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Neuroblastoma is the most common solid childhood tumour and has a high mortality rate. 
Neuroblastoma affects very young children and is usually diagnosed post-metastasis, when 
more than resection of the primary tumour is required to treat the disease. Other treatments 
include chemotherapy and radiotherapy, which have many side effects and a more effective, 
less toxic treatment is sought. A small percentage of neuroblastomas can spontaneously 
regress without treatment and this has lead to research into using agents such as retinoic acid 
to mimic this phenomenon. Retinoic acid acts through retinoic acid receptors and can 
effectively inhibit the growth of neuroblastoma cell lines in vitro, however clinical trials 
have shown that it is less effective against metastatic disease in vivo. Therefore, agents 
which activate another transcription factor, the peroxisome proliferator-activated receptor 
(PPAR), have been investigated to establish their efficacy at inhibiting neuroblastoma cell 
growth and their potential as treatments for neuroblastoma. Two human neuroblastoma cell 
lines, IMR-32 and Kelly, were used as these represent neuroblastoma with poor prognosis. 
There are three isoforms of PPARs, a, (3 and y and activation of PPARy has been shown to 
inhibit the growth of many cancer cell types. PPARs a, p and y are activated by fatty acids 
and PPARy is also activated by the fatty acid metabolite, 1 S-deoxyA'̂  '̂ '-prostaglandin J2 
(15dPGJ2). Fatty acids marginally inhibited IMR-32 cell growth and altered the membrane 
phospholipids of the cells. Fatty acids activated PPAR-induced transcription, but this did 
not relate to their cellular effects as docosahexaenoic acid, which had the greatest effect on 
the cells, activated PPARs almost the least. ISdPGJa inhibited the growth of IMR-32 and 
Kelly cell lines, but was more effective than fatty acids. ISdPGJ] induced IMR-32 cells to 
arrest at G2/M phase of the cell cycle, coinciding with nuclear translocation of p53 and 
down-regulation of PAX3. Subsequently, the cells died by a process, which required de 
novo protein synthesis, but did not exhibit features of classical apoptosis. IMR-32 cells 
treated with ISdPGJz underwent autophagic cell death. This involved the formation of 
autophagic vesicles, which can target cellular components such as mitochondria for 
destruction and resulted in cell death. Decoy oligonucleotides to PPARs prevented ISdPGJ; 
from inhibiting IMR-32 cell growth and showed that 1 SdPGJ] acts specifically through 
PPARs. Sphingosine-1-phosphate (SIP) can be removed from foetal calf serum by 
delipidation. Culturing IMR-32 cells under delipidated conditions altered the cellular 
effects of PPAR ligands. Both ISdPGJ] and fatty acids effectively inhibited the growth of 
IMR-32 cells and induced apoptosis. SIP activates mitogen-activated protein kinases 
(MAPKs), which can down-regulate PPARy activity. Therefore under delipidated 
conditions, a higher level of activation of PPARy may result in IMR-32 cells undergoing 
apoptosis instead of autophagy. This suggests that PPARy ligands such as 1 SdPGJ? have 
therapeutic potential in the treatment of cancers including neuroblastoma. PPARy ligands 
may also be more effective in combination with inhibitors of MAPKs or SIP, as removal of 
SIP from the culture medium affects the response of neuroblastoma cells to PPARy ligands. 
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they seem to sum up my Ph.D. throughout. 
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Chapter 1 

Introduction 



Neuroblastoma 

1.1 Epidemiology 

Neuroblastoma is the most common, solid extra-cranial childhood tumour '' 

accounting for 8-10 % of all childhood cancers This relates to an annual 

incidence of approximately 8-10 children per million world-wide 

Neuroblastomas are rarely seen at birth but 50 % of cases occur within the first 2 

years of age and 97 % of cases occur within 10 years of age Neuroblastoma can 

develop due to spontaneous mutations, however, a subset of neuroblastomas are 

familial, following an autosomal dominant pattern of inheritance \ Neuroblastoma 

can show a biphasic age incidence with peaks in children under one year of age and 

between 2 and 4 years of age The peak incidence of familial neuroblastoma 

occurs earlier, around 9 months of age and may involve multiple primary tumour 

sites Overall, neuroblastoma is also more common in boys than girls, giving a 

male to female ratio of 1.2:1 

1.2 Pathology 

Neuroblastomas derive from primitive neuroectodermal cells of neural crest origin 

and although they may occur at sites throughout the body, they are predominantly 

found in the sympathetic nervous system and adrenal medulla However, this 

does depend upon the age of the patient, as children demonstrate a higher incidence 

of adrenal tumours and a lower incidence of thoracic and cervical tumours, than 

infants Approximately 1 % of cases will present with no detectable primary 

tumour Neuroblastomas contain small round or slightly elongated "blue" cells 

with scant cytoplasm, which grow in solid sheets 15-50 % of cases contain 

Homer-Wright rosettes, which are neuroblasts surrounding areas of eosinophilic 

neuropil Neuroblastomas morphologic mimic the embryonic character of the 

tissue of origin and tend to be poorly organised. Ganglioneuroblastoma is similar 

to neuroblastoma and is characterised by more areas of cellular maturation and also 

overlaps with ganglioneuromas, which are considered to be further differentiated 

Neuroblastoma and ganglioneuroma are though to represent extremes on the 



opposite ends of the spectrum of cellular differentiation seen in cases of 

"neuroblastoma" Interestingly, neuroblastic nodules have been shown to occur 

uniformly in foetuses, with peak incidence between 17 and 20 weeks of gestation, 

and gradually regress by the time of birth or shortly afterwards 

1.3 Disease staging 

There are four main clinical stages to neuroblastoma which have been defined by 

several systems, including the International Neuroblastoma Staging System 

described by Brodeur et al. and also by Shimada System Brodeur et 

al., based their system on other staging methods, but standardised definitions of 

localised and metastatic neuroblastomas whereas Shimada et al., based their 

system on an age-linked classification dependent on the differentiation state of the 

tumour cells Early stage neuroblastomas (Stages I and II) have good 

prognosis, with 3-year event-free survival rates of 75-90 %, whereas later stages of 

the disease (Stages EI and IV) have a much poorer prognosis Early stage 

neuroblastomas represent localised tumours confined to the area of origin, whereas 

later stage tumours represent those that have metastasised and involve the lymph 

nodes The 3-year event-free survival rate for infants with Stage HI 

neuroblastoma is around 80 % and for those with Stage IV neuroblastoma is around 

60 % However, the 3-year event-free survival rate for children with Stage III 

neuroblastoma is approximately 50 % and is as little as 10-15 % in children with 

Stage IV neuroblastoma 

1.4 Clinical markers of prognosis 

Prognosis for neuroblastoma can be determined by patient age at presentation, 

clinical stage of the disease and site of primary tumour. Patients diagnosed at less 

than one year of age tend to have a more favourable prognosis (5-year event-free 

survival of 80 %) than those diagnosed after one year of age (40 % 5-year event-

free survival), which is partly related to disease stage Patients with abdominal 

primary tumours have a less fevourable prognosis than those with cervical, pelvic 

or thoracic primary tumours in Stage III and IV of the disease, whereas there was 

no influence of site on survival in early stages of the disease The involvement 



of bone marrow also signals a less favourable outcome and this is further reduced 

by the presence of multiple bone metastases Tumour relapse usually occurs 

within 2 years, with 2-year event-free survival after the first relapse being 10 % and 

5-year event-free survival only 5.6 % Tumour recurrence is usually widespread 

affecting the bone, primary tumour site and lymph nodes The degree of tumour 

differentiation and presence of both biological and genetic markers can also 

determine prognosis for neuroblastoma. 

1.5 Biological markers of prognosis 

Markers of good prognosis in neuroblastoma include highly differentiated tumour 

cells which show a more organised cytoplasm and characteristic patterns 

neurofilaments and microtubules \ The expression of nerve growth factor (NGF) 

receptors is another marker of good prognosis in neuroblastoma NGF is 

important for the differentiation and survival of neural crest cells The 

expression of the high affinity NGF receptor, trkA, and the low affinity NGF 

receptor, 75NGFR, correlate with younger patient age, favourable clinical stages 

and the absence of genetic markers of poor prognosis Interestingly, in one 

study, three tumours were shown to co-express trkA and 75NGFR and these 

tumours regressed without treatment, whereas another tumour expressed trkA and 

lacked 75NGFR and this had a fatal outcome 

Other biological markers, such as neurone specific enolase (NSE) 

vanillomandelic acid (VMA) and ferritin are markers of poor prognosis, when 

they are detected at higher than normal levels. NSE is a cytoplasmic protein whose 

activity is associated with neural cells and is found in higher levels in the serum of 

patients with neuroblastoma However, it has also been seen in patients with 

other paediatric tumours and has more use as a measure of the progress of the 

disease \ Neuroblastomas lack phenylethano lamine A/-methytransferase, the 

enzyme responsible for the breakdown of noradrenaline to adrenaline, and as a 

result noradrenaline is converted to VMA which can be detected in the urine of 

patients 90-95 % of neuroblastomas secrete catecholamines and higher levels 

of catecholamine metaboUtes are also seen in patients with Stage IV neuroblastoma 

Ferritin is the predominant form of stored iron in the body and levels of ferritin 



are increased in patients with actively growing tumours and are elevated in 

advanced stage neuroblastomas 

1.6 Genetic markers of prognosis 

Common genetic markers of poor prognosis in neuroblastoma include translocation 

of part of chromosome 17q, NMYC amplification and deletion of part of the 

short arm of chromosome 1 Translocations of chromosome 17q are the most 

common genetic abnormality seen in neuroblastoma, occurring in 65-70 % of cases 

32,33,34 jj^gy yg associated with many different chromosomes, including 

chromosome 9p, lOq, l ip, 14q and 16q and the breakpoints usually occur at 

There seems to be no prognostic significance of the type of translocation involving 

17q, but 17q translocation is associated with other markers of poor prognosis 

Gain of 17q leads to reduced survival rates as 3-year event-free survival for 

neuroblastomas with gain of 17q is 13.5 %, whereas that of neuroblastomas lacking 

gain of 17q is 100 % In some tumours, translocation from 17q to Ip may be 

involved, rather than a simple deletion Other genetic changes include tumour 

cell ploidy Diploid and tetraploid neuroblastomas are associated with later 

stages of neuroblastoma and poor outcome, whereas hyperdiploid tumours are 

indicative of early stage neuroblastomas, which respond to chemotherapeutic 

agents 

NMYC amplification at chromosome 2p24 confers a growth advantage to cells in 

vitro and has been correlated with rapid neuroblastoma progression 

Amplified NMYC DNA is arranged in a "head-to-tail" configuration, which 

produces homogeneously staining regions (HSRs) HSRs are a cytogenic 

manifestation of gene amplification in which the amplified sequences are 

chromosomally integrated Self-replicating extra-chromosomal double-

minute chromatin bodies are another feature of gene amplification and are seen in 

30 % of primary neuroblastomas In 50 % of tumours, which are NMYC 

amplified, the genes NAG and DDXl, which is also oncogenic, are co-amplified 

NMYC amplification has been observed in only 5-10 % of Stage I and Stage II 

neuroblastoma, whereas it occurs in up to 40 % of advanced stage tumours and the 

presence of more than 10 copies, correlates with poor prognosis 



Another common genetic change seen in neuroblastomas is deletion of 

chromosome Ip which is more common in Stages III and IV of the 

disease Deletions of Ip are associated with NMYC amplification, and 

usually involve only one allele, suggesting the other is inactive The deletions of 

chromosome 1 are somewhat variable in their proximal breakpoints, but the region 

distal to lp36.1 appears to be deleted in all cases No tumour suppressor genes 

have been identified for this region of chromosome 1. However, one candidate 

gene that maps to the deleted part of chromosome Ip is p73 which is 63 % 

identical to the tumour suppressor gene, p53 p73 is predicted to interact with 

some of the targets of p53, such as p21, which inhibits the cell cycle and loss 

of p73 expression may reflect a mechanism by neuroblastomas grown unchecked. 

A variety of less common mutations are also seen in neuroblastoma These 

include deletions in chromosome 9 and 11, losses of chromosome 11, 14q and X 

and amplifications of several chromosomal regions including 12ql3-14, which 

contains the MDM2 gene, which is amplified in rare cases of neuroblastoma 

Interestingly, the only statistically significant indicator of poor prognosis, which 

was independent of NMYC amplification was a deletion at 9p21 This region 

contains part of the tumour suppressor gene, pi6 (CDKN2A), which although is 

rarely mutated in neuroblastoma, it is not expressed in the majority of 

neuroblastoma cell lines and pi6 may be involved in the development of the 

tumour 

1.7 Current treatments for neuroblastoma 

Treatments for early stage neuroblastoma involve surgery and later stages involve 

intensive regimes of chemotherapy and radiotherapy Surgery is the treatment of 

choice when neuroblastomas are localised and is also used for diagnostic purposes 

However, surgery is avoided in infants who tend to have better prognosis and 

also have more frequent surgical complications Resection of the primary tumour 

is generally successful, but despite this, some malignant cells can remain in the 

body and grow up again. This is known as minimal residual disease (MRD). As a 

result of MRD and the fact that over 25 % cases of neuroblastoma in infants and 68 



% of cases in children have metastasised at presentation neuroblastoma has a 

high childhood mortality rate. 

Chemotherapy using single or combinations of drugs is also a common treatment 

for neuroblastoma. Some studies of the efRcacy of chemotherapeutic agents have 

shown high initial response rates, with 60-70 % partial remissions and prolonged 

event-free survival, however long-term prognosis for Stage IV patients is still poor. 

Other current methods for the treatment of neuroblastoma include radiotherapy, 

bone marrow transplantation and immunotherapy, but their efficacy in all clinical 

setting remains to be established For example, neuroblastoma is a radiosensitive 

tumour, but the control of in vivo neuroblastomas by radiotherapy has proved less 

successful 

1.8 Stage IVS neuroblastoma 

The prospect for neuroblastoma patients, however, has improved with the 

characterisation of a separate clinical stage of the disease, known as Stage IVS or 

4S (S denotes special) Stage IVS neuroblastoma has a similar prognosis to 

Stage I and II neuroblastoma, with 75-90 % survival rate in all children 

and a better prognosis than Stage III and Stage IV of the disease. Stage IVS 

neuroblastoma usually occurs in infants under thirteen months of age and displays a 

characteristic pattern of metastasis. Patients frequently have a large primary 

adrenal tumour with metastasis to the liver, spleen, skin and bone marrow, with no 

skeletal involvement as skeletal involvement indicates Stage IV 

neuroblastoma This pattern of metastasis is thought to be due an abnormal 

distribution of neural crest cells during embryonic development and the 

development of tumours from cells which would normally differentiate into 

Schwann cells or melanocytes, which develop mutations 

Stage IVS neuroblastoma has good prognosis because almost half of these tumours 

can spontaneously differentiate in non-malignant gangliomas 

Regression takes place over 6-12 months and several mechanisms have been 

proposed, including immunological attack, spontaneous maturation or apoptosis. 

Hellstrom et al, ™ suggested that the infant's immune system or maternally-



acquired antibodies attack the tumour cells, although Pritchard and Hickman 

question why this would not cause other tumours to regress. Maturation of Stage 

rVS neuroblastomas to non-malignant gliomas have been recorded but in 

some cases, the tumour completely disappears and it has been suggested that this 

occurs because the cancer cells have undergone apoptosis Whichever 

mechanism is responsible for the maturation and regression of Stage IVS tumours, 

it has lead to a new tactic in the treatment of neuroblastoma, known as 

differentiation therapy. 

Differentiation and nuclear hormone receptors 

2.1 Differentiation 

Differentiation is the development of cells with specialised structure and function 

from unspecialised precursor cells. When cancer cells differentiate, they stop 

proliferating and lose their tumour characteristics and there may be depletion of the 

tumour stem cell pool Some skin cancer cells "differentiate" because they are 

no longer able to proliferate through the loss of nuclei The treatment of human 

malignancies by inducing differentiation was first suggested by Pierce in 1961 

and currently, differentiation therapy is being used to treat neuroblastoma and acute 

promyelocytic leukaemia Agents such as retinoic acids, cyclic nucleotides 

and phorbol esters have been shown to differentiate neuroblastoma cells in vitro 

However, attempts to differentiate neuroblastomas with nerve growth factor 

and pharmacological agents have proved unsuccessful Clinical trials using 

13-m retinoic acid to treat neuroblastoma have produced variable results and have 

shown that retinoic acid is less effective in vivo than in vitro ^ Therefore, 

there is a need to find a more effective agent than retinoic acid, for differentiating 

neuroblastoma cells in vivo. Despite the disappointing response of patients to 13-

cis retinoic acid, it does work in vitro, and the idea of activating the transcription of 

growth-inhibitory genes has potential and it is possible that activating other 

transcription factors with their respective ligands may be more effective at treating 

neuroblastoma. 
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Figure 1.1 Activation of transcription by ligand-induced retinoid acid receptor 

homodimers and heterodimers. Retinoic acid receptors (RARs) and 

retinoid X receptors (RXRs) can dimerise with other members of the 

nuclear hormone receptor super-family to activate gene transcription 

and a variety of cellular responses. 



2.2 Nuclear hormone receptor superfamily 

Retinoids axe derivatives of vitamin A and are the ligands for retinoic acid 

receptors (RARs) and retinoid X receptors (RXRs) which are members 

of the nuclear hormone receptor super-family 13-cis retinoic acid isomerises 

within cells to form aR-trans retinoic acid, which activates RARs and 9-cis retinoic 

acid, which is the specific ligand of RXRs Other members of this super-

family include the oestrogen receptor (OER) thyroid hormone receptor (TR) 

peroxisome proliferator-activated receptors (PPARs) and liver X receptors 

(LXRs) Nuclear hormone receptors form homodimers or heterodimers with 

other members of the same super-family when a ligand binds to the ligand binding 

domain RARs can heterodimerise with RXRs, and RXRs can homodimerise 

or laetercwiuiierise TwitlilRLAJRs, PTVURa, TTR arwi \r[)R **' '(w. Tlbese 

dimers then bind to response elements within DNA and either directly, or through 

co-activators, activate the transcription initiation complex and initiate the 

transcription of genes (Figure 1.1), which are involved in a variety of cellular 

responses 

3 Peroxisome-Proliferator Activated Receptors (PPARs) 

Peroxisome proliferator-activated receptors (PPARs) are nuclear hormone receptors 

and activate transcription by basically the same mechanism as RARs and RXRs. 

They were discovered in 1990, in mice, by Issemann and Green as 

the receptors activated by chemicals, which induce proliferation of peroxisomes 

and liver hyperplasia in rodents Since then it has been shown that many 

different organisms express PPARs. There are 3 different isoforms of peroxisome 

proliferator-activated receptors, a , P (also known as 5, FAAR or fatty acid 

activated receptor and Nuc-1) and y which have very different 

tissue expression and fiinction. 
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3.1 Expression of PPARs throughout evolution 

Humans mice and Xenopus have been shown to express ail three 

iso forms of PPARs, whereas other organisms have only been shown to express 

some of the isoforms. PPARa has been cloned from ducks and chickens 

with a high degree of homology and similar tissue expression with that reported in 

other species, however, it is also expressed in uropygial glands, which are specific 

to birds Guinea pigs express PPARa, which is closely related to rodent 

and human PPARa, but like humans, it is expressed at lower level than that of rats 

and mice and may explain why peroxisome proliferators fail to induce a response in 

guinea pigs PPARp has been cloned from rabbit mature osteoclasts and 

both PPARa and PPARy have been cloned from pigs Porcine PPARa occurs 

in two alternatively spliced transcripts, which are evolutionary distant to rodent 

PPARa, however, they also express PPARy 1 and y2, which both have high 

homology to human and rodent PPARy The cloning of PPARy cDNA has also 

been reported in other organisms including birds, again in the uropygial glands 

hamsters cows and Rhesus monkeys A recent report has shown that 

Atlantic salmon also express PPARy and the protein shares 47 % homology with 

mammalian PPARy The protein has high sequence identity in the DNA binding 

domain (DBD) and ligand binding domains (LED), but its N-terminal region is 

very different from that of other PPARs Salmon PPARy is expressed as two 

different transcripts, one being truncated with the loss of the AF-2 activation 

domain and has an additional nine residues in its DBD, which may reflect different 

regulation of PPARy activity in fish PPARs are therefore conserved throughout 

evolution, with the DBD and LBD sequences and tissue expression being highly 

conserved, but there are differences in regulation, function and activity. 

3.2 Tissue expression andfunction of the three isoforms of PPARs 

The different PPAR isoforms have specific tissue distribution and expression 

patterns and although most cell types contain PPARs at one level or another, there 

are cells which do not express one or more of the isoforms. These include cells of 

cerebellum and brainstem which lack PPARa and KG-1 cells and 

11 



keratinocytes which lack PPARy. Interestingly, oocytes and spermatogonia 

were shown not to express any of the isoforms of PPARs 

3.2.1 

The a isoform of PPAR is encoded on chromosome 22q telomeric to a group of 

genetic markers situated at 22ql2-ql3.1, and has a molecular weight of 52 kDa 

There are two natural allelic variants of peroxisome proliferator-activated receptor 

a , PPARa2, which has the mutation, R131Q, and PPARaS, which has the 

mutation, LI62V Cells that are involved in high mitochondrial and 

peroxisomal p-oxidation activities, including hepatocytes, cardiomyocytes and 

epithelial cells from the proximal tubule of the kidney tend to express the highest 

levels of PPARa whereas it is expressed at lower levels in the brain and 

nervous system PPARa is involved in the P-oxidation of fatty acids and also in 

a broad range of cellular pathways, including fatty acid elongation and the 

metabolism of reactive oxygen species PPARa knockout mice appear healthy, 

but cannot induce genes involved in fatty acid oxidation and are resistant to the 

effects of peroxisome proliferators 

3.2.2 fAlRyg 

The PPARp isoform has a molecular weight of 50 kDa and is encoded on 

chromosome 6p21.2 The PPARP gene spans 85 KB of DNA including 9 exons 

and 8 introns It lacks a TATA box and is transcribed from a unique start site 

located 380 base pairs upstream of the ATG initiation codon PPARp is 

expressed at low levels in most tissues but is found at higher levels in 

placenta and skeletal muscle There is speculation that PPARp has a 

housekeeping function or that it acts as a regulator of PPAR activity PPARP is 

capable of inhibiting PPARa activation either by competition for binding sites on 

DNA or by titrating out a limiting factor required for the transcriptional activity 

of PPARa PPARp has been shown to regulate the expression of acyl-CoA 

synthetase 2 in the brain, which links it to basic lipid metabolism It is also 

12 



thought to be important in development, and may participate in embryo 

implantation 

3.2.3 

There are two isoforms of PPARy, yl and y2, which are produced by alternative 

promoter usage and niRNA splicing and differ by 30 amino acids at their amino-

t e r m i n a l ' P P A R y 1 is a 54.2 kDa protein and PPARy2 is a 55.6 kDa protein, both 

of which are encoded on chromosome 3p25 PPARyis expressed at high 

levels in immune cells, white adipose tissue and skeletal muscle 

Expression of PPARyl and PPARy2 varies, PPARyl expression is more abundant in 

all tissues and it is predominantly expressed in adipose tissue, immune cells and 

skeletal muscle PPARyl is detected in the liver and adipose tissue, where, in 

humans, it accounted for 15 % of all PPARy mRNA, however unlike PPARyl, 

PPARy2 is not expressed in skeletal muscle Two other transcripts 

transcribed from different promoters have also been described, PPARyS, which 

produces a protein identical to PPARyl and PPARy4 PPARyS mRNA is 

transcribed from a novel promoter localised upstream of exon A2^ and is its 

expression is thought by Fajas et al, to be restricted to adipose tissue and the 

large intestine, whereas Mukherjee et al., show it is also expressed in macrophages 

The transcription initiation site for human PPARy4 is located at the 5' end of 

exon 1 and the protein translated from the PPARy4 transcript is identical to the one 

transcribed from the PPARyl and PPARyS transcripts 

Human PPARyl and y2 share a coding region of six exons out of a total of nine 

exons in the human PPARy gene, which spans more than 100 kilobases 

PPARyl is encoded by 8 exons and has a 5'-untranslated region (UTR), which is 

encompassed by exons Al and A2, whereas PPARy2 is encoded by 7 exons and its 

5'-UTR and N-terminal amino acids are encoded by exon B, found between exon 

Al and A2 (Figure 1.2). 

' Exon nomenclature for the human gene is the same as that used for the mouse gene. 
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Figure 1.2 The transcription of PPARyl and y2 mRNA from the human PPARy gene by different promoter usage and the 

translation of PPARyl and y2 proteins. Exon nomenclature used was originally devised in the mouse. 
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Human PPARy has 95 % amino acid sequence identity to mouse PPARy, but the 

human sequence is two amino acids longer and uses a different initiation codon ' 

Several groups have published cDNA sequences of PPARy which differ 

at three positions and the sequence published by Greene et al, has an insertion 

at nucleotide 719. PPARy knockout mice live only briefly after birth and lack 

visible fat pads Knocking out PPARy in mice interferes with terminal 

differentiation of the trophoblast and placenta vascularisation, leading to 

myocardial thinning and death by ElO-11.5 Replacement of the placenta 

with a wild-type placenta results in mice, which die through multiple 

haemorrhaging and lipodystrophy Null PPARy cells also cannot contribute to 

the formation of adipocytes Gene dosage also appears to be important as a 

single PPARy allele produces an intermediate phenotype between wild-type and 

null cells 

3.3 Structure of Peroxisome Proliferator-Activated Receptors 

PPARs, like other nuclear hormone receptors are made up of 6 domains designated 

regions A-F (Figure 1.3). Region A/B is hypervariable and is found at the N-

terminal of the protein and contains a ligand-independent transcription 

transactivation function (AF-1) Region C is the DNA binding domain 

and in PPARy is encoded by exons 2 and 3 and is about 70 amino acids in length 

It contains two cysteine zinc finger motifs, in which the zinc ion is 

tetrahedrally co-ordinated by the cysteine residues (Figure 1.4). These zinc 

fingers are important in dimer alignment on DNA and amino acid sequences 

(CEGCKG) known as P-boxes, which are found at the base of the first zinc finger 

and are involved in DNA recognition The zinc fingers are followed by a-

helical structures, one of which serves as a recognition helix that makes base-

specific contacts within the major groove of the core site The first zinc finger 

contains four cysteines and several hydrophobic residues The second zinc 

finger contains five cysteine residues and many basic amino acids 
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Figure 1.3 Domain structure (A-F) of peroxisome proliferator-activated 

receptors, showing the DNA binding domain (red) and ligand 

binding domain (blue). AF-1 is the ligand-independent 

transactivation site and AF-2 is the ligand-dependent transactivation 

domain. 
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Figure 1.4 Two cysteine zinc fingers of the DNA binding domain (Region C) 

of PPARs, in which the zinc ion is tetrahedrally co-ordinated by the 

cysteine residues. These zinc fingers are important in dimer 

alignment on DNA. They contain amino acid sequences 

(CEGCKG) known as P-boxes (blue circles), which are involved in 

DNA recognition and three amino acid sequences known D-boxes 

(red diamonds), which are involved in receptor dimerisation. 
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There are also three amino acid sequences known D-boxes, which are involved in 

receptor dimerisation PPAR D-boxes differ 6om those of nuclear 

hormone receptors, which have D-boxes of Ave amino acid residues 

Region D is encoded by exon 4 and is a non-conserved hinge region, which allows 

conformational alteration of the protein and is involved in interactions with co-

activators and co-repressors Region E, encoded by exons 5 and 6 in the human 

PPARy gene, is the conserved ligand-binding domain (LED). Region E is made up 

of 13 a helices in three layers and 4 small P sheets, which form a large "pocket" 

into which the ligand binds The PPAR LED is approximately 1300 and is 

much larger than that of other members of the nuclear hormone superfamily, for 

example the ligand binding domain of RXR is only 470 The ligand 

binding domain of PPARp is "Y"-shaped whereas that of PPARy is "T"-shaped 

PPARy has a unique overall tertiary structure compared to other nuclear 

hormone receptors, due to an extra a helix, designated H2', and its H2 a helix is 

positioned differently, providing easier access for ligands this may also explain 

the diverse nature of PPAR ligands. An additional ligand-dependent site (AF-2) is 

found in region E Region E also harbours dimerisation surfaces, 

nuclear localisation signals and heat shock protein association surfaces 

No specific function has been attributed to the small variable C-terminal domain 

known as region F, but it is known to be evolutionarily conserved 

Activators of PPARs 

4.1 Peroxisome Proliferators 

The name "peroxisome proliferator-activated receptor" is a misnomer, as only the 

a isoform of the receptor is effectively activated by peroxisome proliferators and 

fibrates, such as Wy-14643 (Figure 1.7) and the hypo lipidaemic agent, clofibric 

acid Peroxisome proliferators are similar in structure to fatty acids, 

possessing both a large hydrophobic moiety and an acid moiety Clofibric acid 

maximally activates PPARa at 300 (J.M, only very weakly activates PPARy and 
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does not activate PPARP However, a novel fibrate analogue, GW2331, has 

been shown to activate PPARy, but to a much lesser extent than PPARa The 

synthetic fibrate drug, Wy-14643, is thought to have the highest affinity for PPARa 

and does not bind to PPARp, however, in some cases it has been shown to activate 

PPARy, whereas other groups have reported no activation of PPARy 

4.2 Non Steroidal Anti-Inflammatory Drugs (NSAIDs) 

Some non-steroidal anti-inflammatory drugs (NSAIDs) have been shown to be 

activators of PPARs. Indomethacin, flufenamic acid and fenoprofen all bind 

PPARa and PPARy These drugs are able to inhibit cyclo-oxygenase type 1 

(COX-1) and type 2 (COX-2), which is the mechanism by which they exert their 

anti-inflammatory effects. Inhibition of cyclo-oxygenases prevents the first 

oxidation step in the production of eicosanoids (except leukotrienes), which play a 

role in inflammation PPARa reduces induction of COX-2, which enhances the 

anti-inflammatory effects of these drugs 

4.3 Fatty acids 

Fatty acids are proposed to be activators of PPARs, with different forms of fatty 

acids binding to and activating PPARs. Short-chain saturated fatty acids weakly 

activate PPARa, whereas polyunsaturated fatty acids (PUFAs) bind to and activate 

PPARa more effectively Polyunsaturated fatty acids are also 

activators of the (3 isoform of PPARs and some mono-unsaturated fatty acids 

and PUFAs are activators of PPARy Fatty acids have been shown to 

activate reporter genes containing three PPREs however, the long-chain 

saturated fatty acid, nervonic acid, has actually been shown to inhibit the activation 

of PPARs using a reporter construct containing three PPAR consensus binding sites 

164,172 acids also been shown to act independently of PPARs in some cells, 

through changing the cellular membrane phospholipids and therefore may activate 

PPARs, but may not be the natural ligands of these receptors 
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Figure 1.5 Peroxisome proliferator-activated receptors (PPARs) and retinoid X 

receptors (RXRs) are bound to DNA, but in the absence of a ligand 

they are bound by the co-repressor complex, which prevents 

transcription. The co-repressor complex contains SMRT/NcoR, 

histone deacetylases, sin3, sap48, sap 18 and sap30. On addition of a 

ligand (such as 1 S-deoxyA^^ '^^-prostglandin J2), the co-repressor 

complex is released and the co-activator complex is recruited, which 

promotes transcription of target genes. The co-activator complex 

contains general co-activators, pi60 proteins and CBP and 

PPAR/RXR specific co-activators including PPAR binding protein 

(PBP) and PPAR interacting protein (PRIP). The activation of 

PPARy can also be reduced by phosphorylation of a serine residue 

by MAP kinase. 

TZDs = thiazolidinedione class of anti-diabetic drugs. 
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Polyunsaturated fatty acids (PUFAs) are fatty acids which contain more than one 

carbon^carbon (C=C) double bond within their hydrocarbon backbone. PUFAs 

activate PPARs (Figure 1.5) and include fatty acids which are 

important in the development and differentiation of the nervous system, such as 

docosahexaenoic acid (DHA, n-3)'' and arachidonic acid (AA, n-6). DHA and AA 

are required in the foetus for optimal neuronal differentiation and brain functioning 

AA is also required for neuronal differentiation and it is a precursor of 

prostaglandins and leukotrienes 

4.4 Eicosanoids 

PPARa is weakly activated by leukotriene B4 and potently activated by 8(S)-

hydroxyeicosatetraenoic acid (8(S)-HETE) 8(S)-HETE is a lipo-oxygenase 

product, produced from cells on treatment with phorbol esters There is a 

debate however, as to whether these eicosanoids activate PPARy or not, as 

leukotriene B4 has been shown to activate both PPARa and PPARy There is 

also a debate in the literature as to whether derivatives of fatty acids, such as 

eicosanoids and prostaglandins are more specific activators of PPARs, than their 

fatty acid precursors. If these derivatives are more specific PPAR activators, then 

they may be more effective in inhibiting cancer cell growth through differentiation 

or apoptosis. 

4.5 Specific Natural Activators of PPARy 

4.5.1 J2 Prostaglandins 

Prostaglandins are derivatives of membrane-bound arachidonic acid. The fatty acid 

is released from the cell membrane by the action of the enzyme, phospholipase Aa. 

The free fatty acid can be acted upon by a series of enzymes, to produce 

prostaglandins (Figure 1.6) such as prostaglandin D2 (PGD2) 

'' n- numbers are known as co nomenclature and relate to the position of the double bond within the 
fatty acid molecule in relation to the terminal methyl group in the fatty acid chain 
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Figure 1.6 The production of J2 prostaglandins from cell membrane-bound 

arachidonic acid. Each step is catalysed by an enzyme, except the 

conversion of prostaglandin D2 to J2 prostaglandins, which is 

thought to involve a dehydration step, as no enzymatic process 

leading to J2 prostaglandin production has been reported. 
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Figure 1.7a) Wy-14643 

Figure 1.7b) 4 isofbrms of 15-deoxyA'^'''*-prostglandin Ji 

m 

IV 

Figure 1.7c) A representative compounds of the thiazolidinedione 

family of drugs., rosiglitazone. 

