, lOnM, 20nM or 

50nM bafilomycin-Al or a combination of both (A, B). After 72hrs cells were harvested, 

resuspended in 200 nL PBS, fixed in 2 mis ethanol and stained with propidium iodide. Cells were 

analysed by flow cytometry and the percentage of apoptotic cells was determined by 

quantification of the sub-Gl/GO peak. Values represent the mean ± S.E.M of at least three 

independent experiments. Statistical analysis was performed using one way ANOVA with Tukey's 

multiple comparison test. * * *  p<0.001.

216



Chapter 5

PARP

Mcl-l

Bcl-2

Pro-caspase-3

GAPDH

cu>

tH c
< o
C
u +
> -
E
oX X <

O O
CO fD

CO
CO " ( j

a . Q. > -

a. c a .
E_o

LO o LO OJ
rvi CO

^ --------------  PARP(116kOa)

< --------------  Cleaved PARP (89kDa)

42 kDa

28 kDa

---------------  Cleavage fragment

32 kDa 

38 kDa

Figure 5.18 Autophagy inhibition enhances PBOX-6 mediated apoptosis though a decrease in 

anti-apoptotic M cl-l, cleavage and inactivation of anti-apoptotic Bcl-2 and activation of 

executioner caspase-3.

SHSY5Y cells were seeded at a density o f 3.0 x 10^ cells in T25cm^ flasks and left to  adhere 

overnight. The fo llow ing day, cells were treated w ith  2.5 nM PBOX-6, 10 nM bafilom ycin-A l or a 

combination o f both. A fter 72 hours cells were harvested and lysates were prepared fo r Western 

blot analysis. 30 pig o f protein was separated on a 10% or 12% resolving gel w ith  5% stacking gel, 

transferred to  a PVDF membrane and probed w ith  an anti-PARP, anti-Mcl-1, anti-Bcl-2 o ran ti-p ro - 

caspase-3 antibody. Membranes were also probed fo r GAPDH as a loading control. Results are 

representative o f three separate experiments.
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Figure 5.19 Densitometric analysis of PARP, M c l-l, Bcl-2 and pro-caspase-3 expression 

in SHSY5Y cells

Results are representative o f three separate experiments. Western blots from  Fig. 5.18 were 

normalised to  to ta l GAPDH as a contro l and densitom etric analysis o f bands was carried out w ith  

the imageJ software. The fo ld change in protein expression was determ ined by comparison of 

PBOX-6, bafilom ycin-A l and combination treated cells to  the vehicle. Statistical analysis was 

perform ed using one way ANOVA w ith  Tukey's m ultip le comparison test. * * *  p<0.001, * *  p<0.01, 

*p<0.05. The effect o f PBOX-6, bafilom ycin-A l or a combination o f the tw o  on PARP cleavage, 

M c l- l, Bcl-1 and caspase-3 expression was compared to  vehicle treated cells.
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5.3 Discussion

AMPK, a master regulator of homeostasis, is activated in response to stresses such as a 

decrease in glucose levels, ischaemia or hypoxia (Hardie et a!., 2012). AMPK functions to 

monitor the ratios of AMP/ATP and ADP/ATP; as ATP is consumed by the cells, levels of 

AMP and ADP increase. A decrease in ATP leads to AMPK activation; AMP directly binds to  

the V subunit of AMPK to prevent dephosphorylation of the critical thr^®^ residue in the  

activation loop of the a  subunit (Sanders et ol., 2007). Activation results in the inhibition  

of anabolic pathways which consume ATP such as protein synthesis and the switching on 

of catabolic pathways which produce ATP such as autophagy resulting in restoration of 

cellular energy homeostasis (Kim et al., 2011). In order for a tum our to grow, a cell must 

redirect its bioenergetic resources towards the replication of components such as DNA, 

proteins and mem branes etc., leading to an anabolic shift in cellular m etabolism. As 

AMPK switches off anabolic pathways, activation of this kinase would appear to play a 

tum our suppressing role. Previous studies have dem onstrated that activation of AMPK 

inhibits the synthesis of the majority of cellular macromolecules, proteins, ribosomal 

RNA, cholesterol and glycogen (Hardie et al., 2007; 2011; 2012) while also causing cell 

cycle arrest associated w ith stabilization of p53 and the cyclin-dependent kinase 

inhibitors p2l'^^''^ and p27‘'"’  ̂(Jones et al., 2005; Liang et al., 2007). As multiple  

chemotherapeutics have been shown to induce AMPK activation, it was of interest to 

determ ine the effects of the  PBOXs on AMPK activation in SHSY5Y cells.

W estern blotting analysis was employed to elucidate the effects of PBOX-6 on AMPK  

activation and determ ined PBOX-6 induced activation in a tim e dependent manner. 

Additionally phosphorylation and inactivation of Acetyl-CoA carboxylase (ACC), a 

downstream  target of AMPK was observed. These findings are in agreem ent with  

previous reports detailing AMPK activation in response to MTAs (Chen et al., 2011). Both 

vincristine and taxol w ere found to induce AMPK activation in a tim e and dose dependent 

manner. siRNA-mediated knockdown of LKBl, the upstream activator of AMPK was 

shown to inhibit vincristine induced AMPK activation in B16 m elanom a cells. Furtherm ore  

Chen et al., (2009) highlighted the role of AMPK in mediating the pro-apoptotic effects of 

reactive oxygen species, H2 O 2 . H2 O 2 induced a tim e and dose dependent phosphorylation 

and activation of AMPK in PC12 and primary neurons. Expression of a dom inant negative
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form  of AMPK or downregulation of AMPK partially preventing induction of H 2 O 2 induced 

cell death.

AMPK has been reported to prom ote apoptosis through regulation of downstream  

signalling pathways including JNK (Meisse et al., 2002; Kang e t al., 2012), p53 (Okoshi et 

al., 2008) and mTOR (Gwinn et al., 2008). The role of JNK in PBOX-mediated apoptosis 

has previously been elucidated; pretreatm ent of K562 CML cells with dicoumarol, a JNK 

inhibitor prevented PBOX-6-induced phosphorylation of JNK substrates, c-Jun and ATF-2 

and inhibited the induced apoptosis while transfection of K562 cells w ith the JNK 

scaffold protein, JIP-1, inhibited JNK activity and apoptosis induced by PBOX-6 (McGee et 

al., 2002). Interestingly, AMPK activation has been shown to induce apoptosis through 

stimulation of JNK in M IN 6 cells (Kefas et al., 2003) while the organic anti-cancer agent 

plumbagin, was shown to activate AMPK and JNK preceding apoptosis in colon cancer cell 

lines (Chen et al., 2013). Studies of the anti-diabetic, compound K, reported inhibition of 

palm itate induced apoptosis, while conversely the activator of AMPK, AlCAR attenuated  

the inhibitory effects of compound K on AMPK and JNK activation (Guan et al., 2014). 

Based on these studies and findings presented herein, it could be hypothesised that 

PBOX-6-mediated activation of AMPK may induce JNK activation preceding induction of 

G 2 /M  arrest and apoptosis, although this would require further investigation in 

neuroblastoma cell lines.

Interestingly, AMPK has been implicated in the control of m ultidrug resistance (MDR). 

Kim et al., (2011) reported that m etform in inhibited P-gp expression in the MCF-7 breast 

cancer cell line by blocking M D R l gene transcription. M etform in  also significantly 

increased the intracellular accum ulation of the fluorescent P-gp substrate rhodam ine- 

123. It was found that suppression of M D R l expression was m ediated through  

m etform in- induced activation of AMPK. siRNA m ediated knockdown of AMPK attenuated  

the inhibition of P-gp while overexpression of a dom inant-negative m utant of AMPK  

reversed the inhibitory effect of m etform in on P-gp expression. Similar findings have been 

reported more recently by W u et al., (2014), cordycepin, the bioactive com pound in 

genus Cordyceps, induced grow th inhibition and apoptosis in a panel of gall bladder cell 

lines and inhibited P-gp expression though activation of AMPK signalling. Conversely 

AMPK shRNA depletion inhibited cordycepin-induced apoptosis. Two AMPK activators,
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AICAR and A769662, were found to downregulate MDR expression which was largely 

inhibited by AMPK depletion. These reports further support the use of AMPK activating 

drugs as a novel treatm ent strategy for MDR cancers such as neuroblastoma.

Having observed PBOX-6-induced activation of AMPK, these findings prom pted us to 

examine both the upstream and downstream  events associated w ith AMPK activation in 

SHSY5Y cells. Determ ination of the role of ROS production in PBOX mediated apoptosis 

was next undertaken. PBOX-5 induced an early increase (from  1 hour) in ROS production. 

This is in agreem ent with reports detailing the effect of MTAs on ROS production where  

both vincristine and taxol were shown to induce apoptosis m ediated by ROS production  

(Chen et al., 2011).

Various mechanisms have been described to account for the generation of ROS in 

response to chem otherapeutics, including redox cycling, p53-m ediated mitochondrial 

oxidase activation or electron transport chain disruption (Hwang e t al., 2001; Pelicano et 

al., 2003, 2004). The electron transport chain, composed of four complexes, is located 

within the inner mitochondrial m em brane. Electrons are transferred from  NADPH 

dehydrogenase (complex 1) to  succinate dehydrogenase (complex 2) to coenzyme Q IO  

and to cytochrome c (complex 3). The passing of electrons creates a proton gradient; 

finally these electrons pass to  the ATP synthase (complex 4) which uses this protein  

gradient to drive the production of ATP. The electrons which pass from complex 3 to 

complex 4 result in the form ation of O2 and H2 O. About 2% of these electrons escape and 

react with molecular oxygen to  form  superoxide which is converted to hydrogen peroxide 

by SOD (Conklin et al., 2004). Chem otherapeutic drugs may induce permeabilisation of 

the mitochondrial m em brane leading to the release of cytochrome c (Pelicano et al., 

2003). W hen this occurs the flow  of electrons along the electron transport chain is 

disrupted; electrons are diverted from  the electron transport chain to oxygen by NADPH 

dehydrogenase and reduced coenzyme Q IO  resulting in the form ation of superoxide 

radicals. It is possible that the  PBOXs are producing ROS through disruption of the  

electron transport chain but this would require further investigation.

The NADPH oxidase (NOX) family of proteins have also been implicated in the generation  

of ROS (Bedard et al., 2007). The NOX fam ily comprises seven members, NOX 1 -5  and the
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dual oxidases (DUOXs) DUOX 1 and DUOX 2. The NOX complexes were initially thought to 

be specific to phagocyte cells, but these enzymes are now recognized as being almost 

universally expressed in virtually every tissue in the body (Paletta-Silva et al., 2013). They 

are composed of six subunits; a Rho GTPase and five 'phox' units (gp91phox, p21phox, 

p40phox, p47phox and p67phox) (Jiang et al., 2011). These are transm em brane proteins 

which generate superoxide by transferring electrons from  the inside of the cell across the  

m em brane, coupling them  to molecular oxygen to produce a superoxide anion which 

dismutases into hydrogen peroxide. NOX donates an electron from  NADPH to molecular 

oxygen (O 2 ) to produce superoxide (O 2 ). MTAs have previously been reported to produce 

ROS m ediated by NOX. Paclitaxel was found to increase expression of R a d , a positive 

regulator of NOX and activate the m em brane associated NOX, leading to extracellular 

release of superoxide, which is subsequently converted to hydrogen peroxide (Alexandre 

et al., 2007). It is possible the PBOX-6 is producing ROS through an increase in NOX 

expression although this would require further investigation. To further support this 

theory, recent reports have suggested that the activity of NOX is regulated by the MAPK 

family, in particular JNK, a key m ediator in PBOX-6-induced apoptosis (McGee et al., 

2002). Inhibition of JNK significantly attenuated NADPH oxidase activation and the  

upregulation of components, while also reducing production of H2 O2 (Han et al., 2012).

The antioxidant NAC, a scavenger of these free radicals, has been extensively used as a 

tool to elucidate the role of oxidative stress in num erous human pathologies including 

cancer, arthritis and cardiovascular disease among others. Pretreatm ent with the  

antioxidant NAC was found to inhibit the anti-proliferative effects of both PBOX-6 and -15 

while an induction of apoptosis was diminished upon pretreatm ent with NAC. Taken 

together these results would point to a role of ROS in mediating PBOX-6-induced 

apoptosis in SHSY5Y cells. These findings are supported by previous reports in the  

literature detailing the effects of both ROS producing drugs and NAC on various cancer 

cell lines. Numerous ROS producing drugs have been shown to induce mitochondrial 

dam age and cell death. Safingol, a sphingolipid currently in phase 1 clinical trials for the  

trea tm en t of solid tum ours, was found to produce a tim e and dose dependent increase in 

ROS in M DA -M B -23 and HT-29 cell lines (Ling et al., 2011). Production of ROS was shown 

to dam age cellular components and activate various pathways including autophagy while
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p re t r ea tm en t  with NAC inhibited ROS production and consequent ly  cell death .  Similarly 

hydrogen peroxide was shown to  induce apoptos is in PC12 and SHSY5Y cells which was 

associa ted with inhibition of proteins  pho sph atases  and activation of the  MARK pathway.  

The expression of t h e  prosurvival proteins,  AKT and PDKl we re  shown to be dec reased  

af ter  exposure  to  hydrogen peroxide.  Fur thermore  hydrogen peroxide induced apoptos is 

in primary mouse  neurons.  In addi tion to  these  reports,  cisplatin has been  shown to 

induce ROS product ion in a panel of small cell lung carcinoma cell lines (Wu e t  a i ,  2005). 

Cisplatin binds to DNA forming covalent  plat inum DNA adduc ts  and triggers activation of 

multiple pathways including DNA repair,  transcript ion inhibition, cell cycle ar res t  and 

apoptosis  (Siddik et  al., 2003). Generat ion of ROS lead to activation of t h e  intrinsic 

pathway  as evidenced by th e  increase in pro-apoptot ic  Bax, activation of initiator 

caspase-9 and ef fec tor caspase-3 and an increase in PARP cleavage. The ef fects  of 

cisplatin were  p re ven ted  by p re t r ea tm en t  with NAC.

AMPK sits at  th e  cent re  of a mul ti tude of interconnect ing signalling pathways  which 

regulate a diverse range of cellular activities (Hardie et  al., 2012). Activation of AMPK 

triggers a phosphorylat ion cascade with targets  ranging from t ranscript ion fac tors  to 

enzymes and o th e r  regulatory proteins.  Reports from several laboratories have identified 

one  of the  major growth regulatory pathways  control led in par t  by AMPK, th e  mTOR 

signalling pathway.  mTOR is a s e r ine / th reon ine  kinase belonging to  th e  PIKK family 

pre sen t  in tw o distinct complexes  mTORCl and mT0RC2. This kinase is highly conserved 

in eukaryotes  as a regula tor  of cell growth.  mTOR coordinates  signals f rom multiple 

pathways  and many observat ions  have pointed to  this pathway laying a critical role in 

oncogenesis  and cancer progression in multiple cancers including neuroblas toma (Bitting 

e t  al., 2013; Vinayak e t  al., 2013; Barrett  et  al., 2013; Mat ter  e t  al., 2014). Similar to 

AMPK, mTOR sits at  a central  point  in a signalling pathway consisting of many 

c o m p o n e n t s  implicated in tumourigenes is  including AKT, PI3K and elF4E which may 

behave as oncoprote ins ,  and PTEN, TSC1/TSC2 and LKBl which may function as  t u m o u r  

suppressors .  Therefore,  regulation of this pa thway is pa r am o u n t  to  prevent ing 

deve lo pm e n t  of cancer.  Regulation of mTOR may play a critical ant i -cancer role in 

neur ob las toma through e i ther  downregulat ion of tu m o u r  p ro m o te r s  or upregula t ion of 

tu m o u r  suppressors.
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Numerous observations have drawn attention to the role of mTOR signalling in 

oncogenesis and cancer progression in certain cancers including neuroblastom a. 

Constitutive activation has been shown to  correlate w ith deregulated m etabolism , 

increased proliferation and resistance to apoptosis (Johnsen et al., 2008). Johnsen et a!., 

(2008) investigated the phosphorylation status of key proteins in the mTOR pathway in a 

panel of neuroblastoma cell lines and tissue samples. They found all prim ary samples 

expressed phosphorylated mTOR indicating constitutive activation. A panel of 

neuroblastoma cell lines w ere treated w ith mTOR inhibitors (rapamycin and 

temsirolimus) and it was found that both inhibitors induced apoptosis which was 

accompanied by caspase-3 activation and PARP cleavage. It was noted that MYCN 

amplified cell lines were more sensitive to mTOR inhibitors (rapamycin and CCI-779); 

while cells w ith the lowest expression of MYCN exhibited the least sensitivity to  

rapamycin and temsirolimus. This is of particular interest as approxim ately 25% of 

patients are diagnosed with MCYN am plification, a diagnosis which correlates with  

advanced stage disease refractory to treatm en t. To further explore the differences in 

sensitivity, SH-EP neuroblastoma cells w ere stably transfected with an inducible MYCN 

construct. These MYCN-expressing cells w ere found to be significantly more sensitive to 

mTOR inhibitors than the mock transfected cells indicating tha t MYCN is a therapeutic  

target for mTOR inhibition. Furtherm ore, rapamycin and CCI-779-treated xenografts 

showed significant reduction of proliferation and increased apoptosis in vivo com pared to 

untreated controls. Taken together these findings suggest tha t the mTOR signalling 

pathway is overactive in neuroblastoma and drugs which inhibit this pathway may 

represent a novel therapeutic strategy particularly for the trea tm en t of advanced stage 

MYCN am plified tumours.