Figure 1.7 The structure of ligands of PPARa and PPARy. a) PPARa ligand, Wy-

14643, b) 4 geometric isofbrms of the PPARy ligand, IS-deoxyA^ '̂̂ '̂ -

prostaglandin J], c) Structure of a thiazolidinedione represented by the 

original compound discovered, ciglitazone. 
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PGD2 undergoes dehydration both m and v/vo to produce the J2 series of 

prostaglandins 

Jz prostaglandins have been shown to inhibit cell cycle progression, such as of 

colon cancer cells induce endothelial cell apoptosis and differentiate 

adipocytes One of these prostglandins, 9-deoxyA^ '^-13,14-dihydro-

prostaglandin D2 (A'^-PGJi), is actively incorporated into organelles including 

nuclei and is thought to covalently bind to nuclear proteins of chromatin and the 

nuclear matrix The nuclear translocation of J2 prostaglandins is only 

thought to occur in cells maintained at 37 °C It is therefore thought that J2 

prostaglandins may exert their effects on cells through direct interaction with 

intracellular proteins, such as PPARs (Figure 1.5). The h prostaglandin, 15-

deoxyA*^'"''-prostaglandin J2 (ISdPGJz) (Figure 1.7) is the terminal metabolite of 

PGD2 and is the most active It is also proposed to be the natural ligand for 

PPARy and activates PPARy within two hours of treatment and maximally 

within 7 hours at an EC50 of 2 fj.M Activation of PPARy by 15-deoxyA'^'''^-

prostglandin J2 has been shown to initiate transcription using a reporter construct 

containing three PPREs and efficiently promote the differentiation of fibroblasts 

into adipocytes 

15 -deoxyA' ̂ ' ''-pro st gland in J2 exists in vivo and has been detected in urine but 

its precise concentration in PPARy-target tissues is difficult to determine 

The 15dPGJ2 obtained by chemical decomposition of PGD2 consists of a single 

prominent compound surrounded by isomers with identical molecular weights 

These isomers are geometric isomers about the three double bonds, not in the 

cyclopentenone ring of 1 SdPGJz The major isomer is the 5-cis, \2-trans, lA-cis 

compound, isomer IV and minor isoforms are I, III, and V (Figure 1.7) The 4 

isomers show different potency, isomers I and IV were shown to induce growth 

arrest of breast carcinoma cells in vitro, whereas cells treated with isomers III and 

V grew at a faster rate than controls 15dPGJ2 is electrophilic and chemically 

reactive and has a short half-life It is able to react within minutes with thiol 

nucleophiles, including cysteine, glutathione and protein thiols to form Michael 

adducts 1 SdPGJz is thermally stable, but is very photo-labile. Pure isomers of 
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15dPGJ2 can be rendered less than 50 % pure by a single day's exposure to ambient 

light for 24 hours The tram-A5 isomers of prostaglandins are usually less 

potent than the Cf^-isomers, but as PPARy ligands, they are more than twice as 

potent 

15-deoxyA'^'"*-prostglandin J2 has also been shown to inhibit the induction of 

genes involved in inflammation, by a mechanism independent of PPARy It 

directly inhibits NFicB-dependent gene expression through covalent modifications 

of critical cysteine residues in IKB kinase and the DNA binding domains of the 

NFKB sub-units In resting cells, NFKB is bound to the inhibitor of NFKB, 

IKB, and is sequestered in the cytoplasm During inflammation, IKK 

phosphorylates IKB, which becomes degraded and allows NFKB to enter the 

nucleus and activate gene expression ISdPGJi inhibits IKK and prevents 

NFKB-induced gene expression and it is hypothesised that the receptor-independent 

effects of ISdPGJa are due to the reactive cyclopentenone ring 1 SdPGJz was 

also shown to induce neurite outgrowth in PC 12 cells, but other ligands of PPARy 

did not induce the same effect and it was suggested that this process may not 

involve PPARy 

4.5.2 Oxidised alkyl phospholipids 

Oxidised alkyl phospholipids are specific high affinity ligands for PPARy 

These phospholipids are derived from a small pool of alkyl phosphatidylcholines 

(PC) in low-density lipoprotein (LDL) and include azelaoyl PC (azPC) azPC 

binds to PPARy in a concentration-dependent manner and can compete with known 

ligands of PPARy for the ligand binding domain azPC can also activate PPAR-

dependent transcription using a reporter gene assay azPC is specific for 

PPARy, as it activates a reporter construct to a greater extent in cells over-

expressing PPARy, but does not activate a reporter construct to a greater extent in 

cells over-expressing PPARa 
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4.6 Specific Synthetic Activators of PPARy 

4.6.1 Thiazolidinediones 

A class of anti-diabetic compounds with potent adipogenic activity has been shown 

to be high affinity synthetic ligands of PPARy which do not activate PPARa or 

PPARp These compounds are called thiazolidinediones (TZDs) and were 

first discovered in 1982, through research into hypolipidaemic agents, to reduce 

cholesterol and triglyceride levels (Figure 1.7) Thiazolidinediones were 

developed through manipulation of the original compound, ciglitazone, to produce 

more potent adipogenic compounds, including pioglitazone, rosiglitazone 

(BRL49653) and troglitazone Thiazolidinediones have been shown to rapidly 

activate PPARy at an EC50 of 40 nM and increase expression of the receptor 

during induction of adipogenesis Several thiazolidinedione have been 

used in the clinical setting including, troglitazone (Rezulin™), rosiglitazone 

(Avandia) and pioglitazone (Actos) however, troglitazone has been associated 

with side effects including liver failure TZDs have also been shown to act 

independently of PPARy. Troglitazone inhibits cholesterol biosynthesis in a range 

of cell types independent of PPARy including 3T3-L1 cells, which have been 

shown to express high levels of PPARy 

4.6.2 Phenylacetate 

The aromatic fatty acid phenylacetate and its analogues are structurally similar to 

the peroxisome proliferator, clofibrate They activate PPAR-dependent 

transcription and 4-iodophenylbutyrate is the most potent analogue, whereas 

phenylacetate is much weaker These aromatic fatty acids were also shown to 

increase the mRNA levels of PPAR target genes in the hepatocytes of treated rats 

Phenylacetate was also shown to specifically bind to PPARy with low affinity 

in human neuroblastoma cell lines It also activated PPARy in human 

neuroblastoma cell lines, as antagonists of PPARy prevented the phenylacetate 

from having any effects on the neuroblastoma cells 
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Mechanism of action of ligand-activated PPARs 

5.1 Ligand-activated PPARs undergo a conformational change 

In the absence of a Hgand, nuclear receptors interact with a co-repressor complex, 

which includes NcoR/SMRT (nuclear co-repressor/silencing mediator for retinoid 

and thyroid receptors), Sin3, histone deacetylases and other proteins including 

saplS, sap48 and p30 208,209.210.2,,.2,2,213 ^ binding the co-

repressor complex is released and the co-activator complex is recruited (Figure 

1.5). When a ligand binds to a nuclear receptor there is a conformational change in 

the receptor This has been shown in retinoic acid receptors, where the omega 

loop which connects helices 1 and 3 in RARs or helices 2 and 3 in RXRs, flips 

180° Helix 12, which contains the AF-2 domain, then moves 90° from a 

position away from the ligand binding domain (domain E), towards the ligand 

binding domain This change in the AF-2 domain allows the co-repressors to be 

released and promotes interactions with co-activator proteins The 

change in conformation exposes the co-activator binding site, LXXLL, which is 

orientated via a "charged clamp" formed by conserved lysine and glutamate 

residues Research using the novel PPARy ligand, L-764406, has shown that it 

was linked to a single cysteine residue, corresponding to cysteine 313 in human 

PPARy2 This residue is located within helix 3 of the ligand binding domain 

and is also thought to be important in ligand binding Ligand binding also 

serves to stabilise PPARy In the absence of a ligand, the ligand binding domain 

(LED) and co-activator domain are in a mobile conformation, however, on ligand 

binding there is a chemical shift in the atoms of the ligand binding domain and the 

conformation is stabilised 

5.2 PPARs - cytoplasmic proteins which translocate to the nucleus on ligand 

binding or nuclear proteins? 

Nuclear receptors have been shown to translocate from the cytoplasm to the nuclei 

of cells on ligand binding 
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Figure 1.8 Activated PPARs translocate to the nuclei of cells and heterodimerise with retinoid X receptors. The heterodimers 
bind to PPAR response elements (PPREs) on DNA and activate the transcription of genes. 
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However, there is increasing evidence that PPARa and PPARy are 

predominantly expressed in the nuclei of cells bound to co-repressors and that 

ligand binding serves to recruit co-activators and release co-repressors and not 

induce nuclear translocation of the protein (Figure ] .5). In this case, some RXRs 

must also be expressed in the nucleus for ligands of PPARy to activate the 

transcription of genes, as ligands of PPARs alone would not induce nuclear 

translocation of RXRs. Interestingly some expression of oestrogen receptors has 

also been reported to occur in the nuclei of cells 

However, other reports suggest that PPARy translocates to the nuclei of cells on 

ligand binding (Figure 1.8) This was shown in MCF-7 and MDA MB 231 

breast cancer cells treated with y-linolenic acid Treatment of both cell types 

with 75 jiM fatty acid resulted in translocation of PPARy to the nucleus within 30 

minutes Within 6 hours of exposure, the majority of PPARy was seen in the 

nuclei of both cell lines, with a concurrent reduction in cytoplasmic staining 

This agrees with data showing that treatment of CV-1 cells with IS-deoxyA'̂ '̂ "*-

prostglandin J2 activates PPARy, which induces transcription of its target genes 

within 2 hours of treatment and that this is maximal within 7 hours of treatment 

A thiazolidinedione, rosiglitazone, is also able to activate PPARy within 2 hours in 

CV-1 cells Bisphenol A diglycidyl ether (BADGE), which has been shown to 

be an agonist PPARy, has also been shown to induce nuclear translocation of 

PPARy in the endothelial cell line ECV304 

5.3 Ligand-activated PPARs dimerise with multiple partners 

On ligand binding, PPAR receptors heterodimerise with other members of the 

nuclear hormone receptor super-family (Figures 1.5 and 1.8). Nuclear hormone 

receptors tend to be promiscuous and are able to dimerise with more than one other 

partner, or homodimerise. PPARs cannot homodimerise or heterodimerise with 

RARs, but preferentially heterodimerise with RXRs and also form heterodimers 

with liver X receptors (LXRs) There is thought to be cross-talk between the 

PPAR and thyroid hormone receptor signalling pathways Cross-talk has 

also been reported between the oestrogen receptor and PPAR pathways in the duck 
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although no evidence of this in humans has been reported. Little is known 

about which isoforms of PPARs dimerise with which isoforms of RXRs, although 

it is known that RXRa is capable of heterodimerising with PPARa and PPARy and 

RXRP is capable of dimerising with PPARa '''2.229,230 

The PPARy/RXRa heterodimer has been shown to be asymmetric, with the PPARy 

ligand binding domain rotated by 10° in respect to that of RXR The majority of 

the heterodimer interactions occur through helix 10 of each of the receptor, which 

correspond to residues 432-447 in PPARy and 415-434 in RXRa The 

asymmetry of the dimer results in a positively charged region on RXR packing 

against a negatively charged region of PPARy and these interactions are stabilised 

by the formation of a salt bridge These additional interactions increase the total 

dimerisation interface and explain the preferential formation of the PPAR/RXR 

heterodimer over the formation of homodimers 

5.4 Activated PPAR/RXR heterodimers bind to specific response elements 

PPAR/RXR heterodimers bind to PPAR response elements (PPREs) in the DNA 

sequence. PPREs are typically arranged as direct repeats of motifs separated by 1 

spacer nucleotide, known as DRl elements Nucleotide spacing between the 

response elements repeats serve as a determinant of the specificity of binding by 

different nuclear hormone heterodimers DRl elements that bind PPAR/RXR 

can be either perfect or imperfect repeats. The PPRE of the Aco gene is a DRl 

element with perfect RG(G/T)TCA repeat motif (AGGACA(A)AGGTCA) and is 

one of the least promiscuous of binding elements However, the PPRE of 

apoAI gene is also DRl element with a perfect RG(G/T)TCA repeat motif 

(AGGGCA(G)GGGTCA) and can bind other heterodimers, such as RAR/RXR 

DRl elements with imperfect RG(G/T)TCA motifs include PPREs in the apoB 

and a 1-anti-trypsin genes DRl elements with purine or thymidine residues as 

the spacer nucleotides, are suitable for PPAR/RXR binding and adenine as the 

spacer nucleotide allows the strongest binding DRl elements are found in the 
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upstream promoters of target genes and the 5' flanking regions around these 
O T7 O T T 

elements determine heterodimer affinity 

The PPARy2/RXR heterodimer has been shown to induce bending of DNA on 

binding to its response element This was seen with the unique response 

element in the murine lipoprotein lipase promoter and resulted in the DNA bending 

by 46° Parallel studies using an artificial response element also showed that the 

DNA was distorted by binding of PPARy2/RXR heterodimers, but in this case the 

distortion was 56° This indicates that PPARy2 uses a common mechanism 

shared by other members of the nuclear receptor superfamily which also induce 

DNA bending at their DNA binding sites 

RXR can heterodimerise with PPARs and other members of the nuclear receptor 

superfamily. These heterodimers can be permissive or non-permissive 

RAR/RXR heterodimers are non-permissive and this is because in some cases 

RAR prevents RXR ligands from binding to RXR In other cases, RXR ligands 

can only bind to their receptor on activation of RAR This is because RAR 

activation results in the recruitment of co-activators and a change in the allosteric 

interactions between RAR and RXR, thus permitting RXR ligands to bind In 

contrast, PPAR/RXR heterodimers are permissive This is because RXR 

ligands can bind to RXR within PPAR/RXR heterodimers with high affinity and 

allow RXR-specific transactivation 

5.5 Ligands of PPARs and RXRs can act synergistically 

Activation of PPAR-RXR heterodimers can be maximised when both receptors are 

bound by their respective ligands Simultaneous treatment of liposarcoma cells 

with both PPAR and RXR ligands has been shown to increase cell differentiation 

Combinations of troglitazone and dl\-trans retinoic acid in MCF-7 breast 

cancer cells synergistically and irreversibly inhibit cell growth and induces 

apoptosis and rosiglitazone and 9-cis RA synergistically inhibit the growth of 

leukaemia cells Synergistic transactivation may occur by each sub-unit of the 

dimer contacting different components of a common co-activator complex or by 
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each receptor activating a different co-activator complex It is known that 

the ligand-dependent transcriptional transactivation site, AF-2, in RXR is not 

required for this synergy This is because inactivation of RXR AF-2 has no 

effect on the ability of PPAR/RXR to respond to rosiglitazone, whereas inactivation 

of the PPARy AF-2 domain transforms the heterodimer permissive for RXR 

signalling into a non-permissive heterodimer This suggests that binding of a 

ligand to RXR induces a conformational change throughout the dimer, which 

facilitates transactivation by PPARy This conformational change also increases 

the recruitment of co-activators by the heterodimer 

5.6 Co-activators and co-repressors 

5.6.1 Co-activators 

PPAR-RXR heterodimers and RXR-RXR homodimers interact with DNA and 

through DNA binding proteins known as co-activators, and non-DNA binding 

accessory proteins (Figure 1.5). Co-activators are thought to interact with the 

D-box motif at the base of the second zinc finger in the nuclear hormone receptor 

DNA binding domain Non-DNA binding accessory proteins may act as 

"bridging factors" between the basal transcription machinery and the nuclear 

receptors Co-activators function by forming a bridge with the basal 

transcription machinery and confer a local increase in histone acetylation 

PPAR and RXR function separately within the heterodimer conformation to recruit 

co-activators. Activation of the PPAR-RXR heterodimer by RXR ligands induces 

the recruitment of pi 60 coactivators, whereas PPARy ligands exclusively recruited 

the DRIP205 co-activator complex to PPARy, but not pi60 proteins 

5.6.1.1 pl60 proteins 

The co-activator complex, which binds to the PPAR/RXR heterodimer, contains 

cAMP responsive element binding protein (CREB) binding protein (p300/CBP) 

It also contains three pi60 proteins, one of which is steroid receptor co-activator 

32 



1/nuclear co-activator 1 (SRCl/NcoAl) The second pi60 protein is known as 

transcriptional intermediary factor-2 (TIF2) in humans and glucocorticoid 

receptor interacting protein/nuclear co-activator 2 (GRIPl/NcoA2) in mice The 

other pi 60 protein in the co-activator complex in humans is called activator of the 

thyroid and retinoic acid receptor/receptor associated co-activator 3/amplified in 

lareaua (xmcer 1/TR acfiT/ator irwaleciile 1 

The mouse homologue of ACTRTRACS/AIBl/TRAMl is called p300/CBP co-

integrator associate protein or p/CIP ACTR/RAC3/AIB1/TRAM1 is also 

known as PPAR interacting protein (PRIP) and contains two LXXLL motifs, of 

which one at amino acid position, 892-896 is able to bind PPARy PRIP is 

ubiquitously expressed in and is able to potentiate the transcriptional activity of 

PPARy and RXRa in mammalian cells 

CBP/p300 binds to PPARy in both a ligand-dependent and -independent manner, at 

two docking sites in its N-terminal region at residues 1-113 and 1099-1460 

CBP/p300 constitutively binds PPARy, but on activation by a ligand, the co-

activator binds to PPARy at the second binding site CBP/p300 possesses 

intrinsic histone acetyltransferase activity and is therefore thought to influence the 

chromatin structure and also estabhsh a contact between nuclear receptors such as 

PPARy and the basal transcription machinery . It has also been shown to be 

associated with RNA polymerase II via RNA helicase A and is also known to 

bind to other nuclear hormone receptors These include retinoid X receptors 

and PPARa CBP/p300 acts as a platform for a large number of proteins, 

including CBP/p300 associated factor (p/CAF), another histone acetyltransferase 
261 . p/CAF also interacts with SRC-l/NcoR-1 at its N-terminal and another domain 

on the protein interacts with p/CIP/ACTR/RAC3/AIB-1/TRAM-1 252 

pi60 proteins have highly conserved interaction domains and contain 3 repeated 

motifs of the consensus sequence, LXXLL These are also known as NR 

(nuclear receptor) boxes and are involved in direct interaction with the ligand 

binding domain of the receptor pi 60 proteins interact with PPARy in a hgand-

dependent and -independent manner and also with CBP/p300 through one of the 

transactivation domains Like the other co-activators, pi60 
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proteins possess histone acetyltransferase activity and can co-activate 

synergistically with CBP/p300 . Amino acid residues in helix 3 (K301), helix 4 

(V315), helix 5 (Y320) and helix 12 (L468 and E471) on PPARy are essential for 

ligand induced co-activator interaction of CBP/p300 and SRC-l/NcoA-1 with 

PPARy 

5.6.1.2 PPARy co-activator-1 (PGC-1) 

PGC-1 is a co-activator of PPARy, which is induced on exposure to cold 

temperatures in thermogenic tissues such a brown fat and skeletal muscle It 

is not a histone acetyltransferase, but is thought to exist in a complex with 

CBP/p300 and SRC-l/NcoA-1 It binds to SRC-l/NcoA-1 at residues 782-

1139, which encompasses the binding sites for CBP/p300 and p/CAF The 

binding of PGC-1 to PPARy has been described as the "spring trap model" by 

Puigserver et al., In this model, PGC-1 has low transcriptional activity and 

ability to complex with other co-activators, when it is not bound to PPARy On 

ligand binding, there is a change in conformation of PPARy allowing PGC-1 to 

bind and increases its ability to enhance transcription and complex with CBP/p300 

and SRC-1 PGC-1 also increases the transcriptional activity of PPARy and the 

expression of key enzymes in the respiratory chain 

5.6.1.3 PPARy binding protein (PBP) 

PPAR binding protein (PBP) is ubiquitously expressed, but highly expressed in the 

germinal epithelium of mouse testis It serves as a co-activator of PPARy and 

other nuclear hormone receptors, including PPARa and RXR in a ligand-dependent 

manner However, PBP only modestly increases PPARy transcriptional activity 

256 pgp contains two LXXLL motifs, which are required for binding of cofactors 

to nuclear hormone receptors and binds to the 12 C-terminal amino acids of PPARy 

It is known that PBP does not interact with SRC-1, but any interactions with 

CBP/p300 have yet to be investigated 
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5 .6 .1 .4 Other co-activators 

A range of other co-activators bind to PPARs including thyroid hormone receptor-

associated protein 220 (TRAP220) DRIP205 complex nuclear receptor 

binding factors 1 and 2 (NRBF-1 and NRBF-2) and androgen receptor co-

activator, ARA70 TRAP220 is recruited to the ligand binding domain of 

PPARy on ligand binding through one LXXLL motif in the AF-2 region 

TRAP220 anchors a complex of 14-16 proteins to PPARy and also recruits 

RNA polymerase II to the site.of transcription DRIP205 is a distinct, multi-

subunit coactivator complex containing TRAP220 and other co-activators 

DRIP205 binds directly to PPARy, but not RXR, in a ligand-dependent manner 

NRBF-1 and NRBF-2 interact with several nuclear receptors, including 

PPARa . Both the hinge and ligand-binding domains of PPARa are required for 

the interaction with NRBF-1, which seems to be translocated to the nucleus by a 

"piggyback" mechanism, together with PPARa ARA70 is expressed in a wide 

range of tissues including adipose tissue It interacts with PPARy in the absence 

of the 15dPGJ2, although the addition of exogenous ligand enhances this interaction 

This suggests that there is some cross-talk between the androgen and PPAR 

signalling pathways 

5.6.2 Co-repressors 

Receptor interacting protein 140 (RIP 140) is a co-repressor of PPARs and binds to 

the C-terminal of the proteins Ligands of PPARs enhance the interaction of 

RIP 140 with PPARa and PPARy in solution but not with PPAR/RXR heterodimers 

on DNA however RIP 140 does bind efficiently to PPARa in the absence of any 

added ligand In contrast, RIP 140 only interacts with RXR in the presence of 9-

cis retinoic acid Binding of RIP 140 and co-activators such as SRC-1 to nuclear 

receptors is competitive and RIP 140 is thought to antagonise receptor activity in 

mammalian cells and specifically down-regulate coactivation mediated by 

SRC-1 Nuclear co-repressor/silencing mediator for retinoid and thyroid 
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receptors (NcoR/SMRT) is a strongly interacting co-repressor for many nuclear 

receptors, including retinoic acid receptors and thyroid hormone receptors, 

however, it only weakly interacts with PPARy and RXR This is consistent with 

the fact that PPARs lack conserved co-repressor boxes to which N-COR would 

bind, seen in other members of the nuclear receptor family 

6 Regulation of PPAMs 

PPARs can be regulated by a variety of factors, including hgand-binding, 

interactions with both co-activators and co-repressors binding to DNA, 

phosphorylation and interactions with heat shock proteins. PPARa has also been 

shown to be inhibited by growth hormone Growth hormone stimulates Janus 

kinase-signal transducer and activator of transcription 5b (JAK2/STAT5b) and this 

inhibited PPARa-dependent transcription by up to 80-85 % It is thought that 

STAT5b may act through an indirect inhibition mechanism, such as competition for 

an essential PPARa coactivator or STAT5b-dependent synthesis of a more 

proximal PPARa inhibitor 

6.1 Regulation of PPARs by PPAR ligands 

6.1.1 Up-regulation of PPAR/ 

Some thiazolidinediones have been shown to up-regulate the expression of PPARy 

276,277 Xroglitazone was shown to increase PPARy mRNA and protein expression 

in hepatocytes, whereas ciglitazone, rosiglitazone, ISdPGJz and other ligands of 

PPARs had no effect Troglitazone is therefore thought to regulate PPARy at 

the level of gene expression in these cells and is not thought to induce an increase 

in protein stability Likewise pioglitazone was shown to increase the levels of 

PPARy mRNA and protein expression in pre-adipocytes, however, it down 

regulated PPARy expression in mature adipocytes Interestingly, retinoic acid 

receptor mRNA expression is also increased on treatment with its ligands 
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6.1.2 Down-regulation of PPARy 

In contrast to the results seen in hepatocytes troglitazone, rosiglitazone and 

ISdPGJa have also been shown to reduce the expression of PPARy mRNA in 3T3-

L1 adipocytes Recent data published by Hauser et ai, also suggest that 

the PPARy protein may be regulated by feedback system, whereby ligand-induced 

activation of the receptor results in degradation of the protein. Interestingly, 

degradation of PPARy correlates well with the ability of PPARy ligands to activate 

this receptor and is seen on treatment of fibroblasts and adipocytes with both 

natural and synthetic ligands of PPARy, but not PPARa The non-

phosphorylated form of PPARy is preferentially lost, however, the phosphorylated 

form of PPARy is not degraded 

Ligand-induced activation of PPARy results in ubiquitin-dependent degradation of 

the protein at the proteasome Ubiquitination involves attachment of ubiquitin 

to lysine residues in the protein to be degraded, by three enzymes, ubiquitin-

activating enzyme (El), ubiquitin-conjugating enzyme (E2) and ubiquitin protein 

ligase (E3) The ubiquitinated protein is then delivered to the proteasome where 

it is degraded Ubiquitination has already been shown to be involved in the 

turnover of other nuclear hormone receptors, including thyroid hormone receptors 
Q O O ̂  0 

and retinoic acid receptors . PPARy is ubiquitinated on ligand binding and 

this degradation is dependent on the conformation of the AF-2 domain and may 

involve co-activators It is possible that one or more proteins in the ubiquitin 

pathway are able to bind to the AF-2 domain only in the ligand-bound 

conformation However, RIP 140, a ligand-dependent co-repressor of PPARy 

blocks ubiquitination of the protein and therefore ligand binding is not the only 

prerequisite for ubiquitination, and it is thought that ubiquitination of PPARy is 

closely associated with a transcriptionally active form of the receptor 
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6.2 Phosphorylation of PPARa andPPARy 

Phosphorylation has been shown to be important in the regulation of nuclear 

hormone receptors including the progesterone receptor and retinoic acid receptor 

Likewise, PPARa is a phosphoprotein, which can be phosphorylated by 

treatment of cells with insulin Treatment of rat adipocytes and CV-1 cells, with 

insulin induced a time-dependent increase in phosphorylation of PPARa and a 

three-fold increase within 30 minutes This change in phosphorylation enhanced 

the transcriptional activity of PPARa two-fold and may explain some of the 

cross-talk between insulin signalling and PPAR activity. PPARa is also 

phosphorylated by p38 MAPK in A/B N-terminal region in response to stress 

stimuli and this also significantly enhanced ligand-dependent transactivation by 

PPARa 

In contrast, the activity of PPARy is reduced or inhibited by phosphorylation by 

protein kinases. Mitogen-activated protein kinases (MAPKs) including extra-

cellular signal regulated kinases (ERKs) have been shown to phosphorylate 

PPARy 1 and PPARy2 PPARy 1 has also been shown to be strongly 

phosphorylated by c-Jun N-terminal kinase (JNK) and weakly by p38 MAPK 

Both basal and ligand-dependent transcription induced by PPARy is down 

regulated on phosphorylation of PPARy The N-terminal of PPARy 1 and 

PPARy2 contain a consensus MAP kinase site (PX%P) at serine '̂* of PPARy 1 and 

serine"^ of PPARy2 in humans Phosphorylation of this residue by 

activated MAP kinases significantly inhibits ligand-dependent and ligand-

independent transcriptional transactivation Mutation of serine 84 to alanine 

results in increased transcriptional activity and adipogenic activity of the receptor 

It is thought that phosphorylation of serine 84 acts to prevent interaction of 

PPARy with co-activators and accessory proteins, as it does not affect stability or 

DNA binding The prostaglandin F2 is also thought to negatively regulate 

PPARy through an indirect mechanism involving MAP kinase Inhibitors of 

MAP kinase, such as PD89059 have also been shown to increase transcriptional 

activity of PPARy and in combination with PPARy ligands such as troglitazone 
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6.3 Interactions with heat shock proteins 

Rat PPAR has been shown to co-precipitate with the heat shock protein, Hsp72, in 

a clofibric acid-dependent manner It has been suggested that Hsp72 may be 

involved in the folding of PPARs, sub-cellular localisation or the signalling 

pathways of PPARs However, no reports of interactions between other heat 

shock proteins and PPARs have been described in human cells and neither have 

any interactions between PPARs and Hsp72 been reported in response to ligands of 

PPARy. Other members of the nuclear receptor superfamily have been shown to 

interact with hsp90 and other minor species 

7 Involvement of PPAR a and PPAR/3 in normal cell function and human 

disease 

7.1 Normal cells 

Activated PPAR-RXR heterodimers and co-activators activate transcription of 

genes through the transcription initiation complex. Many of these target genes are 

known to involved in lipid metabolism although there are a few genes involved 

in cell cycle control whose transcription is induced by PPAR activators 

Peroxisome proliferators have been shown to induce oncogenes such as c-jun and 

c-myc and their ability to induce these genes correlates with tumour-promoting 

potential Other activators of PPARa such as Wy-14643 are known to 

induce the oncogenes c-fos and junBlttg-l 

Target genes of PPARa include those encoding enzymes in the peroxisomal P-

oxidation pathway This pathway includes enzymes whose activities are up-

regulated in response to peroxisome proliferators, such as acyl Co A oxidase and 3-

ketoacyl-CoA thiolase The increased activities are due to increases in the 

rates of gene transcription Acyl CoA oxidase has a well-characterised PPRE in 

its promoter whereas no functional PPRE has been identified in the ketoacyl-

CoA thiolase gene promoter Genes encoding proteins belonging to the family 
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of cytochrome f-450 IV enzymes are also targets of PPARa and their activity is 

related to rates of transcription These enzymes catalyse the m-hydroxylation of 

substrates v̂ ĥich include fatty acids and prostaglandins and their promoters 

also contain functional PPREs The processes of ketogenesis and mitochondrial 

p-oxidation are examples of other processes enhanced by increased transcription 

rates due to the action of peroxisome proliferators PPARa controls the 

activity of (3-hydroxy-3-methylglutaryl coenzyme A) HMG-CoA synthase, an 

important ketogenesis enzyme and is also known to be involved in activation of 

cytosolic proteins, such as fatty acid binding proteins and malic enzyme 

7.2 Cancer 

PPARa is involved in peroxisome proliferation and the development of hepatic, 

pancreatic and testicular cancers in rodents but activation of PPARa has 

also been shown to inhibit the promotion of skin tumours and colorectal cancer 

in mice. Activation of PPARa has not been associated with peroxisome 

proliferation and the development of cancers in humans However, PPARa is 

either not expressed or is weakly expressed in normal prostate epithelial cells, 

whereas is it highly expressed in poorly differentiated prostate carcinomas 

Little is known of the function of PPAR|3 in normal cells, although it has been 

implicated in embryo implantation and the regulation of other PPARs 

However in 1999, a link between PPARp and colon cancer was established 

PPARp is a negative target of the APC gene, which is mutated in familial 

adenomatous polyposis, an inherited disease characterised by numerous colorectal 

adenomas It is also antagonised by a non-steroidal anti-inflammatory drug 

(NSAID), which is known to suppress colorectal tumourigenesis Genetic 

disruption of the PPARp gene has also been shown to reduce the tumourigenecity 

of human colon cancer cells As well as being shown to be over-expressed in 

many colorectal cancers, with normal tissue expressing lower levels of the isoform 

313, 314̂  PPARp has been shown to be highly expressed in uterine endometrial 

adenocarcinomas 
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8 Involvement of PPARy in normal cellfunction and human disease 

8.1 Lipid metabolism, lipid storage, obesity and diabetes 

PPAR-induced transcription is involved in both intracellular and extracellular 

metabolism of triglyceride-rich lipoproteins. High density lipoprotein contains 

both Apo I and Apo II, which are involved in cholesterol transport from the liver to 

the tissues and are important in prevention of atherosclerosis Both proteins 

have functional PPREs in their promoters and are synthesised as a result of PPAR-

induced transcription Within cells, enzymes involved in the process of 

lipoprotein metabolism, e.g. lipoprotein lipase (LPL), are also activated through the 

action of fatty acids and fibrates on a PPRE in the LPL gene promoter PPAR-

mediated transcription is also involved in fatty acid transport within cells through 

genes such as acyl CoA synthetase (ACS), which esterifies fatty acids ensuring 

they remain within the cell and several proteins involved in this process, 

including ACS, have PPREs in their promoters 

PPARy has been shown to be important in the storage of lipids and along with 

CAAT enhancer binding protein (C/EBP) and adipocyte determination and 

differentiation factor/sterol-response element binding protein (ADD-l/SREBP-1), 

promotes the differentiation of adipocytes These factors act 

synergistically and it is thought that C/EBP is elevated during the early stages of 

adipocyte differentiation in response to adipogenic factors, such as insulin and 

glucocorticoids C/EBP then induces the expression of PPARy which is 

the central trigger for adipogenesis, which acts to stimulate the uptake of glucose 

and fatty acids and their conversion to triglycerides An excess of adipose tissue 

leads to obesity, whereas its absence is associated with lipodystrophic syndromes 

In the fasting state, the expression of PPARy is decreased and the expression of 

PPARa is increased, resulting in lipolysis and fatty acid oxidation. 

Both PPARy and SREBP-1 are regulated by insulin and PPARy is 

phosphorylated on treatment of cells with insulin In diabetes, a lack of insulin 
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may lead to a reduction in the expression of PPARy, resulting in a decrease in the 

glucose and fatty acid uptake, leading to hyperglycaemia It is somewhat 

contradictory that PPARy orchestrates adipocyte differentiation and yet 

thiazolidinediones, which are ligands of PPARs, have been used to treat insulin 

resistance, which occurs on excess adipogenesis and obesity However, adipose 

tissue is required for a patient to respond to insulin, as patients lacking adipose 

tissue can be severely insulin resistant Thiazolidinediones are thought to 

mediate their effects on insulin sensitivity through PPARy, as receptor activation 

correlates with this ability 

Several amino acid substitutions involving insulin insensitivity and obesity within 

the human PPARy gene have been described, including P12A and P115G. The 

substitution of alanine'^ for proline'^ is the most common substitution found 

It is associated with reduced receptor activity, increased insulin insensitivity 

and a lower body-mass index The Proline"^-Glycinesubstitution, which is 

in the MAP kinase target sequence of PPARy, has been associated with changes in 

body mass indices and is a rare cause of morbid obesity This mutation 

prevents the phosphorylation of PPARy at serine"^ leading to increased activity, 

accelerated adipocyte differentiation and severe obesity Two other mutations 

have been described in patients suffering irom severe insulin insensitivity, but not 

obesity Some cases of severe insulin resistance are due to mutations within 

helix 12 of PPARy, which produce a dominant negative protein The mutations 

affect the co-activator docking sites, so that, even on ligand binding, the dominant 

negative PPARy cannot recruit co-activators or release co-repressors, so that it 

cannot activate transcription of its target genes Therefore adipocyte 

differentiation cannot occur and the patient develops diabetes, severe insulin 

resistance and hypertension at an unusually early age 

8.2 Inflammation 

PPARy is markedly upregulated in activated macrophages and inhibits the 

inflammatory response The expression of interleukins, tumour necrosis factor 

a (TNFa), matrix metalloproteinases and scavenger receptor A are inhibited in 
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macrophages and monocytes treated with natural or synthetic ligands of PPARy 

PPARy has also been shown to reduce non-lipopolysaccharide-induced excretion of 

interleukin 2 and interleukin 6 from monocytes Matrix metalloproteinases are 

involved in tissue damage and scavenger receptor A has a role in cell adhesion 

during inflammation The promoters of these genes contain binding sites for the 

transcription factors, AP-1, NFKB and STAT-1, and the inhibition of inflammation 

is thought to occur in part by PPARy antagonising the activities of the transcription 

factors AP-1, STAT and NFKB However, the concentrations of ligands of 

PPARy required to modulate cytokine production through antagonism of NFKB far 

exceed those required to activate the receptor, and it has been suggested that 

additional PPARy pathways may be involved Another link between PPARy 

and inflammation is that NSAIDs are ligands of PPARy, as well as PPARa and 

it is thought that part of the anti-inflammatory effects of NSAIDs are mediated 

through PPARs. 

PPARy is undetectable in circulating monocytes, but activation of monocytes with 

a combination of PPAR and RXR ligands, results in the expression of the cell 

surface marker, CD 14, which is a marker of monocyte differentiation 

However, PPARy expression itself, is only seen several hours post-differentiation 

of the monocytes and RXR may be the more important transcription factor in this 

process PPARy-mediated transcription also has a negative effect on T-

lymphocyte activation, through inhibition of interleukin-2 (IL-2) expression 

The transcription factor NFAT plays a role in IL-2 expression, which in turn 

governs most of the early lymphocyte proliferation responses Activated PPARy 

directly interacts with NFAT and down-regulates the IL-2 promoter, resulting in the 

inhibition of T-lymphocyte activation 

8.3 Atherosclerosis 

PPARs have been implicated in inflammation and the development of 

atherosclerosis. Atherosclerosis is a complex disease characterised by a gradual 

build-up of lipids in the arterial wall, known as atherosclerotic plaques These 

plaques can rupture leading to the sudden obstruction of blood-flow. The 
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development of atherosclerosis involves endothelial dysfunction, chronic 

inflammation, proliferation of smooth muscle cells and the formation of foam cells 

337,338 and PPARy are involved in the inflammatory response and may be 

useful in the treatment of atherosclerosis. PPARy has been shown to reduce the 

expression of the metalloproteinase, MMP-9, which is important in destabilisation 

of atherosclerotic plaques The anti-inflammatory effects of PPARy, including 

inhibition of inflammatory cytokines known to be involved in the progression of 

atherosclerotic lesions, may be beneficial in the treatment of atherosclerosis 

However, PPARy stimulates the uptake of oxidised low density lipoprotein 

(oxLDL) by enhancing expression of the scavenger receptor, CD36, which is 

important in the formation of foam cells OxLDL and some of its 

metabolites have also been shown to induce PPARy, which would initiate a positive 

feedback loop, leading to increased expression of CDS 6, oxLDL uptake and further 

foam cell formation Therefore, ligands of PPARy have potential as 

treatments of atherosclerosis and other inflammatory diseases such as rheumatoid 

arthritis but all the effects of these ligands on cells needs to be elucidated before 

they can be developed further. 

8.4 Cancer 

8.4.1 Expression in cancer cells 

PPARy is expressed at high levels in some cancer cell lines and primary tumours 

including those of colon lipo sarcoma breast gastric and lung as 

well as in the corresponding normal tissue. However, prostate cancer cells express 

high levels of PPARy, whereas the normal tissue had very low expression levels 

Human neuroblastoma cell lines and primary tumours have been shown to express 

high levels of PPARy, however the expression of the protein decreases with 

advanced stages of the disease Interestingly, human neuroblastoma cell lines 

have been shown to express very different levels of PPARy 
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Mutations and polymorphisms have been found in some cancer cell types, although 

PPARy null cells have been shown to be embryonic lethal These 

mutations include somatic loss-of-function mutations in sporadic colorectal 

carcinomas (detailed below) and somatic translocation of PAX8 and PPARy in 

follicular thyroid carcinoma, but not other related cancers The PAXSPPARyl 

translocation results in the formation of a dominant negative PPARy protein, which 

is proposed to be involved in the development of this cancer Over-

representation of a PPARy variant, H449H, has also been found in patients with 

glioblastoma multiforme and it has been suggested that PPARy contributes 

common, low-penetrance alleles for cancer susceptibility The PPARy variant, 

P12A, was shown to be under-represented in renal cell carcinoma patients, but in 

contrast, the H449H variant was over-represented in endometrial carcinoma 

8.4,2 Activation of PPARy has potential as anti-cancer therapy 

Activation of PPARy in cancer cells results in inhibition of cancer cell growth 

182. 241, 242, 290, 346 PPARy-induccd growth inhibition has been shown to occur 

through mechanisms including differentiation apoptosis and 

more recently shown, autophagy or type II programmed cell death This has 

been mainly achieved by using 15-deoxyA^^'''^-prostglandin J2 (ISdPGJz), the 

natural ligand of PPARy phenylacetate or the thiazolidinediones The 

exact mechanisms by which PPARy induces growth inhibition in cancer cells are 

unclear. However pre-adipocytes, which express PPARy, differentiate on treatment 

with PPARy ligands and this is associated with loss of DNA binding for the 

growth-related E2F/DP transcription complex and exit from the cell cycle at Gi 

This is because activation of PPARy decreases the expression of the catalytic sub-

unit of the serine-threonine phosphatase, PP2A, and as a consequence, the 

phosphorylation of E2F/DP is increased, reducing binding to DNA and 

transcriptional activities of the protein complex It is therefore thought that 

PPARy ligands could have potential as a non-toxic therapy for treating cancers. 

This is because the natural ligand 1 SdPGJz exists in cells and would not be toxic 
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and TZDs, although having some side effects would be an improvement on current 

treatments, such as chemotherapy, which have many side effects. 

The role of PPARy in colon cancer is less clear, however, as conflicting reports on 

the effect of PPARy-induced transcription in colon cancer cells have been 

published. Sarraf et al., and Brockman et al, reported that PPARy is highly 

expressed in colon cancer cells and that activation of PPARy using troglitazone 

resulted in cell growth arrest, cellular differentiation and the slowing of tumour 

cells grown in Swiss nude mice. However, in a mouse model of familial 

adenomatous polyposis coli and sporadic colon cancer (C57BL/6J-APC'"'7+ mice), 

activation of PPARy resulted in the growth of tumour cells being promoted 

1 SdPGJ] has also been linked to the proliferation of a cyclo-oxygenase depleted 

human colorectal cancer cell line, but it is not known whether this occurs by a 

PPARy-dependent or -independent mechanism 

Another twist in the complex involvement of PPARy in colon cancer was found 

when Sarraf et al, reported that four somatic mutations were found in primary 

colon tumours. These include a nonsense mutation, a frame-shift mutation and two 

mis-sense mutations, each of which impaired the function of the protein Three 

of the mutations (c.472delA, Q286P and K319X) affected the ligand binding 

domain and the fourth mutation, R288H, decreased binding of PPARy to DNA and 

therefore, transcription These results confirm previous work by Sarraf et al., 

and Brockman et al., and suggest that PPARy is important in sporadic colon 

cancer. The high frequency of genetic alterations in RAS in colon cancer can also 

lead to inhibition of PPARy, through hyper-activation of kinase pathways 

leading to hyper-activation of MAP kinase and inhibition of PPARy activity 

through direct phosphorylation Therefore, it is important to establish the 

precise roles of PPARy in tumour growth and tumour cell death, before any ligands 

of PPARy would prove usefiil as anti-oncogenic treatments. 
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8.4.3 Activated PPARy induces a variety of cellular responses in cancer cells 

Activation of PPARy has been shown to induce the differentiation of some cancer 

cell types. These include liposarcomas and neuroblastomas which have 

been shown to express markers of differentiation on treatment with ligands of 

PPARy. Liposarcomas undergo terminal differentiation in response to pioglitazone, 

characterised by accumulation of intracellular lipid, induction of adipocyte-specific 

genes, and withdrawal from the cell cycle Troglitazone was also shown to be 

successful in differentiating liposarcomas in clinical trials, as it reduced markers of 

cellular proliferation and increased lipid accumulation The level of NMYC 

expression decreases in neuroblastoma cell lines treated with ISdPGJz and 

phenylacetate and this has previously been shown to occur on differentiation of 

neuroblastoma cells with retinoic acid The cells also extended their neurites 

and increased acetylcholinesterase activity, which are also markers of 

neuroblastoma cell differentiation Differentiation of neuroblastoma cells has 

been suggested as a mechanism for the regression of Stage IVS neuroblastoma and 

therefore, if PPARy ligands induced differentiation then they would have potential 

as neuroblastoma therapies 

PPARy-induced apoptosis (type I programmed cell death) has been observed in 

many types of cancer cells including breast cancer, non-small cell lung cancer, 

gastric cancer and choriocarcinoma cells Apoptosis occurs 

during embryonic development, regulation of immune responses and at the end of 

the lifespan of normal cells Apoptosis involves several processes including the 

release of cytochrome C from mitochondria, the activation of caspases, the 

activation of an endogenous endonuclease that cleaves intemucleosomal DNA and 

specific morphological changes in the cytoplasm and cell nucleus (Figure 

1.9). These include contraction of cellular volume, chromatin condensation, 

fragmentation of the nucleus and the formation of apoptotic bodies In 

cancer cells in which PPARy ligands induce apoptosis, activation of PPARy would 

seem to be an ideal treatment, as apoptosis would result in the destruction of the 

tumour cells and without invoking an inflammatory response. Apoptosis has also 

been seen in neuroblastoma cells and cortical neurones treated with 1 SdPGJz 
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PPARy was also cleaved in these cells and Rohn et al., suggested that PPARy is 

therefore a target of caspases. 

Another form of programmed cell death, Type II or autophagy has also been shown 

to be induced through activation of PPARy by 15-deoxyA'^''^-prostglandin J2 in 

prostate cancer cells Autophagy occurs naturally and is involved in processes 

such as cellular ageing and remodelling during differentiation Autophagy 

involves the destruction of cytoplasm and organelles within the cell by fusion with 

the lysosomes, which eventually results in cell death (Figure 1.10) Once 

autophagy is triggered, the rough endoplasmic reticulum envelops parts of the 

cytoplasm and organelles, including mitochondria and forms double-membrane-

bound vacuoles, called the nascent autophagic vacuoles or autophagosomes 

These vacuoles then fuse with pre-existing lysosomes and golgi bodies to form 

single membrane-bound vacuoles called degradative vacuoles or autolysosomes 

Autolysosomes fuse with late endosomes or lysosomes to destroy the vacuolar 

contents Both autophagosomes and autolysosomes contain hydrolases, but 

only the degradative vacuoles contain acid phosphatases It was initially 

thought that autophagy and apoptosis were distinct processes but has since been 

shown that they overlap and that cells undergoing autophagy are more likely to 

apoptose It is possible that ligands of PPARy may cause autophagy in cancer 

cells other than prostate cancer cells and this too would be a suitable treatment, as 

autophagy, like apoptosis, would not invoke an inflammatory response and would 

hopefully be specific for tumour cells. 

Another important mechanism in the development of tumours, which involves 

PPARy, is angiogenesis. Angiogenesis is the formation of new blood vessels from 

pre-existing blood vessels and is important in the pathology of diabetes, rheumatoid 

arthritis and cancer. Angiogenesis was originally described by FoUcman in 1971 

and is thought to be important in the maintenance of solid tumour cell growth and 

metastasis, as growing cells require factors such as oxygen, which can only be 

accessed from a local capillary network It is thought that by inhibiting 

angiogenesis, tumour cells will be unable to respire, divide or metastasise 
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1. Autophagic cell death is triggered. 

2.The endoplasmic reticulum envelopes mitochondria and cytoplasm. 

3.The endoplasmic reticulum forms a double-membrane vacuole around the 

cellular contents, called an autophagosome. 

4.The autophagosome matures and becomes a single-membrane bound 

autolysosome. 

5.The autolysosome fuses with a lysosome to degrade the cellular contents. 

Figure 1.10 Overview of the process of autophagy. Autophagy is a form of 

programmed cell death, which is distinct from apoptosis, as it lacks 

DNA laddering, the nucleus remains virtually intact and the cells do 

not fragment into apoptotic bodies. In autophagy, the cytoplasm and 

organelles are sequestered into vacuoles, are destroyed by lysosomal 

degradation. 
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Human umbilical vein endothelial cells (HUVECs) have been shown to express 

PPARy and treatment of these cells with ISdPGJz m vzYro, results in growth arrest 

and inability to form new blood vessels PPARy-induced transcription in 

HUVECs results in increased expression of plasminogen activator inhibitor-1 

mRNA and reduced expression of vascular endothelial growth factor (VEGF) 

receptor 1 and 2 and urokinase plasminogen activator (uPa) mRNA VEGF 

receptor-1 functions as a transducer to signal endothelial cell proliferation and 

VEGF receptor-2 is involved in endothelial cell morphogenesis, both of which are 

required for angiogenesis It has also been shown that the production of 

proteases, such as uPa is correlated with degradation of the endothelial cell matrix 

and endothelial cell migration, which are also important in the angiogenic process 

PPARy-induced repression of angiogenesis has also been shown in an in vivo 

model of angiogenesis in the cornea These facts point to the potential of 

PPARy ligands in the treatment of cancer. If these ligands can induce growth arrest 

and cell death, as well as inhibit the formation of a new blood supply for growing 

tumour cells, then they would be a specific and efficient method of treatment. 

8.5 Involvement of PPARy in other diseases 

In recent years the involvement of PPARs, notably PPARy, has been reported in 

many diseases. These include Alzheimer's disease, osteopaenia, hepatitis and HIV, 

which are discussed below. However, PPARs are constantly being reported as 

playing key roles in diseases and this list is not exhaustive, as PPARs have also 

been shown to be involved in skin conditions and diseases of the digestive system. 

For example, troglitazone has been shown to inhibit the proliferation of 

keratinocytes in patients and models of psoriasis and thiazolidinediones 

markedly reduced colonic inflammation in a mouse model of inflammatory bowel 

disease 

8.5.1 Alzheimer's Disease 

Alzheimer's disease is a neurodegenerative disease characterised by extracellular 

deposition of beta-amyloid fibrils within the brain and the subsequent association 
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and activation of microglial cells associated with amyloid plaques ' . This is 

thought to involve inflammatory events and therefore anti-inflammatory drugs have 

been used to treat Alzheimer's disease NSAIDs, which are ligands of 

PPARs have been shown to be efficacious in reducing the incidence and risk of 

Alzheimer's disease and significantly delaying disease progression 

Interestingly, the levels of PPARy are altered in the brains of patients with 

Alzheimer's disease It is thought that NSAIDs bind to and activate PPARy, 

which inhibits the secretion of pro-inflammatory products by microglia and 

monocytes which is responsible for neurotoxicity and astrocyte activation seen in 

Alzheimer's disease It is therefore proposed that ligands of PPARy could be 

novel therapies for the treatment of Alzheimer's and possibly other 

neurodegenerative diseases 

8.5.2 Osteopaenia 

Stromal cells have the ability to convert between an osteoblast and adipocyte 

phenotype, depending on conditions The osteoblast specific gene, 

OsG/Cbfal, is a target gene of PPARy2 and its expression is suppressed by 

PPARy2 activity This suppression of Osf2/Cbafl activity inhibits the 

differentiation of bone marrow cells into osteoblasts and the cells terminally 

differentiate into adipocytes instead This mechanism may be important in 

osteopaenia, as a mouse model of this disease shows increased adipogenesis at the 

expense of osteoblastogenesis, resulting in decreased bone formation and bone 

mass 

8.5.3 Hepatitis B 

Functional PPREs have been described in some viral promoters including the 

hepatitis B virus 1 enhancer prompting suggestions of a link between PPARs 

and hepatocarcinomas as chronic hepatitis B infection can lead to liver cancer. 

PPAR/RXR heterodimers have been shown to interact with a retinoic acid response 

element in the hepatitis B virus promoter and PPAR/RXR heterodimers also 

activated the synthesis of the pre-genomic viral RNA It is thought that 
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appropriate ligands to nuclear receptors may be useful in the treatment of hepatitis 

B virus infection 

8.5.4 m K 

A response element that interacts with multiple nuclear receptors has been 

identified in the long terminal repeat (LTR) of human immunodeficiency virus-1 

(HIV-1), but not in simian immunodeficiency virus (SIV) isolates LTRs are a 

sequence repeated at each end of the integrated retroviral pro-virus generated by the 

mode of insertion It has been suggested that this nuclear receptor responsive 

element (NRRE) may allow HIV-l to utilise other signalling pathways and enhance 

viral adaptation Ciglitazone, a synthetic agonist of PPARy is also able to 

inhibit the replication of HIV-1 in U937 bone derived macrophages, through 

suppressing HIV-1 promoter activity, mRNA stability and affecting the expression 

of HIV-1 genes prompting suggestions that ligands of PPARy may have potential in 

m V therapy 

In conclusion, peroxisome proliferator-activated receptors are involved in many 

cellular processes and in many human disease states. Each isoform has specific 

roles, but it seems that PPARy is most important in human cancers and may be 

involved in neuroblastoma. If so, then there is potential for studying the effects of 

activation of PPARy in neuroblastoma cells, which could lead the way to the 

development of new treatments for the disease. 
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Chapter 2 

Materials and Methods 
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2.1 MATERIALS 

Chemicals were obtained from Sigma-Aldrich (Poole, Dorset, UK) unless 

otherwise stated. a'^P-dATP were acquired from Amersham Pharmacia Biotech 

Limited (Little Chalfont, Buckinghamshire, UK). Tissue culture plastics and 

culture medium were obtained from Invitrogen Limited (Paisley, Scotland). 

Antibodies were obtained from Santa Cruz (Autogen Bioclear UK limited, Calne, 

Wiltshire, UK), CN Biosciences (UK) Limited (Nottingham, UK) Novocastra 

Laboratories (Vector Laboratories Limited, Peterborough, UK) and Upstate 

Biotechnology UK (Botolph Claydon, Buckinghamshire, UK). 

2.2 METHODS 

2.2.1 Bacterial Growth Medium 

2.2.1.1 Lennox L Broth (LB) Medium 

20 g LB medium was dissolved into 1 litre of distilled water and autoclaved under 

standard conditions. Once cooled, LB medium was made into LB""P medium, by 

the addition of ampicillin to give a final concentration of 100 pg/ml. 

2.2.1.2 LB Agar 

Prepared as LB medium with 1.5 % (w/v) agar added prior to autoclaving. When 

agar had cooled sufficiently ampicillin was added to give a final concentration of 

100 pg/ml. 
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2.2.2 G/ycgro/ 

10 ml of LB was inoculated with Escherichia coli cells (DH5a) and 10 ml 

was inoculated with DH5a cells containing vectors. Culture was incubated 

with shaking at 37 °C overnight. 500 pi of overnight culture was mixed 1:1 with 

sterile glycerol and vortexed gently to mix. Stock was stored at "80 °C until use. 

2.2.3 DNA Maxi Preparations 

10 ml cultures of DH5a cells containing vector DNA were grown in were 

incubated with shaking at 37 °C for 6 hours. The cultures were used to inoculate 

500 ml and these cultures were incubated at 37 °C with shaking, overnight. 

Overnight cultures were pelleted at 1800 g for 15 minutes at 4 °C in Sorvall RC-3B 

centrifuge (Kendro Laboratory Products Limited, Bishop's Stortford, Hertfordshire, 

UK). The pellets were resuspended in 4 ml Sucrose-Tris buffer (730 mM sucrose, 

50 mM 7>/5(hydroxymethyI)aminomethane hydrochloride (Tris-HCl)) containing 

188,000 Units of lysozyme. The suspensions were put on ice for 15 minutes, then 

500 mM ethylenediamine tetra-acetic acid (EDTA) was added to make a final 

concentration of 10 mM and the suspensions were returned to the ice for a further 

15 minutes. 14 volume of 3x Triton buffer (150 mM Tris-HCl pH 8, 187.5 mM 

EDTA, 3 % (v/v) Triton X-100) was added and the samples were mixed on ice for 

10 minutes until lysis occurred. Samples were spun at 25000 g for 1.5 hours at 4 

°C in a Beckman J2-21 centrifuge (Beckman Coulter Inc., Fullerton, California) 

and supernatant was collected. The supernatant was made up to 500 mM sodium 

chloride (NaCl), washed 1:1 with 1:1 phenoLxhloroform and centrifuged at 1100 g 

for 10 minutes. The top layer was decanted to a fresh tube and chloroform was 

added to make a 1:1 mix. The preparation was mixed vigorously with the 

chloroform and centrifuged at 1100 g for 10 minutes. The top layer was collected 

and 16.7 mM polyethylene glycol (PEG) was dissolved into it by mixing at 37 °C 

and left at 4 °C overnight. The preparation was centrifuged at 16667 g for 20 

minutes at 4 °C to obtain a pellet. The pellet was resuspended in 500fj.l Tris-HCl 

pH 8 and treated with 10 Units RNAse A at 37 °C for 30 minutes. 500 fj.1 PEG 

buffer (33.4 mM PEG 6000, 1 M NaCl, 1 mM EDTA, 10 mM Tris pH 8) was 
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added to the preparation and it was put on ice for 1 hour. A pellet was obtained by 

centrifugation at 13000 g for 15 minutes and it was resuspended into 400 (il Tris-

NaCl (10 mM Tris-HCl pH 8, 500 mM NaCl). It was re-treated with RNAse A at 

37° C for 30 minutes and washed twice with 1:1 phenol:chlorofbrm. The DNA was 

then ethanol precipitated, washed with 70 % ethanol and dissolved into 100 juil 

tissue-culture sterile water. Optical density was measured as a ratio of absorbance 

at 260 nm and 280 nm to confirm purity of DNA. 

2.2.4 Preparation of Fatty Acid Supplementation 

Sodium salts of arachidonic acid (AA), docosahexaenoic acid (DHA) and y-

linolenic acid (yLA) were prepared by the addition of 100 mM sodium hydroxide to 

30 jimoles fatty acid in ethanol. Fatty acid-sodium salts were dried under nitrogen 

at 40 °C and dissolved in Hank's Balanced Salt Solution (HBSS) without phenol 

red, calcium or magnesium by heating to 90 °C. 100 mg/ml ice cold fatty acid-free 

bovine serum albumin (BSA) in HBSS was then added to the fatty acid salts and 

the solution stirred at room temperature until clear. Fatty acid-albumin complexes 

were diluted with HBSS to 300 |iM filter sterilised and stored at "20 °C. Recovery 

of fatty acid-albumin conjugates was 95-100 %. 

2.2.5 Preparation of PPAR ligands and Retinoic Acids 

2.2.5.1 PPARa Ligands 

Wy-14643 ([4-chloro-6-(2,3-xylidino)-2-pyrimidinylthio]acetic acid, pirinixic acid) 

was dissolved in DMSO at 40 mg/ml and was diluted 1:100 with DMSO before use 

and used at 5 |iM. 

2.2.5.2 PPARy Ligands 

15-deoxyA'''^-prostglandin Jz (11 -oxoprosta-5Z,9,12E, 14Z-tetraen-1 -oic acid) was 

obtained from Cayman Chemicals (Alexis Corporation, Bingham, UK) supplied in 

methyl acetate. Solvent was removed by evaporation under Nz and ISdPGJz was 
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resuspended in 100 pi dimethyl sulphoxide (DMSO). It was diluted 1:10 with 

DMSO before use and used at 5 pM. 

2.2.5.3 Retinoic Acids 

9-c» retinoic acid (9-cz.y RA) was dissolved in DMSO to make a 4 mM stock 

solution. The solution was diluted with DMSO prior to use and used at 4 pM. 

2.2.6 Cell Culture 

The established NMYC amplified neuroblastoma cell lines, IMR-32 and Kelly 

were used for all experiments. IMR-32 cells were maintained in Dulbecco's 

Modified Eagle's Medium (DMEM) and Kelly cells were maintained in RPMl-

1640 medium, both containing 10 % (v/v) foetal calf serum (PCS) and 100 mM 

glutamine, supplemented with 0.1 mg/ml penicillin-streptomycin and Fungizone® 

(2.5 pg/ml amphotericin B). Cells were incubated in a humidified atmosphere 

containing 5 % (v/v) CO2 and were passaged by incubation with Ix Trypsin-EDTA 

(500 Units Trypsin, 0.53 mM EDTA). 3T3-L1 pre-adipocytes and Hep G2 cells 

were cultured under the same conditions. 

IMR-32 cell line was derived from the abdominal neuroblastic tumour, which 

occurred in a 13-month old Caucasian male in 1967 The cell line consists of 

two morphologically distinct cell types, with fibroblast or neuroblast-Iike 

morphologies. The predominant cell type is a small, neuroblast-like cell, which 

grows densely forming focal accumulations. The minor cell type is the fibroblast-

like cell, which are relatively large and well spread and occur in small numbers. 

IMR-32 cells grow slowly and the minor cell type has a finite lifespan. The cells 

also vary in their ultra-structure, with the minor cell type having rough endoplasmic 

reticulum (RER) and mitochondria with ordered internal structures, whereas the 

predominant neuroblast-like cell having poorly developed RER and mitochondria, 

which also varied dramatically in size and tended to have longitudinally orientated 

cristae. The fibroblast-like cells also exhibit many cell surface projections. The 

cells have a deletion in chromosome 1, chromosome 16 is absent and they have 
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amplification of the NMYC gene, which all relate to poor prognosis in 

neuroblastoma. Kelly cells are also NMYC amplified and like lMR-32 cells can 

be induced to differentiate in the presence of retinoic acid but less details of this 

cell line are available. 

2.2.7 Freezing Cells in Liquid Nitrogen and Resuscitation of Frozen Cells 

Adherent cells were pelleted at 500 g for 3.5 minutes and culture medium was 

decanted off. Cells were resuspended in 1 ml of freezing culture medium (10 % 

(v/v) DMSO in complete medium) and frozen on dry ice for 1 hour. Cells were 

then transferred to 80 °C overnight and then to liquid nitrogen stores. For 

resuscitation, cells were rapidly defrosted and diluted into 10 ml of complete 

culture medium. Cells were pelleted and resuspended in 10 ml fresh complete 

medium and grown as described above. 

2.2.8 DNA Transfection of Cultured Cells 

Cells were plated out at 5 x 10^ cells per 96 mm dish in Fungizone®-free medium 

and allowed to attach overnight. Two tubes were set up per sample; tube A 

contained 5 pg reporter plasmid DNA and 31 pi 2M CaCli in 250 pi total and tube 

B contained 250 pi 2x Hepes Buffered Saline (HBS) (280 mM NaCl, 50 mM #-(2-

Hydroxyethyl)piperazine-7V'-(2-ethanesulphonic acid)(Hepes free acid), 2.8 mM 

disodium hydrogen phosphate (Na2HP04), pH 7.12). The contents of tube A were 

added drop-wise to the contents of tube B to form a translucent precipitate. The 

precipitate was transferred to the cell culture medium and gently agitated. The cells 

were incubated at 37 °C for 6 hours, when the medium containing the precipitate 

was removed, the cells were washed and 5 ml fresh complete medium was added to 

the cells. The cells were then incubated at 37 °C, with or without treatments for 72 

hours and then harvested. 
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Vector Size (Kb) Supplier Promoter Insert Resistance Gene Reporter Gene Reference/Patent 

(3-Galactosidase pSV-p-

Galactosidase 

6.8 Promega Simian Virus 40 

(SV40) 

/ocZ gene 393 

PBL2CAT pB^CAT 4.5 Minimal Herpes 

Simplex Virus 

Thymidine Kinase 

Chloramphenicol 

acetyl transferase 

394 

pLTRPoly pLTRPoly 5.2 Simian Virus 40 

(SV40) 

395 

pGLgBasic pGL^Basic 4.8 Promega None Luciferase U.S. Patent Number 

5,670,356. Recombinant 

expression of 

luciferase - U.S. Patent 

Numbers 5,583,024, 

5 , 6 7 4 3 and 5,700,673 

PCDNA3.1+*' pcDNA3.1 + 5.4 Invitrogen Human 

Cytomegalovirus 

(CMV) 

Neomycin 

ph osph otran sferase 

Invitrogen Limited 
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3PPRE-TK-

CAT 

pBLzCAT 4.6 Minimal Herpes 

Simplex Virus 

Thymidine Kinase 

Triple repeat of a 

consensus PPAR 

binding site (rat 

Wco-PPRE: 

AGGAGAAAGGTCA) 

Chloramphenicol 

acetyl transferase 

122 

P G L 3 - 5 X K B 

(NFKB) 

pGL^ 

Luciferase 

4.8 Promega None 5 consensus NFKB 

binding sites 

fGGGGACTTTCC) 

Luciferase Gift from Dr. R. 

Hofineister, UniversitSt 

Regensburg, Regensburg. 

Germany 

pSGSPPARyl pSG5 4.1 Stratagene Simian Virus 40 

(SV40) 

cDNA for Human 

PPARy] 

141 

PaxSPPARyl pCR3.1-BI 5.1 Invitrogen Human 

Cytomegalovirus 

(CMV) 

2.5Kb cDNA 

encoding - Pax8 

exons 1-7 + 9 fused 

in-fi-ame to PPARyl 

exons 1-6 

Neomycin 

ph osphotran sferase 

344 

Table 1 Details of expression, reporter and control vectors used for DNA transfection of IMR-32 cells. 
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2.2.9 Establishment of Stable Cell Lines 

IMR-32 cells were seeded at 5 x 10^ cells per 96 mm culture dish and allowed to 

attach overnight. Cells were Iransfected wit!i 5 ug DNA using the method 

described above (2.2.8). For PAXSPPARyl dominant negative experiments, IMR-

32 cells were transacted with 5 pg pCR®3.1CMV expression vector (Invitrogen, 

Paisley, Scotland) containing a cDNA encoding the PAXSPPARyl chimeric 

protein, (a kind gift from Dr. T. Kroll, Brigham and Women's Hospital, Harvard 

Medical School, Boston, USA) and 5 fig pcDNA3.1+^ (Promega, Chilworth, UK) 

was used as the vector control. For expression experiments, cells were transfected 

with 5 |ig pSG5 vector (Stratagene Europe, Amsterdam, Netherlands) containing 

PPARyl (a kind gift from Dr. A. Elbrecht, Merck Research Laboratories, New 

Jersey, USA), 5 pg pLTRPoly (control for SV40 promoter) and 5 pg pcDNA3.1+% 

as pSG5-PPARyl lacks neomycin resistance gene. Control cells for expression 

experiment were transfected with 5 pg pLTRPoly and 5 pg pcDNA3.1+®. 

Transfected cells were cultured for 72 hours and then treated with 800 mM 

Geneticin® disulphate salt (G418) in fresh complete DMEM. Cells were selected 

by treatment of cells with subsequent doses of 800 mM G418 in fresh medium, 

until clones were visible with the naked eye. Individual clones were "picked" using 

Trypsin-EDTA and cultured as separate cell lines. 

2.2.10 Preparation of cDNA for Reverse Transcriptase Polymerase Chain 

Reaction (RT-PCR) 

Total RNA was isolated from treated and untreated IMR-32 cells, Kelly cells, 3T3-

L1 pre-adipocytes and HepG2 liver cells using TRIZOL® reagent (Invitrogen 

Limited, Paisley, Scotland). TRIZOL®-chloroform mixes of cell suspensions were 

centriftiged at 13000 g at 4 °C for 10 minutes. The aqueous layer was isolated and 

the RNA was precipitated with isopropyl alcohol and collected by centrifugation. 

The RNA pellet was air-dried resuspended in 30 pi of autoclaved, 0.1 % (v/v) 

diethyl pyrocarbonate (DEPC)-treated water. 
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cDNA was synthesised &om total cell RNA. 1 |ig RNA was heated to 65 °C for 2 

minutes and chilled on ice. RNA was mixed with cDNA synthesis mix (2 |il lOx 

PCR buffer (100 mM Tris-HCl pH 8.3, 500 mM potassium chloride), 2 pi 100 mM 

magnesium chloride, 2 p,l 100 mAi dNTP mix (Promega, Chilwoith, UK), 1 pi 90 

OD Units/ml random hexamers in Tris-EDTA (Amersham Pharmacia Biotech 

Limited, Little Chalfont, UK), 20-40 Units RNAsin®' (Promega, Chilworth, UK), 

100 Units Moloney-Murine Leukaemia Virus (M-MLV) reverse transcriptase 

(Invitrogen Limited, Paisley, Scotland) and 0.1 % (v/v) DEPC-water to total 

volume with RNA of 20 pi). cDNA was synthesised at 37 °C for 1 hour. 

2.3.1 Reverse Transcriptase-Polymerase Chain Reaction (RT-PCR) 

cDNA was amplified using cyclophilin, PPARa, PPARy, PAX3 or PAX8 specific 

primers obtained from MWG (MWG Biotech, Milton Keynes, UK) and Invitrogen 

Limited (Paisley, Scotland). 500 ng of primers were used to generate RT-PCR 

products of the cyclophilin, PPARa, PPARy or PAX3 genes. Cyclophilin was used 

as a control to normalise for cDNA levels. For PAXSPPARyl RT-PCR, 1 pg of 

PAX8 forward primer and 1 pg of PPARy reverse primer were used to yield a 

product of 772 base pairs. Reactions (5 pi cDNA, 10 pi PCR buffer, 10 pi 100m M 

magnesium chloride, 2 pi 100 mM dATP, 2 pi 100 mM dCTP, 2 pi 100 mM dGTP, 

2 pi 100 mM dTTP, forward primer, reverse primer and 62.5 pi 0.1 % (v/v) DEPC-

treated water) were incubated in Omnigene PCR thermocycler (Hybaid, Ashord, 

UK) for optimum number of cycles using 2.5 Units Taq polymerase (Sigma, Poole, 

UK). The optimum number of cycles was determined by analysing PCR products 

on an agarose gel every 5 cycles, after an initial measurement at 30 cycles. 30 

cycles was used as for initial measurement because the PCR products needed to be 

observed in the exponential phase of amplification, where differences in levels of 

expression could be seen. If the amplification reached plateau phase, then lower 

expressed mRNA would be amplified up to a similar level as more highly 

expressed mRNA, which had reached a plateau of expression that could be reached 

within the limits of the reaction mix. PCR products were run on 1.5 % (w/v) 

agarose gel and were visualised by UV light. Unique restriction sites within the 

amplified sequence were used to confirm the identity of the PCR product. 
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IPriHicrs Pr imer Scquciice 

5 ' - 3 ' 

R n erse Priirier Sequence 

5 - 3 ' 

Size o f R T -

P C R product 

Cyclophilin TTG GOT CGC GTC TOC ITC OA 5 '-GCC AGG ACC TOT ATO CTT CA-3' 250 bp 

PPARa GCC TCA GGC TAT CAT TAG G 5' -CTT CrA TOT CAT OTT CAC AG-3' 225 bp 

PPARy TGC AG A TTA CAA GTA TGA G 5'-TCG ATA TCA CTG GAG ATC-3' 385 bp 

PAX3 GGA ATA AAA GAG AGA ACC GO 5'-CTTCATCTC ACT GAG OTGCAG-3' 300 bp 

PAX8̂  

PPARyl 

CTC AGG GCG AGA GAT O 

(PAX8) 

5' -TCO ATA TCA CTG GAG ATC-3' 

(PPARy) 

772 bp 

Table 2a Primer sequences for RT-PCR of cyclophilin, PPARa, PPARy, 

PAXSandPAXgPPARyl. 

Primers Denature Time 

(seconds) 

Anneal Time 

(seconds) 

Extension Time 

(seconds) 

No. of 

Cycles 

Cyclophilin 95°C 30 54°C 30 72°C 30 30 

PPARa 95°C 30 55°C 30 72°C 30 35 

PPARy 95°C 30 50°C 30 72°C 30 35 

PAX3 95°C 30 60°C 30 72°C 30 35 

PAXSPPARyl 94°C'' 40 52°C 40 72°C 50 50 

Table 2b Conditions for RT-PCR of cyclophilin, PPARa, PPARy, PAX3 and 

PAXSPPARyl. Optimum number of cycles was determined by 

analysis of PCR products on an agarose gel every 5 cycles after an 

initial measurement at 30 cycles. 

PAXSPPARyl dominant negative vector was used as a positive control and for RT-PCR reactions 
included an initial denaturation step of 94°C for 2 minutes. 
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2.3.2 Labelling of Probe for Southern Blotting 

Probe was boiled for 3 minules and then 10 pi probe was incubated with labelling 

reaction at room temperature for 5 hours. The labelling reaction contained 10 p.1 

oligonucleotide labelling buffer (20 pi solution A (1 ml solution O (1.25 M Tris 

HCl pH 8 and 125 mM magnesium chloride), 18 |il p-mercaptoethanol, 5 |il 100 

mM dCTP, 5 |_il 100 mM dGTP and 5 jj,l 100 mM dTTP), 50 pi solution B (2 M 

Hepes pH6.6) and 30 pi solution C (90 OD Units/ml random hexamers in Tris-

EDTA)), 37pl 0.1 % (v/v) DEPC-treated water, 2 pi a^'P-dATP and 1 pi Klenow. 

The reaction was stopped using 200 pi stop solution (20 mM NaCl, 20 mM Tris 

HCl pH 7.5, 2 mM EDTA, 0.25 % (w/v) sodium dodecyl sulphate (SDS) and 1 pM 

dATP). Labelled probe was separated from unincorporated a^^P-dATP by passing 

down G50 sephadex column. 

2.3.3 Southern Blot 

20 pi PGR reactions were run on 1.5 % (w/v) agarose gel and blotted onto 

Hybond™-N membrane (Amersham Life Sciences, Little Chalfont, UK). The 

agarose gel was inverted onto filter paper wicks with their ends soaked in 0.1 % 

(v/v) DEPC-treated 2Ox SSC (3M NaCl and 300 mM sodium citrate). The 

membrane was soaked in 0.1 % (v/v) DEPC-treated 20x SSC and placed onto the 

inverted gel and any air bubbles removed. A layer of filter paper was placed on top 

of the membrane, followed by several layers of paper (around 5 cm deep). Finally, 

a weight was used to enhance blotting and the blotting set up was left overnight at 

room temperature. After blotting the membrane was baked in an oven at 80 °C for 

2-3 hours and stored at room temperature. All solutions were treated with 0.1 % 

(v/v) DEPC overnight and autoclaved under standard conditions before use. 

Membrane was blocked with pre-hybridisation buffer (6x SSC, 2x Denhart's 

Solution (25 pM Ficoll 400, 1 mM polyvinylpyrrolidme and 10 mg/ml Fraction V 

bovine serum albumin (BSA), 0.5 % (w/v) SDS) for 2 hours at 65 °C. The 

membrane was then incubated with hybridisation buffer (pre-hybridisation buffer. 
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100 mg/ml dextran sulphate sodium salt (ICN Biomedicals Inc., Ohio, USA) and 

100 i^g/ml denatured fragmented salmon sperm DNA, containing a^^P-dATP-

labelled fragment of PPARy) at 65 °C overnight. The membrane was washed twice 

with 2x SSC and 0.1 % (v/v) SDS at 65 °C for 10 minutes each and then 

autoradiographed overnight. 

2.3.4 Cell Growth 

IMR-32 cells were seeded at 2 x IC* into 6 well plates and incubated overnight to 

facilitate attachment. Cells were supplemented daily with 2ml fresh DMEM and 

treatments during the experiment. For fatty acid experiments, the treatments were 

HBSS, 30 pM AA, 30 DHA, 30 jiM or 75pM yLA and 30 |iM oleic acid (OA). 

For PPAR ligand experiments, the treatments were DMSO, 5 Wy-14643 and 5 

p.M ISdPGJz. Untreated cells were also counted. For synergy experiments, cells 

were treated with 5 fxM I SdPGJz and 30 fO-M DHA or 4 p.M 9-cis retinoic acid. 

Cells were counted by harvesting after a brief wash with phosphate buffered saline 

(PBS) (140 mM NaCl, 2.7 mM potassium chloride (KCl), 9.2 mM Na2HP04, 1.84 

mM potassium dihydrogen phosphate (KH2PO4), pH 7.2) (Oxoid, Basingstoke, 

UK) using Trypsin-EDTA. The cells were resuspended in DMEM and pelleted by 

centrifiigation at 750 g for 3 minutes in a Centurion 4000 series centrifuge 

(Centurion Scientific Limited, West Sussex, UK). Cell pellets were resuspended in 

25 |il PBS and 25 )al 0.4 % trypan blue and counted using a haemacytometer. Live 

cells and "dead" cells (trypan blue positive) were counted separately. Four counts 

were made per treatment per day and an average calculated. The average number 

of cells counted on the haemacytometer grid refers to the number of cells x 10"* per 

ml and as the volume of cell suspension was known, the total number of cells could 

be determined. 

2.3.5 Cell Proliferation (Eromodeoxyuridine incorporation) 

IMR-32 cells expressing increased levels of PPARy were seeded at 5 x 10̂  cells per 

well in a 96 well plate and treated with DMSO or increasing concentrations of 
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ISdPGJz with a change of medium daily for 72 hours. Cellular proliferation was 

measured using the Biotrak™ Bromodeoxyuridine (BDU) Cell Proliferation Elisa 

System Version 2 (Amersham Pharmacia Biotech UK Limited, Little Chalfont, 

Buckinghamshire, UK). The BDU labelling reagent was diluted 1:100 in sterile 

complete tissue culture medium to produce a concentration of BDU of 100 )J.M. 

The labelling solution was added to the cells to give a final concentration of 10 |j.M 

BDU and the cells were incubated at 37 °C for 4 hours. The labelling medium was 

then removed by tapping, and the cells and controls were fixed in 200 |il fixative 

per well at room temperature for 30 minutes. The fixative was then removed and 

200 pi blocking buffer (solution B - 1 % (w/v) protein in 50 mM Tris-HCl, 150 

mM NaCl, pH 7.4) was added to each well and the cells were blocked at room 

temperature for 30 minutes. Blocking buffer was removed and 100 |il peroxidase-

labelled anti-BDU working solution (solution D) was added to each well and 

incubated at room temperature for 90 minutes. The working solution was removed 

and the wells were washed three times with 200 pi washing solution (solution E). 