Therefore, having established the effect of PBOX-6 on ROS production and AMPK  

activation as well as the chem oprotective effects of NAC, we next sought to  exam ine the  

effects on the mTOR pathway. A tim e dependent inhibition of mTOR in response to  PBOX- 

6 was observed while a transient decrease in phosphorylation of the downstream  target 

p70 S6 kinase and S6 ribosomal proteins was observed. Previous studies have reported  

transient effects on p70 S6 kinase activation and inactivation. AlCAR was found to  induce 

a decrease in phosphorylation (up to 1 hour post treatm ent) followed by a tim e-
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dependent increase (up to 24 hours) which preceded a second decrease in 

phosphorylation (after 48 hours) in CAL62 thyroid carcinoma cell line, although the 

authors of this paper did not provide an explanation for these findings (Choi et a!., 2011). 

Similarly Arsikin et al., (2012) observed a transient decrease in phospho-p70 S6kinase, 

despite continuous inhibition of phospho-mTOR in response to dopaminergic neurotoxin 

6-hydroxydopamine (6-OHDA) in SHSY5Y cells. Similarly these authors did not provide an 

explanation for these findings.

Although mTOR phosphorylates p70 S6 kinase, other proteins have been implicated in its 

regulation. p70 S6 kinase has been reported to be phosphorylated by PDKl (Alessi et al., 

1998). PDKl is activated downstream of P13K. Over activation of the PI3K/Akt pathway in 

neuroblastoma has been reported to correlate with poor prognosis (Santo et al., 2013). It 

is hypothesised that over activation of this pathway in SHSY5Y cells may lead to 

phosphorylation of p70 S6 kinase in spite of mTOR inhibition although this hypothesis 

would require further investigation.

Expression of eEF2K was also shown to decrease in a time dependent manner in response 

to PBOX-6. eEF2K activity is regulated by mTOR through p70 S6 Kinase and S6 ribosomal 

kinase and independently of mTOR by AMPK. Phosphorylation of eEF2K by p70 S6 kinase 

and S6 ribosomal kinase leads to inactivation of eEF2K, facilitating the dephosphorylation 

of eEF2 and thus promoting translation. A decrease in expression of both p70 S6 kinase 

and S6 ribosomal protein, a substrate of S6 ribosomal kinase, was noted in response to 

PBOX-6 approximately 40 minutes post treatment, potentially preventing 

phosphorylation and inactivation of eEF2K. It is possible that even transient inhibition of 

both p70 S6 kinase and S6 ribosomal protein may be sufficient to inhibit translation of 

elongation factors such as eEF2.

eEF2K expression may also be regulated by AMPK; it has previously been reported that 

activated AMPK phosphorylates and inactivates eEF2 via direct phosphorylation of eEF2K 

by AMPK, at a stimulatory eEF2K site that is different from the inhibitory site 

phosphorylated by S6 ribosomal kinase (Horman et al., 2002; 2003). The results 

presented herein demonstrated that activation of this kinase is most evident after 6 hour 

treatment, during which time phosphorylation of p70 S6 Kinase and S6 ribosomal protein
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has increased. In contrast, phosphorylation of AMPK was found to be maximal a fter 6 

hours potentially indicating regulation of eEF2K by AMPK. Therefore, it is possible that 

both kinases are contributing to eEF2K activation in SHSY5Y cells. Taken together these 

results indicate that PBOX-6 inhibits m ultiple members of the mTOR signalling pathway in 

SHSY5Y which may potentially inhibit protein translation in this cell line.

mTOR inhibitors have been reported to  execute the ir anti-cancer effects though tw o  

mechanisms; firstly by inhibiting proliferation by induction of cell cycle arrest. Secondly 

they act as cytotoxic agents which induce apoptosis. The ability of the PBOX compounds 

to  induce both G 2 /M  arrest and apoptosis in neuroblastoma had already been 

dem onstrated in chapter 3. Furtherm ore in chapter 4, gene silencing of M c l- l  had 

dem onstrated the im portance of M c l- l downregulation in the apoptotic pathway  

m ediated by PBOX-6 in neuroblastoma cell lines. To further explore the role of mTOR 

inhibition in PBOX-6 induced cell death, the effects of NAC on M c l- l expression post 

PBOX-6 trea tm ent was determ ined. As NAC was found to exhibit a protective effect 

against the action of PBOX-6, it was postulated this may occur by inhibiting the PBOX-6 

m ediated decrease in M c l- l expression. Pretreatm ent w ith NAC was found to abrogate  

the  effects of PBOX-6 on M c l- l expression. This was in agreem ent with previous reports 

of the inhibition of the mTOR pathway by the diuretic, ethacrynic acid, leading to a block 

in translation of M c l- l, which could be blocked by pretreatm ent w ith NAC in HL-60 cells 

(Liu et al., 2013). It is likely that PBOX-6 induced mTOR inhibition is an early event (up to  6 

hours) which precedes PBOX-6 induced cell cycle arrest and apoptosis in SHSY5Y cells.

In addition to the effects on proliferation and survival, inhibition of mTOR may have a 

potential role for the trea tm en t of bone metastasis; a condition which reduces quality of 

life as they are associated w ith  conditions such as nerve compression, bone pain and 

fractures. Destruction of bone is m ediated by factors produced or induced by tum our 

cells such as receptor activator of NF-kappaB ligand (RANKL) (Lacey et al., 1998). 

Osteoprotegerin (OPG) is a com petitive inhibitor of RANKL, which has been proposed to 

be regulated by mTOR. Upregulation of OPG was found to decrease the incidence of bone 

lesions and metastasis in neuroblastom a, while in an in vivo neuroblastom a murine  

m odel, trea tm ent w ith rapamycin significantly increased levels of serum OPG, which 

increased cortical bone density and delayed progression to fracture, indicating a
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significant protect ive effect  against  metas tat ic  disease (Hartwich e t  a i ,  2013).  Al though 

th e  effect of t h e  PBOXs on OPG production has not  yet  been  investigated,  t h e s e  results 

would suppor t  t h e  hypothes is  th a t  o the r  mTOR inhibitors such as PBOX-6, may increase 

OPG production and prevent  metas tas is ,  fur ther  suppor t ing the  use of the  PBOXs as a 

novel t r e a t m e n t  s trategy for neuroblas toma.

As a solid tumour ,  such as neuroblas toma ,  grows and metas tas ises ,  nut rient  and oxygen 

availability dec reases  due  to  a poorly fo rmed  vasculature resulting in the  d e v e lo p m e n t  of 

hypoxia. Numerous  s tudies  have shown a correlat ion be tw e en  hypoxia, the  deve lo pm en t  

of metas ta ses  and poor  prognosis (Chang e t  al., 2014; Gilkes e t  a i ,  2014). Cells in this 

hypoxic env iro nm ent  ad ap t  and the  more  aggressive, drug resistant  cells are  

preferentially selec ted.  Recent  repor ts  suggest  t h a t  hypoxia activates au toph agy to 

p ro m ote  t u m o u r  cell survival; as a tu m o u r  develops,  autophagic  breakdown and recycling 

of dam ag ed  organel les  provides t h e  necessary co m p o n e n t s  for cont inued t u m o u r  cell 

survival even in condi tions of nut rient  and growth factor depr ivat ion (Mazure e t  al., 2010; 

Hu e t  al., 2012).  To fully elucidate th e  role of autoph agy in cancer,  it will be necessary  to 

develop models  which enable  monitoring of th e  activation/  inactivation of this pa thway  

th ro ughou t  t h e  dev e lo pm en t  of malignancy.

To date ,  despi te detai led and sys temat ic investigations, the  role of auto ph agy in cancer 

remains  highly controversial;  with both  a tu m o u r  suppressor  and p ro m o te r  function being 

proposed (Liang e t  al., 2006; Yu e t  al., 2008; Chen e t  al., 2010; Yang e t  al., 2011). 

Autophagy functioning as a form of cell dea th  ( termed type-ll cell death)  has  been  

repor ted ,  although, in contrast ,  a vast  nu m b er  of studies have show n tha t  inhibition of 

autoph agy poten t i a t es  th e  an t i - tu mour  effects of multiple chemothe rapeu t ics ,  arguing in 

favour  of auto phagy  functioning as a tu m o u r  p ro m o te r  and survival mechanism (Kanzawa 

e t  al., 2003; Longo e t  al., 2008; Vazquez-Mart in e t  al., 2009; Liu e t  al., 2009; Li e t  al., 

2012). SHSY5Y cells u n d e rw en t  au tophagy in response  to  t r e a t m e n t  with PBOX-6. These 

findings are  in a g r eem e n t  with previous repor ts  detailing PBOX-6-induced au tophagy in 

colon cancer  cells (Greene e t  al., 2012). Having shown PBOX-6-induced autoph agy  in 

neu ro blas toma cells, it was  necessary to  establish if activation of this pa thway  was  

mediat ing autophagic cell d ea th  or  survival, potential ly contribut ing to  drug resistance.  

Greene e t  al., (2012) found th a t  PBOX-6 and -15 induced both  apoptosis  and protect ive
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autophagy in human adenocarcinonna-derived colon cancer cells, while inhibition of late 

stage autophagy by bafilonnycin-Al enhanced the pro-apoptotic effects of PBOX-6. These 

findings indicate that manipulation of the autophagic pathway can lead to the 

development of a more effective anti-cancer response. In the present study pretreatment 

of neuroblastoma cells with chloroquine and bafilomycin-Al significantly enhanced the 

apoptotic effects of PBOX-6 in SHSY5Y cells. The enhancement of PBOX-6 cell death by 

bafilomycin-Al was characterised by an increase in PARP cleavage, a decrease in 

expression of M cl-l, cleavage and inactivation of Bcl-2 and an increase in caspase-3 

activation. These findings indicated that a combination of PBOX-6 and autophagy 

inhibitors represent a novel chemotherapeutic approach for the treatm ent of 

neuroblastoma.

Other MTAs have been shown to induce autophagy in cancer cells (Munafo et a i,  2001; 

Zhan et al., 2012; Zhang et a!., 2013). Inhibition of paclitaxel-induced autophagy in non 

small cell lung carcinoma by pretreatment with 3-methyl adenine, a PI3K inhibitor which 

blocks formation of the autophagosomes, or siRNA against the autophagic gene beclin 1 

potentiated the paclitaxel-induced apoptotic response (Xi et al., 2011), suggesting that 

comparable with the novel MTA, PBOX-6, paclitaxel-elicited autophagic response plays a 

protective role that impedes cell death.

CA-432, an analogue of combretastatin A4 (CA-4), a potent inhibitor of tubulin 

polymerisation, has been shown to induce autophagy in a time and dose dependent 

manner in adenocarcinoma derived colon cancer cells (Greene et al., 2013). 

Pharmacological inhibition of autophagy did not inhibit CA-432-induced cell death ruling 

out type-ll programmed cell death. In fact, pretreatment with bafilomycin-Al significantly 

increased CA-432-mediated apoptosis, further supporting the hypothesis that the 

autophagic process may be manipulated to enhance the therapeutic effects of novel 

MTAs.

The enhancement of apoptosis though autophagic inhibition is not limited to MTAs; the 

anti-cancer activities of numerous other chemotherapeutics have been increased through 

modulation of this pathway. Sulfuraphane (SFN) is a potent dietary phytochemical which 

has been shown to induce cell death in multiple cancers in addition to reducing the
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incidence of tum our in in vivo breast cancer models (Zhang et a!., 1994; Jackson et a!., 

2004). SFN has also been found to induce protective autophagy in a panel of breast 

cancer cell lines (Kanematsu et al., 2010). Bafilom ycin-Al m ediated inhibition of late stage 

autophagy potentiated the apoptotic effects of SFN. Comparable with the effects of 

PBOX-6 and bafilom ycin-A l, a com bination of SFN and bafilom ycin-A l enhanced PARP 

cleavage and activation of caspase-3.

In addition to the studies discussed above, a vast num ber of laboratories have reported  

enhancem ent of cell death m ediated by inhibition of autophagy. Autophagy inhibitors 3- 

M A and bafilom ycin-A l, have been shown to enhance the cytotoxicity of anthocyanin to 

human hepatocellular carcinoma cells (Longo et a!., 2008), the cytotoxicity of arsenic 

trioxide to U 373-M G  human glioblastoma cells (Kanzawa et al., 2003), the cytotoxicity of 

resveratrol to U251 human glioblastoma cells (Liu et al., 2009) and the cytotoxicity of 

trastuzum ab to trastuzum ab-refractory SKBR human breast cancer cells (Vazquez-M artin  

et al., 2009) further supporting the hypothesis that modulation of the autophagy process 

through the use of pharmacological inhibitors or knockdown using siRNA or shRNA, can 

enhance the pro-death effects of chem otherapeutics such as PBOX-6, to overcome  

resistance and move towards the developm ent of more effective anti-cancer therapeutic  

strategies.

In conclusion, this study has shown for the first tim e that PBOX-6-induced production of 

ROS which preceded PBOX-mediated G 2 /M  arrest and apoptosis. As a result AMPK  

became activated which inactivated the downstream  target ACC leading to inhibition of 

the mTOR signalling pathway. Pretreatm ent w ith the antioxidant NAC partially inhibited  

the anti-proliferative and apoptotic effects of PBOX-6 and prevented PBOX-6-mediated  

decrease in M c l- l expression, which may suggest that PBOX-6-induced inhibition of M c l- l  

expression is m ediated through the AMPK/m TOR signalling pathway in neuroblastoma  

cells. PBOX-6 was shown to  induce autophagy in neuroblastoma cells which may function  

as a survival mechanism as pretreatm ent with autophagy inhibitors, chloroquine and 

bafilom ycin-A l, resulted in a significant enhancem ent of PBOX-6-mediated apoptosis. 

These findings indicate that m anipulation of the autophagic pathway can lead to  the  

developm ent of more effective anti-cancer response. This study provides new insights
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i n to  u n d e r s t a n d i n g  t h e  m o l e c u l a r  a n d  ce l l u l a r  m e c h a n i s m s  inv o lv e d  in P B O X - in du c ed  cell 

d e a t h  in n e u r o b l a s t o m a .
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Neuroblastoma, a paediatric malignancy of the sym pathetic nervous system is the most 

common extracranial tum our in childhood. Accounting for approxim ately 15% of all 

childhood cancer deaths, it is the third most common childhood cancer (Sharp et al., 

2013). Despite advances in the understanding of this cancer and the developm ent of new  

therapeutic strategies, neuroblastoma continues to be one of the most difficult paediatric 

cancers to  treat. Children diagnosed with high risk, advanced stage disease generally have 

a poor prognosis w ith less than 40%  of these patients being long term  survivors (Lunec et 

al., 2012). High-risk m etastatic disease is treated  w ith  m ultiple rounds of intensive 

chem otherapy leading to m ajor organ toxicity. Up to 30% of patients do not achieve 

disease control and require further chem otherapy or undergo experim ental treatm ent 

options. There is a direct correlation betw een achieving tum our response a fter induction 

chem otherapy and survival (Hallett et al., 2012). M any of these who do not respond to 

treatm ent develop a progressive disease w ith failure to respond to  chem otherapy.

Although successful for low and interm ediate risk neuroblastom a, conventional 

treatm ent regimes have not achieved the desired survival rates for high risk patients; it is 

clear new approaches are necessary to im prove survival rates of these patients. 

Therefore, an investigation into the effects of a series of novel m icrotubule targeting  

agents, the PBOXs, was undertaken. These compounds have been previously shown to 

induce apoptosis in several tum our models including drug resistant patient samples of 

CML and CLL an in vivo CML and breast cancer models. These results suggested the PBOXs 

present a promising therapeutic strategy for neuroblastom a. In the first part of this study, 

an investigation into the effects of pro-apoptotic members, PBOX-6 and -15 was 

undertaken. Both compounds w ere shown to reduce the viability of a panel of both drug 

sensitive and MDR neuroblastoma cell lines and to  inhibit the clonogenicity of SHSY5Y 

cells in a dose-dependent m anner.