100 pi of TMB substrate (Amersham Pharmacia Biotech UK Limited, Little 

Chalfont, Buckinghamshire, UK), which had been equilibrated to room 

temperature, was aliquoted into the washed wells. The wells were covered, mixed 

and incubated at room temperature for 5 minutes when the colour development was 

sufficient for optical density measurement. The reaction was stopped using 25 pi 1 

M sulphuric acid per well and the colour change was measured immediately at 450 

nm. 

2.3.6 Cell Death (Trypan Blue) 

Adherent and non-adherent cells were collected by centrifugation and resuspended 

in 25 pi PBS and 25 pi 0.4 % trypan blue. 250 cells were counted per sample and 

cell death expressed as percentage of trypan blue positive cells. 

2.3.7 DMA Fragmentation 

I M R - 3 2 cells were seeded at 2 x 10^ into 96 mm tissue culture dishes and grown 

and treated as described above. Adherent and non-adherent cells were pooled and 
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examined for internucleosomal fragmentation using variation of methods by Sellins 

and Cohen Gunji et al, and Ritke et al. Briefly, cell pellets were 

resuspended in 10 pi PBS and 20 pi Tris-EDTA-sodium lauryl sarcosine (TE-SLS) 

(10 mM EDTA, 50 mM Tris-HCl pH 8, 17 mM sodium lauryl sarcosinate) was 

added. Cell suspensions were incubated at 50 °C with 0.3 mUnits proteinase K 

(Promega, Chilworth, UK) for 1 hour, then further incubated for 1 hour at 50 °C 

with I Unit RNAse A. Temperature was increased to 70 °C for addition of loading 

buffer (10 mM EDTA pH 8, 1 % (w/v) low melting point agarose (Helena 

Biosciences, Sunderland, UK), 3.7 mM bromophenol blue, 1.2 M sucrose) and 

samples were loaded into dry wells of 1 % (w/v) agarose gel. Samples were 

allowed to set and gel was run in Ix Tris-acetate (TAE) (400 mM Tris acetate, 

ImM EDTA) at 80V for 2-3 hours. DNA was visualised under UV illumination. 

Neuroblastoma cells treated with betulinic acid (43.8 pM) for 24 hours were used 

as a positive control for apoptotic laddering. 

2.3.8 Flow Cytometry 

Pellets of adherent and non-adherent cells were resuspended in 50 pi PBS and 

counted. 1x10^ cells were prepared using modifications of methods by Krishan 

and Nicoletti et al, Cells were diluted into 1 ml flow cytometry buffer (3.4 

mM sodium citrate, 78.4 pM propidium iodide and 0.1 % (v/v) Triton X-100) and 

incubated for 30 minutes in the dark. 5000 events were measured for forward and 

side scatter on FACScalibur® flow cytometer (Beckton Dickinson Diagnostic 

Systems, Oxford, UK) at 258 nm X. and analysed using Cellquest™ software. The 

cell cycle inhibitor, aphidocolin, which blocks G; to S was used at 30 pM to treat 

IMR-32 cells. Aphidocolin was used as a control to confirm cell cycle phases and 

position of G, cell cycle phase of flow cytometry histogram. The number of cells 

in each stage of the cell cycle were analysed by selecting for live cells and setting 

markers to outline each stage (Figure 2.1). 
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counts 

FL2-H (log scale) 
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Cells excluding by gating 

Figure 2.1 Scheme of flow cytometry scan showing areas measured 
for each phase of the cell cycle, which were converted 
to graph form. 
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2.3.9 J 

Adherent and non-adherent cells were harvested and pooled. Cell pellets were 

washed in PBS, re-pelleted and then assayed by a modification of the method by 

Datta er a/., Cell pellets were resuspended in 60 pi caspase assay lysis buffer 

(50 îM Hepes, 100 pM NaCl, 0.01 % (v/v) NP-40, 10 pM dithiothrietol (DTT), 0.1 

% (v/v) glycerol, 1 (iM EDTA) and put on ice for 1 hour. Cell debris was pelleted 

at 13000 g for 20 minutes and extracts measured for protein. The caspase 3 

substrate (ac-DEVD-pNA) (a kind gift from Dr. R. Broadbridge, University of 

Southampton) was diluted into fresh lysis buffer to produce a substrate 

concentration of 100 pM. 20 p.1 of lysate was mixed with 180 pi of diluted 

substrate to produce a final substrate concentration of 90 fiM. Reactions were set 

up in 96 well plates and incubated at 37 °C overnight. Optical density of reactions 

was measured at 410 nm. Controls used for the caspase assay were lysis buffer and 

cell lysate without substrate and lysis buffer and substrate without cell lysate. 

2.3.10 Electron Microscopy 

IMR-32 cells were grown on Thermenox coverslips (Miles Scientific, Naperville, 

Illinois, USA) treated with fibronectin (1.8 pM fibronectin, 500 mM NaCl, 50 mM 

Tris HCl pH 7.5). Cells were treated as for cell growth experiment, for 72 hours, 

and fixed initially in main fixative (0.3 M glutaraldehyde (Agar Scientific, 

Stanstead, UK), 1.3 M formaldehyde and PIPES buffer (5 M sodium hydroxide and 

100 mM piperazine-NN'-bis-ethanesulphonic acid pH 7.2) Cells were washed 

with PIPES buffer (pH 7.2) and post-fixed with 40 mM osmium tetroxide (Oxkem, 

Oxford, UK) in PIPES buffer (pH 7.2). Cells were dehydrated with ethane 1, 

infiltrated and embedded in 100 % TAAB resin (TAAB Laboratories, Aldermaston, 

UK). 

Resin blocks were produced by turning the layer of cells in resin 90° and 

reattaching them to the resin block. Green sections (0.5 j_iM) were initially cut with 

an Ultracut E microtome (Leica Instruments, Milton Keynes, UK) to prepare block 

face and check sections. Green sections were dried onto glass slides, stained with 
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30 mM toludine blue O (Sigma, Poole, UK), washed and mounted in DPX 

mountant (BDH laboratory Supplies, Poole, UK). Sections were observed under 

light microscopy (not shown). 

Silver sections (60-90 nm) were also cut with an Ultracut E microtome, dried on to 

copper grids and stained with saturated uranyl acetate solution in 50 % (v/v) 

ethanol (Agar Scientific, Stanstead, UK) at room temperature in the dark 5)r 15 

minutes. Sections were washed with fresh double-distilled water and subsequently 

stained with Reynolds's lead citrate stain (110 mM lead nitrate, 20 mM sodium 

citrate and 200 mM sodium hydroxide) in carbon dioxide-free environment at 

room temperature for 5 minutes. Grids were washed as before and allowed to dry. 

Cells were observed using Hitachi H7000 transmission electron microscope 

(Hitachi Instruments, Finchampstead, UK) at 75 kV. 

2.4.1 Fluorescent Microscopy (Monodansylcadaverine) 

Cells were observed using a digital camera RS linked to an Axioplan 2 microscope 

and analysed using Metamorph® software (Roper ScientificT^^ Marlow, 

Buckinghamshire, UK). Cells were seeded at 1 x 10'* cells per 13 mm coverslips, 

which had been sterilised with 70 % ethanol and treated with fibronectin to 

facilitate cell attachment. 50 |iM monodansylcadaverine was added to the culture 

medium and cells were incubated at 37° C for one hour. Cells were washed with 

PBS 3 times for 5 minutes and fixed in 40 mg/ml paraformaldehyde at room 

temperature for 20 minutes. Cells were washed with PBS 3 times for 5 minutes, 

mounted in 10 % (v/v) glycerol in PBS and observed as described above. 

2.4.2 Mini Nuclear and Cytoplasmic Extracts 

Cells were pelleted and washed with PBS. Cells were resuspended in 400 pi Buffer 

A (10 mM Hepes pH 7.9, 10 mM KCl, 100 pM EDTA, 1 mM DTT, 500 îM 

Phenylmethanesulphonyl fluoride (PMSF)) and put on ice for 15 minutes. 25 fil of 

10 % (v/v) NP40 was added, the suspension was vortexed for 15 seconds and 

centrifuged at 13000 g for 30 seconds. The supernatant (cytoplasmic faction) was 
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removed to a fresh tube and stored at 80 °C until use. The pellet (nuclear fraction) 

was resuspended in 40 p,! Buffer C (200 mM Hepes, 400 mM NaCl, 1 mM EDTA, 

1 mM DTT, 1 mM PMSF) and incubated on ice with mixing for 4 hours. Nuclear 

extract was cleared by centrifligation at 13000 g for 10 minutes at 4 °C and stored 

at '80 °C. 

2.4.3 Bicinchoninic Acid (BCA) Protein assay 

Cell extracts were assayed for protein using bicinchoninic acid protein assay 

reagent (Pierce, Rockford, Illinois). 5 pi extracts were mixed into 1 ml of 1 part 

reagent B and 50 parts reagent A. Assay was incubated at 37 °C for 30 minutes and 

measured at 562 nm X. Standard curves of protein concentration were produced 

using BSA. 

2.4.4 Western Blotting 

20 p,g cell extracts were denatured by boiling for 2 minutes with 2x sample buffer 

(100 mM Tris-HCl pH8, 200 mM DTT, 4 % (v/v) SDS, 20 % (v/v) glycerol, 3 mM 

bromophenol blue) and were resolved on a 10 % sodium dodecyl sulphate 

polyacrylamide gel (SDS-PAGE). SDS-PAGE gel was run in Ix SDS-Tris running 

buffer (250 mM Tris-HCl, 1.92 M glycine, 1 % (w/v) SDS) at 35V for 45 minutes. 

Resolved proteins were transferred to polyvinyl difluoride (PVDF) membrane 

(Amersham Life Sciences, Little Chalfont, UK), which had been pruned with 

methanol for 1 minute and then equilibrated with transfer buffer (48 mM Tris-HCl, 

39 mM glycine, 0.037 % (w/v) SDS, 20 % methanol, pH 8.3) for 20 minutes. 

Transfer was run at 100 mAmps for 1 hour. The membrane was then blocked in 

blocking buffer and transferred straight into blocking buffer containing primary 

antibody. After incubation with the primary antibody, the membrane was washed 

and probed with a horseradish peroxidase (HRP)-conjugated secondary antibody in 

blocking buffer (Sigma-Aldrich, Poole, Dorset). After probing with the HRP-

conjugated secondary antibody, the membrane was washed and then developed 

using Super-Signal® West Dura Extended Duration Substrate (Pierce, Rockford, 

Illinois) and autoradiography. 
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Antigen Blocking Buffer Primary 

Antibody 

Wash Secondary 

Antibody 

Wash 

PPARy 5 % milk+ 0.1 % 

PBS-Tween 20 

• u.d 
overnight 

1:200 

(Santa Cruz) 

X 1 hour 

3 x ^ 

0.1 %PBS-

Tween 20 

1:5000 anti-

rabbit x 1 hour 

3 x 5 ' 0.1 % 

PBS-Tween 20 

+ 3 x 5 ' P B S 

p21 5 % milk + 0.1 % 

PBS-Tween 20 

X 1 hour 

1:500 

(Santa Cruz) 

overnight 

3 x ^ 

0.1%PBS-

Tween 20 

1:5000 anti-

rabbit X 1 hour 

3 x 5 ' 0 . 1 % 

PBS-Tween 20 

+ 3 x 5 ' P B S 

p53 5 % milk + 

&0I94PBS-

Tween 20 

1:2000 

(Novocastra) 

X 1 hour 

3 x y 

0.0194PBS-

Tween 20 

1:2000 anti-

rabbit X 1 hour 

3 x 5 ' 0 . 1 % 

PBS-Tween 20 

+ 3 x 5 ' P B S 

c-Myc 5 %milk + 0.1 % 

PBS-Tween 20 

overnight 

1:500 

(Calbiochem) 

X 1 hour 

3 x ^ 

0.1%PBS-

Tween 20 

1:5000 anti-

mouse X 1 hour 

3 x 5 ' 0 . 1 % 

PBS-Tween 20 

+ 3 x 5 ' P B S 

N-Myc 5 % milk+ 0.1 % 

PBS-Tween 20 

overnight 

1:2000 

(Calbiochem) 

X 1 hour 

3 x ^ 

0.1 %PBS-

Tween 20 

1:10000 anti-

rabbit X 1 hour 

3 x 5'0.1 % 

PBS-Tween 20 

+ 3 x 5 ' P B S 

MAD 1 5 % milk + 0.1 % 

PBS-Tween 20 

overnight 

1:2000 

(Santa Cruz) 

X 1 hour 

3 x ^ 

0.1 %PBS-

Tween 20 

1:10000 anti-

rabbit X 1 hour 

3 X 5'0.1 % 

PBS-Tween 20 

+ 3 x 5 ' P B S 

MAD 3 5 % milk+ 0.1 % 

PBS-Tween 20 

overnight 

1:2000 

(Santa Cruz) 

X 1 hour 

3 x ^ 

0.1 %PBS-

Tween 20 

1:10000 anti-

rabbit X 1 hour 

3 X 5'0.1 % 

PBS-Tween 20 

+ 3 x 5 ' P B S 

Phospho-

Protein 

kinase B 

3 % milk + 

0.05% 

PBS-Tween 20 

X 1 hour 

1:1000 

(Calbiochem) 

overnight 

2 x 1 ' 

Water 

1:4000 anti-

rabbit X 1.5 

hours 

3 x 5 ' 0 . 0 5 94 

PBS-Tween 20 

Poly-ADP 

Ribose 

polymerase 

(PARP) 

3 % milk + 

&05 94 

PBS-Tween 20 

X 1 hour 

1:1000 

(Upstate 

Biotechnology) 

overnight 

2 x 1 ' 

Water 

1:10000 anti-

rabbit X 1.5 

hours 

3 x 5 ' 0 . 0 5 % 

PBS-Tween 20 

Table 3 Conditions used for Western blotting with various antibodies. 

All 1 hour incubations at room temperature with mixing on spiramixer. All overnight incubations 
at 4°C with mixing on spiramixer. 
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2.4.5 Preparation of Membrane Phospholipids 

A pellet of known number of cells was resuspended in 200 p,l HBSS in a 1.5-ml 

eppendorf and sonicated in a sonicating waterbath for 2 minutes. 15 nmoles 

dimyristoyl phosphatidylcholine (PtdCho 14:0/14:0), 4 nmoles dimyristoyl 

pho sphat idy lethano lamine (PtdEtn 14:0/14:0) and 0.5 nmoles dimyristoyl 

phosphatidic acid (PA 14:0/14:0) were added for each 10̂  cells as internal 

standards. 

The cell suspension was added drop-wise to 1 ml ice-cold methanol with vortexing 

in a screw-top tube and the residual suspension in the tube was pooled in the 

methanol, by rinsing the tube with 800 pi HBSS. 1 ml methanol, then 1 ml 

chloroform was added to the suspension and vortexed to achieve a solution as one 

phase. 1 ml chloroform, then 1 ml distilled water was added to the suspension and 

vortexed, to yield a two phase solution with the upper layer being aqueous. Sharp 

resolution of the phases was achieved by centriftigation at 500 g for 10 minutes. 

The lower chloroform layer was carefully decanted to a clean tube and dried under 

nitrogen at 40 °C for approximately 2 hours. The residue was dissolved into 1 ml 

chloroform and applied to a Bond-Elut NHz disposable solid phase extraction 

column, which had been equilibrated with 1 ml chloroform wash prior to use, and 

allowed to percolate under gravity. The eluted liquid and two subsequent 1 ml 

chloroform washes, collected under vacuum, were discarded and the PtdCho 

14:0/14:0 fraction was eluted by washing the columns with 1 ml 60:40 

chloroform:methanol under vacuum. 

The PtdEtn 14:0/14:0 fraction was collected by elution with 1 ml methanol under 

vacuum. The acid phospholipid fraction was eluted with three 1 ml washes of 

methanol:water:phosphoric acid (96:4:1) containing 40 mM choline chloride. The 

eluted fraction was dried down under nitrogen and back-extracted to remove 

choline chloride by adding 100 pi water, then 200 pi methanol, then 200 pi 

chloroform and then finally another 100 pi water. The lower chloroform layer 

from the back-extraction was dried down under nitrogen into insert vials within 

amber vials prior to analysis on the mass spectrometer. 
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The phosphatidylcholine and phosphatidylethanolamine fractions were dried under 

nitrogen and re-dissolved in 100 pi chloroform befbre transfer to insert vials and 

dried again under nitrogen for mass spectrometry analysis. 

2.4.6 Electrospray lonisation Mass Spectrometry 

Electro spray ionisation mass spectrometry (ESI MS) was performed on Micro mass 

Quattro Ultima triple quadropole mass spectrometer (Micromass, Wythenshaw, 

UK) equipped with an electrospray ionisation interface. Samples of 

phosphatidylcholine (PtdCho), phosphatidylethanolamine (PtdEtn) and acid 

phospholipids were extracted from control-treated, fatty acid-treated and PPAR 

ligand-treated IMR-32 cells and were dissolved in methanol:chloroform:water 

(7:2:1 v/v). The samples were introduced into the mass spectrometer via a syringe 

pump. PtdEtn and acid phospholipid samples were analysed by EST^^ mass 

spectrometry. Samples of PtdCho were fragmented with argon gas in the collision 

cell and tandem ESI^^^ MS was used to analyse the parents of 184 fragments. All 

samples were detected by sensitive photomultiplier and mass spectra for each 

phospholipid type were shown as mass/charge (m/z). 

2.4.7 Chloramphenicol Acetyl Transferase Reporter Assay 

Cells transfected with reporter plasmids were pelleted and cell pellets were washed 

with PBS and then resuspended in 100 p.1 0.25 mM Tris-HCl pH 7.8. Cell 

membranes were disrupted by 5 cycles of freeze-thaw. Cell debris was pelleted at 

14083 g for 5 minutes and supernatant collected and assayed for protein. Extracts 

were assayed for chloramphenicol acetyl transferase (CAT) activity at 37 °C for 

6 hours in a reaction mix (120 mM Tris HCl pH 7.8, 4 mM acetyl Co A, 1 pi ''̂ C 

chloramphenicol) with a total volume of 146 pi. Chloramphenicol was extracted in 

1 ml ethyl acetate by vortexing for 30 seconds. Samples were spun down at 5416 g 

for 3 minutes and top layer collected. 
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This was dried down under vacuum for 2 hours in an evacuated spinning centrifuge 

or Uniscience Univap. The dried residue was resuspended in 15 p,l ethyl acetate 

and spotted onto a thin layer chromatography (TLC) plate (Whatman International 

Limited, Maidstone, UK). The TLC plate was developed in a TLC tank containing 

100 ml of 95:5 chloro form: methano 1. The plate was air dried and auto radio graphed 

overnight. Quantification of the CAT assay was achieved using a Storm 860 

Phosphoimager (Molecular Dynamics Limited, Chesham, Buckinghamshire, UK) and 

an image quantifier programme to calculate percentage conversions of the ''̂ C 

chloramphenicol to its acetylated products. 

2.4.8 Luciferase Reporter Assay 

IMR-32 cells were transfected with 5 p.g pGLsBasic (Promega, Chilworth, UK) as 

a control and 5 pg of a construct, pGL3-5xKB-Iuc, containing a Nuclear Factor KB 

(NFKB) DNA binding site linked to a luciferase reporter gene (a kind gift from Dr. 

R Hofmeister, Universitat Regensburg, Regensburg, Germany). The cells were 

treated with DMSO or 5 [O-M ISdPGJi in fresh medium post-transfection. 

Luciferase activity was measured using Promega luciferase assay kit (Promega, 

Chilworth, UK). Briefly, cells were lysed in lysis buffer and freeze-thawed once. 

Cell debris was pelleted and the supernatant was assayed for protein. The 

supernatant was mixed with luciferase substrate and each sample was measured 

three times in a TD-20/20 lumino meter (Turner Designs, Sunnyvale, California) 

and an average calculated. 

2.4.9 Decoy Assay 

IMR-32 cells were seeded at 5 x 10̂  cells per 96 mm tissue culture dish and 

allowed to attach overnight. Cells were transfected in Fungizone®-free tissue 

culture medium with 0, 10 or 20 p,g of vector containing the decoy sequence, which 

was a triple repeat of a consensus peroxisome proliferator-activated receptor DNA 

binding site (rat ACO-PPRE: AGGAGAAAGGTCAl 
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The insert had been previously cloned into a pBlzCAT reporter construct upstream 

of a thymidine kinase promoter (3PPRE-TK-CAT) for 6 hours at 37 °C Control 

cells were transacted with 0, 10 or 20 pg vector alone (pBLCAT) for 6 hours at 37 

°C. The DNA content was normalised using (3-galactosidase vector. Cells were 

washed and 5 ml fresh medium was added and the cells were incubated at 37 °C for 

1 hour. Cells were then treated with DMSO or 5 |iM 1 SdPGJ] and live and dead 

cells were counted after 24, 48 and 72 hours. Treatments were reapplied daily in 

fresh complete medium. 

2.4.10 Delipidation of Foetal Calf Serum 

Batches of foetal calf serum (PCS) (Invitrogen Limited, Paisley, Scotland) were 

mixed with 1 litre of butan-l-ol:di-isopropylether (40:60 v/v) (Fischer Scientific 

UK, Loughborough, UK) and vortexed using magnetic stirrer in a ftime cupboard 

for one hour, in a modification of the technique previously described by Cham and 

Knowles, 

The lower aqueous fraction was decanted and dialysed in batches of 50 ml against 

two changes of Hanks Balanced Salt Solution to remove excess organic solvent 

(predominantly butan-l-ol). 70-75 % volume of the delipidated foetal calf serum 

was recovered and was filter sterilised through 0.2 |j,M filters. Delipidated foetal 

calf serum was used as previously described for normal foetal calf serum, i.e. at 10 

% (v/v) in complete tissue culture medium. 

2.5.1 Preparation of Lysophosphatidlc Acid and Sphingosine-l-Phosphate 

2.5.1.1 Lysophosphatidic acid (LPA) 

Oleoyl-lysophosphatidic acid (LPA) was dried down under Nz and calcium-free, 

magnesium-free HBSS was added to the residue. The oleoyl-LPA mixture was 

sonicated in a water bath for 5 minutes until in the oleoyl-LPA was resuspended. 

77 



The oleoyl-LPA suspension was added to ice cold fatty acid-hee bovine serum 

albumin and mixed on a spiramixer for 1 hour at room temperature to make a 500 

jj-M solution. The oleoyl-LPA-bovine serum albumin solution was filter sterilised 

and used at 5 pM. Oleoyl-LPA-BSA was stored at "20 °C and once defrosted was 

stored at 4 °C. 

2.5.1.2 Sphingosine-1-Phosphate 

1 mg sphingosine-1-phosphate (SIP) was dried down under Ni and 5 ml calcium-

free, magnesium-free Hanks Balanced Salt Solution was added. The SIP mixture 

was sonicated in a water bath for 5 minutes until in suspension. The SIP mixture 

was added to ice cold fatty acid-free bovine serum albumin and mixed on a 

spiramixer for 1 hour at room temperature to make a 500 |iM solution. The SIP-

BSA solution was filter sterilised and used at 5 pM. The SIP-BSA solution was 

stored at "20 °C and once defrosted was stored at 4 °C. 

2.5.2 Cell Culture using Delipidated Cell Culture Medium 

Cell culture experiments were repeated using Dulbecco's Modified Eagle's Medium 

(DMEM) containing 10 % (v/v) delipidated foetal calf serum (FCS) and 100 mM 

glutamine, supplemented with 0.1 mg/ml penicillin/streptomycin and Fungizone® 

(2.5 (ig/ml amphotericin B) under the conditions described above. Cells were 

initially plated out using tissue culture medium with normal foetal calf serum to 

facilitate attachment. The medium was replaced after 24 hours with tissue culture 

medium containing delipidated FCS and appropriate treatments (30 pM fatty acids 

or 5 JJ.M PPAR ligands). The treatments, but not the tissue culture medium, were 

replaced daily, as changes of medium caused premature cell detachment from the 

tissue culture plastic. 
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2.5.3 Statistics 

All experiments were completed in duplicate, with duplicate wells of cells counted 

per sample per day for cell growth and cell death experiments. Duplicate samples 

per treatment per day were analysed for flow cytometry experiments and mass 

spectrometry spectra are representative of duplicate samples for the fatty acid and 

PPAR ligand experiments. 

The errors on the graphs represent standard errors of the mean. Statistics were 

calculated using analysis of variance (ANOVA) for time course experiments and 

the student's t test was used for single time point experiments. For all analysis p 

values of 0.05 and under are represented as * and p values of 0.01 and under are 

represented as**. 
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Chapter 3 

The Effects of Polyunsaturated 

Fatty Acids on IMR-32 Cells 

In Vitro 
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3.1 Introduction 

Polyunsaturated fatty acids (PUFAs) are fatty acids which contain more than one 

carbon=carbon (C=C) double bond within their hydrocarbon backbone. PUFAs 

include fatty acids which are important in the development and differentiation of 

the nervous system, such as docosahexaenoic acid (C22:6, n-3)^ and arachidonic 

acid (C20:4 n-6) PUFAs have been shown to inhibit the growth of some types 

of cancer cells and tumours and they have also been shown to induce apoptosis in 

some cancer cell types, without affecting normal cells Docosahexaenoic acid 

(DHA) induces apoptosis in HT-29 colon cancer cells and Jurkat cells It has 

also been shown to reduce both the size of breast and epithelial tumours implanted 

into mice as well as reducing the number of metastases Arachidonic acid 

(AA) has been shown to reduce the number of metastases in mice implanted with 

colon cancer cells Both AA and y-linolenic acid (y-LA) inhibit the growth of 

chronic myeloid leukaemia cells and AA is also able to induce apoptosis in these 

cells These effects may occur through changes to membrane lipids, as it has 

been shown that the anti-metastatic activity of DHA was associated with 

pronounced changes in the fatty acid composition of breast cancer cell membranes 

and colon cell membranes 

Fatty acids are proposed to be activators of all three isoforms of peroxisome 

proliferator-activated receptors (PPARs), a , (3 and y. PUFAs bind to and activate 

PPARa, whereas short-chain saturated fatty acids weakly activate PPARa, and 

very long chain fatty acids fail to bind or to activate PPARa 

Polyunsaturated fatty acids are also activators of the (3 iso form of PPARs and 

some monounsaturated fatty acids and PUFAs are activators of PPARy 

PUFAs have also been shown to activate reporter constructs containing PPAR 

consensus binding sites, suggesting that they are able to activate PPAR-induced 

transcription However, the long-chain monounsaturated fatty acid, nervonic 

acid, has actually been shown to inhibit the activation of PPARs using a reporter 

construct containing three PPAR consensus binding sites 

® C22:6 relates to a fatty acid molecule with 22 carbon atoms and 6 C=C double bonds, n- numbers 
are known as m nomenclature and relate to the position of the double bond within the fatty acid 
molecule in relation to the terminal methyl group in the fatty acid chain 
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The effects of f UFAs on cancer cells may be linked to activation of peroxisome 

proliferator-activated receptors (PPARs), as PUFAs activate PPAR-induced 

transcription and activation of PPARy can inhibit the growth of some cancer 

cells 

The expression of all three isoforms of PPAR can differ between normal and 

malignant cells. PPARa is either not expressed or is weakly expressed in normal 

prostate epithelial cells, whereas is it highly expressed in poorly differentiated 

prostate carcinomas PPARp is highly expressed in uterine endometrial 

adenocarcinomas and has been shown to be over-expressed in many colorectal 

cancers, with normal tissue expressing lower levels of the isoform PPARy has 

been shown to be expressed at high levels in several cancer cell lines and primary 

tumours, including breast colon and liposarcoma and the corresponding 

normal tissue. However, prostate cancer cells express high levels of PPARy, 

whereas the normal tissue had very low expression levels 

Therefore to determine whether polyunsaturated fatty acids were able to inhibit the 

growth of neuroblastoma cells, the human neuroblastoma cell line, IMR-32, was 

treated with physiological concentrations of fatty acids and the effects on cell 

growth determined. The mechanism of action of the fatty acids was investigated to 

determine whether any effects they had involved changes to membrane 

phospholipids or through activation of PPARs. The expression of PPARs in IMR-

32 cells and another human neuroblastoma cell line, Kelly, was also determined. 

3.2.1 Some PUFAs inhibit the growth of IMR-32 cells 

Polyunsaturated fatty acids have been shown to inhibit growth of some cancer cell 

lines. To assess the whether PUFAs affected neuroblastoma cell proliferation, 

IMR-32 cells were treated with PUFAs, including AA, DHA, OA (18:1, n-9) and y-

LA (22:3, n-3). 30 pM fatty acids were used for these experiments, as this is 

thought to be the approximate physiological concentration of PUFAs in normal 

serum 
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Figure 3.1 30 jiM polyunsaturated fatty acids (PUFAs) have a marginal effect 

on IMR-32 cell growth. IMR-32 cells were seeded at 2 x lO'̂  cells 

per well. The tissue culture medium was supplemented with 30 p,M 

PUFAs and was replaced daily with fresh PUFAs. IMR-32 cell 

growth was measured as increasing cell number over 120 hours and 

compared to control cells treated with Hank's balanced salt solution 

(HBSS). Two samples were measured per treatment per day and 

experiments were completed in duplicate and error bars represent 

standard error of the mean (s.e.m.). 

<B 40 

-HBSS 

-AA 

24 48 72 

Hours Post-Initial Treatment 

96 120 

Figure 3.1a Arachidonic Acid (AA) 
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48 72 

Hours Post-Initial Treatment 

Figure 3.1b Docosahexaenoic Acid (DHA) 

4 8 72 

Hours Poet-Initial Treatment 

Figure 3.1c Oleic Acid (OA) 
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Figure 3.2 75 )LIM y-linolenic acid marginally affects IMR-32 cell growth. 

IMR-32 cells were plated out 2 x lO'* cells per well and the tissue 

culture medium was supplemented with 30 )j,M or 75 piM y-linolenic 

acid (GLA or yLA in text). Fresh medium and treatments were 

applied daily and cell growth measured over 120 hours as an 

increase in cell number. Two samples were measured per treatment 

per day and experiments were completed in duplicate. Error bars 

represent standard errors of the mean. Statistics were calculated 

using an ANOVA and showed no significant difference between 

samples throughout the experiment. However, a student's t test 

showed a significant difference between control samples and 75 

yLA, but only after 72 hours treatment, where p<0.05 (*). 
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Figure 3.3 75 p,M y-linolenic acid marginally increases number of IMR-32 cells 

in Gi phase of the cell cycle. IMR-32 cells were treated with 30 |LIM 

or 75 p,M y-linolenic acid (yLA/GLA). 1x10^ cells were stained 

with propidium iodide and analysed by flow cytometry after 120 

hours treatment. Experiments were run in duplicate and error bars 

represent s.e.m. Statistics were calculated using a student's t test 

and a significant increase in the number of cells G, (p <0.05 *) and 

decrease in the number of cells in Gg/M (p<0.05 *) were seen. 
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Concentrations of more than 30 |iM fatty acids results in accumulation of the fatty 

acids as lipid droplets within cells IMR-32 cells were treated for 120 hours, 

with daily supplements of 30 pM PUFAs in fresh culture medium, and the effects 

on cell growth were investigated. IMR-32 cells treated with the control treatment. 

Hank's balanced salt solution (HBSS), increased in number throughout the 

experiment (Figures 3.1a-c). AA (Figure 3.1a) and DHA (Figure 3.1b) reduced the 

growth of IMR-32 cells but only after more than 48 hours continual treatment, and 

at later time points AA was not effective. The addition of oleic acid, however, had 

no effect on the growth of the cells, with cell growth similar to that of controls over 

the whole time period (Figure 3.1c). Some inhibition of growth was achieved using 

30 fj,M y-LA, compared to- control-treated cells (Figure 3.2). A higher 

concentration of y-LA, 75 p,M, was also used to treat IMR-32 cells, as 75 jj,M y-LA 

has been shown to activate PPARy in breast cancer cells When the cells were 

treated with 75 |iM y-LA for 120 hours, there was a decrease in growth rate 

compared to controls (Figure 3.2). This reduction in cell growth was also seen as 

an increase in the percentage of cells found in Gi/Go of the cell cycle and a 

decrease in those found in G2/M (Figure 3.3). No changes in the cell cycle 

distribution were seen with 30 pM AA, DHA, OA or y-LA (Figure 3.3 and data not 

shown). 

3.2.2 PUFAs do not induce cell death in IMR-32 cells 

PUFAs have been shown to induce apoptosis in some cancer cells including 

leukaemia cells and colon cancer cells The marginal effects of 30 pM AA, 

DHA and y-LA on IMR-32 cell growth could have been due to an increase in cell 

death. To determine whether the PUFA treatments induced cell death in 

neuroblastoma cells, IMR-32 cells were treated with 30 |iM AA, DHA, OA or y-

LA for 120 hours and cell death measured using the trypan blue exclusion assay. 

Only cells in which the membrane integrity has been lost take up this dye, as it is 

excluded by those cells with intact membranes, and this can be used to determine 

the number of dead cells within a population. Less than 5 % of control-treated 

IMR-32 cells took up trypan blue throughout the experiment, suggesting the cells 

were remaining viable in vitro. 
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Figure 3.4 PUFAs do not induce death of IMR-32 cells. IMR-32 cells were 

plated out at 2 x lO'̂  cells per well and treated as previously 

described for cell growth experiments. The cells were treated with 

30 |j,M arachidonic acid (AA), docosahexaenoic acid (DHA) or oleic 

acid (OA). The cells were harvested, stained with 0.4 % trypan blue 

solution and the proportion of live and dead cells determined over 

120 hours. Two samples were measured per treatment per day and 

experiments were run in duplicate and error bars represent s.e.m. 
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Figure 3.5 y-linolenic acid does not induce death of IMR-32 cells. IMR-32 

cells were plated out at 2 x lO'̂  cells per well and treated as 

previously described for cell growth experiments, with 30 )u,M or 75 

HM y-Linolenic acid (y-LA/GLA). The cells were harvested, stained 

with 0.4 % trypan blue solution and the proportion of live and dead 

cells determined over 120 hours. Two samples were measured per 

treatment per day and experiments were completed in duplicate and 

error bars represent s.e.m. 
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None of the PUFAs (AA, DHA, OA and y-LA) increased cell death over the time 

course (Figures 3.4 and 3.5), suggesting that any decrease in growth rate seen was 

not due to cell death. IMR-32 cells were also treated with 75 |j.M y-LA and stained 

with trypan blue and compared to HBSS-treated controls. Despite this 

concentration of y-LA inhibiting cell growth more than 30 p,M y-LA, it did not 

induce an increase in cell death compared to controls or IMR-32 cells treated with 

30 fj.M y-LA (Figure 3.5). 

3.2.3 IMR-32 cells treated with PUFAs undergo changes in membrane 

phospholipid composition 

The marginal effects of PUFAs on IMR-32 cell growth may occur through changes 

to membrane phospholipids. The anti-metastatic activity of PUFAs have been 

associated with pronounced changes in the fatty acid composition of breast cancer 

cell membranes and colon cell membranes Therefore extracts of 

phosphatidylcholine (PtdCho), phosphatidylethanolamine (PtdEtn) and acid 

phospholipid (PA) species were made from the membranes of treated IMR-32 cells 

and analysed by electrospray ionisation mass spectrometry (ESI-MS), to determine 

whether 30 piM PUFAs altered the membrane composition. 

Treatment of IMR-32 cells with 30 |LIM AA resulted in an increase in arachidonyl-

containing PtdCho species from 11.9 % to 44.3 % (Figure 3.6). The major changes 

to the AA-containing PtdCho species were increases in palmitoyl-arachidonyl 

PtdCho (16:0/20:4) and stearoyl-arachidonyl PtdCho (18:0/20:4). There was also a 

concurrent increase in the more saturated dipaknitoyl PtdCho (16:0/16:0). 

Treatment of IMR-32 cells with 30 )j,M DHA for 72 hours resulted in an increase in 

DHA-containing species of phosphatidylcholine from 10.9 % to 28.1 % (Figure 

3.6). The major changes to species of PtdCho containing DHA, were a large 

increase in palmitoyl-docosahexaenyl PtdCho (16:0/22:6) and an increase in 

stearoyl-docosahexaenyl PtdCho (18:0/22:6). This was concurrent with an increase 

in disaturated PtdCho species, such as dipalmitoyl PtdCho (16:0/16:0). 
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Figure 3.6 PUFAs mediate changes to the membrane phosphatidylcholine 

composition of IMR-32 cells. IMR-32 cells were treated with 30 |J.M 

AA or DHA for 72 hours and phosphatidylcholine (PtdCho) species 

were isolated from the cell membranes. The PtdCho samples were 

analysed by tandem electrospray ionisation mass spectrometry 

(ESr̂ ^® MS) and spectra of parent species of m/z 184 were produced. 

184 is the mass of the phosphocholine headgroup. Mass spectra were 

shown as peak intensity and mass/charge (m/z) and each spectrum is 

representative of duplicate samples. 
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Figure 3.7 PUFAs mediate changes to the membrane phosphatidylethanolamine 

composition of IMR-32 cells. IMR-32 cells were treated with 30 pM 

AA or DHA for 72 hours and phosphatidylethanolamine (PtdEtn) 

species were isolated from the cell membranes. The PtdEtn samples 

were analysed by electrospray ionisation mass spectrometry 

MS) and mass spectra were shown as peak intensity and mass/charge 

(m/z) and each spectrum is representative of duplicate samples. 
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Figure 3.8 PUFAs mediate changes to the membrane acid phospholipid composition 

of IMR-32 cells. IMR-32 cells were treated with 30 ^M AA or DHA for 

72 hours and acid phospholipid species were isolated from the cell 

membranes. The acid phospholipid samples were analysed by 

electrospray ionisation mass spectrometry (ESF^^ MS) and mass spectra 

were shown as peak intensity and mass/charge (m/z). Each spectrum is 

representative of duplicate samples. 
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Treatment of IMR-32 cells with 30 pM AA resulted in an increase in arachidonoyl-

containing PtdEtn species &om 37.8 % to 46.6 % (Figure 3.7). The major changes 

to the AA-containing PtdEtn species were increases in palmitoyl-arachidonoyl 

PtdEtn (16:0/20:4) and arachidoyl-arachidonoyl PtdEtn (20:0/20:4). Some of the 

PtdEtn species are alkenyl PtdEtn species, which means that the fatty acid at 

position 1 has an ether bond instead of an ester bond, which increases stability. 

Treatment with 30 jiM AA did not affect any of the alkenyl PtdEtn species, but did 

reduce the amount of DHA-containing PtdEtn species present from 19.8 % to 7.6 

%. Treatment of IMR-32 cells with 30 pM DHA for 72 hours resulted in an 

increase in DHA-containing species of PtdEtn from 19.8 % to 55.1 % (Figure 3.7). 

The changes to species of PtdEtn containing DHA included were an increase in 

palmitoyl-docosahexanoyl PtdEtn (16:0/22:6) and oleoyl-docosahexanoyl PtdEtn 

(18:1/22:6). There was also a large increase in stearoyl-docosahexanoyl PtdEtn 

(18:0/22:6). This was at the expense of arachidonoyl-containing PtdEtn species 

from 37.8 % to 20.1 %, which included a large reduction in the amount of stearoyl-

arachidonoyl PtdEtn (18:0/20:4). Like AA treatment, 30 pM DHA did not alter the 

amount of alkenyl PtdEtn species. 

The acid phospholipid species detected in the membranes of IMR-32 cells included 

phosphatidylinositol (Ptdlns), phosphatidylglycerol (PtdGro) and 

phosphatidylserine (PtdSer) with some PtdEtn species (Figure 3.8). The major 

species found was stearoyl-arachidonoyl Ptdlns (18:0/20:4), which is not affected 

by treatment with 30 pM AA or DHA for 72 hours. On treatment with 30 pM AA 

for 72 hours, there was an increase in AA-containing acid phospholipid species, 

including palmitoyl-arachidonoyl Ptdlns (16:0/20:4) (Figure 3.8). There was also 

suppression of DHA-containing acid phospholipid species, with no increase in 

more saturated acid phospholipid species. On treatment with 30 pM DHA, there 

was an increase in DHA-containing acid phospholipid species (Figure 3.8), 

including stearoyl-docosahexanoyl Ptdlns (18:0/22:6), and stearoyl-

docosahexanoyl PtdSer (18:0/22:6). There was also an increase in the more 

saturated palmitoyl-oleoyl PtdGro (16:0/18:1) and distearoyl Ptdlns (18:0/18:0). 
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3.2.4 Neuroblastoma cells express PPARa and PPARy 

To determine the possible mechanisms by which PUFAs may affect cell growth, 

neuroblastoma cells were investigated for the expression of peroxisome 

proUferator-activated receptors (PPARs). The neuroblastoma cell lines used were 

IMR-32 and Kelly. The IMR-32 cell line was derived from the abdominal 

neuroblastic tumour, which occurred in a 13-month old Caucasian male in 1967 

The cell line consists of two morphologically distinct cell types The 

predominant cell type is a small, neuroblast-like cell, which grows densely forming 

focal accumulations. The minor cell type is the fibroblast-like cell, which are 

relatively large and well spread and occur in small numbers. The fibroblast-like 

cells also exhibit many cell surface projections. The cells have a deletion in 

chromosome 1, chromosome 16 is absent and they have amplification of the 

NMYC gene which are markers of poor prognosis in neuroblastoma Less 

information is available about the origins or details of the Kelly neuroblastoma cell 

line (personal communication, Garrett Brodeur, Children's Hospital of 

Pennsylvania). However, the Kelly cells used in this study tended to grow in focal 

accumulations and the cells formed only short neurites and tended to have an 

almost rectangular-shaped morphology. Like IMR-32 cells, Kelly cells have 

amplification of the NMYC gene 

To show the expression of PPARs within neuroblastoma cells, IMR-32 cells and 

Kelly cells were analysed by RT-PCR with PPARa and PPARy specific primers. 

Total cellular RNA was made from IMR-32 cells and Kelly cells and 1 p,g RNA 

was reversed transcribed into cDNA. The cDNA was then amplified initially using 

primers specific for the housekeeping gene, cyclophilin, to ensure equal amounts of 

cDNA were made. To ensure the RT-PCR reactions were in the exponential phase 

of amplification, 5 pi of the reactions were analysed after 30, 35 and 40 cycles. 

Both NMYC amplified neuroblastoma cell lines, IMR-32 and Kelly, expressed 

PPARa (Figures 3.9 and 3.10) and PPARy (Figures 3.11 and 3.12). PPARp was not 

studied as little was known about its function or ligands at the start of the project. 
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Figure 3.9 The human neuroblastoma cell line, IMR-32, expresses PPARa. 

PPARa expression was analysed by RT-PCR using cDNA made 

from total cellular RNA and PPARa-speciflc primers. A liver cell 

line, HepG2, was used as a positive control. cDNA levels were 

normalised by RT-PCR using cyclophilin primers as a control. 
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Figure 3.10 The human neuroblastoma cell line, Kelly, expresses peroxisome 

proliferator-activated receptor a . PPARa expression was analysed 

using cDNA made from total cellular RNA and RT-PCR analysis 

using PPARa-specific primers. A liver cell line, HepG2, was used 

as a positive control. cDNA levels were normalised by RT-PCR 

using cyclophilin primers as a control. 
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Figure 3.11 The human neuroblastoma cell line, IMR-32, expresses peroxisome 

proliferator-activated receptor y. PPARy expression was analysed 

by RT-PCR using cDNA made from total cellular RNA and PPARy-

specific primers. An adipocyte cell line, 3T3-L1, was used as a 

positive control. cDNA levels were normalised by RT-PCR using 

cyclophilin primers as a control. 
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Figure 3.12 The human neuroblastoma cell line, Kelly, expresses peroxisome 

proliferator-activated receptor y. PPARy expression was analysed 

using RT-PCR with PPARy-specific primers and an adipocyte cell 

line, 3T3-L1, was used as a positive control. cDNA levels were 

normalised by RT-PCR using cyclophilin primers as a control. 
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Expression of PPARa was conArmed by using a liver cell line, human HepG2, as a 

control and PPARy expression was confirmed using 3T3-L1 adipocyte control, 

which have previously been shown to express high levels of PPARy ""-^04 

PGR products were cut using unique restriction sites within their sequences (data 

not shown). IMR-32 cells and Kelly cells expressed high levels of PPARa 

equivalent to that of the liver cell line and both cell lines expressed PPARy. The 

housekeeping gene, cyclophilin, was used as a control for levels of cDNA (Figures 

3.9-3.12). 

3.2.5 PUFAs activate PPARs and PPAR-induced transcription in IMR-32 cells 

To investigate whether PUFAs could activate PPAR-induced transcription in 

neuroblastoma cells, IMR-32 cells were transiently transfected with a CAT reporter 

construct containing three consensus PPREs cloned upstream of a TK promoter 

(3PPRE-TK-CAT) The transfected cells were treated with 30 pM fatty acids 

and CAT activity measured 30 |iM AA, DHA, y-LA and OA were able to 

activate PPAR-induced transcription in IMR-32 cells measured as an increase in 

reporter gene activity above that of controls-treated cells. Control-treated cells 

were transfected with PPRE-TK-CAT and supplemented with HBSS and CAT 

activity in these cells was set at 100 %. All transfections were normalised by co-

transfection of pCMV-p galactosidase. AA induced the greatest amount of reporter 

gene activity with an increase in nearly nine-fold compared to controls, whilst OA 

increased transcription rates by seven-fold (Figure 3.13). DHA only induced 

transcription rates to around half the amount of transcription induced by AA and y-

LA barely increased levels of PPAR-induced transcription above those of controls 

(Figure 3.13). None of the PUFAs increased CAT activity when a reporter 

construct, which lacks the triple PPRE sequence, pBLgCAT, was transfected into 

the cells and the cells subsequently treated (Figure 3.14). This shows that AA was 

most effective at activating PPARs than PUFAs in the n-3 and n-9 series. 
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Figure 3.13 PUFAs activate PPAR-induced transcription in IMR-32 cells. IMR-

32 cells were transacted with 5 |u,g 3PPRE-TK-CAT for 6 hours and 

the culture medium was supplemented with 30 |a.M arachidonic acid 

(AA), docosahexaenoic acid (DHA), oleic acid (OA) or y-linolenic 

acid (yLA). Reporter gene activity in HBSS-treated cells (controls) 

was taken as 100 % to normalise the level of CAT activity seen and 

CAT activity in treated cells was measured by a CAT assay and 

compared to this level. Statistics were calculated using a t test and 

significance represented as follows - p<0.05 (*), p<0.01 (**). 
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Figure 3.14 PUFAs do not activate transcription from control vectors lacking 

PPREs. Cells were transacted with 5 pg PBL2CAT for 6 hours and 

the culture medium was supplemented with 30 p.M arachidonic acid 

(AA), docosahexaenoic acid (DHA), oleic acid (OA) or y-linolenic 

acid (yLA). Activation seen in HBSS-treated cells (controls) was 

taken as 100 % to normalise the level of CAT activity seen and CAT 

activity in treated cells was measured by a CAT assay and compared 

to this level. 
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3.3 Discussion 

PUFAs have been shown to inhibit the growth of many types of cancer cell types, 

by mechanisms including growth inhibition and apoptosis. Arachidonic acid (AA) 

has also been shown to induce terminal differentiation in HL-60 cells with 

concurrent down-regulation of cMYC whilst y-linolenic acid (y-LA) is able to 

morphologically differentiate human oesophageal carcinoma cell lines Cells of 

the neuroblastoma cell line, IMR-32, were treated with PUFAs, including AA, 

DHA, OA and y-LA to determine the effects of these fatty acids on cell growth. 

AA, and y-LA were able to marginally inhibit the growth of neuroblastoma cells 

(Figures 3.1a and 3.2), agreeing with data showing that AA and y-LA are able to 

inhibit the growth of other cancer cell lines However, AA was less effective 

after 96 hours treatment (Figure 3.1a) and y-LA was more effective at 75 |j,M, than 

at 30 )j,M (Figure 3.2). DHA was the most effective at inhibiting IMR-32 cell 

growth (Figure 3.1b) and has also been shown to effectively inhibit the growth of 

malignant melanoma cell lines Oleic acid has no effect on the growth of IMR-

32 cells (Figure 3.1c), however it has been shown to inhibit the growth of lung 

metastatic nodules Therefore, different cancer cell types may respond 

differently to different types of fatty acids. 

As well as inhibiting the growth of cancer cells, PUFAs can induce cancer cells to 

undergo apoptosis. DHA is a potent inducer of apoptosis in HT-29 colon cancer 

cells and Jurkat cells, where it is thought to induce apoptosis through a pathway 

involving protein phosphatases, PPl and PP2B However DHA did not induce 

death of IMR-32 cells (Figure 3.4). In Jurkat cells, similar concentrations of AA 

and OA were used to that of the DHA (60 |aM and 90 pM) and had no effects 

suggesting that it is not just the concentrations of PUFAs that are important in 

inducing cellular response, but also the type of PUFA. For example, 50 piM y-LA 

and 100 pM AA have both been shown to induce apoptosis in a chronic myeloid 

leukaemia cell line with no effect on non-transformed cells These 

concentrations of PUFAs are greater than physiological concentrations, which are 

thought to be around 30 pM as the concentration of total non-esterified fatty 

acids in human serum is 1 mM and the most prevalent fatty acids account for 
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approximately 30 % of this None of the PUFAs induced death of IMR-32 ceils, 

with levels of cell death equivalent to that of controls within 120 hours (Figures 3.4 

and 3.5). The effects of AA, DHA, OA and y-LA seen in IMR-32 cells were 

achieved at lower concentrations (30 |j.M) tlian those used in the Jurkat and 

leukaemia cell experiments, however, even at 75 |nM, y-LA did not induce death of 

IMR-32 cells (Figure 3.5). 75 (iM y-LA was also used as it has been shown to 

activate PPARy and induce translocation of PPARy to the nucleus in breast cancer 

cells at this concentration However, it is not known whether 75 pM y-LA 

activates PPAR-induced transcription or alters membrane phospholipids to a 

greater extent than 30 |iM y-LA. This suggests that although these PUFAs have the 

capability to induce apoptosis in certain cancer cells, in IMR-32 cells they only 

slowed cell growth or induced a low level of cell cycle arrest, but did not induce 

cell death. However, concentrations above that of 75 pM were not used, and these 

levels of PUFAs may cause apoptosis in IMR-32 cells. 

Membrane fluidity of tumour cells is different to that of normal cells and the ability 

of cancer cells to metastasise is related to the degree of membrane fluidity. Neural 

tumour cells, leukaemia and lymphoma cells all have increased membrane fluidity 

compared to the equivalent normal cells, however, hepatoma cell membrane 

fluidity decreases compared to that of normal liver cells PUFA-treatment of 

cancer cells also induces a change in their membrane phospholipid composition. 

Rose et al, fed nude mice, which had breast cancer cells implanted into their 

thoracic cavity, on diets containing high levels of DHA and observed that not only 

did their tumour cells grow slower, but that the occurrence and severity of 

metastases was reduced This was proposed to be due to the increases in 

proportion of DHA in the tumour phospholipids and a decrease in arachidonic acid 

concentrations DHA and OA have been shown to exert an anti-metastatic 

effect due to changes in the PUFA-component of the cells in the highly metastatic 

colon carcinoma 26 model This suggests that the growth inhibitory effects of 

polyunsaturated fatty acids may be due to their influence on membrane 

phospholipids. 
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30 pM AA and DHA treatment altered the membrane phospholipid composition of 

IMR-32 cells after 72 hours (Figures 3.8 - 3.10). Addition of AA resulted in an 

increase in arachidonoyl-containing PtdCho species (Figure 3.8), which would 

increase the fluidity of the cell membrane if it occurred alone, however, the 

concurrent increase in disaturated PtdCho species would compensate for this 

increase, by reducing the membrane fluidity back to normal. A similar efkct was 

seen with DHA treatment, in that an increase in DHA-containing PtdCho species, 

resulted in a compensatory increase in disaturated PtdCho species (Figure 3.8). An 

increase in AA and DHA-containing phospholipid species, on treatment with the 

respective PUFAs, were also seen in mouse models of breast cancer and colon 
177 cancer 

Similarly to PtdCho species, AA induced an increase in AA-containing PtdEtn 

species and DHA supplementation induced an increase in DHA-containing PtdEtn 

species (Figure 3.9). However, unlike with the PtdCho species, AA treatment 

suppressed the DHA-containing PtdEtn species and DHA suppressed the AA-

containing PtdEtn species within the cell membrane (Figure 3.9). This effect was 

also seen in mouse models of breast cancer and colon cancer and it is 

suggested that an increase in DHA-containing membrane phospholipid species 

reduces the metastatic capability of tumour cells and the size of tumours 

Interestingly, DHA treatment, which increased DHA-containing species in IMR-32 

cell membranes was the most effective PUFA at inhibiting IMR-32 cell growth, 

although AA, which suppressed DHA-containing species, marginally inhibited 

IMR-32 cell growth at 24 to 48 hours post-initial treatment. 

Fewer changes were seen in the acid phospholipid membrane fraction of IMR-32 

cells treated with 30 pM AA and DHA, than with the PtdCho and PtdEtn fraction 

(Figure 3.10). This may be because phosphatidylinositol, especially stearoyl-

arachidonoyl Ptdlns (18:0/20:4) is involved in cell signalling and the cell manages 

to maintain the same levels of Ptdlns species, as much as possible. DHA was 

unable to suppress AA-containing acid phospholipid species, however, AA seemed 

to suppress DHA-containing acid phospholipid species, which are not as prevalent 

in the cell membranes initially (Figure 3.10). PUFAs dramatically altered the 
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membrane phospholipid composition of IMR-32 cells, but not the Ptdlns 

component. Therefore, some of the effects of PUFAs on IMR-32 cells may be due 

to these changes rather than activation of PPARs and decoy oligonucleotides could 

be used to prove whether PPARs are involved or not. 

The marginal effects of fatty acids on IMR-32 cell growth may have been due to 

changes in the membrane phospholipids or low level activation of PPARs. To 

determine whether neuroblastoma cells express PPARs, total RNA was made from 

IMR-32 and Kelly cells and reversed transcribed to cDNA. The cDNA was 

amplified by RT-PCR reactions using PPARa or PPARy-specific primers and 

primers for the housekeeping gene, cyclophilin, were used to control for cDNA 

amounts. In both IMR-32 cells and Kelly cells, PPARa was expressed at levels 

equivalent to that of the human liver cells line HepG2 (Figures 3.11 and 3.12). Han 

et ai, showed that the Lan-5 neuroblastoma cell line expresses PPARp and PPARy, 

but does not express the a isoform of PPAR 

The y isoform of PPAR was also expressed in both IMR-32 cells and Kelly cells 

(Figures 3.13 and 3.14). This agrees with published data suggesting that malignant 

cells do express PPARy. PPARy is expressed in both human neuroblastoma cell 

lines and primary cells and its expression correlates with the degree of 

differentiation of the neuroblastoma cells. Poorly differentiated neuroblastomas, 

representing later stage disease express lower levels of PPARy Several groups 

have shown that prostate cancer cell lines express different levels of PPARy, which 

may reflect different disease stages of the tumour cells from which the cell lines 

were derived, and that levels of expression were lower than those of freshly isolated 

prostate cancer cells 

To determine whether the effects of fatty acids on IMR-32 cells were due to an 

increase in PPAR-mediated transcription, IMR-32 cells were transfected with a 

CAT reporter gene from a construct containing 3 consensus PPAR binding sites 

(PPREs) upstream of a thymidine kinase promoter treated and CAT activity 

measured CAT activity increased when PPARs were activated by PUFAs 

within the IMR-32 cells (Figure 3.15) and several groups have shown that PUFAs 
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activate PPARs Keller et al, showed that PUFAs activated a reporter 

construct containing three consensus PPREs around ten-fold, whereas 

monounsaturated and saturated fatty acids were less potent activators of PPARs 

Arachidonic acid has been shown to activate PPAR-induced transcription, but to a 

lesser extent than some of its metabolites Oleic acid has also been shown to 

be a weak activator of PPARs using competition assays with a radio labelled high 

affinity ligand for both PPARa and PPARy, GW2331 The PPRE used in these 

experiments did not distinguish between the different isoforms, as all three 

isoforms bind to the same sequences. However, differences in activation of PPARs 

can be observed using expression vectors for the three iso forms co-transfected with 

reporter plasmids In IMR-32 cells, AA and OA showed the greatest effect on 

PPAR activity followed by DHA and y-LA had the least effect (Figure 3.15). This 

suggests that some of the effects of the PUFAs may be mediated through activation 

of PPARs and the resulting transcription of PPAR target genes. The differences in 

levels of activation of PPARs may be related to the hydrocarbon chain shape and 

stearic interactions, as oleic acid is a "bent" molecule and may not be able to make 

strong hydrophobic interactions with PPAR ligand binding domains that are 

required for stable ligand binding However, PUFAs such as AA, which is more 

a "hairpin" structure may be able to make these connections and may activate 

PPARs more effectively 30 pM of the PUFAs, AA, DHA, y-LA, and OA were 

sufficient to activate PPAR-induced transcription, so should be sufficient to induce 

any PPAR-induced effects on the cells. However Maehle et al, have shown that 

very different concentrations of fatty acid are required to achieve the same growth 

inhibitory effects in similar epithelial tumour cell lines and therefore different 

cancer cell types may also require different concentrations of fatty acids to achieve 

the same effects. 

Therefore, in conclusion PUFAs only had a marginal effect on the growth of IMR-

32 cells and this effect is more likely to be mediated through the changes to the 

membrane phospholipids than through activation of PPARs. This is because DHA 

had the greatest effect on membrane phospholipid composition, activated PPARs to 

a lesser extent than most of the other PUFAs used, but had the greatest affect on 

cell growth. Likewise, OA activated PPARs more than DHA, but had no effect on 
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IMR-32 cell growth and also AA activated PPAR-induced transcription to a greater 

extant than DHA, but had less of a growth-inhibitory effect and was only slightly 

more effective than OA at activating PPARs, but had more effect on cell growth. 

Therefore activation of PPARs with 30 p,M PUFAs did not correlate with the 

cellular effects of the PUFAs. In contrast, fatty acid supplementation altered the 

membrane composition of IMR-32 cells considerably and therefore a large 

proportion of the fatty acids may be integrated into the membrane, rather than 

activating PPARs and inhibiting cell growth. Indeed DHA suppressed the amount 

of arachidonyl-containing phospholipid species in IMR-32 cells, and suppression of 

AA-containing, but not DHA-containing, species was involved in the inhibition of 

colon cancer cell growth ,Therefore, considerable changes to the membrane 

phospholipids are required to have a marginal effect on cell growth. Interestingly, 

PUFAs activate PPARa and PPARy and the activity seen in the reporter assay 

could have been mainly due to activation of the a isoform, which has not be shown 

to be involved in the growth inhibition of cancer cells. Therefore, other more 

potent and specific activators of the y isoform of PPARs, such as J2 prostaglandins, 

may be more suited to inhibiting the growth of neuroblastoma cell lines and will be 

fully investigated in the following chapters. 

111 



Chapter 4 

The Effects of PPAR Ligands on 

Neuroblastoma Cells In Vitro 

112 



4.1 Introduction 

Fatty acids only marginaHy inhibited the giowlh of IMR.-32 cells and this efkct 

was not due to activation of PPARs, but was more likely due to changes in the 

membrane phospholipid composition. There is debate in the literature as to 

whether fatty acids are ligands of PPARy, or whether fatty acid metabolites are 

actually true PPARy ligands. Therefore the effectiveness of another reportedly 

high affinity ligand of PPARy, a J; prostaglandin, 15-deoxyA'^ ''*-prostglandin J2 

(15dPGJ2), was assessed as an inhibitor of neuroblastoma cell growth. The three 

isoforms of PPARs, a , p/5 and y have specific patterns of tissue expression and 

function PPARa is involved in the development of cancers in rodents but 

has not been associated with the development of cancers in humans PPARp is 

frequently over-expressed in many colorectal cancers and genetic disruption of 

the PPARp gene reduces the tumourigenicity of human colon cancer cells 

A number of groups have demonstrated that activation of PPARy by its ligands 

results in the inhibition of cell growth in many other cancer cell types. This growth 

inhibition can occur through mechanisms including differentiation apoptosis 

340,341,347 more recently shown, autophagy or type II programmed cell death 

However, activation of PPARy has been shown to both inhibit and 

promote the development of colon cancer in mouse models. ISdPGJ^ has 

also been linked to the proliferation of a human colorectal cancer cell line, but this 

may occur through PPARy-dependent or -independent mechanisms The 

inhibition of cancer cell growth through activation of PPARy has been achieved by 

using ISdPGJi phenylacetate or the thiazolidinedione (TZD) class of 

anti-diabetic drugs It is therefore proposed that PPARy ligands could have 

potential as a therapy for treating cancers. Ligands of PPARa, including the fibrate 

drug, Wy-14643, are suitable controls, as activation of PPARa has not been 

implicated in the development of human cancer ISdPGJa is a metabolite of 

arachidonic acid and exists naturally within cells It would therefore be a 

suitable treatment for cancer as it is non-toxic. 
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4.2.1 The PPARy ligand, I5-deoxyA' ''^-prostglandin J2 inhibits the growth of 

IMR-32 cells 

To test whctlier ligands of PPARs are more effective inliibitors of neuroblastoma 

cell growth than PUFAs, IMR.-32 cells were seeded at 2 x W* cells and treated with 

increasing concentrations of PPAR ligands for 72 hours and the effect on cell 

growth was determined. The ligands used were Wy-14643, which potently 

activates PPARa, and ISdPGJz, the natural ligand of PPARy. Increasing 

concentrations of Wy-14643 did not inhibit IMR-32 cell growth up to 25 )iM, but at 

concentrations of 50 pM and above there was a small decrease in cell number, 

which could reflect some toxicity of Wy-14643 in susceptible cells (Figure 4.1). 

However, even at high concentrations (50-100 jiM), Wy-14643 was not effective at 

inhibiting neuroblastoma cell growth. In complete contrast, the growth of IMR-32 

cells treated with more than 1 juM 15dPGJ2 was inhibited by 72 hours, compared to 

controls (Figure 4.1). Increasing concentrations of 1 SdPGJ: above that of 1 pM 

inhibited cell growth with increasing effectiveness, so that at concentrations above 

7.5 pM, no viable IMR-32 cells were observed at 72 hours post-initial treatment 

(Figure 4.1). 

The effect of a constant concentration of 1 SdPGJz over time was also measured. 

The concentration of 1 SdPGJz chosen was 5 pM, as the EC50 is 2 pM and most 

published experiments used concentrations between 2.5 pM and 10 pM ISdPGJg. 

15dPGJ2 inhibited the growth of IMR-32 cells from 24 hours post-initial treatment 

(Figure 4.2). The effect was marked from 72 hours onwards, with numbers of 

15dPGJ2-treated cells increasing from 2 x lO'* cells to 4 x 10̂  cells and control cells 

increasing in number to 2 x 10̂  (Figure 4.2). To determine whether the effect of 

15dPGJ2 was unique to IMR-32 cells, the effect on another NMYC amplified 

neuroblastoma cell line, Kelly was determined. Both cell lines tested were 

representative of neuroblastoma with poor prognosis, which is the type of 

neuroblastoma that requires an effective treatment. As seen with IMR-32 cells, the 

growth of Kelly cells treated with 5 pM ISdPGJz was inhibited and yet control-

treated Kelly cells grew almost ten-fold (Figure 4.3). 
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Figure 4.1 Dose response of IMR-32 cells to the PPARa ligand, Wy-14643 and 

PPARy ligand, 15-deoxyA'^''''-prostglandin J2. IMR-32 cells were 

plated out at 2 x 10'* cells and their response to increasing 

concentrations of the PPARa ligand, Wy-14643 and the PPARy 

ligand, 1 j-deoxyA'^ '^^-prostglandin J2 were measured after 72 hours 

treatment. Two samples were measured per concentration of 

treatment and the experiments were completed in duplicate and the 

error bars represent s.e.m. 
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Figure 4.2 Ligands of PPARy, but not PPARa inhibit the growth of IMR-32 

cells. To determine whether ligands of PPARs inhibited the growth 

of IMR-32 cells, the cells were plated out at 2 x lO"* cells, treated 

with 5 )j,M of each ligand and the effects on cell growth measured 

over 120 hours. Two samples were counted per treatment per day 

and experiments were completed in duplicate. Statistics were 

calculated using an ANOVA, which showed that ISdPGJi 

significantly inhibited cell growth compared to DMSO controls at a 

significance ofp<0.01. 
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Figure 4.3 Ligands of PPARy, but not PPARa inhibit the growth of Kelly cells. 

Kelly cells were plated out at 2 x 10"̂  cells treated with 5 |j,M 

15dPGJ2 or 5 Wy-14643 and the effects on cell growth 

measured over 120 hours. Two samples were counted per treatment 

per day and experiments were performed in duplicate and error bars 

represent standard errors. Statistics were calculated using an 

ANOVA, which showed that ISdPGJi significantly inhibited cell 

growth compared to DMSO controls at a significance of p<0.05. 
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This effect on cell growth was restricted to the ligand of PPARy as the PPARa 

ligand, Wy-14643, did not inhibit the growth of Kelly cells either (Figure 4.3). 

This shows that a ligand of PPARy, ISdPGJ ,̂ but not a potent activator of PPARa, 

was able to inhibit neuroblastoma cell growth m 

4.2.2 15-deoxyA'^''''-prostglandin Jj induces cell cycle arrest in IMR-32 cells 

and Kelly cells 

The growth inhibition induced in neuroblastoma cells in response to ISdPGJa may 

have involved cell cycle arrest and therefore the cell cycle profiles of the treated 

cells were analysed by flow cytometry. The neuroblastoma cells were treated with 

DMSO, 5 jj-M ISdPGJz or 5 |iM Wy-14643 and were then stained with propidium 

iodide. Live cells were selected, and dead cells and degraded DNA were 

discounted using markers. The cells were analysed at a wavelength of 258 nm and 

the number of cells with the correct fluorescence were counted. No changes in the 

cell cycle distribution were seen with IMR-32 cells treated with ISdPGJa at 24 

hours (Figure 4.4). However, at 72 hours, there were significantly fewer cells in 

the Gi/Go stage of the cell cycle and a significant increase in cells in the Gz/M 

phase of the cell cycle (Figures 4.5 and 4.6). The number of cells in G,/Go was 

reduced compared to controls and treatment with Wy-14643 (Figure 4.6). This 

suggests that in IMR-32 cells, 15dPGJ2 induced cell cycle arrest at Gz/M between 

24 and 72 hours. However, in Kelly cells, the only significant change in the cell 

cycle distribution of the cells was an increase in cells in Gi/Go after 72 hours 

(Figures 4.7 and 4.8), suggesting that growth inhibition of Kelly cells might 

actually occur through a different mechanism to that seen in IMR-32 cells. 

4.2.3 15-deoxy/^^'^'*-prostglandin induces morphological changes in IMR-32 

cells 

Differentiating neuroblastoma cells extend their neurites, form connections with 

other cells and exit the cell cycle and PC 12 cells treated with ISdPGJ; extend 

their neurites To establish whether 5 jiM 15dPGJ2 induced any morphological 

changes, such as neurite output, treated cells were observed by light microscopy. 
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Figure 4.4 Ligands of PPARa and PPARy do not affect the IMR-32 cell cycle 

after 24 hours. IMR-32 cells were treated with 5 pM Wy-14643 or 

5 pM IS-deoxyA'^'^'^-prostglandin Jz for 24 hours and the cells were 

stained with propidium iodide. The cells were analysed by flow 

cytometry and dead cells and degraded DNA were excluded. Graph 

represents duplicate experiments and errors are standard errors of 

the mean. 
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Figure 4.5 Flow cytometry scan showing ISdPGJs arrests IMR-32 cells at 

G2/M of the cell cycle after 72 hours treatment. IMR-32 cells were 

treated with DMSO or 5 pM IS-deoxyA'^'^'^-prostglandin J2 

(ISdPGJa) for 72 hours. The cells were stained with propidium 

iodide and analysed by flow cytometry. The scans are 

representative of the effects of ISdPGJa. 
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Figure 4.6 15dPGJ2 arrests IMR-32 cells at G2/M of the cell cycle after 72 

hours treatment. IMR-32 cells were treated with 5 juM Wy-14643 or 

5 pM IS-deoxyA'^'^'^-prostglandin J2 for 72 hours and the cells were 

labelled with propidium iodide. The cell cycle was analysed by flow 

cytometry and the graph represents duplicate experiments with one 

sample per experiment and the errors are standard errors of the 

mean. Statistics were calculated using a t test - p<0.05 (*) and 

p<0.01 (**). 
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Figure 4.7 Ligands of PPARa and PPARy do not affect Kelly cell cycle after 

24 hours. Kelly cells were treated with 5 pM Wy-14643 or 5 p.M 

IS-deoxyA^^'^'^-prostglandin J2. The cells were stained with 

propidium iodide and analysed by flow cytometry after 24 hours 

treatment. The graph represents duplicate experiments and the 

errors are s.e.m. 
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Figure 4.8 ISdPGJi has an effect on the Kelly cell cycle after 72 hours 

treatment, by increasing the number of cells in GI/GQ. Kelly cells 

were treated with 5 fxM Wy-14643 or 5 pM IS-deoxyA*^''"'-

prostglandin J2 (ISdPGJz). The cells were stained with propidium 

iodide and analysed by flow cytometry after 72 hours treatment. 

The graph represents duplicate experiments with one sample per 

experiment and the error bars show the standard errors. Statistics 

were calculated by a t test - p<0.05 (*). 
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IMR-32 cells treated with 1 SdPGJi rounded up and retracted their neurites (Figure 

4.9) rather than extending their neurites. The same effect was not seen in IMR-32 

cells treated with Wy-14643 or in Kelly cells treated with ISdPGJz or Wy-14643 

(data not shown). However, Kelly cells extended fewer, shorter neurites than IMR-

32 cells and therefore, it is more difficult to determine whether the cells were 

retracting their neurites or not. 

4.2.4 15-deoxyA^^'^'*-prostglandin J2 induces a form of cell death, requiring de 

novo protein synthesis in IMR-32 cells 

15dPGJ2 induces growth inhibition and cell cycle arrest in IMR-32 cells and a 

series of assays measuring cell death were employed to determine whether the 

arrested cells died. A general measure of cell death is the uptake of trypan blue, 

which penetrates into cells with compromised plasma membranes. Live cells have 

intact plasma membranes and should therefore exclude the dye. Neuroblastoma 

cells were treated with ligands of PPARa and PPARy and the percentage of live 

and dead cells measured over 120 hours. Increasing numbers of IMR-32 cells 

treated with 1 SdPGJi took up trypan blue over the time course, with the greatest 

increase occurring between 48 and 72 hours (Figure 4.10). This suggests that 

treatment with ISdPGJz compromised the integrity of the plasma membrane. It 

also shows that the inhibition of neuroblastoma cell growth involved cell cycle 

arrest followed by cell death, as the greatest increases in trypan blue uptake 

occurred after 48 hours, whereas growth inhibition was seen within 48 hours. As 

expected, IMR-32 cells treated with 5 pM Wy-14643 did not stain with trypan blue 

at numbers greater than control cells and therefore Wy-14643 did not induce cell 

death (Figure 4.10). Treatment of Kelly cells with 5 pM ISdPGJz also increased 

the number of cells taking up the trypan blue dye (Figure 4.11), although to a lesser 

extent than IMR-32 cells. As expected Wy-14643 did not induce cell death in 

Kelly cells compared to control-treated cells over 120 hours (Figure 4.11). 

Trypan blue uptake does not distinguish between protein synthesis-dependent cell 

death (programmed cell death) and protein synthesis-independent cell death. 
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Figure 4.9 ISdPGJz induces neurite retraction in IMR-32 cells after 72 hours. 

IMR-32 cells were treated with DMSO or 5 pM ISdPGJa for 72 

hours and the cellular morphology was assessed using Kght 

microscopy. Scale bar represents 50 pM. 
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Figure 4.10 15dPGJ2, but not Wy-14643 induces death of IMR-32 cells. IMR-

32 cells were treated with 5 piM Wy-14643 or ISdPGJz and stained 

with 0.4 % trypan blue solution. The proportion of live cells was 

determined over 120 hours. Two samples were counted per 

treatment per day and the experiments were completed in duplicate 

and the error bars represent s.e.m. Statistics were calculated by an 

ANOVA, which showed that ISdPGJz significantly induced cell 

death compared to controls at a significance of p<0.05. 
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Figure 4.11 15dPGJ2, but not Wy-14643 induces death of Kelly cells. Kelly 

cells were treated with 5 |j,M Wy-14643 or ISdPGJz and stained 

with 0.4 % tiypan blue solution. The proportion of live cells was 

determined over 120 hours. Two samples were counted per 

treatment per day and the experiments were run in duplicate and the 

error bars represent s.e.m. Statistics were calculated by an ANOVA, 

which showed that 15dPGJ2 induced cell death compared to controls 

at a significance of p<0.05. 
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Therefore the protein synthesis inhibitor, cycloheximide, was used to determine 

whether the death induced by 15dPGJ2 in IMR-32 was protein synthesis-dependent. 

Cells were treated with DMSO or 5 p,M ISdPGJz for 72 hours, with or without the 

addition of 10 p,g/nil cycloheximide for 24 hours prior to counting. IMR-32 cells 

treated with ISdPGJz alone were stained by trypan blue at a greater rate than 

controls. However, when the treatment was combined with cycloheximide, the 

number of cells taking up the dye was decreased at all time points, but was most 

noticeable at 72 hours, when cell death was reduced by almost 25 % (Figure 4.12). 

As necrosis is not dependent on protein synthesis, this suggests that ISdPGJz did 

not induce necrosis in IMR-32 cells, but induced a form of cell death, which 

required de novo protein synthesis. 