The developm ent of the MDR phenotype in neuroblastom a is characterised by 

am plification of the proto-oncogene MYCN, m utation /deletion  of p53 and chromosomal 

aberrations such as deletion of loci at Ip  or l l q  (Maris et al., 2010). This phenotype often  

includes overexpression of MDR proteins, such as P-gp, drug efflux pumps which use ATP 

hydrolysis to m ediate the export of hydrophobic drugs from  the cell. Interestingly, while  

numerous chem otherapeutics which are currently used to  treat neuroblastoma are
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substrates for these efflux pumps, the PBOX compounds are not (Nathwani et a i ,  2010) 

indicating that they may possess advantages over standard chem otherapy currently in 

clinical use. In this study, the fold resistance of PBOX-6, -15 and four other 

chemotherapeutics (vincristine, doxorubicin, etoposide and carboplatin) currently used to 

treat high risk, advanced stage neuroblastoma, in MDR neuroblastoma cells was 

established. The PBOXs w ere both shown to exhibit a lower fold resistance when  

compared to standard therapeutics indicating a potential advantage other current 

treatm ent strategies.

In order to predict the potential clinical response, confirmation of the anti-cancer effects 

of these novel MTAs on primary neuroblastoma cells was vital. Primary cells more closely 

resemble the physiological state of cancer cells in vivo and provide a more realistic 

representation of the disease state. Metastasis is the main cause of death in patients with  

neuroblastoma, w ith the bone m arrow  being the m ajor site of metastasis. In spite of 

aggressive therapy, children presenting with dissemination of malignant neuroblasts in 

the bone m arrow  have a poor prognosis; therefore in the first part of this study, cells 

w ere isolated from  the bone m arrow, representing the most advanced and drug resistant 

population. PBOX-6 was shown to decrease the viability of these primary neuroblastoma  

cells. Findings from  this study though are lim ited by the low num ber of samples, and as a 

result further samples would be required to validate these initial findings. Despite the low  

sample num ber, this is a positive result and would support further investigation into the  

use of PBOX-6 for trea tm en t of neuroblastoma.

Treatm ent of advanced neuroblastom a is characterised by m ultiple rounds of intensive 

courses of com bination chem otherapy. This m ultim odal approach has numerous 

advantages by offering the benefit of targeting m ultiple cellular pathways that induce 

apoptosis. Frequently in advanced tum ours, these pathways are defective leading to  

ineffective induction of cell death by chem otherapeutics (Maris et ol., 2010). Similarly 

amplification of the transcription factor MYCN, may lead to suppression of apoptosis and 

prom otion of cell proliferation and survival (Gogolin et a!., 2010). Single agent 

chem otherapy may provide insufficient toxicity to overcome these pro-survival 

mechanisms and cells may develop multidrug resistance. Synergistic combinations of
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chem otherapeutics may help to decrease the developm ent of resistance while  

maximising the anti-tum our effects on the cell.

Currently vincristine is used in com bination w ith other chem otherapeutics, such as, 

doxorubicin, cisplatin, etoposide, carboplatin or topotecan to treat advanced stage 

neuroblastoma (Kohler et al., 2013). Having observed the pro-apoptotic effects of the  

PBOXs alone, an investigation into the potential additive or synergistic interactions  

between these novel MTAs and other chem otherapeutics was undertaken. The second 

part of this study explored the potential enhancem ent of chem otherapeutic induced cell 

death in drug-sensitive and MDR neuroblastoma cells. Combinations of PBOX-6 or -15  

w ere found to synergistically enhance the apoptotic effects of carboplatin, doxorubicin 

and etoposide in neuroblastoma cell lines. A com bination of low dose vincristine, 

carboplatin and etoposide has been shown to produce a successful outcom e in infants  

with unresectable, non-m etastatic neuroblastoma (Rubie et al., 2011) however, 

im m ediate toxicity and possible long-term  adverse effects of this regimens adm inistered  

in young patients may limit the ir use.

Neuropathy is the dose-lim iting side effect of all vinca alkaloids, w ith vincristine being the  

most severe (Park et al., 2013). Vincristine produces m otor and sensory neuropathy; thus, 

despite the success of vincristine and other MTAs, lim itations in their use still exist. 

Therefore there is a definite need to develop novel MTAs. The PBOX-6 and -15 have 

previously been shown to elicit minimal toxicity to normal peripheral bone m arrow  cells 

(PMBC) (McGee et al., 2004) and induce minimal inhibition of proliferation of normal B- 

cells and bone m arrow  progenitor cells (McElligott et al., 2009). Furtherm ore, no effects 

on red blood cell, w hite blood cell or platelet counts have been observed in response to  

the PBOXs (unpublished data). A low level of vasorelaxing activity and a lack of inhibition  

of nitrendipine binding, both measures of calcium antagonism, suggest a general lack of 

cardiotoxicity (DM Z, unpublished data). It is interesting to  note that previous in vivo 

studies (Greene et al., 2005; Bright et al., 2010), in addition, to the results presented in 

chapter 4 have shown no deleterious effects on animal weight following trea tm en t with  

PBOX-6. This is in contrast to studies of vincristine and colchicine in which neurotoxicity  

strongly correlated to loss of body w eight (Bacher et al., 2001), suggesting that PBOX-6 

does not elicit neurotoxicity, although further studies would be required to  substantiate
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this. Numerous assays for neurotoxicity have been described in the literature w^hich could 

be employed to investigate any potential induction of neuropathy by the PBOX-6 (Moser 

et al., 2011).

In the second part of this study, the molecular events underlying PBOX-6 enhancement of 

carboplatin-induced apoptosis was determined. The PBOX-6/carboplatin combination 

decreased M c l-l expression, induced cleavage and inactivation of Bcl-2 and activated pro- 

apoptotic Bak leading to the formation of pores in the mitochondrial membrane and 

release of cytochrome c. This resulted in activation of initiator caspases-8 and -9 and 

executioner caspase-3. In particular, this study sought to determine the role of M c l-l in 

PBOX-6-induced apoptosis induction in these cells, as M c l-l overexpression has been 

shown to correlate with disease progression and degree of aggression, suggesting a role 

in development of chemoresistance. Cell death or survival is mediated by a balance of 

pro- and anti-apoptotic Bcl-2 proteins, with some cells relying predominantly on M c l-l for 

survival. Results presented herein indicate that a decrease in M c l-l expression either 

through siRNA mediated knockdown or treatm ent with the PBOX-6/carboplatin 

combination, shifts the balance towards cell death, suggesting that M c l-l plays a key role 

in cell survival and response to chemotherapy. Inactivation of M c l-l by novel compounds 

such as PBOX-6 may present a promising therapeutic strategy for future treatm ent of 

neuroblastoma.

In the final part of this study, the molecular events associated with PBOX-6-induced M c l-l 

downregulation were further examined. Recent reports have indicated that a decrease in 

M cl-l expression may be attributed to a block in translation mediated by activation of 

AMPK. As PBOX-6 was shown to decrease expression of M c l-l and induce apoptosis in 

SHSY5Y and CHLA-90 neuroblastoma cell lines, this study sought to investigate the effects 

of PBOX-6 on the AMPK signalling pathway in neuroblastoma cells. PBOX-6 was shown to 

induce activation of AMPK and inactivation of the downstream target ACC. This was in 

agreement with previous findings indicating MTAs may induce apoptosis through 

activation of AMPK. Previous studies have shown that AlCAR can enhance the anti-cancer 

effects of vincristine in melanoma cell lines through an increase in activation of AMPK, an 

enhanced decrease in viability and a synergistic enhancement of apoptosis (Chen et al., 

2011). PBOX-6 was found to induce the early production of ROS, while the antioxidant N-
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acetylcysteine impaired both ROS production and the anti-cancer effects of this novel 

MTA. PBOX-6 mediated activation of AMPK was found to result in inhibition of mTOR, a 

highly conserved serine/threonine kinase which regulates a broad range of cellular events 

including transcription, translation, proliferation and division. Inhibition of mTOR and its 

downstream targets, p70 S6 Kinase, S6 ribosomal protein and eEF2K, indicated that 

PBOX-6 may potentially inhibit translation. This study proposes that the PBOX-6 mediated 

decrease in M c l-l may be attributable to inhibition of the mTOR pathway resulting in a 

block in M c l-l translation.

As mTOR is a negative regulator of autophagy, many studies have reported induction of 

autophagy following inhibition of the mTOR pathway. PBOX-6 induced autophagy in 

SHSY5Y cells, while pretreatment with bafilomycin-Al or chloroquine, was found to block 

autophagy and enhance the apoptotic effects of PBOX-6. This suggests that autophagy 

was functioning as a survival mechanism and provides a rationale for the use of 

autophagy inhibitors to further promote PBOX-6-induced apoptosis in neuroblastoma. 

These findings are supported by numerous other studies which have demonstrated 

enhancement of chemotherapy induced cell death through modulation of the autophagic 

pathway (Longo et a i ,  2008; Liu et al., 2009; Vazquez-Martin et a i ,  2009; Kanematsu et 

al„ 2010).

In conclusion, the results presented herein have demonstrated the ability of the novel 

MTA, PBOX-6 to induce apoptosis in drug sensitive and resistant neuroblastoma cells, in 

ex vivo patient samples and to reduce tumour burden in an in vivo neuroblastoma model. 

Furthermore these compounds have been shown to synergise with current treatments for 

neuroblastoma, providing substantial rationale for the continued development of these 

novel MTAs for the treatm ent of neuroblastoma. This study provides novel insights into 

understanding the molecular and cellular mechanism involved in PBOX-induced 

apoptosis.
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Summary

•  PBOX-6 and -15 w ere shown to reduce the viability of drug sensitive and m ultidrug  

resistant neuroblastoma cell lines with similar potency.

•  PBOX-6 and-15 inhibited the clonogenicity of SHSY5Y cells.

•  PBOX-6 and -15 exhibited a lower fold resistance in multidrug resistant cell lines 

when compared to vincristine, doxorubicin, carboplatin and etoposide, all of 

which are currently used in the clinic to trea t neuroblastoma.

•  PBOX-6 induced apoptosis in drug sensitive and multidrug resistant cell lines.

•  Apoptosis was shown to be m ediated by a decrease in anti-apoptotic M c l- l 

expression, cleavage and inactivation of anti-apoptotic Bcl-2 and an increase in 

pro-apoptotic Bak in SHSY5Y and CHLA-90 cell lines.

•  Downregulation of M c l- l expression was found to sensitise drug sensitive and 

multidrug resistant cell lines to carboplatin, indicating the im portance of M c l- l in 

apoptosis induction in neuroblastoma cell lines.

•  PBOX-6 was found to reduce the viability of primary neuroblastoma cells isolated 

from  bone m arrow  samples and reduce tum our volum e in an in vivo xenograft 

model of neuroblastoma.

•  PBOX-6 was found to induce production of ROS, activation of AMPK and inhibition 

of the mTOR signalling pathway in the  SHSY5Y cell line.

•  Pretreatm ent of SHSY5Y cells w ith NAC partially inhibited the anti-proliferative  

effects and anti-apoptotic effects of PBOX-6 and -15, while pretreatm ent w ith NAC 

inhibited the PBOX-6 m ediated decrease in M c l- l expression in SHSY5Y cells.

In conclusion, this work has dem onstrated the immense potential of the novel 

microtubule targeting agents, the PBOXs, as a future treatm ent strategy for 

neuroblastoma. In particular this work has shown the anti-tum our effects of PBOX-6 is 

not lim ited to in vitro cell lines, showing anti-cancer activity in both primary  

neuroblastoma cells and in an in vivo xenograft model of neuroblastom a, thus 

providing considerable justification for further investigation into these compounds as 

a promising therapeutic strategy for neuroblastoma.
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For the PBOXs to  progress to the clinical phase of developm ent, further pre-clinical 

investigation would be necessary. In particular a large scale study of primary  

neuroblastoma samples would be required. Isolation of primary cells from  primary  

tumours and other sites of metastases would be of interest to determ ine the degree of 

drug resistance from  cells from  each of these sites. Isolation of cancer stem cells (CSC) 

would also be of interest. Studies of solid tum ours support the existence of a 

subpopulation w ithin the total tum our cell mass, CSCs (W inquist et al., 2009). These CSCs 

may undergo differentiation, self renewal and retain the ability to reconstitute the  

primary tum our phenotype when transplanted into recipient animals (M agee et al., 

2012); therefore, they may play a role as m aster regulators in both the developm ent of 

tumours and MDR. CSCs express specific m arkers such as CD133 which correlate with  

clinical stage; high expression of CD133 has been shown in tum ours w ith unfavourable  

histology and decreased survival rates (Alisi et al., 2013). D ifferentiation of 

neuroblastoma cell lines and primary neuroblastom a cells has been reported to be 

inhibited by knockdown of CD133 (Takenobu et al., 2011; Kamijo et al., 2012), while 

CD133-positive cells isolated from  neuroblastom a cell lines have been shown to have 

gains on 1 6 p l3 .3 , 1 9 p l3 .3 , and 1 9 q l3 .3 3 , in contrast to CD133-negative cells. A 

correlation betw een the presence of a gain of 1 6 p l3  and expression of CD133 has 

recently been reported (Courneyer et al., 2012). Studies have dem onstrated that CD133- 

positive cells from  MDR neuroblastom a patient samples are enriched in vivo after 

treatm ent w ith chem otherapeutics such as cisplatin, etoposide, doxorubicin, and 

paclitaxel, while these chem otherapeutics have been shown to be less effective in 

inducing cell death in these cells when com pared to  non-stem  cell cancerous cells 

(W inquist et al., 2009). Techniques to isolate these cells are currently being developed in 

a num ber of cancers (Wang et al., 2013; Vidal et al., 2014). Therefore, it would be of 

particular interest to determ ine the effects of the PBOXs on this sub population of cells.

The therapeutic potential of chem otherapeutics may be lim ited by expression of inhibitor 

of apoptosis proteins (lAP) expressed by m ultiple cancer cells (Hassan et al., 2014). lAPs 

are a fam ily of evolutionarily conserved suppressors of apoptosis, which m ediate their 

effects though interaction w ith  caspases via one or m ore BIR (baculovirus iap repeat) 

domains. M em bers of this fam ily include survivin, livin, XIAP, c lA P l, and clAP2 (Smolewski
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et al., 2008). lAPs may be antagonised by proteins such as SMAC (Diablo) and HtrA2 

(Omi), which are sequestered inside mitochondria in healthy cells but are released into  

the cytosol during apoptosis; once released they bind to lAP via their BIR domains 

(Obexer et al., 2014)

W hile lAPs are overexpressed in many cancers contributing to cell survival and resistance 

to chem otherapy (Obexer et al., 2014), targeting of these proteins has been shown to  

induce apoptosis in tum our cell lines or sensitise cells to anticancer drugs, while SMAC 

and HrtA2 mimetics have been reported to induce apoptosis in cancer cell lines and 

xenograft models (Bai et al., 2014), indicating targeting of these proteins is a w orthw hile  

therapeutic strategy. Previous reports have indicated that the PBOX-6 may target lAP 

expression in cancer. Bright et al., (2010) reported a decrease in expression of survivin in 

response to a com bination of PBOX-6 and flavopiridol, while siRNA m ediated knockdown 

of survivin expression enhanced the apoptotic effects of PBOX-6. This is of particular 

interest as overexpression of these lAPs correlates with developm ent of MDR in 

neuroblastoma. Lamers et al., (2011) showed a correlation betw een high expression of 

survivin in neuroblastoma patient samples and poor prognosis. Overexpression of the  

apoptotic regulator, X-linked inhibitor of apoptosis protein (XIAP), one of the best 

characterised mem bers of the lAP family, has been associated with chem otherapy  

resistance in neuroblastoma (Eschenburg et al., 2012). Smac peptides have also been 

shown to prime neuroblastoma cells for TRAIL induced apoptosis (Fulda et al., 2002) while 

more recently Abhari et al., (2013) have reported that small-molecule lAP inhibitors at 

subtoxic concentrations cooperate w ith monoclonal antibodies against TRAIL R1 

(M apatum um ab) orTRAIL-R2 (Lexatumumab) to induce apoptosis in neuroblastoma cells 

in a highly synergistic manner.

A thorough investigation into the role of lAP in neuroblastoma in response to the PBOX-6 

and -15 should be undertaken. It would now be of interest to firstly determ ine the  

expression of each m em ber of the lAP fam ily of proteins in a panel of drug sensitive and 

MDR neuroblastoma cell lines, to  ascertain if expression is contributing to MDR. Secondly, 

to establish any potential effects of the PBOX and standard chem otherapeutics on their 

expression, and finally determ ine any potential correlation betw een response to a given 

chem otherapeutic and lAP expression. Previously a high level of livin expression was
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found to correlate wi th MYCN amplification and dec reased  survivin in a s tudy of ex vivo 

neu rob las toma pat ient  samples  (Kim e t  al., 2005). Should lAP expression be found to  be 

high in neurob la s toma cells lines, investigation into a combinat ion of th e  PBOXs and a 

Smac mimetic may potentially en hance  PBOX induced apoptos is  particularly in MDR cells. 

Recently t arge ted  t he ra py  with LBW242, a Smac mimetic resul ted in sens it isat ion of 

neurob las toma cells to  th e  MTA vincristine, while this mimetic was  also found  to 

en hance  th e  effects of doxorubicin and e toposide ,  all current ly used in neuroblas toma 

t r e a t m e n t  regimens  (Eschenberg e t  al., 2012).  Although th e  num ber s  of clinical trials 

employing th e  Smac mimetics  are  currently limited, this is a field undergoing thorough 

investigation and will most  likely expand in th e  coming years.

Work p re sen ted  herein has d em o n s t r a t e d  th e  impor tance  of s o m e  Bcl-2 family mem bers ,  

in particular Mcl-l ,  in mediat ing th e  apop tot ic  response  to  the  PBOX-6. Fur ther  work on 

t h e  role played by pro-apoptot ic  m e m b e r s  such as Bim, are required.  A mechani sm by 

which certain cancer  cells are  'pr imed for dea th '  may account  for the  di fferences  in 

re sponse  to  ch e m o th e rap y  in various cancers  (Sarosiek e t  al., 2012).  It is suggested  that  

certain cells live in a s ta te  in which th ey  d ep en d  on t h e  expression of ant i -apoptot ic  

proteins,  which seq u e s te r  ac tivator BH3-only proteins such as Bim, for thei r  survival. 

Inhibition of th e  ant i -apoptot ic  prote ins  in these  'pr imed '  cells results in Bak/Bax 

ol igomerisat ion and MOMP in contras t  to  'unpr imed '  cells. These  cells which d e p e n d  on 

Bcl-2 and Mcl-l  for survival are  'pr imed for dea th '  and general ly re sponded  b e t t e r  to 

chemothe rapy .  Goldsmith e t  al., (2012) pe r fo rm ed  mitochondrial  profiling on a panel  of 

neu rob la s toma cell lines and found t h a t  neu roblas tom a cells and primary t u m o u r s  are  

pr imed for death  with tonic sequest r a t ion  of Bim by e i ther  Bcl-2 or  Mcl-l ,  with Bim being 

identified as the  principle m ed ia t o r  of re spon se  to ch emothe rapy .  In t h e  first par t  of this 

study, a PBOX-6 m edia t ed  dec rease  in Mcl- l  was  not ed  indicating Bim may be ac tivated  in 

re spon se  to  PBOX-6, therefore ,  a t ime-  and d o s e - d ep en d e n t  s tudy of Bim express ion in 

re spon se  to PBOX-6 could be  under taken to  de te rm in e  if this protein plays a role in 

mediat ing th e  apoptot ic  re sponse  to t h e  PBOX-6.

In healthy cells, Bim may be  localised to  the  dynein light chain or the  mi tochondrial  

m e m b r a n e  where  it interacts with ant i -apoptot ic  Bcl-2 prote ins  (Luo e t  al., 2012).  Upon 

exposure  to  apoptot ic  stimuli, Bim may be phosphoryla ted  by JNK causing dissociation
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from the dynein light chain or M c l- l or Bcl-2. Previous studies have reported PBOX-6- 

mediated activation of JNK preceding G 2 /M  arrest and apoptosis (McGee et a!., 2004). It 

is plausible that PBOX-6 mediates activation of JNK, allowing for phosphorylation of Bim 

by JNK and dissociation from  M c l-l leading to its activation. W estern blot analysis of both 

JNK and Bim activation in response to PBOXs in neuroblastoma cell lines could be carried 

out. Should Bim be found to be activated, siRNA mediated knockdown may establish the  

possible importance of Bim in PBOX-mediated apoptosis.

In this study, investigations into the apoptotic signalling pathways initiated by PBOX-6 in 

neuroblastoma cells primarily focused on the intrinsic pathway and the involvem ent of 

caspase-9. However, having observed caspase-8 activation, further investigation into the 

involvement of the extrinsic pathway would be of interest. Previously Maginn et al., 

(2011) have reported upregulation of death receptors and potentiation of TRAIL- 

m ediated apoptosis in multiple myeloma cells indicating that the mechanism of action of 

PBOX-6 may involve the extrinsic pathway. This is of particular interest as a recent study 

has highlighted a link between TRAIL signalling and natural killer (NK) cell activation in 

neuroblastoma cells (Sheard et al., 2013). As previously discussed, neuroblastoma cells 

do not express HLA so they can evade detection by T lymphocytes, but unlike T 

lymphocytes, NK cells are activated by cells lacking HLA so can recognise and destroy 

neuroblastoma cells. TRAIL may be expressed as a soluble or m em brane bound protein, 

while ligation of TRAIL to the TRAIL receptor results in form ation of the DISC complex, 

activation of caspase-8 and caspase-3 leading to apoptosis. M em brane-bound TRAIL was 

shown to supplement NK cell cytotoxicity in neuroblastoma cells (Sheard et al., 2013). 

Chemotherapeutics such as etoposide have been reported to synergistically enhance the 

effects of TRAIL by increasing expression of TRAIL R2 in caspase-8 expressing 

neuroblastoma cell lines (Kim et a!., 2012). These reports, in addition to previous PBOX 

studies, would support the use of a PBOX/TRAIL combination as a novel therapeutic  

intervention for neuroblastoma and would w arrant further investigation. Indeed the 

monoclonal antibody, HG strategyS-ETR2, a TRAIL R2 ligand, is currently undergoing a 

phase I clinical trial for the treatm ent of refractory, metastatic neuroblastoma 

(clinicaltrials.gov; NCT00428272).
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In the final part of this study, PBOX-6 was shown to induce activation of AMPK and 

inactivation of the downstream target ACC. It would now be interesting to determine if 

apoptosis could be enhanced by combinations of PBOX-6 and activators of AMPK. 5- 

amino-l-3-D-ribofuranosyl-imidazole-4-carboxamide (AlCAR), an analog of AMP, is an 

activator of AMPK. Previous studies have shown that AlCAR can enhance the anti-cancer 

effects of vincristine in melanoma cell lines through an increase in activation of AMPK, an 

enhanced decrease in viability and a synergistic enhancement of apoptosis (Chen et a!., 

2011). Conversely, it would also be interesting to determine the effects of compound c, 

an inhibitor of AMPK, or the effects of siRNA mediated knockdown of AMPK on PBOX-6 

induced apoptosis.

As ROS has been shown to play a role in PBOX-6-induced apoptosis, further investigation 

into the molecular mechanism of ROS generation in response to PBOX-6 and -15 would be 

of interest. As discussed in chapter 5, various mechanisms have been described to 

account for the production of ROS in response to chemotherapeutics, including redox 

cycling, NADPH oxidase (NOX) activation or electron transport chain disruption (Hwang et 

al., 2001; Pelicano et a!., 2003, 2004). PBOX-6 induced ROS production may be mediated 

by an increase in NOX in SHSY5Y cells. To further investigate this, western blotting 

analysis of NOX subunits could be undertaken to determine any possible increase in 

expression of specific NOX components in response to the PBOX-6 and -15. Employing the 

use of NOX inhibitors may help to further elucidate the involvement of this pathway. 

Diphenylene iodonium (DPI) is the most commonly used NOX inhibitor (Bedard et al., 

2007). If pretreatment with DPI inhibited PBOX-6 induced ROS production, this may point 

to a role for NOX in the generation of ROS. Similarly this inhibitor could be utilised to 

further explore the possible involvement of JNK in NOX activation, in response to the 

PBOXs. Previous studies have reported a decrease in expression of p22phox, p47phox, 

gp91phox, JNK and p38 following treatment with NOX inhibitors (Tsai et al., 2012).

The role of the mitochondria in PBOX-6-mediated ROS production should also be 

investigated. NOX may not be the only source of PBOX-6-induced ROS production. 

Previous reports in cell free systems have indicated that early mitochondrial superoxide 

production in response the paclitaxel occurs upstream of caspase activation (Alexandre et 

a!., 2006). In this study it was hypothesised that interaction of paclitaxel with
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mitochondrial tubulin may account for the effects on the mitochondria. The use of 

specific inhibitors of the electron transport chain may help to further elucidate the 

involvement of this pathway, for example antimycin A (complex III inhibitor) and 

rotenone (complex I inhibitor). It is possible PBOX-6 may activate NOX but also disrupt the 

electron transport chain through interactions with mitochondrial tubulin.

In the final part of this study, PBOX-6 m ediated inhibition of members of the mTOR 

signalling pathway. Further elucidation of the effects of the PBOX-6 and -15 on the mTOR 

pathway would now be of interest. As mTOR is at a critical node in a complex signalling 

cascade involving multiple components which have been implicated to  play roles in the 

developm ent of tumourigenesis, in particular the PI3Kinase/AKT survival pathway it 

would now be of interest to  determ ine the effects of PBOX-6 on this pathway. Particular 

interest could be paid to investigating the effects of the PBOX-6 on the transcription 

factor and potential tum our suppressor, F 0X 03a. This is a forkhead domain-containing  

transcription factor which is an im portant downstream  effector of the PI3K/AKT pathway  

(Santo et al., 2013). F 0X 03a  has been found to be inactivated by constitutively active 

PI3K/AKT (Yang et al., 2008). Santo e t al., (2013) recently reported elevation of F0X 03a  

expression in early-stage neuroblastoma tum ours and normal embryonal neuroblasts, but 

a reduction in expression in advanced stage neuroblastoma. Inactivation of F 0X 03a  by 

AKT was shown to be essential for neuroblastoma cell survival, while trea tm ent of 

neuroblastoma cells with PI-103, a dual PI3K/m T0R inhibitor, activated F 0X 03a  and 

triggered apoptosis.

In order for anti-cancer agents to  produce minimal side effects on surrounding non- 

malignant cells, targeted delivery to the tum our site is crucial. In the last few  decades 

huge advances have been made in improving drug delivery, particularly the advent of 

nanoparticles. Targeted delivery of nanoparticles allows for a prolonged, localised 

interaction of a given drug with a tum our (Sultana et al., 2013). Identification of cancer 

specific antigens such as GD2 has aided in the developm ent of targeted drug delivery 

(Ritter et al., 1991). To date no attem pt has been made to encapsulate the PBOXs in 

nanoparticles or other such vehicles such as liposomes, therefore, this would be of 

interest in the future, in particular encapsulation in nanoparticles conjugated to tum our

242



Chapter 7

specific antibodies. Successful encapsulation of the PBOX may increase the ir anti-cancer 

potential and reduce toxicity, particularly in vivo. In addition to the results presented in 

chapter 4, it has previously been reported that PBOX-6 inhibited tum our growth in breast 

carcinoma and CML animal models. However, PBOX-6 did not com pletely retard tum our 

growth, possibly due to  metabolism of the compound; thus nanoparticle encapsulation 

may enhance PBOX uptake directly into neuroblastoma tum our cells and lead to an 

enhanced therapeutic effect.

The use of nanoparticles for the treatm ent of neuroblastoma is currently under 

investigation. Tivnan et a!., (2012) found that encapsulation of microRNA-34a, a pro- 

apoptotic miRNA, in nanoparticles conjugated to an anti-GD 2 antibody, resulted in a 

significant decrease in tum our growth, increased apoptosis and a reduction in 

vascularisation in a murine neuroblastoma orthotopic model.

A nother potential benefit of nanoparticle technology is the potential to deliver multiple  

chem otherapeutics to a tum our site simultaneously. This has recently been achieved in 

vitro  by Liao et a!., (2014); these authors reported on the release of cisplatin, doxorubicin 

and cam ptothecin from  a single nanoparticle in ovarian cancer cell lines. In chapter 4, a 

PBOX-6-mediated synergistic enhancem ent of carboplatin induced cell death was 

observed. Should the encapsulation of the PBOXs in nanoparticles be successful, it would  

be pertinent to explore combinations with carboplatin and other chem otherapeutics. In 

principle, the maxim um  therapeutic index could be achieved by simultaneous dosing of 

each drug at or near its maximum tolerated dose.

As w ith all novel therapeutics, the eventual goal for the PBOXs is to enter a clinical testing 

phase. It would be necessary to study the ADMET (absorption, distribution, metabolism, 

elim ination and toxicity) properties of the PBOXs as these factors will have a great impact 

on the likelihood of success in vivo. Additionally prior to clinical testing, further 

investigation into the structure activity relationship (SAR) of the PBOXs would be 

required. Both apoptotic and non-apoptotic members of this fam ily of compounds have 

been identified, suggesting that the ability of these compounds to induce apoptosis may 

be based on structure. In particular, the pro-apoptotic m embers' possess a naphthyl side 

chain which may be required for induction of apoptosis. It would now be of interest to
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synthesise more PBOX derivatives, to determ ine the im portance of the naphthyl side 

chain with the eventual aim of producing more potent anti-cancer agents. In conclusion, 

the results presented herein provide substantial rationale for the continued developm ent 

of these novel MTAs for the potential future treatm ent of neuroblastoma.
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Appendix figure 1 PBOX-15 synergistically enhances the apoptotic effects o f carboplatin in 

SHSY5Y cells.

Median dose effect analysis was carried out on SHSY5Y cells using Calcusyn. Cells were treated  

with 0.5 |iM  PBOX-15, 10 nM , 20 nM or 50 nM carboplatin or a combination of both for 48hrs. (A) 

M edian dose plot, (B) dose-effect curve and (C) Cl value versus fraction affected.
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A ppendix  f igure 2 PBOX-6 synergistically e n h a n c e s  t h e  a p o p to t ic  e f fec ts  o f  c a rb o p la t in  in 

SHSY5Y cells.

M edian dose  effect analysis w as carried o u t  on SHSY5Y cells using Calcusyn. Cells w e re  t r e a te d  

with 5 nM PBOX-15, 10 |iM, 20 laM or  50 nM carboplatin  or a com bina t ion  of  bo th  for  48hrs.  (A) 

M edian dose  plot, (B) dose -e ffec t  curve and  (C) Cl value versus fraction affected.
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Appendix figure 3 PBOX-6 synergistically enhances the apoptotic effects o f etoposide in SHSY5Y 

cells.

M edian dose effect analysis was carried out on SHSY5Y cells using Calcusyn. Cells were treated  

with 5 laM PBOX-15, 1 ^M , 5 nM or 10 piM etoposie or a combination of both for 48hrs. (A) 

M edian dose plot, (B) dose-effect curve and (C) Cl value versus fraction affected.
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Appendix figure 4 PBOX-6 synerglstically enhances the apoptotic effects of doxorubicin in 

SHSY5Y cells.

Median dose effect analysis was carried out on SHSY5Y cells using Calcusyn. Cells were treated  

with 5 piM doxorubicin or 1 piM, 5 |iM  or 10 |iM  PBOX-6 or a combination of both for 48hrs. (A) 

Median dose plot, (B) dose-effect curve and (C) Cl value versus fraction affected.
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Appendix figure 5 PBOX-6 synergistically enhances the  apoptotic effects of carboplatin in 

SHSY5Y cells.

M edian dose effect analysis was carried out on SHSY5Y cells using Calcusyn. Cells were treated  

with 5 nM PBOX-15, 10 nM , 20 nM or 50 nM carboplatin or a combination of both for 72 hrs. (A) 

M edian dose plot, (B) dose-effect curve and (C) Cl value versus fraction affected.
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A ppend ix  f igure  6 PBOX-6 synergis tically  e n h a n c e s  t h e  a p o p to t ic  e f fec ts  o f  c a rbop la t in  in CHLA- 

90  cells.

M edian  d o se  e ffec t analysis w as  carried  o u t  on SHSY5Y cells using Calcusyn. Cells w ere  t r e a te d  

with  5 nM PBOX-15, 10 nM, 20 nM o r  50 nM carbop la tin  or  a co m bina t ion  of bo th  fo r  48  hrs. (A) 

M edian  d o se  plot,  (B) d o se -e ffec t  curve and  (C) Cl value versus f raction  affected .
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Appendix figure 6 PBOX-6 synergistically enhances the apoptotic effects of carboplatin in CHLA- 

90 cells.