4.2.5 IS-deoxyA^^'^'^-prostglandin J2 does not induce apoptosis of IMR-32 cells 

or Kelly cells 

Active or programmed cell death, which requires de novo protein synthesis, can 

occur by several mechanisms, the most widely studied being apoptosis. To 

determine whether the active cell death seen in neuroblastoma cells was due to 

apoptosis, several assays for apoptosis were employed including DNA 

fragmentation, caspase activity and PARP cleavage. Both IMR-32 cells and Kelly 

cells were treated with DMSO, 5 p̂ M ISdPGJi or 5 p,M Wy-14643 and assayed at 

24 and 72 hours for apoptosis. These time points were chosen as virtually no 

growth inhibition is seen at 24 hours and the greatest reduction in cell growth is 

seen between 48 and 72 hour time points. DNA from the neuroblastoma cell lines 

was electrophoresed to determine whether it produced a "ladder" on an agarose gel. 

This is because, during apoptosis, nucleases cause inter-nucleosomal fragmentation 

of DNA, producing characteristic multiples of 180-200 base pair lengths of DNA, 

which appear as a ladder on a gel DNA was isolated from 

neuroblastoma cells treated with DMSO, 5 p.M ISdPGJi or 5 p,M Wy-14643. 

Betulinic acid was used as a positive control and induced DNA fragmentation in 

IMR-32 cells (Figure 4.13). However, despite betulinic acid being reported as a 

universal inducer of apoptosis it did not produce DNA laddering in Kelly cells 
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Figure 4.12 ISdPGJa induces cell death in IMR-32 cells, which requires de novo 

protein synthesis. IMR-32 cells were treated with 5 p,M ISdPGJz 

and the cells were also treated with the inhibitor of protein synthesis, 

cycloheximide (CH) and the effect on cell death measured by trypan 

blue exclusion assay. Two samples were counted per treatment per 

day and the graph represent duplicate experiments and the error bars 

represent s.e.m. Statistics were calculated by using an ANOVA and 

showed that cycloheximide did not significantly prevent ISdPGJz-

induced cell death throughout the experiment. However, after 72 

hours only, when maximal cell death was occurring, a student's t 

test showed that cycloheximide did have a significant effect, with a 

significance ofp<0.01 (**). 
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No DNA ladders were seen in control cells or cells treated with Wy-14643 (Figures 

4.14 and 4.15), consistent with these treatments having no effect on cell growth or 

inducing cell death. Importantly, although 15dPGJ2 induced an active form of cell 

death in IMR-32 cells, it caused neither DNA fi-agmentation nor apoptosis in either 

IMR.-32 cells (Figure 4.14) or Kelly cells (Figure 4.15). No &agmentation of DNA 

was seen in IMR-32 cells or Kelly cells treated with 10 jiM 1 SdPGJz (data not 

shown). However, some cell types do not undergo DNA &agmentation during 

apoptosis and therefore other methods for detecting apoptosis were used. 

Cytochrome C is released from mitochondria in response to apoptotic signals and 

activates caspase 9, which then interacts with APAF-1 to activate the caspase 

cascade Caspases are a family of cysteine proteases, which specifically cleave 

proteins at aspartic acid residues Activation of the caspase cascade results in 

the cleavage of various substrates causing morphological changes and degradation, 

which are characteristic of the cellular features seen in apoptosing cells One of 

the substrates of caspase 9, is caspase 3, which cleaves substrates containing the 

amino acid sequence DEVD and is required for some of the morphological 

changes seen in apoptosis To establish whether 15dPGJ2 induced apoptosis by 

activating caspase 3 in neuroblastoma cells, total cell lysates from treated cells 

were mixed with a synthetic caspase 3 substrate, ac-DEVD-pNA. Ac-DEVD-pNA 

fluoresces when cleaved and the degree of fluorescence directly relates to the 

activity of caspase 3. No caspase 3 activity was seen in IMR-32 cells or Kelly cells 

at either 24 or 72 hours (Figures 4.16 and 4.17), suggesting that apoptosis was not 

occurring. To confirm that neuroblastoma cells contain frinctional caspase 3, 

staurosporine and betulinic acid were used positive controls (Figures 4.16 and 

4.17). However, as seen with DNA fragmentation, betulinic acid did not activate 

caspase 3 or induce apoptosis in Kelly cells. 

Several caspases are activated during apoptosis and therefore caspases other than 

caspase 3 may have been involved in the cell death induced in IMR-32 cells treated 

with ISdPGJz. In addition, MCF-7 cells lack caspase 3 but are able to undergo 

apoptosis, presumably through activation of other caspases 
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Figure 4.13 Betulinic acid induces DNA fragmentation in IMR-32 cells. IMR-

32 cells were treated with 20 )Lig/ml betulinic acid for 24 hours (lane 

1), total DNA was isolated from the cells and electrophoresed to 

look for a DNA ladder. 
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Figure 4.14 ISdPGJa and Wy-14643 do not induce DNA fragmentation in IMR-

32 cells after 72 hours. IMR-32 cells were treated with 4 pM 

retinoic acid, 5 |uM ISdPGJi and 5 ^M Wy-14643 for 72 hours and 

total DNA was extracted and electrophoresed to look for a DNA 

ladder. 
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Figure 4.15 ISdPGJa and Wy-14643 do not induce DNA fragmentation in Kelly 

cells after 72 hours. Kelly cells were treated with 5 |aM ISdPGJi 

and 5 )j,M Wy-14643 for 72 hours and total DNA was extracted. 

The DNA was electrophoresed to look for the presence of a DNA 

ladder. 
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Figure 4.16 ISdPGJa and Wy-14643 do not activate caspase 3 in IMR-32 cells 

after 72 hours. IMR-32 cells were treated with 5 pM 15dPGJ2 or 5 

l_iM Wy-14643 and caspase 3 activity was measured in treated cells 

by measuring cleavage of the synthetic caspase 3 target, acDEVD-

pNA. IMR-32 cells do have caspase 3, which can be activated by 

treating the cells with betulinic acid, which has previously been 

shown to induce apoptosis in neuroblastoma cells and by 

staurosporine, the general inducer of apoptosis. 
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Figure 4.17 ISdPGJi and Wy-14643 do not activate caspase 3 in Kelly cells after 

72 hours. Kelly cells were treated with 5 |LIM 1 SdPGJa or 5 jaM Wy-

14643 and caspase 3 activity was measured in treated cells by 

measuring cleavage of the synthetic caspase 3 target, acDEVD-pNA. 

Betulinic acid is not a positive control for apoptosis in Kelly cells. 
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Therefore cleavage of poly ADP ribose polymerase (PARP) was also studied to 

confirm whether apoptosis was occurring or not. PARP is the substrate for several 

caspases including caspase 7 and cleavage of PARP is a marker for early apoptosis 

The larger 85 kDa fragment of PARP binds to DNA and prevents repair 

enzymes &om repairing the DNA and rescuing the cell from apoptosis 

Extracts of IMR-32 cells treated with PPAR ligands for 24 or 72 hours were 

resolved by SDS-PAGE and probed with an anti-PARP antibody (Upstate 

Biotechnology, New York) which recognises the full-length protein and its 

cleavage products. No cleavage of PARP was seen with any of the treatments at 

any time point in IMR-32 cells and the levels of full-length protein remained 

constant between treated and control cells at both 24 and 72 hours (Figure 4.18). 

Together these data suggest that 15dPGJ2 was not inducing apoptosis in IMR-32 

cells. 

4.2.6 15-deoxyA^^'^'*-prostglandin J2 induces autophagy in IMR-32 cells 

Apoptosis is not the only form of programmed or active cell death. Autophagy or 

type II programmed cell death was first described in 1990 and involves lysosomal 

destruction of cellular contents such as mitochondria Butler et al, reported 

that 15dPGJ2 induces prostate cancer cell lines to undergo cell cycle arrest at S 

phase and autophagic cell death subsequent to the cell cycle arrest IMR-32 

cells also underwent autophagic cell death, but arrested at G2/M and not at S phase 

of the cell cycle. Despite this they showed similar characteristics to the prostate 

cancer cells in that the cell death occurred with intact nuclei and without DNA 

fragmentation, caspase activation or PARP cleavage. 

To determine whether autophagy was occurring in neuroblastoma cells treated with 

1 SdPGJi, IMR-32 cells treated with DMSO or 5 p,M 1 SdPGJi for 24 or 72 hours 

were stained with 50 p,M monodansylcadaverine, fixed and observed by fluorescent 

microscopy. Monodansylcadaverine (MDC) is a fluorescent compound with a 

dansyl group conjugated to cadaverine, a diamine pentan which specifically 

accumulates in autophagic vesicles Untreated and DMSO-treated IMR-32 cells 

had no autophagic vesicles at 24 or 72 hours (Figure 4.19 and data not shown). 

135 



24 hours 72 hours 

1 2 3 4 5 6 7 8 

116 kDa 
(Full length) 

SDS-PAGE membrane 

Lane 1 + 5 

Lane 2 + 6 

Lane 3 + 7 

Lane 4 + 8 

IMR-32 cells - untreated 

IMR-32 cells + DMSO 

IMR-32 cells + 15-deoxyA'^'''^-prostglandin J2 

IMR-32 cells + Wy-14643 

Figure 4.18 Treatment of IMR-32 cells with 15dPGJ2 and Wy-14643 does not 

result in the cleavage of PARP. IMR-32 cells were treated with 5 

|iM ISdPGJi or 5 )iiM Wy-14643 and nuclear extracts made of the 

cells after 24 and 72 hours. Cleavage of poly-ADP ribose 

polymerase (PARP), a caspase target, was determined by resolving 

the extracts by SDS-PAGE Western blotting with an antibody to 

full-length and cleaved PARP. 
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Figure 4.19 ISdPGJi induces the formation of autophagic vesicles, stained by 
MDC in IMR-32 cells after 72 hours. IMR-32 cells were treated 
for 72 hours with 5pM 15dPGJ2 or DMSO. The cells were 
stained with monodansylcadaverine, a dye which stains autophagic 
vesicles and visualised by fluorescent microscopy. Scale bars 
represent 30 )LIM. 
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A few vesicles were visible in cells treated with 5|j,M ISdPGJz for 24 hours (data 

not shown), but after 72 hours treatment there was an accumulation of autophagic 

vesicles in most IMR-32 cells (Figure 4.19). This suggests that autophagy occurred 

in IMR-32 cells. If IMR-32 cells treated with ISdPGJi were undergoing 

autophagic cell death, observing ultrastructural changes to the cells would confirm 

this. Autophagy is characterised by formation of autophagic vesicles, which 

sequester cytoplasm and organelles from the rest of the cell and are destroyed by 

fusing with lysosomes Organelles, especially mitochondria, are degraded 

during autophagy and a reduction in mitochondrial functioning results in cell death 

364, 363, 427 Autophagic cell death has been previously shown using electron 

microscopy to observe autophagic vesicles in cells treated with ISdPGJz and in 

rat sympathetic neurones deprived of nerve growth factor 

Silver sections of IMR-32 cells treated with 5 pM ISdPGJz, DMSO or left 

untreated for 72 hours, were cut and stained to observe any ultra-structural changes 

occurring in these cells upon treatment, which may indicate autophagy. Untreated 

and DMSO-treated cells appeared to have a normal cellular ultra-structure, with 

intact nuclei and random distribution of intact intracellular organelles, without 

chromatin condensation, condensation of cytoplasm or loss of cellular membrane 

integrity (Figures 4.20a and 4.20b). However, cells treated with 1 SdPGJz for 72 

hours, showed contraction of the cellular volume, with many organelles such as 

mitochondria becoming arranged in densely packed formations at one side of the 

nucleus with little intervening cytoplasm (Figure 4.20c). Such densely packed 

formations are a feature of apoptosis and may reflect overlapping of cytoplasmic 

changes seen with apoptosis and autophagy These organelles appeared to have 

moved or been moved within the cell, leaving large areas of the cell with very few 

or no organelles. All of the organelles appeared intact and had not undergone 

swelling (a feature of necrosis), except possibly some of the endoplasmic reticulum 

(ER), which appeared slightly distended (Figure 4.20d). This may reflect an early 

part of the mechanism of autophagic cell death, where membranes of ER envelop 

parts of the cell. Another feature of autophagy is the presence of "whorls" of ER 

membrane within the cell which were seen 15dPGJ2-treated cells at 72 hours 

(Figure 4.20e). 
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Figure 4.20 ISdPGJi induces features of autophagic cell death in IMR-32 cells 

after 72 hours. Silver sections of IMR-32 cells treated with DMSO, 

5 pM 15dPGJ2-or left untreated for 72 hours were stained with 

uranyl acetate and lead citrate and analysed by transmission electron 

microscopy. Whole untreated and DMSO-treated IMR-32 cells are 

shown in Figure 4.20a and 4.20b. Whole IMR-32 cells treated with 

15-deoxyA'^'''^-prostglandin J2 (ISdPGJa) for 72 hours are shown in 

Figure 4.20c. Figures 4.20d - 4.20h show higher magnification of 

IMR-32 cells treated with 5 |a,M ISdPGJa for 72 hours. Figure 4.20d 

shows endoplasmic reticulum, Figure 4.20e shows a "whorled" 

autophagic vesicle and Figure 4.20f shows an autophagic vesicle 

containing cellular components. Figure 4.20g shows a degradative 

autophagic vesicle and Figure 4.20h shows the intact nucleus of an 

IMR-32 cell treated with 5 pM ISdPGJz for 72 hours. Scale bars 

represent 10 fxM for whole cell pictures (Figures 20a-c) and 1 pM 

for pictures of parts of cells (Figures 20d-h). 
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These may represent a later stage in the autophagic process, where an organelle has 

been enveloped (Figure 4.20t). The final stage in the autophagic process is the 

formation of the single membrane-bound vesicle which may contain parts of the 

cell. This was also be seen in the ISdPGJi-treated IMR-32 cells at this time point, 

where the vesicle appeared to contain cellular components, possibly organelles 

(Figure 4.20g). No chromatin condensation was seen in IMR-32 cells treated with 

15dPGJ2, the nuclei and nucleoli appeared intact and there were no apoptotic 

bodies (Figure 4.20h). 

4.2.7 Treatment of IMR-32. cells with ligands of PPARy and Retinoid X 

Receptor (RXR) do not synergistically inhibit cell growth or induce death 

Simultaneous treatment with ligands of PFARy and retinoid X receptors (RXRs) 

has been shown to be synergistic, resulting in further increases in growth inhibition 

of some cancer cells. This includes prostate cancer cells leukaemia cells and 

gastric cancer cells Breast cancer cells treated with a combination of 

troglitazone (TGZ), a thiazolidinedione (TZD), which activates PPARy, and the 

RXR ligand, 9-cis retinoic acid, have also been shown to undergo synergistic 

increases in cell growth inhibition with increased apoptosis Docosahexaenoic 

acid (DHA) activates PPARs but is also a ligand of retinoid X receptors (RXRs) 

in mouse brain DHA was found in the hippocampus, striatum, motor cortex 

and cerebellum of day 13.5 mouse embryos and when used to supplement tissue 

culture medium, it was shown activate RXR heterodimerised with the orphan 

receptor, Nurrl The binding of DHA to RXR was sensitive to mutations in the 

ligand binding domain of RXR, suggesting that it was a true ligand of DHA, but it 

was less effective than 9-cis retinoic acid {9-cis RA) at activating RXR 

Ligands of PPAR and RXR have both been shown to inhibit neuroblastoma cell 

growth Therefore, IMR-32 cells were treated with 5 pM 15dPGJ2 and 4 juM 

9-cis retinoic acid or 30 p,M docosahexaenoic acid (DHA) for 120 hours and cell 

numbers counted, to establish whether ISdPGJa and RXR ligands synergistically 

inhibited IMR-32 cell growth. 4 pM retinoic acid was used as it has been shown to 

differentiate neuroblastoma cells 
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Figure 4.21 DHA protects IMR-32 cells from 15dPGJ2-induced cell death. 

IMR-32 cells were treated with 30 piM DHA and 5 pM 15dPGJ2 and 

the effect on cell growth measured over 120 hours. Two samples 

were counted per treatment per day and the experiments were 

completed in duplicate and error bars represent standard errors of the 

mean. Statistics were calculated by an ANOVA and showed that 

DHA did not significantly protect cells from ISdPGJi-induced cell 

death throughout the experiment, but student's t test showed that it 

significantly protected the cells only after 96 hours treatment, at a 

significance of p<0.01. 
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Figure 4.22 9-cis retinoic acid and 1 SdPGJz do not synergistically inhibit the 

growth of IMR-32 cells. IMR-32 cells were treated with 4 |iM 9-cis 

retinoic acid and 5 pM ISdPGJi and the effect on cell growth 

measured over 120 hours. Two samples were counted per treatment 

per day and the experiments were completed in duplicate and error 

bars are standard errors of the mean. 
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Figure 4.23 9-cis retinoic acid and 1 SdPGJz do not synergistically induce death 

of IMR-32 cells. IMR-32 cells were treated with 4 |iM 9-cis retinoic 

acid and 5 ISdPGJz and the effect on cell death measured over 

120 hours using the trypan blue exclusion assay. Two samples were 

counted per treatment per day and the experiments were performed 

in duplicate and error bars represent standard errors. 
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30 pM DHA had a marginal effect on IMR-32 cell growth, but at 120 hours there 

was an increase in IMR-32 cell growth compared to controls (Figure 4.21). 

15dPGJ2 inhibited IMR-32 cell growth over 120 hours, but when used in 

combination with DHA it was less effective, with cell growth rates increasing to 76 

% of that of control-treated cells, rather than 30 % when ISdPGJi was used as a 

treatment alone (Figure 4.21). This suggested that in IMR-32 cells, DHA did not 

act synergistically with 1 SdPGJi to inhibit the growth of IMR-32 cells and in fact 

antagonised the growth inhibitory effects of the prostaglandin. It also suggested 

that in IMR-32 cells, DHA may not have activated RXR and it may have bound to 

PPARy, thus preventing activation of the receptor by ISdPGJa, or it may have 

activated RXR, but there was- no synergistic effect of activating both receptors 

simultaneously. 

To determine whether 9-cis retinoic acid acts synergistically with ISdPGJ; in IMR-

32 cells, cells were treated as described above. 9-cis RA had no growth inhibitory 

effect on IMR-32 cells compared to controls cells (Figure 4.22). Like the DHA, 9-

cis RA did not act synergistically with ISdPGJa to inhibit the growth of IMR-32 

cells (Figure 4.22). The 1 SdPGJz alone inhibited most of the growth of IMR-32 

cells, but not completely, and although a synergistic effect may not have been seen 

at these low cell numbers, the combination of treatments could have inhibited cell 

growth totally, which they did not do. The level of cell death of IMR-32 cells 

treated with 1 SdPGJ: and 9-cis RA in combination did not differ from that of 

15dPGJ2 alone (Figure 4.23), although the combination of ligands may have 

induced further growth arrest. 

4.3 Discussion 

PPARs are activated by a wide range of natural and synthetic ligands, by virtue of 

their large ligand binding domains This in contrast to other members of the 

nuclear hormone super-family, which have much smaller ligand binding domains 

and a more limited range of ligands PPARy is activated by the arachidonic acid 

metabolite, 15-deoxyA'^'''^-prostglandin J2 (ISdPGJi) phenylacetate 

oxidised phospholipids and thiazolidinediones (TZDs). Ligands of PPARy have 
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been to be shown to be growth inhibitory in a number of cancer cell lines and in 

some primary tumours although, no inhibition of cell growth has been so 

far reported for oxidised phospholipids. Conflicting results, however, have been 

seen in mouse models of colorectal cancer and in one human colorectal 

cancer cell line where PPARy ligands enhanced cell growth. As yet no ligands 

of PPARa have been shown to inhibit the growth of any human cancer cells, but 

treatment of C57BL/6J-APC'"'7+ mice, a model of familial adenomatous polyposis 

coli, with doses of methylclofenapate resulted in a reduction in PPARa expression 

and intestinal polyp area Therefore, the fact that the potent activator of 

PPARa, Wy-14643, does not inhibit the growth of IMR-32 cells or Kelly cells 

(Figures 4.1 - 4.3) is consistent" with published data. 

5 JLIM of the PPARy ligand, ISdPGJi inhibited the growth of IMR-32 cells and 

Kelly cells in vitro (Figures 4.2 and 4.3). A similar effect was seen by Han et al, 

in the Lan-5 neuroblastoma cell line, although they used a higher concentration of 

1 SdPGJa In their experiments, a significant reduction in Lan-5 cell growth was 

only seen with 10 |iM 15dPGJ2 after 6 days of continual treatment whereas in 

IMR-32 cells, 5 pM ISdPGJz inhibited growth of IMR-32 cells within 48 hours. 

This may be related to the levels of PPARy expression in different neuroblastoma 

cell lines as neuroblastoma cells are thought to express different levels of 

PPARy A higher level of PPARy expression in neuroblastoma cells may 

require higher concentrations of 15dPGJ2 to induce cell death, than in cells 

expressing lower levels of PPARy, if for example, a certain proportion of the 

receptors needed to be activated to result in cell death as opposed to differentiation. 

ISdPGJz also induced cell cycle arrest at G2/M within 72 hours in a significant 

number of IMR-32 cells (Figure 4.5 and 4.6), followed by cell death, but it is not 

known whether more cells arrest at G2/M following treatment with 15dPGJ2 for 120 

hours. This contrasts some of the cell cycle arrest in prostate cancer cells seen with 

15dPGJ2, as two of the cell lines arrested at S phase of the cell cycle, but another 

cell line, DU145, did arrest at G2/M Therefore ISdPGJz may activate PPARy, 

but that the resulting transcription of genes and growth arrest may be cell-type 

specific and depend on the expression for example, of cell cycle inhibitors within 

these cells which may be downstream targets of PPARy. 
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In contrast to the effects of 15dPGJ2 on IMR-32 cells, Clay e/ a/. showed that 

very different responses to 15dPGJ2 can be seen in the same cell line, just by 

varying the concentration of the ligand. Concentrations of ISdPGJz of less than 2.5 

|iM actually induced cellular proliferation of MDA-MB-231 breast cancer cells, 

whereas concentrations of 1 SdPGJz of less than 10 pM induced them to 

differentiate, seen as an increase in the expression of CD36, a marker of 

differentiation. A relatively high concentration (10 pM) of ISdPGJi induced the 

breast cancer cells to undergo S-phase arrest and to develop characteristics 

consistent with those seen during apoptosis, but had no further effect on CD36 

expression Similar effects were seen in the same breast cancer cell line in 

response to the synthetic PPARy ligand, troglitazone (TGZ). Concentrations of 

TGZ of less than 5 pM increased cellular proliferation, whereas 100 p.M TGZ 

slowed cell cycle progression and induced CD36 expression. In contrast to this, no 

increase in cell proliferation was observed in IMR-32 cells treated with low 

concentrations (<2.5 pM) of ISdPGJa (Figure 4.1). The morphological 

characteristics consistent with apoptosis seen in MDA-MB-231 cells treated with 

10 jj-M 15dPGJ2 were not seen in IMR-32 cells treated with 5 pM 1 SdPGJz or with 

10 nM 1 SdPGJz (data not shown). 

ISdPGJi did not induce Gz/M arrest in Kelly cells and the only change to the 

distribution of cells throughout the cell cycle was an increase in the number of cells 

in Gi/Go (Figures 4.7 and 4.8). This may be because the cells were differentiating, 

which has also been seen in liposarcoma cells and breast cancer cells treated 

with ligands of PPARy, although no morphological differentiation of Kelly cells 

was seen (data not shown). Some cancer cells actually undergo apoptosis 

following Gi/Go cell cycle arrest, such as L1210 murine leukaemia cells in 

response to prostaglandin Ai and Ai 1 SdPGJz induces cell cycle arrest in 

several cell types, mainly at the Gi phase of the cell cycle. This occurs in 

adipocytes, where cell cycle withdrawal was associated with a loss of DNA binding 

to the growth-related E2F/DP transcription complex 15dPGJ2 is also able to 

induce G, cell cycle arrest in cancer cells, including bladder cancer cells and 

non-small lung cancer cells 
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Unlike Kelly cells, ISdPGJg induced IMR-32 cells to retract their neurites (Figure 

4.9). ISdPGJi also induces the degeneration of neurites in primary rat cortical 

neurones and SHSY5Y neuroblastoma cells However not all neuroblastoma 

cells retract their neurites in response to ligands of PPARy. Lan-5 neuroblastoma 

cells actually extend their neurites in response to ISdPGJz, phenylacetate and 

GW1929, a synthetic agonist of PPARy, within 48 hours of culture They also 

exhibit decreased expression of NMYC and increased expression of 

acetylcholinesterase activity, both of which are markers of neuroblastoma cell 

differentiation This suggests that ISdPGJ] differentiated Lan-5 cells, but unlike 

the effect seen in IMR-32 cells and SHSY5Y cells, it did not induce growth arrest 

and cell death. The 1 SdPGJi-induced morphological changes occurring in these 

neuroblastoma cells may have been due to changes to the cytoskeleton and a 

cytoskeletal component could possibly be a downstream target of PPARy. On the 

other hand, neurite retraction could just be a response to the activation of the cell 

death programme. Interestingly, ISdPGJa also induced neurite outgrowth in PC 12 

cells, but troglitazone did not induce the same effect and it was suggested that this 

effect might not involve activation of PPARy However, differences in PPARy-

activation have been seen in cells treated with ISdPGJi and TZDs 

In response to 5 pM 1 SdPGJi, IMR-32 cells underwent cell cycle arrest at G2/M 

and neurite retraction followed by cell death, shown as an increase in the number of 

cells taking up trypan blue (Figure 4.10). This is consistent with the effects of 

15dPGJ2 on prostate cancer cells, which also increased trypan blue uptake on 

treatment with ISdPGJa Fewer Kelly cells treated vwth ISdPGJi took up trypan 

blue than IMR-32 cells treated with ISdPGJa and may reflect a different response 

to ligand (Figure 4.11). For activation of PPARy by ligands to have potential in the 

treatment of neuroblastoma, the ligand used must induce either differentiation, cell 

cycle arrest or a form of programmed cell death (PCD), but not necrosis. This is 

because necrosis ends with lysis of the cell and the released cellular contents would 

invoke an inflammatory response. However, the cell death induced in IMR-32 cells 

by ISdPGJi was protein-synthesis-dependent, as the protein synthesis inhibitor, 

cycloheximide prevented ISdPGJi-induced cell death, suggesting that ISdPGJi 
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induced a form of programmed cell death in IMR-32 cells (Figure 4.12). It is not 

known whether the cell death seen in Kelly cells treated with 15dPGJ2 was 

dependent on de novo protein synthesis and this should be established in future 

studies. 

J2 prostglandins, including ISdPGJz, have been shown to cause cell cycle arrest and 

apoptosis in endothelial cells and some cancer cells To determine 

whether ISdPGJa induced apoptosis in IMR-32 cells, the cells were treated with 

15dPGJ2 or Wy-14643 and apoptosis was measured using a variety of assays. 

Propidium iodide staining revealed intact nuclei and no condensation of chromatin 

in IMR-32 cells or Kelly cells-treated with ISdPGJi (data not shown). However, 

Rohn et al., showed that 10 )aM ISdPGJz induced fragmentation of the nuclei of 

cortical neurones and this may reflect cell-type specific responses to ISdPGJz. 

DNA fragmentation gels also showed that the DNA of treated IMR-32 cells and 

Kelly cells had not been cleaved into the characteristic "ladder" indicative of 

apoptosis (Figures 4.14 and 4.15). Neither was the DNA randomly 

cleaved to form a smear on an agarose gel which would indicate that the cells had 

undergone necrosis, where nucleases randomly cut nucleic acids in the cell. 

However, apoptosis has been observed without the characteristic laddering of DNA 

and this has even been seen in IMR-32 treated with 3 pM #-(4-Hydroxyphenyl) 

retinamide, a synthetic retinoid with limited toxicity, which also undergo apoptosis 

without DNA fragmentation after treatment for 72 hours Likewise, in IMR-32 

treated with staurosporine, the general inducer of apoptosis, DNA does not become 

fragmented during apoptosis. This may be a general feature of IMR neuroblastoma 

cell lines, as IMR-5 cells also do not undergo DNA fragmentation in response to 

staurosporine, but display other features of apoptotic cell death such as chromatin 

condensation IMR-32 cells have a deletion in the short arm of chromosome 1, 

commonly at lp36 and it is predicted that two tumour suppressor genes lie in this 

region The gene encoding DNA fragmentation factor 45 (DFF45) maps to 

chromosome band Ip36.2-lp36.3 and is deleted in one neuroblastoma cell line 

The mouse homologue of DFF45 is called inhibitor of caspase activated DNAase 

(ICAD) DFF45/ICAD is the substrate of caspase 3 and dimerises with DNA 

fragmentation factor 40 (DFF40)/caspase activated DNAase (CAD). During 
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apoptosis, caspase 3 cleaves DFF45/ICAD, releasing DFF40/CAD, which degrades 

DNA into the characteristic ladder pattern 441,442̂  Novel variant transcripts have 

been found in several neuroblastoma cell lines, including IMR-32 cells and this 

may explain why some cells, including neuroblastoma cells do not undergo DNA 

fragmentation even during apoptosis. 

Therefore to confirm that 1 SdPGJ^ was not inducing apoptosis in IMR-32 cells or 

Kelly cells, the treated cells were measured for caspase 3 activity and cleavage of 

the caspase substrate poly-ADP ribose polymerase (PARP), which is an early event 

in the apoptotic pathway No caspase 3 activity was observed in the ISdPGJa-

treated IMR-32 cells (Figure. 4.16), however, they can undergo apoptosis as 

betulinic acid, which has previously been shown to induce apoptosis in 

neuroblastoma cells activated caspase 3. The lack of caspase 3 activity also 

indicated that the cell death seen in IMR-32 cells, is similar to that seen in prostate 

cancer cells treated with ISdPGJa by Butler et al., who used an inhibitor of 

caspases but were unable to prevent 15dPGJ2-induced cell death They also 

observed that 1 SdPGJ] treatment did not result in cleavage of PARP Likewise, 

nuclear extracts of IMR-32 cells were probed with an anti-PARP antibody and 

showed that despite 1 SdPGJa-inducing an active cell death in IMR-32 cells, 

apoptosis was not occurring (Figure 4.18). However, cortical neurones and 

SHSY5Y neuroblastoma cells treated with 10 pM ISdPGJi undergo features of 

apoptosis including cleavage of full-length PARP and this can be prevented by pre-

treatment with the general caspase inhibitor Z-VAD Therefore in these cells, 

1 SdPGJz activates caspases and the cells exhibit features of apoptosis in response to 

the prostaglandin Like IMR-32 cells, Kelly cells did not undergo DNA 

fragmentation on treatment with 1 SdPGJz and may not have been apoptosing. 

There was also no cleavage of the caspase 3 substrate in Kelly cells treated with 

15dPGJ2 (Figure 4.17). However, unlike in IMR-32 cells, betulinic acid does not 

seem to induce apoptosis in Kelly cells as it does not induce DNA fragmentation or 

activation of caspase 3, though it is possible that Kelly cells do not have active 

caspase 3. Interestingly, caspase 8 has been shown to be deleted or silenced by 

methylation in neuroblastomas with poor prognosis and it is possible that 

caspase 3 may not be present or may not be active in Kelly cells. As apoptosis can 
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also occur in the absence of caspase 3 and to further establish the effects of 

15dPGJ2 on Kelly cells, PARP cleavage should also be determined. 

Butler et al, also reported that ISdPGJa induced prostate cancer cells to undergo an 

active non-apoptotic cell death, known as autophagy or type II programmed cell 

death Autophagy occurs in normal cells and is involved in processes during 

mammalian embryogenesis and the regression of inter-digital webs as well 

as the normal turnover of mitochondria in non-proliferating cells and the removal 

of damaged organelles Autophagic cell death has also been associated with 

neurodegenerative diseases including Alzheimer's disease and Parkinson's 

disease Cancer cells have been shown to undergo autophagy in response to 

different treatments, including breast cancer cells in response to tamoxifen and 

acute T-lymphoblastic leukaemia cells in response to tumour necrosis factor alpha 

(TNFa) Autophagy is a process whereby the endoplasmic reticulum envelopes 

parts of the cell, especially mitochondria, into autophagic vesicles and destroys the 

vesicles and contents by fusion with lysosomes This process, like apoptosis, 

would not invoke an inflammatory response and could explain results seen in IMR-

32 cells, especially as studies with staurosporine have indicated that IMR-32 cells 

do undergo an autophagic-like cell death Neuroblastoma cells are 

undifferentiated cells of neural crest origin, which cause tumours in the sympathetic 

nervous system '' Autophagy also occurs in sympathetic neurones deprived of 

nerve growth factor (NGF) Sympathetic neurones, like neuroblastoma cells 

also derive from neural crest cells, suggesting that it may also occur in the 

neuroblastoma cell line, IMR-32. The effects of ISdPGJi in IMR-32 cells differ 

from those seen in sympathetic ganglia, where apoptotic features such as the 

activation of caspase 9 and DNA fragmentation were observed during autophagy 

and in SHSY5 Y cells where cell death induced by 15dPGJ2 can be inhibited by 

caspase inhibitors Clarke and others reported that autophagy and 

apoptosis are distinct processes. Likewise, Chi et al. proposed that the oncogene 

ras might be involved in triggering autophagy without apoptosis in cancer cells. 

They expressed oncogenically mutated ras in human glioma and gastric cancer 

cells, as unlike many human tumours, these tumours rarely have mutated ras genes 

and it was thought that this is because the mutated ras may initiate a cell death 
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programme which cannot be overcome in these tumour types Despite 

degeneration of the cancer cells with the formation of cytoplasmic vesicles, the 

nuclei remained intact and there was an absence of caspase activation It was 

suggested that mutated ras induced autophagic cell death without apoptosis 

occurring, although the cell lines used were able to undergo apoptotic cell death 

In complete contrast several groups have shown that apoptosis and autophagy are 

overlapping mechanisms of programmed cell death and the differences 

between the processes may depend on cell type. In acute lymphoblastic leukaemia 

cells, TNFa induces apoptosis and this requires some of the early stages of 

autophagy, such as condensed positioning of mitochondria It is therefore 

proposed that cells undergoing autophagy have a greater tendency to apoptose 

In fact, both type I (apoptotic) and type II (autophagic) programmed cell death 

share features of the stress response of cells, such as the translocation of the heat 

shock protein, Hsp90 However, the processes involve very different fates for 

the components of the cytoskeleton. In apoptosis, cytoskeletal elements are 

degraded very early in the process, but in autophagy intermediate and 

microfilaments are largely preserved, leading to the suggestion that cytoskeleton is 

required during autophagy It is thought that the cytoskeleton is redistributed 

during autophagy and this may explain the morphological changes to IMR-32 

cells, such as neurite retraction, seen on treatment with ISdPGJa. 

IMR-32 cells and Kelly cells treated with ISdPGJz were stained with 

monodansylcadaverine (MDC) to establish the presence of autophagic vesicles 

within the cells Only IMR-32 cells treated with 1 SdPGJ; for 72 hours had 

autophagic vesicles, indicating that these cells were undergoing autophagy (Figure 

4.19). MCF-7 breast cancer cells undergoing tamoxifen-induced autophagy also 

have increased numbers of vesicles staining positive for monodansylcadaverine 

In contrast to IMR-32 cells, Kelly cells did not undergo autophagic cell death in 

response to ISdPGJz, reflecting differences between the cell lines. It would be of 

interest to establish the mechanism by which 1 SdPGJz inhibits the growth of Kelly 

cells and to determine whether they behave in a similar manner to other 
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neuroblastoma cell lines, such as Lan-5, which differentiate or SHSY5Y cells, 

which apoptose or whether they act via another mechanism. 

lMR-32 cells treated with 15dPGJ2 for 72 hours were analysed by transmission 

electron microscopy look for autophagic vesicles. The cells had vesicles which 

appeared as whorls of membrane sometimes containing electron-dense material, 

which were nascent autophagic vesicles, or single-membrane-bound vesicles 

containing organelles, which were degradative autophagic vesicles (Figure 

4.20). The degradative vesicles contained parts of the cell, but no whole 

mitochondria were observed inside them, although this does not suggest that 

mitochondria were not being degraded. The degradative vesicles contain enzymes, 

including acid hydrolases which start degrading the vesicle contents before they 

fuse with lysosomes and therefore the contents may not be easily recognisable. 

Autophagic vesicles have also been observed in both sympathetic neurones and 

in prostrate cancer cell treated with 15dPGJ2 

The other notable change to the 1 SdPGJz-treated cells was a difference in the 

distribution of organelles such as mitochondria, which grouped at one end of the 

cell with little intervening cytoplasm (Figure 4.20c). A similar observation was 

made by Butler et al. who noted that in prostate cells treated with 1 SdPGJi, the 

pattern of mitochondrial distribution changed from random cytoplasmic, to a tightly 

packed peri-nuclear distribution. The re-distribution of cytoskeletal components 

without any degradation is thought to be an important part of the autophagic 

process and may be occurring in IMR-32 cells treated with ISdPGJz, as the 

mitochondria tended to pack into a peri-nuclear confirmation. Mitochondria and 

microtubules have been shown to co-localise and when cells are treated with 

microtubule destabilising agents, the distribution of mitochondria within cells also 

changes Interestingly, the disruption of the activity of the microtubule-

based motor protein, kinesin, also causes peri-nuclear clustering of mitochondria 

4i5, 456 Kinesin hydrolyses adenosine triphosphate (ATP) and uses the energy 

produced to move components, such as organelles, around the cell Therefore 

15dPGJ2-induced activation of PPARy may result in the transcription of a protein 

which affects kinesin resulting in a reduction in the movement of mitochondria to 
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the cell periphery, or it is possible that kinesin may be a downstream target of 

PPARy and this warrants further study. 