Median dose effect analysis was carried out on SHSY5Y cells using Calcusyn. Cells were treated  

with 5 nM PBOX-15, 10 piM, 20 or 50 carboplatin or a combination of both for 72 hrs. (A) 

Median dose plot, (B) dose-effect curve and (C) Cl value versus fraction affected.
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Neuroblastoma, a m alignancy of neuroectoderrm al origin, accounts for 15% of childhood cancer deaths. 
Despite advances in understanding the biology, it rem ains one of the  m ost difficult paediatric cancers to 
treat. A m ajor obstacle in the effective trea tm en t of neuroblastom a is the developm ent of m uitidrug 
resistance (MDR). There is thus a com pelling dem and for new  trea tm en t strategies for this cancer th a t 
can bypass such resistance m echanism s. The pyrrolo-1,5-benzoxazepine (PBOX) com pounds are a series 
of novel m icrotubule-targeting agents th a t potently  induce apoptosis in various cancer cell lines, ex vivo 
patient samples and in vivo cancer modeU. In th is study w e exam ined the  ability of tw o  m em bers, PBOX- 
6 and -15, to exhibit anti-cancer effects in a panel of drug sensitive and MDR neuroblastom a cell lines. 
The PBOX com pounds potently  reduced the viability of all neuroblastom a cells exam ined and exhibited a 
lower fold resistance in MDR cells w hen com pared to standard  chem otherapeutics. In addition, the PBOX 
com pounds synergistically enhanced apoptosis induced by etoposide, carboplatin and doxorubicin. 
Exposure of drug sensitive and resistant cell lines to PBOX-6/carboplatin induced cleavage of Bcl-2, a 
dow nregulation of Mcl-l and a concom itant increase in Bak. Furtherm ore, activation of caspase-3, -8 and 
-9 was dem onstrated. Finally, gene silencing of M cl-l by siRNA was show n to sensitise both drug 
sensitive and m ultidrug resistant cells to carboplatin-induced apoptosis dem onstrating  the  im portance 
of Mcl-l dow nregulation in the apoptotic pathw ay m ediated by the PBOX com pounds in neuroblastom a. 
In conclusion, our findings indicate the potential of the  PBOX com pounds in enhancing chem osensitivity 
in neuroblastom a.

© 2014 Elsevier Inc. All rights reserved.

1. Introduction

The paediatric m alignancy neuroblastoma arises in cells of 
the neural crest [1]. It is both the m ost com m only diagnosed  
tum our in the first year of life and the m ost com m on extra 
cranial solid tum our in early childhood accounting for 15% of
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cancer deaths in young children [2], Despite both advances in 
understanding the biology of the cancer and aggressive  
treatm ent strategies, including surgery, chem otherapy, radia
tion therapy, im m unotherapy and differentiation therapy, it 
continues to be one o f the m ost difficult paediatric cancers to  
successfully treat w îth more than 60% o f patients presenting at 
diagnosis w ith adverse features w ith less than 40% of these  
w hom  achieve disease free long term survival [3], A major 
obstacle in the effective treatm ent o f neuroblastom a is the  
developm ent o f m ultidrug resistance (MDR) to a broad range of 
cytotoxic drugs [4 -6 ] including vinca alkaloids, alkylating  
agents, platinum  com pounds and anthracyclines. This MDR 
phenotype often includes am plification of the proto oncogene  
MYCN, m utation/deletion  of p53, deletion of loci at Ip or 11 q 
and over expression of MDR proteins leading to altered drug 
transport and an increase in drug efflux [ 1 ]. There is therefore an 
urgent need for alternative approaches to treatm ent.
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MDR pro teins are m em bers of a family o f tran sm em b ran e  ABC 
(ATP b ind ing  cassette) transporte rs th a t use ATP hydrolysis to 
m ed ia te  th e  export of hydrophobic drugs from  th e  cell. Some o f the  
b est stud ied  m ultidrug re sistan t pro teins o f  th e  ABC family are 
ABCBl (also called m ultid rug  resistan t p ro te in  (MDR-1) or P- 
g lycoprotein  (p-gp)), ABCC1 (also called m ultid rug  resistance 
associated  protein  (MRP-1)) and breast cancer resistance p rotein  
(BCRP) [7). The 170 kDa -gp is a tran sm em brane  efflux pum p w ith  
low  su b stra te  specificity and this MDR protein  has been show n to 
be  overexpressed  in neuroblastom a patien ts w here  it p redicts poor 
ou tcom e [8 ] indicating th a t there  is a need for a lternative  
c h em otherapeu tic  agents w hich are no t sub stra tes  for these  
tran sp o rte rs.

Som e PBOX com pounds have been identified as novel 
m icro tubu le-ta rge ting  agents (MTAs) |9] th a t possess the  ability 
to  p o ten tly  induce cell cycle a rrest and apoptosis in a nu m b er of 
cancer cell lines derived from  both solid tu m o u rs and haem ato- 
logical m alignancies 110-16]. Additionally th ese  com pounds have 
been  show n to be efficacious in in vivo chronic m yeloid leukaem ia 
(CML) |14] and breast cancer anim al m odels [17] and in ex vivo 
s tud ies [11,14]. W e previously dem o n stra ted  th a t PBOX-15 
induces apoptosis both in ex vivo B-cell lym phocytic  leukaem ia 
(CLL) cells harbouring poor prognostic indicators and fludarabine 
resistance-associated  p53 deletions [11] and in prim ary  CML 
p a tien t sam ples including those resistan t to  STl-571, the  curren t 
frontline  trea tm e n t for CML [13]. Unlike m any  chem otherapeu tic  
agents, th e  PBOX com pounds are no t substra tes  for m any MDR 
drug  efflux pum ps [12[. PBOX-6 and 15 w ere  show n to induce 
com parab le  levels of apoptosis in both drug  sensitive  and MDR 
hum an  prom yelocytic leukaem ia and ovarian carcinom a cell lines 
expressing  e ith e r p-gp or BCRP, tw o of the  m ain  ABC transporte rs 
associated  w ith  MDR, indicating th a t they  m ay possess advantages 
over standard  chem otherapy w hich is curren tly  in clinical use.

In th is article, w e extend our study of th e  PBOX com pounds to 
n eurob lastom a cells including those  d isplaying resistance to 
chem otherapeu tics curren tly  used in the  clinic. W e show  th a t 
tw o  rep resen ta tive  PBOX com pounds reduce th e  viability o f a 
panel of drug  sensitive and MDR neuroblastom a cell lines w ith 
sim ilar potency. W e also delineate  pa rt of th e  m echanism  of PBOX 
an ti-cancer activity  in these  cells.

W e dem o n stra te  caspase-dependent apoptosis. Additionally w e 
d em o n s tra te  an early  dow nregulation  of an ti-ap o p to tic  M cl-l and 
a concom itan t upregulation  in pro-apopto tic  Bak. Im portantly , w e 
show  th a t  the  PBOX com pounds synergise w ith  standard  
chem otherapy  in both drug  sensitive and MDR neuroblastom a 
cells and w e elucidate part of the  m echanism  of PBOX po ten tiation  
of carboplatin-induced apoptosis in neurob lastom a cells. This 
s tudy  suggests th a t th e  PBOX com pounds, e ith e r alone o r in 
com bination  w ith  standard  chem otherapeutics, have potential as 
an effective therapy  against neuroblastom a.

2. Materials and methods

2 J .  Cell culture

SHSY5Y and SK-N-BE(l) cells w ere cu ltu red  in DMEM/ 
F12 + GlutaMAX m edium  supplem ented  w ith  10% (v/v) foetal 
bovine serum  (FBS) and 1% (v/v) pen icillin /streptom ycin . Kelly and 
SK-N-BE(2)c cells w ere grow n in RPMI 1640 + GlutaMAX m edium  
supplem ented  w ith  10% (v/v) (FBS) and 1% (v/v) penicillin/ 
streptom ycin . SK-N-FI cells w ere  grow n in DMEM + Glutam ax 
m edium  supp lem en ted  w ith  10% FBS and 1% pen ic illin /s trep to 
mycin. CHLA-90 cells w ere grow n in IMDM m edium  supplem ented  
w ith  1% (v/v) insulin /transferrin /selenium , 10% (v/v) (FBS) and 1% 
(v/v) penic illin/streptom ycin. Cells w ere incubated  in a hum idified 
env ironm en t a t 95% Oj and 5% CO2 and passaged tw ice a week.

2.2. Reagents

The pyrro lo-1 ,5-benzoxazep ine com pounds, 7-[(/V,N-dimethyl- 
carbam oyl)oxy]-6-(naph th -1 -y l)py rro lo [2 ,1 -|[l,5 ]benzoxazep ine  
(PBOX-6 ) and 4 -acetoxy-5-(1-(naphthy l)naphtho[2 ,3]pyrro lo[2 ,1- 
D ][l,4]oxazepine (PBOX-15) w ere  syn thesised  as described previ
ously [18] and  dissolved in ethanol. V incristine (Tocris, Bristol, 
U.K), doxorubicin  (Sigma Aldrich, St Louis, MO, USA) and 
carboplatin  (Sigma Aldrich, St Louis, MO, USA) w ere  dissolved in 
dH20 and ste rile  filtered. Etoposide (Sigma Aldrich, St Louis, MO, 
USA) w as reco nstitu ted  in DMSO (Sigma Aldrich. St Louis, MO. USA. 
All an tibod ies w ith  th e  exception  of cytochrom e w hich  w as 
sourced from  BD Bioscience (Oxford, UK) and Bax w hich w as 
sourced from  Santa Cruz (Santa Cruz Biotechnology, Santa Cruz, 
CA) w ere  ob tained  from  M illipore (Cork, Ireland). Caspase 
inh ib ito rs w e re  purchased  from  M illipore (Cork, Ireland). All 
m edia  and FBS w ere  ob tained  from  Invitrogen (Paisley, U.K.). The 
enhanced  chem ilum inescence reagents w ere  supplied  by Amer- 
sham  Biosciences (B uckingham shire, U.K.), The BCA reagents w ere 
from  Pierce (Illinois, U.S.), th e  polyvinylidene d ifluoride m em 
branes from  M illipore (Cork, Ireland), w hile  th e  p ro tease  inhibitors 
w ere  ob tained  from  Roche (Clare, Ireland). Unless o therw ise  sta ted  
all chem icals w ere  ob tained  from Sigma-Aldrich (Sigma Aldrich, St 
Louis, MO, USA), cell cu ltu re  m ateria ls w ere  sourced from  G reiner 
Bio-One GmbH (Stonehouse, U.K.).

2.3. AlamarBlue viability assay

Cells w ere  seeded at densities varying from 25 0 0 0 -8 0  000 
cells/mL in a 96 w ell p late  in a volum e of 200 |xL m edium , left 
overn igh t to  a ttach  and trea ted  w ith  a range of concen tra tions of 
PBOX-6, vincristine, doxorubicin, e toposide  and carboplatin  for 
72 h AlamarBlue (final concen tra tion  10% (v/v)) w as added  to  each 
well and left to  incubate  in th e  dark a t 37 °C for 5 h. Fluorescence 
w as m easu red  using a SpectraM ax Gemini p late  reader (M olecular 
Devices, Sunnyvale, CA) a t excitation  and em ission w avelengths of 
544 nm  and 590 nm . respectively. The m ean  of each trip lica te  was 
calculated. Vehicle trea ted  w ells w ere se t a t 100% viability and 
trea ted  w ells w ere  calculated  as a percen tage  o f th e  vehicle 
control. Dose response curves w ere  p lo tted  and IC50 values 
ob tained  using  Prism GraphPad 4.

2.4. Flow cytom etry

Following th e  required  trea tm en t, floating and ad h eren t cells 
w ere  harvested  and fixed in 70% ethanol/PBS. Fixed sam ples w ere 
stored  a t - 2 0  °C until required. Ethanol w as rem oved by 
cen trifugation  and pellets w ere  incubated  in 400 |jlL FACS flow 
shea th  fluid su p p lem en ted  w ith  10 jjig/mL RNase A (Sigma Aldrich, 
St Louis, MO, USA) and 100 |xg/m L  prop id ium  iodide (Sigma 
Aldrich, St Louis, MO, USA). Cells w ere  incubated  in th e  dark at 
37 °C for 30 m in. Analysis w as perform ed on a FACScalibur 
Fluorescence Associated Cell Sorter (FACS) (B ecton-D ickinson, 
San Jose, CA, USA) using Cell Q uest and Q uanti-Q uest software. 
Sam ples w e re  first gated  using  a vehicle contro l to e lim inate  debris 
and cell aggregates from  analysis. 10 000 cells from  each sam ple 
w ere  coun ted  and resu lts w ere  visualised on histrogram s.

M itochondrial m em brane  po ten tial w as analysed using 5,5,6,6- 
te trach lo ro -1 ,1,3 ,3-tetraethy lbenzim idazo lcarbocyanineiod ide 
(JC-1) (Invitrogen, Paisley. U.K.) an aggregate  form ing lipophilic 
dye.JC-1 w as stored  as a 200 |jlM  solution  in DMSO and added to 
cells a t a final concen tra tion  of 5 [jlM for 20 m in a t 37 °C. Cells w ere 
collected by cen trifugation  a t 300 x g  for 5 m in and th e  pellets 
w ere  re -suspended  in 400 |jiL PBS. Cells w ere  trea ted  w ith  50 mM 
C arbonylcyanide m -ch lorophenylhydrazone (CCCP), a m itochon
drial m em b ran e  depolariser, for 5 m in as a positive control for
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depolarisation. Flow cytom etry analysis was then performed  
w ith in  lO m in  by using a FACScalibur Fluorescence Associated 
Cell Sorter (FACS) (Becton-Dickinson, San Jose, CA, USA) using Cell 
Quest and Quanti-Q uest software. Cells w ere  gated to exclude 
debris and standard compensation was perform ed using the 
positive control. The green:red fluorescence ratio was measured 
using the FITC and PE channels. Com plete depolarisation was 
defined by a gate setting the CCCP control as 98 -100%  depolarised. 
Response to each treatm ent was listed as the percentage o f cells 
w ith in  the depolarised gate.

2.5. Analysis o f drug interactions

Using the software program m e Calcusyn, m edian dose analysis 
was undertaken to study interactions betw een d ifferent drugs. This 
m ethod is based on the drug effect equation o f Chao and Talalay  
119] providing quantita tive determ ination for synergism (Cl <  1), 
additive effect (CI = 1) and antagonism (Cl >  1). The low er the  
com bination index value (Cl), the greater the degree o f synergism. 
A Cl value o f 0 .1 -0 .3  indicates strong synergism (++++), 0 .3 -0 .7  
indicates synergism (+++), 0 .7 -0 .8 5  indicates m oderate synergism  
(++) and 0 .8 5 -0 .9  indicates slight synergism (+).

2.6. Statistics

The statistical analysis o f experim ental data was performed  
using the com puter program  Prism GraphPad 4. Results w ere  
presented as m ean ±  S.E.M. For comparison of tw o groups, values 
were determined using a Student's paired t test. For comparison of 
more than tw o groups, one way ANOVA followed by Tukey’s m ultiple 
comparison test was employed. A value of P <  0.05 was deemed to be 
signific.int.

2.7. Western blot

Cells w ere  harvested in Laem m li buffer (1 x =30 m M  Tris-base  
pH 6.2,2%  ( v /v ) SDS, 10% (v /v ) glycerol in d H 2 0 ) and sonicated for 
5 s to degrade DNA. DTT (to  a final concentration o f 50 m M ) and 
brom ophenol blue w ere  added to each sam ple fo llow ed by bo iling  
for 3 m in a t 100 °C. Equal quantities o f protein  (as determ ined by a 
BCA assay) w ere  separated on po lyacry lam ide gels fo llow ed by 
transfer to PVDF m em branes. M em branes w ere  blocked in 5% 
m arvel in PBS-tween for 1 h. M em branes w ere  incubated in the  
relevant p rim ary  antibodies overnight, washed and incubated in 
horseradish peroxidase conjugated secondary an tibody for 1 h 
and w ashed again. Enhanced chem ilum inescence was used for 
detection o f protein  expression. W estern  b lo t analysis was  
perform ed using antibodies directed against PARP (M illip o re , 
Cork, Ire lan d), M c l- l  (M illip o re , Cork, Ire land), Bcl-2 (M illip o re , 
Cork, Ire land), Bax (Santa Cruz Biotechnology, Santa Cruz, CA), Bak 
(M illip o re , Cork, Ire land), activated Bak (M illip o re , Cork, Ire land), 
caspase-9 (M illip o re , Cork, Ireland), caspase- 8  (M illip o re , Cork. 
Ireland), cytochrom e c (E D ) and GAPDH (M illip o re , Cork, Ire land) 
fo llow ed by incubation w ith  a horseradish peroxidase-conjugated  
anti-m ouse or a n ti-ra b b it antibody (Prom ega, M adison, W l, USA). 
All blots w ere  probed w ith  anti-G APDH to confirm  equal loading. 
The 72 h GAPDH is shown and is representative o f equal loading of 
all blots. W estern  blots w ere  norm alised to GAPDH as a control 
and densitom etric  analysis o f bands w as carried o u t using im agej 
software. The densitom etric measures o f M c l- l ,  Bcl-2 cleavage, 
Bak, Bax, caspase-9 cleavage, caspase - 8  cleavage and pro- 
caspase-3 levels w ere  expressed as a fold increase/decrease in 
comparison to the control. PARP cleavage was expressed as the 
fold increase w h en  compared to the pro-form . Activated Bak was 
calculated as the fold increase w hen com pared to the GAPDH  
control.

For preparation o f cytosolic fractions, fo llow ing the required  
treatm ent tim e cells w ere  trypsinised, pelleted at 600  x g  and 
washed in 1 mL ice cold PBS. The pellet was incubated in 100 |xL 
isotonic buffer (2 0 0  m M  m annito l. 70  m M  sucrose. 1 m M  EGTA, 
lO m M  HEPES pH 6.9, 1 m M  DTT in dHjO  and one EDTA-free 
COMPLETE protease in h ib itor tablet (Roche, Clare Ire land)) for 
10 m in on ice then draw n though a 21G needle approxim ately 30  
tim es and incubated on ice for a fu rther 15 m in. Cells w ere  pelleted  
at 500 X g  for 10 m in and the supernatant was removed. The 
supernatant was pelleted at 10,000 x g  for 20  m in  at 4  °C to 
produce the cytosolic fractions w hich w ere  stored at - 8 0  °C until 
required.

2.8. siRNA knockdown o f Mcl-1

SHSY5Y and CHLA-90 cells w ere seeded in the log phase of 
grow th. The fo llow ing day cells w ere  trypsinised, pelleted and 
transfected using the neon transfection system (Invitrogen, 
Paisley, U.K.) w ith  200 n M  siRNA validated to target M c l- l  
(Invitrogen, Paisley, U.K.) Transfection conditions w ere  previously 
optim ised to ensure m axim um  knockdown of protein expression. 
Cells w ere  exam ined by SDS-PAGE up to 72 h post transfection to 
ensure knockdown was successful. Transfected cells w ere  treated  
w ith  varying concentrations o f carboplatin and the levels o f 
apoptosis w ere analysed by flow  cytom etric analysis o f propidium  
iodide stained cells.

3. Results

3.1. PBOX-6 and -15 reduce the viability o f a panel o f drug sensitive 
and resistant neuroblastoma cell lines in a dose-dependent manner

Six neuroblastom a cell lines, three drug sensitive and three  
drug resistant w ere  treated w ith  a range o f concentrations of 
PBOX - 6  and 15 or w ith  a series o f standard chem otherapeutic  
agents curren tly  used to treat neuroblastom a nam ely vincristine, 
etoposide, doxorubicin and carboplatin. Cell w ere  treated for 72 h 
after w hich tim e cell v iab ility  was measured using the Alam arBlue  
viab ility  assay and the IC5 0  value for each drug was determ ined  
(Table 1 A). ICso values o f PBOX- 6  ranged from  1.47 |jiM  to 2 .10 jjlM  
in the three sensitive and 1.08 |xM  to 3 .73 |xM  in the resistant cell 
lines (Table 1A). S im ilarly the IC5 0  values for PBOX-15 w ere  
comparable betw een the sensitive and resistant cell lines. The IC5 0  

values o f the standard chem otherapeutics w ere  also determ ined  
(Table 1A) and values are s im ilar to previous reports [20].

3.2. PBOX-6 and -15  exhibit lower fo ld resistance in MDR cell lines 
when compared to standard chemotherapy

Developm ent o f drug resistance is a m ajor obstacle for the 
successful trea tm ent o f neuroblastom a. M any mechanisms of 
resistance have been proposed including am plification o f MYCN, 
m utated or deleted p53 and overexpression o f drug efflux pumps 
|1). SK-N-Fl, CHLA-90 and SK-N-BE(2)c are three representative  
M DR neuroblastom a cell lines. All th ree cell lines have m utated  
p53, the SK-N-BE(2)c is M YCN am plified , w h ile  the SK-N-Fl and 
CHLA-90 cell lines over express the M D R  protein p-gp [21,22]. The 
degree o f resistance o f each drug in the three M D R  cell lines in 
comparison to each o f the three sensitive cell lines was established 
(Table 1B). The fold resistance for a given drug was determ ined as 
the ratio o f the IC50 o f a given cell line to the IC50 o f a sensitive cell 
line. In comparison to all sensitive cell lines, SK-N-BE(2)c cells 
displayed no resistance to PBOX- 6  and -1 5  (Table 1B) w hich was in 
contrast to etoposide. doxorubicin and carboplatin. all o f which  
exhibited increased IC50 values. The CHLA-90 cell line, also 
displayed no resistance to PBOX- 6  and -1 5 . This was in contrast
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Table 1
IC5 0  values of PBOX com pounds and standard  chem otherapeu tic  drugs in a range of neuroblastom a cell lines.

(A)

Cell lines IC5 0  (HM) 

PBOX-6 PBOX-15 Vincristine Doxorubicin Etoposide C arboplatin

SHSY5Y 1.73 ±0.08 0.06 ±0 .06 0.07 ±0.01 0.21 ±0.03 0.51 ± 0 .06 24.35 ± 0 .0 4
Kelly 1.47 ± 0 .09 0.06 ±0 .06 0.02 ±0.05 0.18 ±0 .07 0.34 ±0.05 15.75 ± 0 .0 4
SK-N-BE(l) 2.10 ±0 .03 0.11 ± 0 .09 0.03 ± 0 .06 0.10 ±0.05 0.60 ± 0 .07 40.5 ±0 .05
SK-N-BE(2)c 1.08 ±0.05 0.04 ± 0 .09 0.06 ±0.05 0.65 ± 0 .05 1.70 ±0.05 62.42 ± 0 .0 4
CHLA-90 1.58 ±0.01 0.06 ±0.07 0.92 ±0.01 1.83 ±0.07 > 20 > 100
SK-N-FI 3.73 ± 0 .05 0.11 ±0.1 0.15 ± 0 .09 0.91 ± 0 .06 9.76 ± 0 .10 > 100

(B)

Drug sensitive cell line MDR cell line

SK-N-BE(2)c CHLA-90 SK-N-FI
IC50 PBOX-6 (p.M) Fold resistance Fold resistance Fold resistance

SHSY5Y 1.73 None None 2.10
Kelly 1.47 None None 2.50
SK-N-BE(1) 2.10 None None 1.77

IC5 0  PB0X-15(n,M)
SHSY5Y 0.06 None None 1.70
Kelly 0.06 None None 1.70
SK-N-BE(l) 0.11 None None None

IC50 vincristine ( ( jlM )
SHSY5Y 0.07 None 12.4 2.13
Kelly 0.02 2.85 13.78 7.52
SK-N-BE(l) 0.03 1.53 23.66 4.05

IC50 etoposide (|xM)
SHSY5Y 0.51 3.20 >20p,M 18.80
Kelly 0.34 4.90 > 20 |i.M 28.2
SK-N-BE(l) 0.60 2.82 > 20  m-M 16.1

IC50 doxorubicin (|jlM)
SHSY5Y 0.21 3.04 8.55 4.35
Kelly 0.18 3.51 9.85 5.08
SK-N-BE(l) 0.10 6.20 17.4 8.71

IC50 carboplatin  (p-M)
SHSY5Y 24.35 2.56 > 100  [jlM > 1 0 0 jjlM

Kelly 15.75 3.96 >100 > 100  |xM
SK-N-BE(l) 40.50 1.54 > 100  (JlM > 1 0 0 (jlM

N eurob lastom a cells w ere  tre a te d  w ith  a vehicle  (1% v/v) e thano l o r a range o f concen tra tions  o f PBOX-6, v incristine , doxorubic in , e toposide  or ca rbop la tin . A fter the  
incubation  period , w e  assessed  cells for cell v iab ility  by th e  A lam arBlue v iab ility  assay. Values rep resen t th e  m ean iS .E .M . of three independent experim ents perform ed in 
triplicate. IC5 0  values w ere obtained using Prism Graphpad 4.Values are show n as averages ±  standard  deviation for three independen t determ inations (A). Fold resistance of 
PBOX-6 and -15 in m ultidrug resistan t SK-N-BE(2)c, CHLA-90 and SK-N-FI cells in com parison to the  fold resistance o f vincristine, doxorubicin, etoposide and carboplatin  was 
determ ined (B).

to  another MTA, v incristine w liich  dem onstrated  elevated  levels o f  
resistance, w ith  an IC5 0  value 23  tim es higher ev id en t in CHIA-90 
cells in com parison  to  the drug sen sitiv e  Kelly cell line. Follow ing  
treatm ent w ith  etop osid e, th e  IC5 0  value w as greater than 2 0  |jlM. 
The exact value could  not be determ ined  as it exceeded  th e  lim its  
o f  solubility , a lthough it  is clear this cell line is extrem ely  resistant 
to etop osid e. Sim ilarly the IC5 0  va lue o f  carboplatin w as greater  
than 1 0 0  j j l M  again indicating m arked resistance to  th is drug.

One m echan ism  o f resistance in th e  SK-N-FI cell lin e  is the  
expression  o f  th e  drug efflux pum p p-gp. It has been  previously  
dem onstrated  that PBOX- 6  and 15 are n o t substrates for this 
protein [12], Sim ilarly in this cell line both  PBOX- 6  and 15 sh ow ed  
a low er fold resistance than all other cytotox ic  agents tested  
(Table IB). These resu lts d em onstrate the  potentia l o f  the  PBOX 
com pounds for the treatm ent o f  resistant neuroblastom a.

3.3. PBOX-6 and 15 induce a G2/M  arrest and apoptosis in SHSY5Y 
neuroblastom a cells

Flow cytom etric analysis o f  propidium  iod ide sta ined  ce lls w as  
n ext em ployed  to a ssess th e  effects o f  th e  drugs on cell cycle  
progression and induction  of apoptosis. The apoptotic  population  
w as quantified  as th e  percentage o f  cells in the  sub G1 /GO fraction. 
PBOX- 6  induced  apoptosis in SHSY5Y cells in a tim e-d ep en d en t  
m anner. An apoptotic population  w a s first observed b etw een  6  h 
and 16 h after w hich  tim e lO fiM  PBOX- 6  induced 12.7% ± 1 .2 ^

apoptosis w hich continued to rise to a m axim um  o f 47.7 ±  1.0% at 
72 h (Fig. IB). Similar results w ere obtained w ith  the other analogue 
PBOX-15 (FigB and E-J). Additionally SHSY5Y cells w ere treated w ith  
varying concentrations o f PBOX- 6  or -15  for 72 h and found to induce 
apoptosis in a dose-dependent manner (Fig. 2C and D).

The effect o f  the  PBOX com p oun d s on cell cycle  progression w as  
also estab lished . PBOX- 6  (1 0  |j lM )  induced a transient G 2 /M  arrest 
w h ich  peaked at 16 h (36 .56  ±  4.9%) and decreased to 10.8 ±  1.9% 
after 48 h and 6.14 ±  3.9% after 72 h (Fig. lA). Thus as percentage of 
cells in the G2/M phase o f the cell cycle decreased, the percentage of 
cells undergoing apoptosis increased. PBOX-15 also induced a 
transient G2 /M arrest prior to induction of apoptosis (Fig. 2A). The 
observed G2 /M arrest induced by both these drugs w as in agreem ent 
w ith  previous reports dem onstrating that the PBOX’s target the 
m icrotubules [9].

W estern  b lot analysis o f  Poly (ADP) ribose polym erase (PARP) 
cleavage w a s undertaken to confirm  that th e  pre-GI peaks 
observed by flow  cytom etric analysis w ere  representative o f  an 
apoptotic cell population. W e found that, con sisten t w ith  results 
from flow  cytom etric analysis, PARP w as cleaved  in a tim e and 
d o se-d ep en d en t m anner in SHSY5Y neuroblastom a cells (Fig. 1C).

3.4. PBOX-6 cleaves Bcl-2, dow nregulates M cl-l and upregulates Bak

W e exam ined  the  m olecular m ech an ism s through w h ich  PBOX- 
6  induces ap op tosis in neuroblastom a cells. As the  Bcl-2 fam ily  o f
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Fig. 1. PBOX-6 induced G2/M arrest precedes apoptosis in SHSY5Y cells.
SHSY5Y cells were treated with a vehicle (1 % v/v) ethanol or a range of concentrations of PBOX-6. After the 72 h incubation period, cells were analysed by flow cytometry for 
the percentage of cells in the G2/M phase of the cell cycle (A) and sub G1 /GO (B). Values represent the mean ± S.E.M. of three independent experiments.
Apoptosis was confirmed by western blot analysis ofPARP(C).SHSY5Y cells were treated with varying concentrations of PBOX-6 (1 |xM,2.5 M,5 and 10 jxM). After the required 
time cells were harvested and lysates were prepared for western blot analysis. The membrane was probed with an anti-PARP antibody and GAPDH as a loading control. The 72 h 
GAPDH loading control shown is representative of all time points. Results are representative of three separate experiments. Western blots were normalised to GAPDH as a control 
and densitometric analysis of bands was carried out with the imagej software. PARP cleavage was expressed as a fold-change in comparison to the proform (D). Statistical analysis 
was performed using one way ANOVA with Tukey's multiple comparison test. *** p < 0.001, ” p <  0.01, ’ p < 0.05.

proteins control the induction or in liib ition of apoptosis by 
exerting either pro- or anti-apoptotic effects on the ceil, we 
sought to analyse the expression levels of different members of this 
family and determine their role in inhibition or induction of 
apoptosis. PBOX-6 was found to induce cleavage of Bcl-2 (Fig. 3A). 
This cleaved fragment represents a form of the Bcl-2 protein which 
has lost its anti-apoptotic activity [23,24], Cleavage occurred in a 
dose-dependent manner (Fig. 3A).

We next examined the effect of PBOX-6 on anti-apoptotic M cl-l 
expression. PBOX-6 reduced M cl-l expression in a time and dose- 
dependent manner (Fig 3B). A decrease was first noted 16 h post 
treatment, w ith almost complete abolition of expression after 72 h.

We also sought to examine the effect of PBOX-6 on expression 
of pro-apoptotic Bak and Bax. Upon PBOX-6 treatment, an increase 
in Bak expression was noted after 24 h and continued to increase 
w ith time (Fig. 3C) but no change in Bax expression was observed 
(Fig. 3D). Pro-apoptotic cytochrome c is released though pores 
which form in the outer mitochondrial membrane in an apoptotic 
cell. These pores have been postulated to form when Bak and Bax 
oligomerise and insert into the membrane [25]. This oligomerisa
tion requires a conformational change that involves exposure of N- 
terminal epitopes. Therefore we sought to determine whether the 
increase in Bak expression observed after treatment w ith PBOX-6 
represented an activated form of Bak which was capable of forming 
pores and consequently the release of cytochrome c. We utilised an 
anti-Bak antibody specific for the conformationally active form of

Bak (anti-Bak-NT; activated Bak) and demonstrated that Bak was 
indeed activated at 72 h in a dose-dependent manner by PBOX-6 
(Fig. 3C).

3.5. PBOX-6 synergisticaliy enhances the apoptotic effects o f a panel o f 
chemotherapeutic drugs

Regardless of stage, all neuroblastoma patients that receive 
chemotherapy are treated by combination therapy. This indicated 
there was potential for the PBOX compounds to be used in 
combination w ith other chemotherapeutic drugs, in particular 
those which are currently used in the clinic. It was proposed that 
the PBOXs may work in combination w ith  doxorubicin, etoposide 
and carboplatin and may synergisticaliy enhance the apoptotic 
effects of these drugs on neuroblastoma cells. The percentage of 
apoptosis induced by these drugs alone and in combination was 
assessed by flow cytometric analysis of the pre-Gl peak of 
propidium iodide stained cells.

SHSY5Y cells were treated for 48 h w ith  either PBOX-6 or 
PBOX-15 and varying concentrations of carboplatin (Table 2). All 
combinations were shown to be synergistic. Overall the results 
showed that PBOX-6 induced a higher degree of synergism than 
PBOX-15, therefore it was decided to continue to investigate this 
drug in combination w ith  doxorubicin and etoposide, two 
other chemotherapeutics which are currently used to treat 
neuroblastoma. Analysis by Calcusyn confirmed that PBOX-6
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Fig. 2 . PBOX-6 and -15 induced G2/M arrest precedes apoptosis in SHSY5Y cells.
SHSY5Y cells were treated with a vehicle (1 % v/v) ethanol or a range of concentrations of PBOX-6 or -15. After the 72 h incubation period, cells were analysed by flow 
cytometry (E-J) for the percentage of cells in G2/M (A) or sub-Gl/GO (B-D). Values represent the mean ±  S.E.M. of three independent experiments.