Butler et al. suggested that ISdPGJi may affect the mitochondria themselves, 

resulting in membrane depolarisation and uncoupling of oxidative phosphorylation, 

which would abolish the production of ATP and prevent kinesin from maintaining 

the distribution of organelles throughout the cell. This membrane depolarisation is 

known as the mitochondrial permeability transition (MPT) which represents an 

abrupt increase in permeability of the mitochondrial inner membrane to solutes of 

molecular mass of less than 1500 Daltons (Da). Mitochondria which spontaneously 

or are induced to depolarise, undergo autophagic cell death It is thought that 

autophagy occurs if a few mitochondria are involved, but if the numbers increase 

then the MPT may induce apoptosis, partly due to the release of pro-apoptotic 

substances from the degrading mitochondria If the MPT involves all the 

mitochondria in a cell then the cell undergoes necrosis Therefore, in IMR-32 

cells, ISdPGJi may induce a small number of mitochondria to depolarise, resulting 

in autophagic cell death. This may also be related to the level of PPARy expression 

in cells. ISdPGJ^ may be able to induce apoptosis in cells expressing higher levels 

of PPARy, as it may induce depolarisation of more mitochondria. Interestingly, 

SHSY5Y cells which undergo apoptosis in response to IjdPGJz, express more 

PPARy than IMR-32 cells, which undergo autophagy in response to ISdPGJz 

(personal communication. Dr. Cimini, University of L'Aquila, Coppito, Italy). 

Impairment of the function of mitochondria can be measured by using fluorescent 

probes, such as JC-1. JC-1 is a lipophilic cation, which exists as a monomer 

emitting green fluorescence, but in a reaction driven by mitochondrial membrane 

potential, forms dimeric "J-aggregates" that emit red fluorescence Changes 

in fluorescence between treated and control cells could be compared to look at 

potential changes in mitochondrial function. As autophagic cell death involves 

changes in the cytoskeleton the redistribution of cytoskeletal components could 

also be studied. 

15dPGJ2 induced autophagic cell death in neuroblastoma cells and therefore may 

have potential as a therapy for neuroblastoma. However, increasing the efficacy of 

154 



activation of PPAR-induced transcription would also be advantageous, as long as it 

did not increase toxicity. Activation of peroxisome proliferator-activated receptor-

retinoid X receptor (PPAR-RXR) heterodimers can be maximised when both 

receptors are bound by their respective ligands. Simultaneous treatment of 

liposarcoma cells with both PPAR and RXR ligands has been shown to increase 

cell differentiation Combinations of troglitazone and all-trans retinoic acid in 

MCF-7 breast cancer cells synergistically and irreversibly inhibit cell growth and 

induces apoptosis and rosiglitazone and 9-cis RA synergistically inhibit the 

growth of leukaemia cells However, a combination of ISdPGJ] and 9-cis RA 

were not able to synergistically inhibit the growth of IMR-32 cells or 

synergistically increase IMR-32 cell death (Figures 4.22 and 4.23). This is in 

contrast to data showing that 15dPGJ2 and 9-cis RA inhibited the growth of bladder 

cancer cells and synergistically activated a reporter construct containing a PPRE 

cloned upstream of a luciferase reporter gene In bladder cancer cells, it is 

thought that the RXR ligand sensitises the cells to death induced by the 15dPGJ2 or 

synthetic PPARy ligands However, one group has shown that combinations of 

troglitazone and retinoic acids are not synergistic, as they do not inhibit the growth 

of prostate cancer cells 

Combinations of DHA and ISdPGJ^ also were not synergistic in inhibiting the 

growth of IMR-32 cells, but instead DHA antagonised some of the growth 

inhibitory effects of the prostaglandin (Figure 4.21). Both DHA and 1 SdPGJz bind 

to PPARs and DHA could have been competing with 1 SdPGJz for PPARy and 

preventing the prostaglandin from activating PPAR-induced transcription. This 

suggests that DHA may bind to PPARs more strongly than 15dPGJ2, but does not 

necessarily induce stronger growth inhibitory effects. Differences in binding of 

PPAR ligands to PPARy have also been proposed as a mutant form of PPARy, 

PPARyR288H, has an affinity for troglitazone equivalent to that of the wild type 

PPARy, however, this mutant has reduced binding affinity for 15dPGJ2 compared 

to the wild type DHA has only been shown to activate RXR in mouse brain 

and it may not activate RXR in human cells or activation of both partners within 

the heterodimer may not produce a synergistic effect in IMR-32 cells. 
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It is interesting that 1 SdPGJ^ also has diverse effects in different neuroblastoma cell 

lines, including apoptosis in SHSY5Y cells, differentiation in Lan-5 cells and 

autophagy in IMR-32 cells. This may reflect differences between the cell lines, as 

SHSY5Y cells are derived from SK-N-SH neuroblastoma cells and are non-NMYC 

amplified Schwaimian-type neuroblastoma cells whereas IMR-32 cells and 

Lan-5 cells are both NMYC amplified neuroblast-Hke neuroblastoma cell lines 

Lan-5 cells and IMR-32 cells have previously been shown to respond differently to 

retinoic acid Lan-5 cells were more susceptible to growth inhibition by 1 jiiM 

retinoic acid than IMR-32 cells and Lan-5 cells also extended their neurites in 

response to treatment with 3 juM retinoic acid, whereas IMR-32 cells underwent 

cellular enlargement and vacualisation SHSY5Y cells have low cell motility an 

invasiveness, whereas, IMR-32 cells are high invasive and have high cell motility 

IMR-32 cells are also more sensitive to the effect of the chelating agent, 

desferroxamine than SHSY5Y cells It is also interesting to note that the distinct 

effects of 15dPGJ2 on the different neuroblastoma cells lines require different 

concentrations of 15dPGJ2. Lan-5 cells differentiate and SHSY5Y cells 

apoptose in response to 10 |iM 15dPGJ2, whereas little effects are seen at 5 |j,M 

15dPGJ2 and below. However, at 5 juM 1 SdPGJz, IMR-32 cells underwent 

autophagic cell death and at 10 ja,M no IMR-32 cells remained viable, but had not 

undergone apoptosis, at 3 days post-initial treatment, whereas over 60 % of Lan-5 

cells can withstand treatment with 20 piM ISdPGJz for 6 days This may reflect 

differences in levels of expression of PPARy, differences in gene expression 

downstream of PPARy or differences in regulation of the receptor. Importantly, 

SHSY5Y cells express higher levels of PPARy than IMR-32 cells and therefore this 

suggests that levels of PPARy expression are important in influencing the effects of 

I5dPGJ2 on cells (personal communication. Dr. Cimini, University of L'Aquila, 

Coppito, Italy). 

It would be an exciting prospect to look at the effects of ligands of PPARy on 

primary cancer cells and in models of cancer. Obviously, to have potential in the 

treatment of cancer ligands of PPARy need to be effective against primary cancer 

cells and also to have limited toxicity to normal cells. Studies using animal models 

of cancer or soft agar assays could be used to establish the efficacy of PPARy 
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ligands, however, a note of caution should be taken when considering the value of 

animal models for studying PPARs. This is because it has been shown that rodents 

and humans respond differently to ligands of PPARs and activation of 

PPARy can induce proliferation of cancer cells and increase polyp formation in 

animal models of familial human colon cancer The soft agar assay has the 

advantage of using human cells, but also has the disadvantage of not involving all 

of the environmental features, which would influence the growth of a tumour, such 

as blood vessels. Excitingly, ISdPGJa potently inhibits angiogenesis the 

formation of new blood vessels from pre-existing ones, which is involved in cancer, 

where unrestricted tumour growth is dependent on angiogenesis Preventing 

angiogenesis therefore is a method of treating cancers. The effect of 1 SdPGJz on 

angiogenesis can be determined using human endothelial cells in a collagen matrix 

culture, which form tubes and this may be inhibited by 15dPGJ2. Artificial tumours 

grown in nude mice will develop blood vessels and it would be of interest to see 

whether 1 SPGJz can reduce both cancer cell growth and blood vessel formation in 

vivo, acting as a double-edged treatment for cancer. It would also be interesting to 

look at the effects of other ligands of PPARy on neuroblastoma cells. 

In conclusion, the natural ligand of PPARy effectively inhibited the growth of 

neuroblastoma cell lines and induced autophagic cell death, without features of 

apoptosis in IMR-32 cells. Therefore, PPARy ligands, such as ISdPGJz have 

potential as a treatment for neuroblastoma however combinations of drugs to 

activate both PPARs and RXRs may not be the answer. TZD drugs also activate 

PPARy and could have potential in the treatment of neuroblastoma. However, 

neuroblastoma affects young children and the use of drugs, which have already 

been marketed for diabetes therapy, to treat their cancer could have side effects, 

therefore the natural ligand for PPARy, ISdPGJi may be a better candidate. In 

addition, the effects of ligands of PPARy need to be confirmed as PPARy-

dependent and the mechanism of action of PPARy established. This is because the 

downstream pathways of activated PPARy have yet to be fully elucidated. These 

would need to be known before its suitability as a drug target could be confirmed 

and this will be covered in the following chapter. 
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Chapter 5 

( ) i i a i c t i l o i n ( ) f 

in IMR-32 cells 
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5.1 Introduction 

The peroxisome proliferator-activated receptor y Mgand, IS-deoxyA*^'''*-

prostglandin h (ISdPGJz), eifectively inhibited the growth of the human 

neuroblastoma cell lines, IMR-32 and Kelly. In IMR-32 cells, this was achieved 

through growth arrest at G2/M and subsequent autophagic cell death. However, 

before ligands of PPARy can be considered as potential therapies for the treatment 

of cancer, their mode of action should be fully established. This is because PPARy 

ligands including 15dPGJ2 and thiazolidinediones (TZDs) such as troglitazone 

(TGZ), can induce cellular effects by mechanisms independent of PPARy 

These receptor-independent effects are though to be due to the reactive 

cyclopentenone ring found in ISdPGJa ISdPGJz also inhibits the synthesis 

of prostaglandin E2 in rheumatoid arthritis and inhibits the production of matrix 

metalloproteinase 9 and interleukins during inflammation independently of 

PPARy. 

Troglitazone inhibits cholesterol biosynthesis and activates glucocorticoid-

mediated transcription in osteosarcoma cells independently of PPARy It also 

inhibits cell proliferation and tumour growth in a PPARy-independent manner, 

through cell cycle arrest at Gi in wild-type PPARy (+/+) and null PPARy (-/-) 

mouse embryonic stem (ES) cells and cells which express different levels of 

PPARy TGZ inhibits translation initiation by depleting intracellular calcium 

stores, resulting in activation of protein kinase R (PKR) Active PKR 

phosphorylates and inactivates elongation initiation factor 2 (eIF2), preventing the 

exchange of GDP for GTP by eIF2B, thus inhibiting the formation of the pre-

initiation complex required for translation Fatty acids and peroxisome 

proliferators can also act independently of PPARa and therefore it is important 

to establish effect on cancer cells induced by PPAR Ugands are occurring through 

PPARs and how they inhibit cell growth. 

Different levels of PPARy expression have been seen in neuroblastoma cells 

(personal communication. Dr. Cimini, University L'Aquila, Coppito, Italy) 

and primary neuroblastomas, with decreasing expression of PPARy in cells of a 
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more undifferentiated phenotype, which represent a later stage of the disease 

One case of neuroblastoma with predominantly primitive neuroblasts showed no 

expression of PPARy Interestingly, post-mitotic cells of the peripheral and 

central nervous system have been shown to express high levels of PPARy 

Different neuroblastoma cell lines have been shown to respond differently to the 

ligand of PPARy, ISdPGJz. SHSY5Y cells undergo apoptosis Lan-5 cells 

differentiate and IMR-32 cells undergo autophagic cell death and this may relate 

to differences in the levels of PPARy between cell lines. 

Therefore, reducing the levels of PPARy would presumably promote cell growth at 

a faster rate than that of normal cells. Indeed, loss-of-function mutations of PPARy 

have been associated with the development of colon cancer where the lack of 

wild-type PPARy may prevent any restraint on cell growth, allowing the cells to 

proliferate at an accelerated rate. This may also occur in follicular thyroid 

carcinoma, where over 60 % of cases have the chromosomal translocation 

t(2;3)(ql3;p25) This translocation results in an in-frame fusion of the PAX8 

gene to the PPARy gene and the formation of the PAXSPPARyl fusion protein, 

which has dominant negative activity One patient with follicular thyroid cancer 

had an in-frame fusion of PPARy to an unknown protein The dominant 

negative effect of PAXSPPARyl may be one mechanism in the formation of 

follicular thyroid cancer. This dominant negative PPARy provides a useful tool to 

prove the involvement of PPARy in the 15 dPGJi-induced effects on IMR-32 cells. 

The target genes of PPARy need to be established, as little is known about the 

downstream effects of activated PPARy, which are specifically involved in the 

inhibition of cancer cell growth. However, the expression of some cell cycle 

regulators are altered in cells treated with PPARy Ugands, including 

p2|Cipi/sDiiAVAFi expression, which is increased in bladder cancer cells treated with 

troglitazone and cMYC, which is down-regulated in HL-60 cells treated with 

ISdPGJa Ligands of PPARy also have very different effects on cancer cells 

207,342,346,371 ̂  addition to their role in normal cells and activation of PPARy 

by different concentrations of 1 SdPGJz induces different responses in breast cancer 
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cells Therefore, the precise role of PPARs and the action of their ligands 

should be fully investigated in each cell type, before the value of PPAR ligands as 

therapies can be determined 

5.2.1 aW profgm gxyrgMWW ferefy org /wf 

wffA / f g a m k i k 

Treatment of 3T3-L1 adipocytes with troglitazone, rosiglitazone or 15dPGJ2 

reduces the expression of PPARy mRNA and therefore, IMR-32 cells were 

treated with ISdPGJz and the effect on PPARy mRNA and protein expression 

determined. IMR-32 cells were treated with 5 pM ISdPGJ^ or 5 Wy-14643 for 

24 or 72 hours and total RNA was isolated from the cells. I pg RNA was reversed 

transcribed to cDNA, which was analysed for expression of PPARy using RT-PCR 

with PPARy specific primers. 5 p.1 of the RT-PCR reactions were electrophoresed 

after 30, 35 and 40 cycles of RT-PCR to ensure that the reactions were in the 

exponential phase. No changes in PPARy mRNA were seen in IMR-32 cells 

treated with any of the ligands or at any time point (Figure 5.1), suggesting that in 

these cells there is no auto-regulation of PPARy transcripts. 

Hauser gf aA, showed that PPARy is regulated at the protein level on treatment 

with both ISdPGJz and synthetic PPARy ligands. In adipocytes, PPARy was 

degraded on receptor activation because the receptor was ubiquitinated and 

degraded by the proteasome, which is also thought to be involved in the normal 

turnover of PPARy To assess whether PPARy protein levels were down-

regulated on treatment with PPARy ligands, IMR-32 ceUs were treated with 

DMSO, 5 pM ISdPGJi or 5 ^M Wy-14643 and protein extracts of the cells were 

probed with a PPARy antibody. The PPARy protein was not down-regulated on 

treatment with PPARy ligands after 72 hours (Figure 5.2). 
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PPARy 

385 bp 

1 2 3 4 5 6 7 8 9 

Cyclophilin 

250 bp 

Lane 1 Negative control 

Lane 2 Untreated 

Lane 3 DMSO (24 hours) 

Lane 4 DMSO (72 hours) 

Lane 5 5 pM 15-deoxyA'^'^'^-prostglandin J2 (24 hours) 

Lane 6 5 p,M15-deoxyA'^'''^-prostglandin J2 (72 hours) 

Lane 7 5 pM Wy-14643 (24 hours) 

Lane 8 5 fiM Wy-14643 (72 hours) 

Lane 9 3T3-L1 cells 

Figure 5.1 Ligands of PPARs do not induce auto-regulation of the PPARy 

transcript in IMR-32 cells. IMR-32 cells were treated with 5 fiM 

15dPGJ2 or Wy-14643 for 24 or 72 hours and total RNA was 

isolated from the cells. PPARy was detected by 35 cycles of RT-

PCR using cDNA made from total cellular RNA and PPARy-

specific primers. The cDNA levels were normalised for using 30 

cycles of RT-PCR and cyclophilin primers as a control. 
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54 kDa 

PPARy 

SDS-PAGE membrane 

Lane 1 HaCaT cells 

Lane 2 Untreated 

Lane 3 DMSO 

Lane 4 5 fiM 15-deoxyA^^'^'^-prostglandin J; 

Lane 5 5 |iM Wy-14643 

Figure 5.2 Ligands of PPARs do not induce auto-regulation of the PPARy 

protein in IMR-32 cells. IMR-32 cells were treated with 5 pM 

15dPGJ2 or 5 pM Wy-14643 for 72 hours and cellular extracts were 

made. The cell extracts were resolved by SDS-PAGE and probed 

with an anti-PPARy antibody. 
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This suggests that in IMR-32 cells, PPARy was not targeted for destruction by the 

proteasome and may be degraded by a different mechanism. Interestingly, PPARa 

is degraded by proteasomes in a ligand-dependent manner 

5.2.2 Ligands of PPARa and PPARy activate PPAR-induced transcription in 

IMR-32 cells 

Ligands of PPARs bind to and activate PPARs, resulting in the transcription of 

genes, which can be measured using reporter gene assays. To establish whether 

PPAR hgands activated PPAR-induced transcription in neuroblastoma cell lines, 

IMR-32 cells were transiently transfected with a chloramphenicol acetyl transferase 

(CAT) reporter construct containing three consensus peroxisome proliferator 

response elements (PPREs) cloned upstream of a thymidine kinase promoter 

The cells were then treated with DMSO, 5 (iM ISdPGJi or 5 [xM Wy-14643 for 72 

hours and assayed for CAT activity. CAT activity in control treated cells was taken 

as 100 % and CAT activity in treated cells was corrected for this value. Wy-14643 

activated the reporter construct 4-fold (Figure 5.3) showing that ligands of PPARa 

activated PPARs within IMR-32 cells. ISdPGJi increased the reporter gene 

activity 7-fold (Figure 5.3), showing that it activated PPARs more strongly than 

Wy-14643. The PPRE used in this experiment was not specific for the individual 

iso forms of PPAR and was therefore a measure of the activity of all iso forms. The 

experiment was repeated with a plasmid lacking the 3PPRE sequence, pBLzCAT, 

to demonstrate that the activation of the reporter gene required the presence of the 

3PPRE sequence (Figure 5.4). 

5.2.3 The effects of 15-deoxyA^^'^'^-prostglandin J2 on IMR-32 cells are not 

mediated through changes in membrane phospholipid composition 

PUFAs and 15dPGJ2 inhibit the growth of cancer cells through activation of 

PPARy and PUFAs also inhibit cancer cell growth through altering the composition 

of membrane phospholipids 
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Figure 5.3 Ligands of PPARs activate PPAR-induced transcription in IMR-32 

cells. IMR-32 cells were transiently transfected with a CAT reporter 

construct containing three consensus PPAR binding sites cloned 

upstream of a thymidine kinase promoter. Cells were treated with 

DMSO, 5 ^iM ISdPGJa or 5 pM Wy-14643 for 72 hours and CAT 

activity measured. Graphs represent two independent experiments 

with two samples per experiment. Values were normalised by 

transfection with p-galactosidase. Statistics were calculated using a 

t test and significance is represented as follows: p<0.05 (*). 
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Figure 5.4 Ligands of PPAR do not activate transcription from control vectors 

lacking PPREs. IMR-32 cells were transiently transacted with a 

CAT reporter construct without an insert, as a control. Cells were 

treated with DMSO, 5 (iM 1 SdPGJz or 5 p,M Wy-14643 for 72 hours 

and CAT activity measured. Graphs represent two independent 

experiments with two samples per experiment. Values were 

normaUsed by transfection with P-galactosidase. 
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Membrane phospholipids of neuroblastoma cells treated with 5 pM ISdPGJz or 

Wy-14643 were extracted and analysed by electrospray ionisation mass 

spectrometry (ESI-MS) to determine whether the composition of phospholipids 

changed upon treatment. Samples of phosphatidylcholine (PtdCho) species, 

phosphatidylethanolamine (PtdEtn) and acid phospholipid species, which include 

phosphatidylinositol (Ptdlns), pho sphatidy Iglycero I and phosphatidylserine species 

were analysed. IMR-32 cells treated with 5 |iM ISdPGJa for 24 and 72 hours 

resembled spectra of control-treated cells, with no changes in the composition of 

PtdCho species with either length of treatment and palmitoyl-oleoyl PtdCho 

(16:0/18:1) being the major species (data not shown and Figure 5.5). Likewise, no 

changes in the PtdEtn phospholipid fraction were observed in 15dPGJ2-treated 

IMR-32 cells at either 24 hours or 72 hours, with the major peak being stearoyl-

arachidonyl PtdEtn (18:0/20:4) and no differences between the minor peaks (data 

not shown and Figure 5.6). Similarly, there were no differences in the acid 

phospholipid composition in IMR-32 cell membranes treated with ISdPGJa (data 

not shown and Figure 5.7). The major species of acid phospholipids seen were 

stearoyl-arachidonyl Ptdlns (18:0/20:4) and palmitoyl-oleoyl phosphatidylglycerol 

(16:0/18:1) (Figure 5.7). This suggests that the growth inhibitory effects of PPARy 

are not mediated through changes to the membrane phospholipid composition of 

IMR-32 cells. Unsurprisingly, Wy-14643 had no effect on the membrane 

phospholipids of IMR-32 cells (Figures 5.5 and 5.7). 

5.2.4 15dPGJ2-induced growth inhibition of IMR-32 cells involves activation of 

not antagonism of NFkB 

Some of the effects of PPARy in macrophages occur through inhibition of gene 

expression through antagonising the activities of transcription factors such as AP-1 

and NFKB NFKB is a transcription factor, involved in regulation of genes 

involved in inflammation apoptosis and neuronal development and 

differentiation NFKB is activated prior to retinoic acid-induced differentiation 

of SHSY5Y cells and bromodeoxyuridine-induced differentiation in IMR-32 

cells 
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Figure 5.5 Ligands of PPARs do not mediate changes to IMR-32 cell membrane 

phosphatidylcholine composition. IMR-32 cells were treated with 5 jiM 

ISdPGJz or 5 piM Wy-14643 for 72 hours and phosphatidylcholine 

(PtdCho) species were isolated from the cell membranes. The PtdCho 

samples were analysed by tandem electrospray ionisation mass 

spectrometry (ESI^^^ MS) and spectra of parent species of 184 were 

produced. 184 is the mass of the phosphocholine head group. Mass 

spectra were shown as peak intensity and mass/charge (m/z) and each 

spectrum is representative of duplicate samples. 
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Figure 5.6 Ligands of PPARs do not mediate changes to IMR-32 cell membrane 

phosphatidylethanolamine composition. IMR-32 cells were treated with 5 

|j,M ISdPGJz or 5 fj.M Wy-14643 for 72 hours and 

phosphatidylethanolamine (PtdEtn) species were isolated from the cell 

membranes. The PtdEtn samples were analysed by electrospray ionisation 

mass spectrometry (ESF^^ MS) and mass spectra were shown as peak 

intensity and mass/charge (m/z). Each spectrum is representative of 

duplicate samples. 
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Figure 5.7 Ligands of PPARs do not mediate changes to IMR-32 cell membrane acid 

phospholipid composition. IMR-32 cells were treated with 5 p,M ISdPGJ] 

or 5 |aM Wy-14643 for 72 hours and acid phospholipid species were 

isolated from the cell membranes. The acid phospholipid samples were 

analysed by electro spray ionisation mass spectrometry (ESF^® MS) and 

mass spectra were shown as peak intensity and mass/charge (m/z). Each 

spectrum is representative of duplicate samples. 

172 



Relative intensity (%) Relative intensity (%) Relative intensity (%) 

f? 3 

« 3 -

^ m 

I 

F 
8 
(5 

3 & 

I 

5 
8 
I 



To determine whether 1 SdPGJi antagonised NFKB in IMR-32 cells, the cells were 

transiently transfected with 5 p,g of a luciferase reporter construct containing a 

binding site for NFKB linked to a luciferase reporter gene. IMR-32 cells were also 

transacted with 5 |j,g pGLsBasic as a control. After transfection, the cells were 

treated with DMSO or 5 ISdPGJi and luciferase activity measured after 72 

hours. No changes were seen in the levels of NFicB-induced transcription in the 

IMR-32 cells treated with DMSO, however, in IMR-32 cells treated with ISdPGJi 

for 72 hours, there was an increase in NFicB-induced transcription by 3 fold (Figure 

5.8). This suggests that PPARy does not act by antagonising NFKB in IMR-32 

cells, but through activation of NFKB. It is not known whether 15dPGJ2 

antagonises or activates NFicB-induced transcription in Kelly cells. 

5.2.5 The growth inhibitory effects of l5-deoxyA^^''*-prostglandin J2 on IMR-32 

cells are mediated through PPARs 

The decoy method was employed to show that 1 SdPGJ] acts through PPARs. 

Decoy oligonucleotides can be used to prevent binding of a transcription factor to 

DNA and activating transcription (Figure 5.9) and this method was used by Bishop-

Bailey and Hla to prove that 1 SdPGJz induces endothelial cell apoptosis through 

activation of PPARy. They transfected an endothelial cell line with 

oligonucleotides containing DNA binding sequences for PPARs (PPREs) and 

scrambled controls and treated the cells with natural and synthetic PPARy ligands 

They showed that this method specifically prevented transcription of a reporter 

gene, linked to a PPRE, in cells treated with ISdPGJa, using the decoy 

oligonucleotide, but not in the cells transfected with the control or scrambled 

oligonucleotide 

To confirm ISdPGJ: acted through PPARs in IMR-32 cells, the cells were 

transiently transfected with decoy plasmids and treated with 5 pM 15dPGJ2. The 

plasmid used as a "decoy" (3PPRE-TK-CAT) contains a triple repeat of a 

consensus PPAR binding site (rat ^co-PPRE: AGGAGAAAGGTCA) (the decoy 

sequence) (Figure 5.9) and the control plasmid (pBLiCAT) lacks this sequence. 
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Figure 5.8 ISdPGJa does not act-independently of PPARy through antagonism 

of NFKB, but actually activates NFKB-itiduced transcription. IMR-

32 cells were transiently transfected with 5 |j,g of a reporter construct 

containing an NFKB binding site. The cells were treated with 5 p,M 

ISdPGJa for 72 hours and NFKB activity measured by increases in 

reporter gene activity. Graphs represent two independent 

experiments with two samples per experiment. Control cells were 

transfected with 5 |a,g pGLsBasic. Statistics were calculated using a 

t test and p <0.01 (**). 
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Figure 5.9 Theory of the decoy method. Decoy sequences (a DNA sequence to 

which the receptor binds) are transfected into cells to "bind out" 

PPARs, preventing them from binding to DNA and activating 

transcription. The decoy sequence used can simply be an 

oligonucleotide or the sequence can be contained within a plasmid, as 

was used for the experiments described in this chapter. 
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20 pg of DNA was transfected in each case, with 0 pg, 10 pg and 20 fig decoy 

used, and the remainder being made up using a P-galactosidase vector, to control 

for the amounts of DNA transfected. After transfection, the cells were treated with 

DMSO or 5 |j.M ISdPGJz, every 24 hours and total cell numbers determined. 

DMSO-treated IMR-32 cells transfected with increasing amounts of decoy plasmid, 

increased in number throughout the experiment, even when 20 jig of the decoy 

plasmid was transfected into the cells (Figure 5.10). IMR-32 cells transfected with 

20 pig P-galactosidase and 0 pg decoy plasmid and treated with 5 |iM ISdPGJz 

grew slowly with only a small increase in cell number within 72 hours (Figure 

5.10). However, when IMR-32 cells were transfected with 10 |ig decoy plasmid 

and 10 jig p-galactosidase and treated with ISdPGJz, cell growth increased 

throughout the experiment. Therefore, despite treatment with ISdPGJ:, these cells 

continued to grow, so that within 72 hours, 10 pg of the decoy plasmid reduced 

15dPGJz-induced growth inhibition by almost 50 %. IMR-32 cells transfected with 

20 jig decoy plasmid showed even greater increases in number throughout the 

experiment and the numbers of cells at all time points were not significantly 

different from the numbers of DMSO-treated IMR-32 cells transfected with 20 pg 

decoy plasmid (Figure 5.10). 

IMR-32 cells transfected with increasing concentrations of the control plasmid 

(pBlzCAT) and treated with DMSO, increased in number throughout the 

experiment, from 5 x 10^ to 36 x 10^ cells (Figure 5.11). However, the growth of 

IMR-32 cells transfected with increasing amounts of control plasmid and treated 

with 5 jiM 15dPGJ2 was inhibited, as cell number only reached 15 x 10^ cells 

(Figure 5.11). Even IMR-32 cells transfected with 20 |ig of the control plasmid 

and treated with 5 jiM ISdPGJz grew similarly to those treated with ISdPGJz and 

not transfected with any plasmid, indicating that this effect was specific to the 

PPRE. This shows that increasing amounts of decoy plasmid specifically prevented 

PPAR-induced transcription of growth-inhibitory genes, despite the receptors being 

activated by ISdPGJz, therefore indicating that the effects of 1 SdPGJz on IMR-32 

cells occurred through PPARs. 
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Figure 5.10 Decoy plasmids show that 15dPGJ2 acts through PPARs to inhibit 

IMR-32 cell growth. IMR-32 cells were transiently transfected with 

a reporter construct containing 3 consensus PPREs and were treated 

with DMSO or 5 p,M 15dPGJ2 over 72 hours. Graphs represent two 

independent experiments with two samples per experiment. 

Transfections were normalised using a p-galactosidase vector. 
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Figure 5.11 Control plasmids show that 15dPGJ2 acts through PPARs to inhibit 

IMR-32 cell growth. IMR-32 cells were transfected with 5 p,g of a 

plasmid DNA lacking the decoy sequence (pBli) and the cells were 

treated with 5 |j,M ISdPGJa- The effects on cell growth were 

measured by counting cell number for 72 hours. Graphs represent 

two independent experiments with two samples per experiment. 

Transfections were normalised using |3-galactosidase. 
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5.2.6 acfiy /AroK^A /VMJk fo m^Mcg //fg f/eaf̂ A 

IMR-32 cells 

The decoy method was also used to show that 15dPGJ]-induced IMR-32 cell death 

through PPARs. IMR-32 cells were transfected with the decoy or control plasmids 

and treated with DMSO or 5 pM 1 SdPGJz, and cell viability was measured using 

the trypan blue exclusion assay. IMR-32 cells transfected with increasing amounts 

of decoy plasmid and treated with DMSO did not undergo cell death within 72 

hours (Figure 5.12). 30 % of IMR-32 cells transfected with 0 ^g decoy plasmid 

and 20 jag P-galactosidase and treated with 5 (iM ISdPGJa underwent cell death, 

whereas only 20 % of those cells transfected with 10 pg decoy plasmid and 10 p.g 

P-galactosidase and treated 5 pM 1 SdPGJ] underwent cell death (Figure 5.12). 

IMR-32 cells transfected with 20 fag decoy plasmid and treated with 5 p.M 

15dPGJ2, resulted in the death of less than 15 % of the cells (Figure 5.12). 

IMR-32 cells were also transfected with 0, 10 or 20 |ig of the control plasmid and a 

P-galactosidase vector was used to ensure equal amounts of DNA were transfected. 

The cells were treated with 5 p,M 15dPGJ2 and cell death was determined using the 

trypan blue assay. IMR-32 cells transfected with increasing amounts of the control 

plasmid and treated with DMSO remained almost 90 % viable throughout the 

experiment (Figure 5.13). However, 30 % of IMR-32 cells transfected with 

increasing amounts of control plasmid, even up to 20 pg, and treated with 5 pM 

ISdPGJa underwent cell death within 72 hours (Figure 5.13). Thus confirming 

15dPGJ2 acts through PPARs to induce transcription of target genes, which may be 

involved in growth inhibition. 
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Figure 5.12 Decoy plasmids show that ISdPGJi acts through PPARs to induce 

IMR-32 cell death. IMR-32 cells were transiently transfected with a 

reporter construct containing 3 consensus PPREs. The cells were 

treated with 5 fiM ISdPGJa and the effects on cell death measured 

by the trypan blue exclusion assay. The experiments were 

completed in duplicate with two samples per experiment and error 

bars represent errors of the mean. 
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Figure 5.13 Control plasmids show that ISdPGJi acts through PPARs to induce 

IMR-32 cell death. IMR-32 cells were transiently transfected with a 

plasmid DNA lacking the decoy sequence (pBl:). The cells were 

treated with 5 [aM ISdPGJi and the effects on cell death measured 

by the trypan blue exclusion assay. The experiments were 

completed in duplicate with two samples per experiment and error 

bars represent errors of the mean. 
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5,3 PPARy dominant negative mutant - PAXSPPARyl 

The activity of wild-type PPARy can be abrogated using dominant negative 

PPARy, which prevents activation of the wild-type receptor on treatment of cells 

with specific ligands of PPARy. A dominant negative PPARy protein has been 

identified in follicular thyroid cancer due to a chromosomal translocation, which 

forms an in-frame fusion of exons 1-7 and 9 of PAX8 to foil-length PPARy 1 

The dominant negative activity of PAXSPPARyl was confirmed by transfecting the 

cDNA for the mutant protein into U20S cells alongside a reporter plasmid 

containing PPAR response elements PPARy activation was induced by 

treatment of the cells with up to 500 nM rosiglitazone and reporter gene activity 

measured Reporter gene activity was increased in control cells transfected with 

PPARy alone, but in cells transfected with PAXSPPARyl, PPARy ligands could not 

induce activation of PPARy, even with 500 nM rosiglitazone and in fact activation 

of PPAR-induced transcription was completely abrogated No effects of the 

PAX8 portion of the protein were reported Therefore IMR-32 cells were stably 

transfected with the cDNA for PAXSPPARyl and the effects on the cells 

established. 

5.3.1 IMR-32 cells transfected with PAXSPPARyl gene stably express the 

PAXSPPARyl fusion protein 

To confirm expression of PAXSPPARyl, total RNA was isolated from 

PAXSPPARyl transfected IMR-32 cells and vector controls. 1 pg RNA was 

reverse transcribed to cDNA, which was amplified by RT-PCR using a forward 

primer to PAXS and a reverse primer to PPARy, to produce a PCR product which 

would contain a unique sequence of part of the PAXS gene fused to PPARy 1 

(Figure 5.14). Expression of the mutant protein was confirmed using a vector 

control, pcDNA3.1+^, and by amplifying the PAXSPPARyl cDNA from the 

PAXSPPARyl vector alone. 
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PAX8 
forward primer 

Amplified sequence 
I PPARy 

reverse primer 

PD HE VAWism c D E/F 

PAX8 PPARy 

V 

PD PAX8 paired domain 
HD PAX8 homeodomain 
A/B PPARy A/B domain 
C PPARy DNA binding domain 
D PPARy hinge region 
E/F PPARy Ligand binding domain 

Figure 5.14 The structure of the fusion protein, PAXSPPARyl, showing 
RT-PCR primers and the range of the amplified sequence. 
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Cyclophilin PAXSPPARyl 
r ^ 

250 bp 

^ — 7 7 2 bp 

Lane 1 Negative control 

Lane 2 IMR-32 cells - Vector control 

Lane 3 IMR-32 cells - PAXSPPARyl clone 

Lane 4 Negative control 

Lane 5 IMR-32 cells - Vector control 

Lane 6 IMR-32 - PAXSPPARyl clone 

Lane 7 PAXSPPARyl cDNA plasmid 

Figure 5.15 RT-PCR reactions showing expression of PAXSPPARyl dominant 

negative protein in IMR-32 cells. RNA was made from IMR-32 

cells stably transfected with a plasmid containing the cDNA for 

PAXSPPARyl and reverse transcribed to cDNA. The cDNA was 

amplified at a unique sequence produced by the translocation of 

PAXS to PPARyl, using a forward primer for PAXS and a reverse 

primer for PPARy. The sequence was amplified for 50 cycles of 

denaturing at 94 °C for 40 seconds, annealing at 52 °C for 40 

seconds and extension for 50 seconds at 72 °C. Control cells were 

stably transfected with pcDNA3.1+®alone. Cyclophilin primers 

were used control for amounts of cDNA used. 
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The RT-PCR reaction required a greater number of longer PGR cycles (see 

Materials and Methods) than used previously to amplified part of the PPARy cDNA 

alone, as the product was much longer (772 base pairs compared to over 300 base 

pairs). The PGR product amplified was 772 base pairs in length, although 

expression levels were quite low (Figure 5.15). Several clones expressing 

PAXSPPARyl were produced (data not shown), however these have yet to be 

analysed. 

5.3.2 IMR-32 cells stably expressing PAXSPPARyl grow at a faster rate than 

normal IMR-32 cells and are resistant to 15dPGJ2 

The effects of PAXSPPARyl expression on the growth of IMR-32 cells were 

determined, by measuring increases in cell number for 120 hours. Untreated vector 

control cells increased in number to 16 x 10"̂  cells by 120 hours (Figure 5.16). 