Table 2
PBOX-6 and -15 
chemotherapeutics

synergistically enhance the apoptotic effects of standard

PBOX-15 (̂ jlM) Carboplatin % Sub Gl/GO cells Cl value Rating
0.5 10 18.91 0.618
0.5 20 26.44 0.477 +++
0.5 50 28.97 0.569 +++
PBOX-6 (|xM) Etoposide %Sub Gl/GO cells Cl value Rating
5 1 23.S 0.181 +++++
5 5 29.7 0.240 ++++
5 10 26.9 0.490 +++
PBOX-6 (|xM) Doxorubicin % Sub Gl/GO cells Cl value Rating
1 5 45.99 0.398 +++
2.5 5 47.54 0.380 +++
5 5 36.49 0.700 ++

SHSY5Y cells were treated w ith a vehicle (1% (v/v) ethanol), 0.5 |xM PBOX-15, a 
range of concentrations o f carboplatin or a combination of both, 5 p,M PBOX-6, a 
range of concentrations of etoposide or a combination of both or a range of 
concentrations of PBOX-6, 5 |jl1V1 doxorubicin or a combination of both. After 48 h 
cells were harvested, fixed in ethanol and stained w ith  propidium iodide. Cells were 
analysed by flow cytometry and the percentage of apoptotic cells was determined 
by quantification of the sub-Gl /GO peak. Statistical analysis was performed using 
one way ANOVA with Tukey's multiple comparison t e s t . p <  0.001, "  p<0.01, ‘ 
p < 0.05. Cl values of for each combination were determined. Statistical analysis was 
also carried out using the software Calcusyn (Biosoft, U.K). Data from flow 
cytometry experiments was used to analyse the interactions between PBOX-15 and 
carboplatin using the isobologram method described by Chou and Talalay. A Cl 
value of >1, =1 and <1 indicated antagonism (- ) ,  and additive effect (+) and 
synergism (+). respectively. Fa—Fraction o f cells affected by apoptosis.

also synergistically augmented the apoptotic effects of etoposide 
and doxorubicin (Table 2),

The PBOX-6/carboplatin combination was chosen as the 
representative combination treatment and their effects on SHSY5Y 
cells 72 h post treatment was further investigated. Statistical 
analysis was performed using a one way ANOVA with Tui<ey’s 
multiple comparison test. All p values obtained were less than 0.05 
indicating that results were significant (Fig. 4B). Analysis by 
Calcusyn also confirmed that PBOX-6 synergistically increased the 
apoptotic effects of carboplatin in SHSY5Y cells after 72 h 
treatment. Cl values for each combination were less than 0.45 
indicating strong to very strong synergism (Fig. 4C).

Having found that this combination is synergistic in drug 
sensitive cell lines we next wished to test it in an MDR cell line. The 
CHLA-90 cell line derived from an 8 1 /2 year old child with stage 4 
neuroblastoma, post bone marrow transplantation, is p53 mutat
ed, overexpresses the MDR protein p-gp and has been shown to be 
resistant to multiple chemotherapeutics which are currently used 
in the treatment of neuroblastoma such as carboplatin, doxorubi
cin and etoposide [2], We therefore chose this as a representative 
MDR cell line. CHLA90 cells were treated with 5 ( jlM  PBOX-6 and 
varying concentrations of carboplatin alone and in combination for 
48 and 72 h (Fig. 4D and E), Statistical analysis was performed 
using a one way ANOVA with Tukey’s multiple comparison test. All 
p values obtained were less than 0.05 indicating that results were
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Fig. 3. PBOX-S cleaves Bcl-2. downregulates M cl-l and upregulates Bak.
SHSY5Y cells were treated with varying concentrations of PBOX-6. After the required time cells were harvested and separated by SDS PAGE. The membrane was probed with 
an anti-Bcl-2 (A), anti-Mcl-1 (B), anti-Bak (C), anti-Bak-NT (activated Bak) (C) or anti-Bax antibodies (D). Membranes were also probed for GAPDH as a loading control. The 
72 h GAPDH loading control shown is representative of all time points. Results are representative of three separate experiments. Western blots were normalised to GAPDH as 
a control and densitometric analysis of bands was carried out with the image] software (E). Statistical analysis was performed using one way ANOVA with Tukey’s multiple 
comparison t e s t . p  < 0.001, "  p <  0 .01 ,' p < 0.05.

significant. Analysis by Calcusyn confirmed tlia t PBOX-6 synergis- 
tically increased the apoptotic effects of carbopiatin at both time 
points. Cl values for each combination was less than 0.8 indicating 
synergy (Fig. 4F).

3.6. PBOX-6/carbopiatin treatment is accompanied by an enhanced 
downregulation of M cl-l, upregulation of Bak and release of 
cytochrome c

We next sought to determine the molecular events that 
underlie this enhancement of apoptosis. Western blotting showed 
an increase in PARP cleavage in the combination treatment in 
comparison to either agent alone (Fig. 5A), confirming the flow 
cytometric results demonstrating potentiation of apoptosis. The 
PBOX-6/carboplatin combination induced a cumulative decrease 
in expression of M c l-l, induced cleavage of Bcl-2 and upregulated 
expression of conformationally active Bak (Fig. 5A) in both the drug 
sensitive SHSY5Y and MDR CHLA-90 cell lines, PBOX-6 alone 
upregulated Bak but this upregulation was further enhanced in the 
combination treatment. This was in contrast to carbopiatin 
treatment alone which had no effect on the expression of any of 
these Bcl-2 family members (Fig. 5A).

These findings indicated that this combination may work 
through the intrinsic pathway: we therefore performed a series of 
experiments to test this hypothesis. The observed increase in 
conformationally active Bak would indicate that Bak is homo- 
dimerising and forming pores in the mitochondrial membrane. 
When this occurs the electrochemical gradient across the 
mitochondrial membrane collapses and the membrane is depo
larised. This can be visualised byJC-1, a cationic dye which detects 
loss of mitochondrial membrane potential. As can be seen in 
Fig. 5B, we observed depolarisation of the mitochondrial mem
brane 24 h post treatment.

Formation of pores and depolarisation enables the release of 
pro-apoptotic proteins such as cytochrome c. Previous studies have 
demonstrated that in response to some apoptotic stimuli, 
cytochrome c is released from the mitochondria and accumulates 
in the cytosol. Therefore cytosolic fractions were prepared and 
cytochrome c expression was analysed by western blotting in both 
SHSY5Y and CHLA-90 cells. PBOX-6 alone and the PBOX-6/ 
carbopiatin combination triggered the release of cytochrome c 
into the cytosol which correlated w ith  induction of apoptosis 
(Fig. 5C). In contrast, in cells treated w ith  carbopiatin alone, 
cytochrome c release was not observed in either cell line. The
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Fig. 4 . PBOX-6 synergistically  enhances th e  apop to tic  effects o f carbop latin  in SHSY5Y and  CHLA-90 cells.
SHSYSYand CHLA-90 cells w e re  tre a ted  w ith  a vehicle (l% (v /v ) ethanol), 5 |j.M PBOX-6,10 j j l M ,  20 |j,M o r 50 (lM  carbop la tin  o r a com bination  o f bo th . A fter 48  (A and D )o r 
72 h (B and  E) cells w e re  harvested , fixed in  e thano l and  s ta ined  w ith  p rop id ium  iodide. Cells w ere  analysed  by flow  cy tom etry  and  th e  p ercen tage  o f  apop to tic  cells w as 
de te rm in ed  by quan tifica tion  o f th e  sub-G l/G O  peak. S tatistical analysis w as perfo rm ed  using  one w ay  ANOVA w ith  Tukey's m u ltip le  com parison  test, p  <  0.001, p <  0.01, 
’ p  < 0.05. Cl values o f  PBOX-6 in com bination  w ith  ca rbop latin  in SHSY5Y cells w ere  determ ined . S tatistical analysis w as carried  o u t using  th e  so ftw are Calcusyn (Biosoft, 
U.K). D ata from  flow  cy tom etry  experim en ts w as used  to  analyse th e  in terac tions betw een  PBOX-6 and  ca rbop la tin  u sing  th e  isobologram  m e th o d  described  by  Chou and 
Talalay. A Cl value o f > 1 , -1  and  <1 ind ica ted  an tagon ism  (~ ), and  add itive  effect (+) and  synergism  (+), respectively . Fa—Fraction  o f cells affected by apop tosis  (C and F). A Cl 
va lue  of 0 .1 -0 .3  indicates strong  synergism  (++++), 0 .3 -0 .7  indicates synerg ism  {+++), 0 .7 -0 .85  indicates m odera te  synerg ism  (++) and 0 .85 -0 .9  indicates s ligh t synerg ism  (+).

antibody utilised recognises botli monom eric and polymeric 
cytochrome c. In the combination treated SHSY5Y cells, cyto
chrome c was observed in both the m onom eric and polymeric 
form.

3.7. Involvement o f caspase-3, 8 and -9 in the apoptotic pathway 
induced by the PBOX-6/carboplatin combination

The release of cytochrome c triggers formation of the 
apoptosom e leading to the processing and activation of pro- 
caspase-9 and in tu rn  cleavage and activation of executioner 
caspases-3 and -7. We have previously reported th a t PBOX-6 
induced apoptosis may involve both caspase-dependent and - 
independent pathw ays [26,27j. W e therefore sought to determ ine 
the involvement of caspases in the pathw ay initiated in 
neuroblastom a cells.

We utilised a series of pharmacologic inhibitors of caspase 
activity. Pre-treatm ent of SHSY5Y and CHLA-90 cells w ith zVAD- 
fmk, a pan-caspase inhibitor significantly inhibited PBOX-6/ 
carboplatin-induced apoptosis indicating caspases play a role in 
the apoptotic pathw ay induced by the combination in both SHSY5Y 
and CHLA-90 cells (Fig. 6A). We next investigated the role of

various caspases through the use of caspase inhibitors (Z-LEHD- 
fmk which inhibits caspase-9 and Z-lETD-fmk w hich inhibits 
caspase-8). We found apoptosis was significantly inhibited by pre
treatm ent w ith a caspase-9 inhibitor (Fig 6B). Activation of 
caspase-9 was investigated by w estern blot analysis. In the pro- 
form, caspase-9 is present as a 47 kDa band w hich w hen activated 
through cleavage appears as a 37 kDa band. As shown in Fig. 6D, 
treatm ent of cells w ith a combination of PBOX-6 and carboplatin 
resulted in a decrease of the pro-form and appearance of a lower 
molecular w eight band at 37 kDa indicating cleavage and 
activation of caspase-9. Comparable results w ere observed in 
cells treated w ith PBOX-6 alone.

Similarly we found pre-treatm ent w ith a caspase-8 inhibitor 
significantly decreased apoptosis after treatm en t w ith the PBOX-6/ 
carboplatin combination suggesting possible involvement of the 
extrinsic pathw ay in mediating apoptosis (Fig. 6C). To confirm the 
involvement of caspase-8 in the apoptotic pathway, cleavage and 
activation was visualised by w estern blot (Fig. 6D). The pro-form 
was expressed a t very low levels in the vehicle treated  cells while 
expression of the proform was increased in cells treated  w ith 
carboplatin alone w ith  a slight cleavage band visible. Cleaved 
caspase-8 was present in lanes treated w ith PBOX-6 alone and in



J.C Lennon et ai/B iochemical Pharmacology 87 (2014) 611-624 619

(A)
£
1

I .1
I i l

(C)

48hrs 

72hrs 

48hrs 

72hrs 

*90 72hrs 

48hrs

CHLA-90 72hrs

>•
LH>«/)

CHLA-90 72hrs

PARP (116kDa) 
C leaved PARP (89kDa)

PARP (116kDa) 
Cleaved PARP (89kDa)i =

M c l- l  (42kDa)

M c l- l  (42kDa)

M c l- l (42kDa)

^ ------ Bcl-2 (25kDa)

<•'— cleavage fragm ent 

—  Bcl-2 (25kDa)

M  cleavage fragm ent

■4------ Bd-Z (25kD a)

A ctiva ted  Bak 
(25kDa)

A ctiva ted Bak 
(25kDa)

A ctiva ted Bak 
(25kDa)

(B)
a  6)iMPBOX-6 
E3 10uM carboplBtin

£  20-

Time

>-in
>-to
X
i/)

o

X
u

Cytochrome-c
polymer

Cytochrome-c
monomer

CytQchrome-c
polymer

GAvPDH

58kDa

ISkDa

58kDa

37kDa

cleavage fragm ent

V  -V  -V

Fig 5. The PBOX-6/carboplatin combination cleaves Bcl-2, downregulates M cl-l, upregulates expression of conformationally active Bak, induces depolarisation of the 
mitochondrial membrane and release of cytochrome c.
SHSY5Y and CHLA-90 cells were treated with 5 |xM PBOX-6,10 ^.M carboplatin or a combination of PBOX-6 and carboplatin. After the required time cells were harvested and 
protein was separated by SDS-PAGE. The membrane was probed with an anti PARP, anti-Bcl-2. anti-Mcl-1 or anti-Bak-NT antibodies. Membranes were also probed for 
GAPDH as a loading control. The 72 h GAPDH loading control is representative of both 48 and 72 h time points demonstrating even loading. Results are representative of three 
separate experiments (A). SHSY5Y cells were treated as indicated above and stained with JC-1 for 15 min. Depolarisation of the mitochondrial membrane was assessed by 
flow cytometry as described in materials and methods. (B). Results are representative of two separate experiments. Cytochrome c release was monitored by western blotting. 
Cytosolic extracts were prepared as described in the experimental procedures. Protein was separated on a 12% resolving gel transferred to a PVDF membrane and probed with 
an anti-cytochrome c antibody (C). Membranes were also probed for GAPDH as a loading control. Western blots were normalised to GAPDH as a control and densitometric 
analysis of bands was carried out with the imagej software (D). Statistical analysis was performed using one way ANOVA with Tukey’s multiple comparison test *’* p <  0.001, 
"  p  <  0.01, * p <  0.05.

combination w ith carboplatin indicating activation (Fig 6 D). 
Previously, caspase- 8  has been shown to be undetectable or 
present at very low levels in SHSY5Y cells but expression has been 
induced though various means such as after treatment w ith 
interferon 7  [281 or a combination of interferon 7  and valproic acid 
129). Our results would indicate that the PBOX-6 /carboplatin 
combination restores caspases- 8  expression in SHSY5Y cells as 
previously reported in the literature. Consequently we also 
examined activation of executioner caspase-3 and found similar 
to caspase- 8  and -9, caspase-3 was activated in cells treated w ith 
PBOX- 6  alone and in combination w ith carboplatin in both drug 
sensitive and resistant neuroblastoma cell lines.

3.8. Knockdown ofM cl-1 sensitises SHSY5Y and CHLA-90cells to 
carboplatin

Finally we sought to determine the importance of M cl-l in the 
apoptotic pathway through the use of siRNA to knockdown M cl-l 
and to assess whether this could sensitise neuroblastoma cells to 
carboplatin. SHSY5Y and CHLA-90 cells were transfected w ith

siRNA targeted against M cl-l using the Neon transfection system. 
Effective downregulation of the expression levels o f the M cl-l 
protein was confirmed by western blot analysis (Fig. 7A). Following 
knockdown, cells were treated w ith varying concentrations 1 0 , 2 0  

and 50 |ulM) of carboplatin and assessed by flow cytometry for 
induction of apoptosis after 48 h (Fig. 7B). We found that a 
knockdown of McI-1 expression sensitised both cell lines to 
carboplatin. There was a significant increase in the percentage of 
cells undergoing apoptosis following knockdown of M cl-l at all 
carboplatin concentrations examined pointing to the importance 
of M cl-l in mediating apoptosis. As M cl-l overexpression has been 
shown to contribute to treatment failure in patients w ith 
neuroblastoma, drug combinations including PBOX-6 /carboplatin 
which target this protein would appear to be a promising 
therapeutic strategy.

4. Discussion

Despite improvement in outcome for most childhood cancers, 
disease free survival in neuroblastoma remains at approximately
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Fig. 6. PBOX-6/carboplatin induced activation of caspase-3, -8 and -9.
SHSYSY and CHLA-90 cells were pre-treated w ith  (A) zVAD-fmk, a general caspase inhibitor, (B) a caspase-9 inhibitor or (C) a caspase-8 inhibitor before being treated w ith  the 
PBOX-S/carboplatin combination. Apoptosis was measured by flow cytometric analysis of PI stained cells. Values represent the mean ±  S.E.M. of three independent 
experiments. Statistical analysis was performed using one way ANOVA with Tukey's multiple comparison t e s t . p  < 0.001. Caspase-9, -8 and -3 activation was monitored by estem 
blot (D). The 72 h GAPDH loading control shown is representative of all time points. Results are representative of three separate experiments. Western blots were normalised to 
GAPDH as a control and densitometric analysis of bands was carried out w ith the image] software (E). Statistical analysis was performed using one way ANOVA with Tukey's multiple 
comparison test p < 0 . 0 0 1 p < 0.01,’ p < 0.05.

40% for those patients presenting w ith  advanced stage. This is 
mostly due to the development of resistance to a broad range of 
chemotherapeutic drugs [4-6], Several mechanisms such as 
amplification of MYCN, p53 loss of function or overexpression of 
drug efflux pumps have been reported to contribute to the 
development of MDR. As many chemotherapeutic drugs used in 
the treatment of neuroblastoma, such as etoposide, vincristine and 
doxorubicin have been shown to be substrates for these pumps 
[30] i t  is clear that there is a need to investigate alternative 
compounds which are not effluxed by these drug transporters.

It has been previously shown that the novel microtubule 
targeting drugs, the PBOX compounds are not substrates for these 
MDR proteins [12], Although the PBOX compounds had not 
previously been tested in neuroblastoma cells, they have been 
shown to potently induce apoptosis in a number of cell lines, ex 
vivo leukaemia patient samples and in several murine cancer 
models [10-12,14,15]. The aim of this study was to determine the 
effects of novel PBOX compounds on the viability of neuroblastoma

cell lines, to identify any potential additive or synergistic effects 
w ith  other chemotherapeutics and to establish the molecular 
mechanisms underlying any enhanced apoptotic effects observed 
in combination treatments.

The effects of the PBOX compounds on the viability o f a panel of 
drug sensitive and resistant neuroblastoma cell lines was 
investigated The IC5 0  values of PBOX- 6  and 15 were determined 
in each o f these cell lines and were found to be in a similar range in 
all six, both drug sensitive and resistant. This was in contrast to all 
four other cytotoxic agents tested which displayed increased fold 
resistance in the MDR cell lines [11,17]. The I C 5 0  values obtained 
for both PBOX- 6  and 15 were consistent w ith  previous published 
results. Nathwani et al. [ 12 ] established the ICso value of PBOX- 6  in 
two MDR leukaemia cells lines, HL60-p-gp (overexpresses p-gp) 
and HL60-ABCG2 (overexpresses BCRP) and found no increase in 
this value between the parental and resistant cell lines in contrast 
to two other microtubule targeting agents, vincristine and 
paclitaxel which exhibited substantially increased I C 5 0  values.
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SHSY5Y and CHLA-90 cells were transfected with siRNA targeting M cl-l. The degree of knockdown was assessed by western blotting (A). Membranes were also probed with 
GAPDH to ensure even loading. Cells were subsequently treated with varying concentrations of carboplatin for 48 h after which they were harvested, fixed in ethanol and 
stained with propidium iodide. Apoptosis was measured by quantification of the subGl/GO peak (B). Values represent the mean ±  S.E.M. of three independent experiments. 
Statistical analysis was performed using one way ANOVA with Tukey's multiple comparison test. p < 0.001.

Comparable results were found in the present study; in the p-gp 
expressing SK-N-FI cell line, the fold resistance of the PBOXs was 
significantly lower in comparison to each of the other drugs tested.

MTAs have been reported to disrupt formation of the mitotic 
spindle blocking cells in the G2 /M phase of the cell cycle, 
consequently resulting in apoptosis. Results presented herein 
demonstrated that a G2 /M arrest preceded apoptosis, w ith arrest 
peaking at 16 h indicating that tubulin is the molecular target of 
the PBOX compounds, as previously reported in the literature 
[9,15].

One hallmark of neuroblastoma is heterogeneity at both a 
cellular and clinical level. Neuroblasts are present in tumours at 
different stages of differentiation therefore both neuroblastoma 
tumours and cell lines have a number of distinct cell types, the ‘N’ 
or neural type of a neuronal lineage, ‘S' or schwannian of a glial 
lineage and the ‘I’ type which is an intermediate w ith the ability to 
progress towards a neuronal or glial lineage upon differentiation 
[31 ]. The difference in malignant properties between S- and N-type 
cell subtypes may have clinical relevance. It has been previously 
demonstrated that N and S type cells exhibit differences in 
response to treatment w ith MTAs. S type cells undergo mitotic 
arrest in contrast to N type cells which undergo apoptosis [32]. This 
would support our finding that N type cells (SHSY5Y, Kelly and SK- 
N-BE(l)) undergo apoptosis in response to our novel MTA.

Treatment of advanced neuroblastoma entails the incorpo
ration of intensive courses of combination chemotherapy. Con
ventional chemotherapy can often target DNA triggering events in 
the cell such as activation of p53, cell cycle arrest and apoptosis. 
Frequently in advanced tumours, these pathways are defective, for 
example p53 may be mutated or deleted leading to ineffective 
induction of cell death by chemotherapeutics. Single agent 
chemotherapy may provide insufficient toxicity and cells may 
develop MDR. Combination therapy offers the benefit of targeting 
multiple cellular pathways that induce apoptosis, and has proven 
in other paediatric cancers to be efficacious leading to higher rates 
of long term survival. Members of the PBOX family have previously

been shown to work in combination w ith other drugs to 
synergistically increase apoptosis. These include flavopiridol, a 
pan Cdk inhibitor and STl-571, a receptor tyrosine kinase inhibitor 
[13]. There have also been previous reports in the literature of 
other novel compounds potentiating the effects of standard 
chemotherapeutics via modulation of the Bcl-2 family of proteins. 
Mohan et al. [33] demonstrated that 2,3-DCPE (a small molecule 
inhibitor of the anti-apoptotic protein Bcl-xL) in combination w ith 
4-HPR (a synthetic retinoid) works synergistically to significantly 
increase apoptosis in SK-N-DZ and SH-SY5Y neuroblastoma cells 
via downregulation of the anti-apoptotic proteins Bcl-xL, Bcl-2 and 
M cl-l and upregulation of the pro-apoptotic proteins Bax, p53. 
Puma and Noxa, ultimately causing activation of caspase-3. 
Similarly Fang et al. [34] found that 4-HPR synergises w ith ABT- 
737, a small-molecule BH3-mimetic in neuroblastoma cell lines. 
They propose that inhibition of anti-apoptotic Bcl-2 proteins 
induced by ABT-737 enhances 4-HPR activity in neuroblastoma 
cell lines though an increase in pro-apoptotic Bcl-2 proteins such 
as Bax, Bak and tBid.

Prompted by these findings an investigation was undertaken to 
assess the effects of PBOX-6 in combination w ith doxorubicin, 
etoposide and carboplatin on SHSY5Y cells. PBOX-6 was shown to 
synergistically enhance the apoptotic effects of all three drugs 
tested. While PBOX-6 has been shown to target the microtubule 
network, doxorubicin, etoposide and carboplatin each mediate 
apoptosis though a number of different means. We propose that 
this enhancement in apoptosis is likely caused by multiple 
pathways being targeted simultaneously.

The PBOX-6/carboplatin combination was chosen as a repre
sentative combination for further investigation as this combina
tion demonstrated the strongest synergism. Entry into the 
mitochondrial pathway is controlled by binding of pro-death 
Bcl-2 proteins to pro-survival Bcl-2 proteins which can inhibit the 
pro-apoptotic activity of these proteins [35], Activation of anti- 
apoptotic members may tip the balance towards survival and 
contribute to chemoresistance. Bcl-2 has previously been shown to
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be expressed in a significant percentage of untreated neuroblasto
ma tum ours w ith expression correlating w ith poor prognosis [36]. 
It was found tha t PBOX-6 induced a dose-dependent cleavage of 
Bcl-2 in neuroblastom a cells which results in the formation of a 
Bcl-2 cleavage fragment and the loss of its anti-apoptotic activity 
consistent w ith previous reports [12,37]. Although Bcl-2 is an anti- 
apoptotic protein it has been reported tha t the cleavage results in 
the formation of a pro-apoptotic fragment lacking the N-terminal 
34 amino acids of Bcl-2 [24] which has been shown to prom ote the 
release of cytochrome c [38]. In this study, results indicate that 
PBOX-6 induced cleavage of Bcl-2 may prom ote apoptosis by 
preventing inhibition of pro-apoptotic Bcl-2 proteins such as Bak 
and by formation of a pro-apoptotic fragment which induces 
cytochrome c release.

Mcl-l is a pro-survival Bcl-2 protein which has been implicated 
to  have a role in chemoresistance in a range of cancers. Increased 
expression of Mcl-l has been shown to be associated w ith poor 
prognosis and the developm ent of MDR in m ultiple cancers 
including multiple myeloma, melanoma, acute myeloid leukaemia, 
chronic lymphoid leukaemia and acute lymphatic leukaemia [39- 
44]. A recent screen of over 3000 hum an tum ours found tha t Mcl-l 
was amplified in 11% of cases [45]. It has been postulated to 
function as an oncogene in neuroblastom a contributing to 
pathogenesis through prevention of apoptosis. Antagonism of 
Mcl-l has been shown to have anti-cancer activity in a num ber of 
different malignancies including sarcoma, myeloma, lymphoma 
and small and non-small cell lung cancer while phase 1 and 2 
clinical trials of small molecule Mcl-l antagonists are currently 
being undertaken. A recent study dem onstrated that down 
regulation of Mcl-l by RNA interference lead to induction of 
apoptosis in high risk neuroblastom a cell lines [46]. Silencing of 
Mcl-l reduced resistance to cytotoxic chem otherapy or Bcl-2 
antagonists.

Mcl-l has recently been postulated to be a critical regulator of 
apoptosis induced by MTAs [47]. Therefore as PBOX-6 is a MTA; we 
hypothesised that it may affect expression of Mcl-l in neuroblas
tom a cells. PBOX-6 induced a dose-dependent reduction in Mcl-l 
w ith alm ost complete abolition of expression following 72 h 
treatm ent. This is the first report of PBOX-6 alone decreasing the 
expression of Mcl-l but is consistent w ith our previous findings 
which dem onstrated tha t PBOX-15 completely abolished Mcl-l 
expression in m ultiple myeloma cell lines [15]. This result is of 
particular interest as several studies had found downregulation of 
Mcl-l to be an effective strategy to enhance neuroblastom a cells to 
Fas- or chemotherapy-induced apoptosis [48]. Similarly Betteyab 
et al. [49[ found that CDK inhibitors roscovitine and CR8 induce 
apoptosis in neuroblastom a by downregulating M cl-l. Taken 
together these results would indicate tha t down-regulation of Mcl- 
1 expression would be favourable for the treatm ent of neuroblas
toma.

It has been proposed th a t some Bcl-2 proteins exert their anti- 
apoptotic function by inhibiting translocation of Bax to the 
mitochondria where it heterodimerises w ith Bak to form pores 
in the mitochondrial membrane. W hen Bcl-2, Bcl-xL and Mcl-l 
levels are decreased or inactivated though cleavage or phosphory
lation, Bax and Bak are free to dimerise allowing for the potential 
release of cytochrome c and consequent activation of caspases, 
therefore we investigated the effects of drug treatm ent on these 
proteins. We found Bak expression increased up to 72 h post 
treatm ent w ith PBOX-6 while no increase in Bax was observed. 
This is the first report in the literature describing the effect of 
PBOX-6 treatm ent on expression of Bak. It has previously been 
shown tha t in healthy cells Bak is sequestered by Mcl-l and not 
Bcl-2 [50]. In this study we hypothesise tha t a PBOX-6-induced 
reduction of Mcl-l correlates w ith an increase in Bak expression in 
SHSY5Y cells due to release of Bak from the Mcl-l complex. The

shift in the ratio of these proteins initiates a conformational change 
in Bak, as dem onstrated by western blot analysis of the 
conformationally active form of Bak, allowing for formation of 
pores in the mitochondrial membrane, causing depolarisation and 
release of pro-apoptotic proteins such as cytochrome c.

Having investigated the molecular events leading to PBOX-6 
induced apoptosis, we sought to identify the possible mechanism 
by which PBOX-6 enhances carboplatin induced apoptosis. 
Carboplatin treatm ent alone had no effect on the anti-apoptotic 
Bcl-2 and Mcl-l proteins or the pro-apoptotic Bak, w hereas the 
PBOX-6/carboplatin combination resulted in cleavage of Bcl-2, a 
downregulation of Mcl-l and upregulation of Bak in both drug 
sensitive and MDR neuroblastom a cell lines. The disturbance of the 
microtubule network induce signals that initiate cell death via the 
mitochondrial pathway indicating that microtubules, the mito
chondria and cell death are very much linked. We found tha t PBOX- 
6 in combination w ith carboplatin provoked depolarisation of the 
mitochondria, release of cytochrome c and activation of caspase-9 
and -3. Pre-treatm ent w ith caspase-9 inhibitors dem onstrated the 
im portance of caspase-9 activation in the apoptotic pathway.

Caspase-8 has been shown to be silenced by methylation of the 
prom oter region of the caspase-8 gene [51]. Inactivation of 
caspase-8 is a hallmark of defective apoptosis and a mechanism 
by which tum our cells evade death by chem otherapeutics and 
develop MDR [29]. Therefore, agents which can induce re
expression of caspase-8 may sensitise cells to apoptosis as 
activated caspase-8 may directly activate the extrinsic pathway 
(extrinsic pathw ay type I) or activate the intrinsic pathway 
through cleavage of Bid leading to release of cytochrome c, 
activation of caspase-9 and caspase-3 (extrinsic pathw ay type II) 
[52]. Therefore we were wished to identify the role of caspase-8 in 
PBOX-6/carboplatin induced apoptosis. Previously caspase-8 has 
been shown to be undetectable or present at very low levels in 
SHSY5Y cells but expression has been induced though various 
means such as after treatm ent w ith interferon y  [28] or a 
combination of interferon y  and valproic acid [29]. Loss of caspase- 
8 expression was shown to result in chemoresistance while 
induction of expression was dem onstrated to restore sensitivity to 
TRAIL [29]. Our results would indicate that the PBOX-6/carboplatin 
combination restores caspases-8 expression in SHSY5Y cells as 
previously reported in the literature. Similar to  caspase-9, 
inhibition of caspase-8 was found to significantly decrease 
apoptosis induced by the combination.

Activation of Bak, release of cytochrome c and activation of 
caspase-9 would support the hypothesis that apoptosis is being 
mediated by the intrinsic pathw ay but as crosstalk betw een the 
pathways may occur we cannot rule out involvement of the 
extrinsic pathway. Indeed the caspase-8 activation dem onstrated 
herein may indicate involvement of the extrinsic pathway. 
However, as caspase-8 can be activated by effector caspases such 
as caspase-3 |53], and as we have not dem onstrated DISC 
formation, we cannot say w ith certainty tha t the extrinsic pathway 
type II is activated. We hypothesise that the PBOX-6/carboplatin 
combination occurs primarily through the intrinsic pathw ay while 
caspase-8 activation may be present, not as a direct activator, but 
rather to augm ent the apoptotic process.

Mcl-l overexpression has been shown to correlate w ith disease 
progression and degree of aggression suggesting a role in 
developm ent of chemoresistance. RNA interference experiments 
showed that Mcl-l knockdown sensitised SHSY5Y and CHLA-90 
cells to carboplatin. Cell death or survival is mediated by a balance 
of pro and anti-apoptotic proteins, w ith some cells relying 
predom inantly on Mcl-l for survival. A reduction in apoptosis 
induced by the combination caused by overexpression of Mcl-l 
would be necessary to definitively conclude the role of Mcl-l is 
mediating apoptosis. Nevertheless we postulate tha t a decrease in
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McI-1 expression either through siRNA mediated knockdown or 
treatm ent w ith  the combination, shifts the balance towards cell 
death, suggesting that M cl-l plays a key role in cell survival and 
response to chemotherapy. Inactivation o f M cl-l by novel 
compounds such as PBOX-6 m ay present an innovative therapeutic 
strategy for future treatm ent of neuroblastoma.

We have demonstrated downregulation of M cl-l and reversion 
of suppression of caspase-8 expression in response to PBOX-6 
therefore it is possible PBOX-6 may be modulating transcription in 
neuroblastoma cells. There have been previous reports in the 
literature o f modulation o f transcription by MTAs. Walker et al. [ 54] 
observed that microtubule based chemotherapeutics such as 
paclitaxel or vinorelbine inhibit STAT signalling. W hen treated with  
either o f these drugs, MDA-MB-468 breast cancer cells with  
constitutive activation o f STATS, display a loss o f STAT3 phosphory
lation. Additionally paclitaxel disrupted interaction of STATS with  
tubulin. In contrast other chemotherapeutics such as doxorubicin 
had no effect on STATS. Loss of STATS phosphorylation resulted in a 
loss of transcription of STATS target genes. These findings, in 
addition to the effects on M cl-l and caspase-8 in neuroblastoma 
cells, would support the hypothesis that MTAs may modulate 
transcription in malignant cells, but further work is required to 
ascertain any direct effects o f  the PBOXs on transcription.

Further studies are warranted to establish the effects of PBOX-6 
on primary neuroblastoma cells w hile additional preclinical 
studies including the use of an in vivo neuroblastoma animal 
m odel is necessary to establish the potential o f this novel MTA for 
the treatm ent of neuroblastoma.

In conclusion, w e have dem onstrated that PBOX-6 has the 
ability to induce apoptosis in neuroblastoma cell lines alone and 
together w ith several chem otherapeutic agents; indicating that 
PBOX-6 represents a promising therapeutic alternative to current
ly available treatments. Our findings provide novel insights into 
the signalling pathways which are activated in response to PBOX-6 
in both drug sensitive and resistant neuroblastoma cell lines and in 
combination w ith carboplatin to achieve synergistic effects 
indicating the potential o f the PBOXs, alone and in combination  
with standard chemotherapeutics, as an effective therapy against 
neuroblastoma.
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