However, untreated IMR-32 cells stably transfected with PAXSPPARyl grew at a 

faster rate with cell numbers reaching 36 x lO'* cells, within the same experimental 

time (Figure 5.16). This proposes that expression of a dominant negative PPARy 

within neuroblastoma cells provided the cells with a growth advantage compared to 

cells which did not express this protein. 

IMR-32 cells expressing dominant negative PPARy should in theory be resistant to 

activation by 1 SdfGJz, as the dominant negative protein prevents activation of the 

wild-type protein. To test this, vector control and PAXSPPARyl transfected IMR-

32 cells were treated with 5 p,M ISdPGJa and the effect on cell growth determined. 

Vector control cells treated with DMSO grew throughout the experiment, whereas 

those treated with 5 |iM 15dPGJ2 hardly grew post-plating, with cell numbers only 

reaching 3.4 x 10"* cells within 120 hours (Figure 5.17). IMR-32 cells transfected 

with PAXSPPARyl and treated with DMSO increased in number to 22 x lO'̂  cells 

within 120 hours, showing that these cells had a growth advantage over control 

cells. 
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Figure 5.16 IMR-32 cells expressing the dominant negative PPARy protein, 

PAXSPPARyl, grow faster than vector controls. IMR-32 cells 

stably transfected with the dominant negative PAXSPPARyl fusion 

protein or vector control cells were plated out at 2 x 10'* cells, left 

untreated and cell growth was measured by increases in cell number 

for 120 hours. The experiments were completed in duplicate and 

error bars are standard errors. Statistics were calculated using an 

ANOVA, which showed no significant difference in growth of 

PAXSPPARyl expressing cells throughout the experiment, but a t 

test showed a significant increase in cell number only after 120 

hours, with a significance of p <0.05 (*). 
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Figure 5.17 IMR-32 cells expressing PAXSPPARyl are resistant to the growth 

inhibitory effects of ISdPGJi. IMR-32 cells stably transfected with 

PAXSPPARyl and vector controls were treated with DMSO or 5 

Î M ISdPGJi and the effect on cell growth determined by counting 

cell number over 120 hours. Two samples were counted per 

treatment per day and experiments were completed in duplicate and 

error bars represent s.e.m. Statistics were calculated using an 

ANOVA which showed a significant increase in growth rate of 

PAXSPPARyl expressing cells compared to controls throughout the 

experiment (p<0.05) and a student's t test revealed that after 96 

hours only, the difference in growth was highly significant (p<0.01 

**y 
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The growth of the PAXSPPARyl-transfected IMR-32 cells was not inhibited by 5 

p,M ISdPGJz as the cells grew almost to the same level as those treated with DMSO 

(Figure 5.17), whereas growth of the control cells was almost completely inhibited. 

This shows that dominant negative PPARy inhibited endogenous PPARy within 

cells and prevented PPARy ligands from inhibiting neuroblastoma cell growth in 

vitro. 

5.3.4 IMR-32 cells stably expressing the dominant negative PAXSPPARyl 

protein are resistant to ISdPGJj induced cell death 

IMR-32 cells expressing PAXSPPARyl were resistant to 15dPGJ2-induced growth 

inhibition and possibly 15dPGJ2-induced cell death. Therefore, vector controls and 

PAXSPPARyl expressing IMR-32 cells were treated with 5 |LIM ISdPGJi and cell 

viability measured using the trypan blue exclusion assay. Vector control cells 

treated with DMSO remained approximately 85 % viable throughout the 

experiment, whereas those treated with 5 p.M ISdPGJi increasingly took up the 

trypan blue stain (Figure 5.IS). This shows that more of the cell membranes had 

been compromised and only 70 % of cell remained viable after 120 hours of 

treatment (Figure 5.18). Like the vector-control cells treated with DMSO, most of 

the IMR-32 cells expressing PAXSPPARyl treated with DMSO survived, as there 

was little uptake of trypan blue (Figure 5.IS). However, the IMR-32 cells 

expressing PAXSPPARyl treated with 5 fxM 15dPGJ2 did not die at a similar rate 

to control cells and rates of cell death stayed similar to that of cells treated with 

DMSO (Figure 5.IS). This shows that as well as preventing 15dPGJ2-induced 

growth inhibition, the dominant negative PPARy also reduced cell death caused by 

this ligand. 
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Figure 5.18 IMR-32 cells expressing PAXSPPARyl are resistant to cell death 

induced by 15dPGJ2. IMR-32 cells stably transfected with 

PAXSPPARyl and vector controls were treated with DMSO or 5 

|iM ISdPGJz and cell death measured by the trypan blue exclusion 

assay over 120 hours. Two samples were counted per treatment per 

day and experiments were completed in duplicate and error bars are 

standard errors. An ANOVA showed that PAXSPPARyl expressing 

cells were significantly resistant to ISdPGJz-induced cell death 

compared to control cells throughout the experiment (p<0.05). 
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5.4 Cellular Role of PPARy 

5,4.1 Increased expression of PPARy in IMR-32 cells stably transfected with 

expression vectors for PPARyl 

To assess the effects of increasing PPARy expression in IMR-32 cells, cells were 

stably transfected with an expression vector containing the cDNA for PPARyl 

pLTRPoIy and pcDNA3.1+® were used to control for amounts of DNA transfected 

into the cells, to provide transfected control cells with the selectable marker 

(neomycin resistance) and to control for the SV40 promoter. Transfected cells 

were cultured for 72 hours and then treated with G418 in fresh complete DMEM. 

Transfected cells were selected by treatment of cells with subsequent doses of 800 

mM G418 in fresh medium, until clones were visible with the naked eye. 

Individual clones were "picked" using trypsin-EDTA and cultured as separate cell 

lines. 

To determine which of the "picked" clones expressed increased levels of PPARyl, 

total RNA was isolated from the transfected cells and 1 pg RNA was reverse 

transcribed to cDNA. The cDNA levels were normalised by amplifying the 

housekeeping gene, cyclophilin (Figure 5.19), and levels of PPARy expression 

were determined by amplification using 35 cycles of RT-PCR and PPARy-specific 

primers. Analysis of the PGR products from several of the clones showed that one 

of the clones transfected with PPARyl, expressed higher levels of PPARy than 

vector controls (Figure 5.19). 

5.4.2 IMR-32 cells stably expressing higher levels of PPARyl grow at a slower 

rate than normal IMR-32 cells 

Increasing the levels of PPARyl expression could affect the growth rates of IMR-

32 cells in vitro, and therefore the PPARyl stably transfected cells were cultured 

alongside vector control cells. 
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Lane 3 IMR-32 cells transfected with PPARyl expression vector 

Figure 5.19 IMR-32 cells stably transfected with cDNA encoding PPARyl 

express higher levels of PPARy than controls. cDNA was made 

from total RNA from IMR-32 cells stably transfected with PPARyl 

cDNA or vector controls. The cDNA was amplified by RT-PCR 

using PPARy-specific primers and cyclophilin primers were used 

control for amounts of cDNA used. 
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Proliferation rates were measured using the Biotrak™ cellular proliferation kit. The 

vector control IMR-32 cells proliferated throughout the 72-hour experiment, seen 

as increased labelling of cells with bromodeoxyuridine (Figure 5.20). However, 

untreated IMR-32 cells transacted with PPARyl, proliferated at a much slower rate 

than control-treated cells and by 72 hours, proliferation rates for the control cells 

were nearly three times that of PPARyl-transfected IMR-32 cells (Figure 5.20). 

This suggests that increasing the levels of PPARy expression in neuroblastoma cells 

results in a decrease in cell proliferation. 

5.4.3 IMR-32 cells stably expressing high levels of PPARyl are less responsive 

to 15(IPGJ2 than vector control cells 

IMR-32 cells expressing increased levels of PPARyl grew slower than control cells 

and to investigate whether these cells respond differently to I5dPGJ2, control cells 

and cells expressing increased PPARyl were treated with increasing concentrations 

of 1 SdPGJz for 24, 48 or 72 hours. Cell proliferation was determined by measuring 

bromodeoxyuridine incorporation. The proliferation rates of vector control cells 

treated with increasing concentrations of 1 SdPGJ] for 24 hours were reduced, with 

only 50 % of cells treated with 10 pM 15dPGJ2 proliferating, whereas 

concentrations of 1 p,M and below had little effect on cellular proliferation (Figure 

5.21a). At concentrations of 2.5 pM and below IMR-32 cells expressing increased 

levels of PPARyl grew similarly to controls, but at 5 p,M and 7.5 p.M, the cells 

actually proliferated to a greater extent that control cells, by around an extra 10-15 

% (Figure 5.21a). 

After 48 hours of treatment with increasing concentrations of 15dPGJ2, vector 

control cells, proliferated slower than at 24 hours post-treatment, with 5 |iM 

15dPGJ2 inducing over 50 % inhibition of proliferation and 10 pM ISdPGJz 

inducing complete inhibition of IMR-32 cell proliferation (Figure 5.21b). This 

suggests that even at lower concentrations of ISdPGJi, longer exposure to the 

PPARy ligand was more effective at inhibiting IMR-32 cell proliferation than at 

higher concentrations for a shorter time. 
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Figure 5.20 IMR-32 cells with increased expression of PPARy proliferate slower 

than vector control cells. IMR-32 cells stably transfected with a 

plasmid containing the cDNA for PPARy 1 and vector control cells 

were plated out at 2 x lO'* cells and cell proliferation measured as 

incorporation of bromodeoxyuridine for 120 hours in untreated cells. 

Two samples were counted per cell type per day and the 

experiments were completed in duplicate and errors shown as 

standard errors of the mean. Statistics were calculated using an 

ANOVA and showed no significant difference in growth rate 

throughout the experiment, but a t test revealed a significant 

difference in growth rate between control and PPARy 1-expressing 

cells at a significance of p <0.05 (*), but only after 72 hours. 
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Figure 5.21 Dose response of 15dPGJ2 on IMR-32 cells with increased 

expression of PPARy, shows that the cells are more resistant to 

ISdPGJa- IMR-32 cells transfected with an expression vector 

containing the cDNA for PPARy 1 and vector control cells were 

treated with increasing doses of 15dPGJ2 and cellular proliferation 

measured as incorporation of bromodeoxyuridine after 24, 48 and 72 

hours. IC50 values for ISdPGJi treatment of vector control IMR-32 

cells are >10 |a,M at 24 hours, 4.4 |j,M at 48 hours and 3.8 fiM at 72 

hours. IC50 values for 15dPGJ2 treatment of IMR-32 cells with 

increased expression of PPARy are 9.1 |j,M at 24 hours, 5.2 |j,M at 48 

hours and 5.3 jiM at 72 hours. The experiments were performed in 

duplicate with one sample per experiment. 
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Likewise, the proHferation of PPARyl-transfected IMR-32 cells was inhibited 

further after 48 hours of treatment, even at low concentrations of ISdPGJi 

compared to controls (Figure 5.21b). However, at much higher concentrations (7.5 

}j.M and above), the PPARyl-transfected cells proliferated at a faster rate than the 

vector control cells, suggesting that they were less responsive to high 

concentrations of ISdPGJi. 

After 72 hours of treatment, the proliferation of both the vector control-transfected 

and PPARyl-transfected IMR-32 cells was inhibited by 15dPGJ2 to a greater extent 

that at previous time points (Figure 5.21c). This again suggested the inhibition of 

proliferation may be due more to the increased exposure to 15dPGJ2, than to the 

concentration of the ligand, although obviously concentration is also a factor in 

determining the level of inhibition. The inhibition of the proliferation of vector-

control cells was around 50 % after 72 hours of treatment with 2.5 juM ISdPGJi, 

whereas 7.5 |j,M 15dPGJ2 completely inhibited proliferation (Figure 5.21c). 

However, although 50 % inhibition of the PPARyl-transfected IMR-32 cells was 

also achieved at 2.5 |iM ISdPGJz, total inhibition required 10 pM 15dPGJ2 (Figure 

5.23). Unlike the control cells, only 90 % inhibition of cellular proliferation was 

achieved with 7.5 p,M 15dPGJ2, suggesting that increased levels of PPARyl 

reduced the sensitivity of IMR-32 cells to the inhibitory effects of 15dPGJ2 at high 

concentrations. 

5.5 Potential downstream targets of activated PPARs 

5.5.1 15dPGJ2-induced growth inhibition does not involve MYCproteins 

cMYC and NMYC are two members of the MYC family of transcription factors, 

characterised by basic helix-loop-helix and leucine zipper domains which 

interact with other transcription factors to activate or repress transcription of genes 

477, 478, 479 ]y[YC proteins activate transcription of genes when they are 

heterodimerised with Max and transcription is repressed when Max is 

heterodimerised with Mad MYC proteins regulate many cellular processes 
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including cell proliferation and apoptosis Aberrant regulation of cMYC is seen 

in many types of cancer including breast cancer and glioblastoma and 

amplification of the cMYC gene is seen in non-small cell lung cancer At least 

one neuroblastoma cell line has amplification of the cMYC gene, instead of the 

NMYC gene NMYC is also aberrantly expressed in tumours, such as small cell 

lung carcinomas and is commonly amplified in neuroblastoma, where it confers 

a growth advantage to cells and has been correlated with rapid tumour 

progression NMYC amplification occurs in up to 40 % of advanced stage 

tumours and the presence of more than 10 copies correlates with poor prognosis 

cMYC expression correlates with neuronal differentiation and expression of 

NMYC decreases immediately preceding the differentiation of neuroblastoma cells 

induced by agents such as retinoic acid and ligands of PPARy Nuclear 

extracts of IMR-32 cells treated for 24 and 72 hours were resolved by SDS-PAGE 

and probed with an anti-cMYC or anti-NMYC antibody to determine the effects of 

15dPGJ2-induced growth inhibition on MYC expression. No changes in cMYC 

expression were seen in control or ISdPGJa treated IMR-32 cells at either time 

point, however, different forms of cMYC were expressed at 24 and 72 hours 

(Figure 5.22). The different bands represent the expression of different forms of 

cMYC, cMYCl and cMYC2 Likewise there were no changes in NMYC 

expression in IMR-32 cells treated with 15dPGJ2 for 72 hours (Figure 5.23). This 

shows that 15dPGJ2-induced growth inhibition of IMR-32 cells did not occur 

through the same pathway as the growth arrest induced by retinoic acid. 

There are several members of the MAD family, including MADl, which is 

expressed in post-mitotic neurones and is up-regulated during cellular 

differentiation Mad proteins repress cMYC and antagonise its growth 

promoting functions, therefore in cells, which are arrested Madl expression may be 

elevated. Expression of MADl was studied in IMR-32 cells treated with ISdPGJ: 

and Wy-14643, however MADl was not expressed at any time point, despite, 

expression being seen in serum starved ND7 cells, which express high levels of 

MAD (data not shown). This tallies with data showing no changes in the 

expression of MYC proteins in IMR-32 cells on treatment with ISdPGJ]. 
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Lane 4 + 8 5 |j.M Wy-14643 

Figure 5.22 ISdPGJz does not down-regulate the expression of cMYC in IMR-

32 cells. Nuclear extracts were made from IMR-32 cells treated 

with 5 |j,M 15dPGJ2 or 5 )aM Wy-14643 for 24 and 72 hours. The 

extracts were resolved by SDS-PAGE and cMYC levels determined 

by western blotting. 
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Figure 5.23 ISdPGJz does not down-regulate the expression of NMYC in IMR-

32 cells. Nuclear extracts were made from IMR-32 cells treated 

with 5 î M 15dPGJ2 or 5 pM Wy-14643 for 72 hours. The extracts 

were resolved by SDS-PAGE and the levels of NMYC were 

determined by western blotting. 
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5.5.2 The paired box transcription factor, PAX3, is a downstream target of 

PAX3 is a paired box transcription factor, which is expressed in undifferentiated 

immature neurones and is highly expressed in neural crest cells from which 

neuroblastomas derive Mutations in PAX3 result in the Splotch phenotype 

in mice and Waardenburgs syndrome in humans both of which have defects 

in the spinal column and melanocytes. PAX3 is also involved in alveolar 

rhabdomyosarcoma, an aggressive paediatric tumour, where PAX3 forms part of 

the PAX3/Forkhead (PAX3/FKHR) fusion gene, formed by a t(2;13)(q35;ql4) 

translocation which appears to bind to the same targets as PAX3, but it is a 

more potent transactivator PAX3 protein and PAX3 mRNA expression and 

DNA binding are reduced during the differentiation of neuroblastoma cells, 

corresponding with a slow cell cycle arrest and neurite output As treatment 

of IMR-32 cells with ISdPGJi results in a slow cell cycle arrest, the expression of 

PAX3 in 15dPGJ2-treated IMR-32 cells was studied at 24 and 72 hours. Total 

RNA was isolated from IMR-32 cells treated with DMSO, 1 SdPGJ^ or Wy-14643 

and used to make cDNA. The cDNA was amplified using RT-PCR and PAX3 

specific primers to determine whether any changes to PAX3 expression occurred. 

IMR-32 cells are undifferentiated cells of neural crest origin and therefore express 

high levels of PAX3 (Figure 5.24). No reduction in PAX3 expression was seen in 

IMR-32 cells treated with ISdPGJi or Wy-14643 compared to controls at 24 hours. 

However, a reduction in PAX3 expression was seen at 72 hours in IMR-32 cells 

treated with ISdPGJz, and not in Wy-14643 or control-treated cells, coinciding with 

cell cycle arrest and a decline in cell growth. 

5.5.3 15dPGJ2-induced growth inhibition does not involve but 

does induce translocation of p53 

p22CiPi/SDiiAVAFi -g inhibitor of cyclin dependent kinases (cdks), which binds to 

complexes of cdk2, cdk4 and cdk6 and blocks progression from G| phase of the 

cell cycle to S phase 
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Figure 5.24 15dPGJ2 down-regulates PAX3 mRNA in IMR-32 cells after 

72 hours of treatment. Total RNA was made from IMR-32 

cells treated with ligands of PPARa and PPARy. The RNA 

was reverse transcribed to cDNA and amplified by RT-PCR 

using PAX3-specific primers. Cyclophilin primers were 

used to amplify the cDNA and normalise levels of cDNA 

used. 
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p22CiPi/SDii/wAFi jg expressed in terminally differentiating cells and is required for 

the survival of neuroblastoma cells induced to differentiate by nerve growth factor 

is involved in p53-mediated G2/M arrest of cells, which enter 

mitosis phase of the cell cycle with damaged DNA The involvement of 

p2jC'iPi/SDii/wAi I 15dPGJ2-induced growth arrest of IMR-32 cells was assessed 

by resolving nuclear extracts of cells treated with DMSO, 5 |iM ISdPGJi or 5 pM 

Wy 14643 by SDS-PAGE and probing with an anti-p21 i/wAFi g^^ibody. No 

changes in the expression of were observed in IMR-32 cells 

treated with 5 pM ISdPGJi (Figure 5.25), suggesting that in IMR-32 cells 

15dPGJz-induced growth arrest does not involve However, the 

p22CiPi/SDiiAVAFi produced very weak bands and is not conclusive. 

p53 is a key regulator of the cell cycle and it is the most commonly mutated protein 

occurring in human cancers. Despite this, some cancers including neuroblastoma, 

rarely have mutations in p53 although it has been linked to multi-drug 

resistance during therapy for neuroblastoma The wild type p53 found in 

neuroblastoma has been suggested to be inactive due to cytoplasmic sequestration 

or that it is in a conformation which cannot induce transcription It has also 

been suggested that p53 may be sequestered from the DNA within neuroblastoma 

cell nuclei and not be able to function properly (personal communication, Vince 

Kidd, St. Jude Children's Hospital, Memphis). The expression of p53 is related to 

an undifferentiated phenotype in neuroblastoma cells, as retinoic acid induced-

differentiation results in a decrease in expression of p53 mRNA and protein 

p53 also induces Gg/M arrest as well as its main role as a checkpoint during 

progression to S phase of the cell cycle Therefore, to determine whether levels 

of p53 expression or location of the protein changed on treatment with ISdPGJa, 

nuclear extracts of IMR-32 cells treated with DMSO or 5 pM ISdPGJa for 24 or 72 

hours were resolved by SDS-PAGE and probed with a polyclonal anti-p53 

antibody. p53 was not detected in nuclear extracts of IMR-32 cells treated 5 pM 

ISdPGJj for 24 hours, however, at 72 hours p53 was detected in the nuclei of IMR-

32 cells treated with ISdPGJz, but not in control-treated cells (Figure 5.26). 
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Lane 3 5 pM 15-deoxyA'^'''*-prostglandin 

Lane 4 5 pM Wy-14643 

Figure 5.25 ISdPGJa does not alter the expression of in IMR-32 

cells. IMR-32 cells were treated with 5 p.M 15dPGJ2 or 5 ^M Wy-

14643 and nuclear extracts were made from the cells. The extracts 

were resolved by SDS-PAGE and analysed with an anti-

p22CiPi/sDii/wAFi antibody. However, the p2lCiM/SDii/WAFi antibody 

produced very weak bands and is not conclusive. 
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Figure 5.26 15dPGJ2 induces translocation of p53 to the nucleus of IMR-32 cells 

after 72 hours. Nuclear extracts were made from IMR-32 cells 

treated with 5 pM 15dPGJ2 for 24 and 72 hours. The extracts were 

resolved by SDS-PAGE and western blotted with an anti-p53 

antibody. Extracts of MCF-7 cells, a breast cancer cell line, were 

used as a positive control. p53 antibody and MCF-7 cells courtesy 

of Jeremy Blaydes, Southampton General Hospital. 
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This suggests that p53 may be a downstream target of PPARy and sustained 

activation of the receptor with 1 SdPGJz may result in p53 translocating to the 

nucleus and inhibiting the cell cycle at G2/M. 

5.5.4 ISdPGJ2-induced growth inhibition of IMR-32 cells does not involve the 

tumour suppressor, PTEN 

PPARy can regulate the tumour suppressor, phosphatase and tens in homologue 

deleted from chromosome 10 (PTEN) PTEN is also known as mutated in 

multiple advanced cancers (MMACl) or transforming growth factor p regulated 

epithelial cell enriched phosphatase (TEPl) PTEN/MMACl/TEPl is one of the 

most frequently mutated genes in human cancer, second only to p53 and it is 

also mutated in autosomal dominant diseases, which have a predisposition to 

developing cancer, such as Cowden disease PPARy can bind to two response 

elements in the promoter of PTEN/MMACl/TEPl and activation of PPARy by 

synthetic ligands such as rosiglitazone and pioglitazone have been shown to up-

regulate PTEN/MMACl/TEPl expression in macrophages Activation of 

PPARy by 1 pM rosiglitazone also up-regulates PTEN expression in Caco2 

colorectal cancer cells and MCF-7 breast cancer cells, with a concurrent reduction 

in the proliferation of both cell types The up-regulation of PTEN by PPARy 

correlates with decreased phosphatidylinositol 3-kinase (PI3K) activity measured 

by the reduced phosphorylation of protein kinase B (PKB). This is because 

PTEN/MMACl/TEPl catalyses the dephosphorylation of the D3 phosphate group 

from phosphatidylinositol 3,4,5-triphosphate (PIP3) to form phosphatidylinositol 

3,4-bisphosphate (PIP2), whereas PI3K phosphorylates the D hydroxyl head group 

of PIP2 to form PIP3 (Figure 5.29) If PI3K activity is down-regulated, then 

there is no phosphorylation of PIP2 to PIP3 and without PIP3 to target PKB for 

phosphorylation by kinases such as phosphatidylinositol 3,4,5-triphosphate-

dependent protein kinase 1 (PDKl) levels of phospho-PKB (P-PKB) decrease 

(Figure 5.27). The expression of P-PKB is reduced in macrophages and Caco2 

cells on treatment with 1 jiM rosiglitazone, due to an up-regulation in PTEN by 

activated PPARy. 
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Figure 5.28 ISdPGJz does not inhibit IMR-32 cell growth through increasing the 

activity of the tumour suppressor, PTEN. IMR-32 cells were treated 

with 5 ^M 15dPGJ2 or 5 |xM Wy-14643 and cytoplasmic extracts 

were made. The cytoplasmic extracts were resolved by SDS-PAGE 

and PTEN activity was measured by Western blotting with an anti-

phospho-PKB antibody. 

208 



PKB is activated by phosphorylation and acts on downstream targets to promote 

cell survival and prevent apoptosis and therefore up-regulation of 

PTEN/MMACl/TEPl results in apoptosis, through inactivation of PKB. 

To determine whether the 1 SdPGJz-induced growth inhibition of IMR-32 cells was 

due to the up-regulation of PTEN/MMACl/TEPl, treated cell extracts were 

analysed for a reduction in phospho-PKB (P-PKB) levels. Cytoplasmic extracts 

were resolved by SDS-PAGE and probed with an antibody specific to the Serine'*^^ 

phosphorylated form of PKB. No reduction in the level of P-PKB expression was 

seen in IMR-32 cells treated with 5 |iM ISdPGJz or 5 |a.M Wy-14643 for 72 hours 

(Figure 5.28). This suggests that up-regulation of PTEN/MMACl/TEPl 

expression, was not the mechanism of action of activated PPARy in IMR-32 cells. 

5.6 Discussion 

The expression of both PPARy mRNA and protein has been shown to be down-

regulated by treatment with its own ligands, suggesting that activation of PPARy in 

adipocytes is auto-regulatory Ligand-dependent degradation of the receptor 

protein is also seen in other members of the nuclear hormone receptor super-family, 

including oestrogen receptors (OER) thyroid receptors (TRs) and both 

retinoic acid receptors (RARs) and retinoid X receptors (RXRs) This is 

interesting as PPARs have been shown to heterodimerise with RXRs and there is 

thought to be cross-talk between the PPAR and OER and PPAR and TR 

pathways Unlike the effects seen in adipocytes on activation of PPARs, 

activation of RARs by retinoic acid results in an increase in mRNA expression, and 

a decrease in protein expression, due to the protein becoming ubiquitinated and 

targeted for destruction Vitamin D receptors (VDR), unlike other members of 

the nuclear receptor super-family, are not targeted for destruction after activation 

with vitamin D and the ligand actually elevates protein levels of VDR, by inhibition 

of ubiquitination However, ligands of PPARy seemed to neither increase nor 

decrease the expression of PPARy mRNA in IMR-32 cells (Figure 5.1). 
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Hauser et ah, showed that in adipocytes PPARy protein is degraded during 

normal turnover and post-activation with natural and synthetic Kgands, through 

ubiquitination and destruction at the proteasome. PPARy expression was reduced 

to 10 % of the expression seen in control cells by 24 hours, but within 72 hours, 

PPARy expression had increased again to almost 80 % No changes in PPARy 

protein expression were seen in IMR-32 cells treated with ISdPGJi or with Wy-

14643 for 24 or 72 hours, therefore discounting the possibility of any ligand-

dependent degradation of PPAR protein in these cells at these time points (Figure 

5.2). Interestingly, PPARy protein has been shown to be cleaved in SHSY5Y cells 

in response to treatment with 10 pM 15dPGJ2 to produce a fragment of 

approximately 25 IcDa Rohn et al, suggest that the PPARy protein was 

cleaved because PPARy is a target of caspases, however, as ISdPGJz does not 

induce apoptosis in IMR-32 cells, this may explain why PPARy remains intact in 

these cells. It is possible, however, that lengthy treatment of IMR-32 cells with 

15dPGJ2 is required for degradation of PPARy protein to occur. It has been shown 

that glucocorticoid receptors, another nuclear hormone receptor, require chronic 

treatment of cells with glucocorticoids, before the receptor becomes ubiquitinated 

However, in IMR-32 cells, regulation of PPARy may occur through an 

alternative mechanism to auto-regulation and ubiquitination. Interestingly, Butler 

et al., showed that treatment of prostate cancer cells with 15dPGJ2 resulted in no 

change in the levels of PPARyl, but showed an increase in the expression of 

PPARyZ. 

PPARs can also be regulated by co-activators and co-repressors DNA binding 

and phosphorylation at serine^ of PPARyl and s e r i n e ' o f PPARy2 humans by 

mitogen-activated protein kinases (MAPK) such as extracellular signal regulated 

kinases (ERKs) c-Jun N-terminal kinase (JNK) or weakly by p38 

Therefore, in IMR-32 cells these alternative regulatory pathways may be of more 

importance. Phosphorylation has been shown to be important in the regulation of 

nuclear hormone receptors and has also been shown to target progesterone and 

retinoic acid receptors for destruction. However, it is thought that 

phosphorylation of PPARy acts to prevent its interaction with co-activators and 

accessory proteins This is because phosphorylation significantly inhibits 
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ligand-dependent and -independent transcriptional transactivation, but does not 

afkct stability or DNA binding or target the protein for destruction. In the 

future, it would be interesting to determine whether the activity of PPARy within 

IMR-32 cells could be increased using inhibitors of MAP kinase, JNK or p38. 

Inhibitors of MAP kinase e.g. PD89059 have been shown to increase 

transcriptional activity of PPARy and in combination with PPARy ligands such as 

troglitazone induce further differentiation of breast cancer cells 

15dPGJ2 effectively activates PPARy, however, it is only able to weakly activate 

PPARa ISdPGJi can bind to PPARy and can compete with 

thiazolidinediones, which have-been shown to bind directly to PPARy It has 

been shown to effectively activate a reporter construct containing 3PPREs with 

activation being three times greater than that induced by the next most active 

metabolite, A'^PGJI The potent activator of PPARa, Wy-14643 has different 

effects on PPARy. Kliewer et ah, showed that Wy-14643 was able to activate 

PPARy, using expression and reporter plasmids whereas Forman et al, were 

unable to show activation of PPARy by Wy-14643, using reporter constructs alone 

despite both groups using the same cell line for their experiments. This maybe 

because of the different techniques used, and Forman et al, may have shown an 

effect more indicative of the native response, as they were not introducing an 

expression vector. 15dPGJ2 and Wy-14643 both activated a CAT reporter 

construct containing three consensus PPREs upstream of a TK promoter in IMR-32 

cells (Figure 5.3). 15dPGJ2 activated PPARs more effectively than Wy-14643, 

with reporter gene activity being increased 7 fold and 4 fold respectively. The 

reporter construct used in these experiments did not distinguish between activation 

of PPARa or PPARy, however, as ISdPGJi has been shown only to weakly 

activate PPARa the reporter gene activity may potentially be attributed to 

PPARy, in the case of 15dPGJ2. However, as Wy-14643 has been shown to 

activate PPARy by one group and by another not to activate PPARy the 

effects seen with Wy-14643 could have been due to activation of either isoform or 

both together. Wy-14643 activates PPARa more effectively in rats and mice than 

in humans, which may explain some of the reasons why peroxisome proliferators 
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activate peroxisome proliferation and hepatocarcinogenesis in rats and mice, but 

not in humans ' 

The activation of PPARy in cancer cells has been shown to inhibit their growth ' 

182,241,290 AGJIYATE programmed cell death in a wide variety of 

cancer cell types and animal models of cancer However, despite the appeal of a 

potential drug target protein, which can be activated by relatively low 

concentrations of natural and synthetic ligands, of which some have already entered 

successfiil clinical trials for diabetes, there should still be some caution in 

interpreting results. This is because both ISdPGJi and TZDs, notably troglitazone, 

have been shown to have PPARy-independent effects on different cell types 

These can involve the transcription factor, NFKB and in the case of some 

osteosarcoma cells can actually involve other members of the nuclear hormone 

receptor super-family The PPARy-independent effects of ISdPGJi are thought 

to be mediated through the reactive cyclopentenone ring of ISdPGJa, and these 

reactive rings have also been shown to mediate the biological actions of 

prostaglandin A, and Ai Therefore the establishment of the role of PPARs 

in ISdPGJa-induced growth inhibition in IMR-32 cells was necessary. 

ISdPGJi is a metabolite of the PUFA, arachidonic acid, which has been shown to 

inhibit the growth of some cancer cells through changes to their membrane 

phospholipid composition To determine the effects of 15dPGJ2 on the 

composition of IMR-32 cell membrane phospholipids, phospholipid extracts were 

made from cells treated with 1 SdPGJz and Wy-14643 and analysed by ESI MS. No 

changes in the phosphatidylcholine (Figure 5.6), phosphatidylethanolamine (Figure 

5.7) or acid phospholipid (Figure 5.8) species were seen in 15dPGJ2 or Wy-14643-

treated cells, suggesting that the growth-inhibitory effects of 15dPGJ2 were not 

mediated through changes to the cellular membrane. This is unsurprising, as no 

reports of ISdPGJz affecting membrane phospholipids have been published and it is 

thought that it acts either through PPARy or through other independent 

mechanisms. ISdPGJi has been shown to act independently of PPARy in 

macrophages, by repressing gene expression through antagonism of transcription 

factors such as NFKB However, in IMR-32 cells, 15dPGJ2 did not act 
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independently of PPARy through repression of NFKB, and in fact, it actually 

induced activation of NFicB-induced transcription (Figure 5.8). Interestingly, an 

increase in NFKB activity has also been seen in neuroblastoma cells induced to 

differentiate in the presence of retinoic acid and bromodeoxyuridine 

Decoy plasmids to PPARs were able to reduce the growth inhibitory effects of the 

ISdPGJs on IMR-32 cells (Figure 5.10) and 1 SdPGJi-induced cell death (Figure 

5.12), showing that PPARs, possibly PPARy, are involved in 1 SdPGJi-induced 

growth arrest in these cells. A control plasmid lacking the 3PPRE sequence was 

unable to prevent ISdPGJi from inhibiting the growth of IMR-32 cells (Figure 

5.11), or inducing cell death (Figure 5.13) showing that PPARs need to be "bound 

out" to prevent 15dPGJ2-induced growth inhibition. Decoy oligonucleotides have 

been successful in proving the involvement of PPARy in endothelial cell apoptosis 

induced by 1 SdPGJz However, other methods have been used to inhibit PPARy 

including antagonists of PPARy, such as Bisphenol A diglycidyl ether (BADGE) 

and antisense oligonucleotides BADGE has been shown to be able to 

inhibit the differentiation of adipocytes and block the activation of PPARy by 

rosiglitazone without any activation of the receptor itself in adipocytes and is 

reported to be a pure antagonist of PPARy However, in the endothelial cell 

line, ECV304, BADGE has been shown to activate PPARy, resulting in 

translocation of the receptor to the nucleus and cell death BADGE also induces 

apoptosis in tumour cells independently of PPARy, in both caspase-dependent and 

caspase-independent manners Therefore, cautionary use of BADGE as an 

antagonist of PPARy should be applied. New antagonists of PPARy have also been 

developed by Glaxo Wellcome, including GW1929 and appear to be more 

successful than BADGE, however access to them is limited and they may be more 

widely used in the future. 

Antisense oligonucleotides are complementary to the mRNA sequence of the 

protein of interest and bind to the transcribed RNA, thus preventing translation. 

This may occur through prevention of ribosome binding or progression along the 

mRNA or the formation of double-stranded RNA may stimulate the activity of the 

cellular nuclease ribonuclease-H, which degrades the RNA and prevents translation 
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of the protein Antisense oligonucleotides have been used to target PPARy in 

macrophages, thus preventing its up-regulation by rosiglitazone This resulted 

in the down-regulation of PTEN and concurrent up-regulation in phospho-PKB 

The cells were prevented 6om undergoing apoptosis due to an increase in the levels 

of phospho-PKB, a survival factor, and a reduction in caspase 9 activity Unlike 

the decoy oligonucleotide method, this method was more specific for the y isoform 

of PPAR, but the design of antisense probes can be more complicated, as the 

sequences must have high affinity, be specific and not form secondary structures, 

which would inhibit binding to the mRNA It can be difficult to design an 

oligonucleotide, which knocks out a large enough proportion of the protein for an 

effect to be seen (personal communication, Neil Jones, Institute of Cancer 

Research), as a small percentage of the protein can be sufficient to maintain 

function. The decoy sequence is shorter than that required for antisense, relieving 

problems of secondary structure and 1 SdPGJz has been shown to potently activate 

PPARy and only weakly activate PPARa. Therefore the decoy oligonucleotide 

method, which shows that ISdPGJa-activates PPARs in IMR-32 cells, is a suitable 

method. 

Dominant negative PPARys have been found in a number of diseases, including 

severe insulin resistance, diabetes and hypertension and more recently in 

follicular thyroid cancer A chromosomal translocation t(2;3)(ql3;3p25) seen in 

follicular thyroid cancer results in the in-frame fusion of the genes of two 

transcription factors, PAX8 and PPARy (Figure 5.14). PAX8 is a paired box 

transcription factor, which is expressed during development in the thyroid and 

secretory system and also in the adult thyroid and in Wilm's tumour The 

translocation results in the production of the PAXSPPARyl fusion protein, which 

contains the DNA binding domains of PAX8 and fused to domains A-F of 

PPARyl, so that there is no transactivation domain of PAX8, which may result in 

alterations in PAX8 pathways Three alternative splice forms of PAX8 were 

found in the fusion proteins detected in the cells from patients with follicular 

thyroid cancer These variants were co-expressed, one contained exons 1 to 7 of 

PAX8, one contained exons 1 to 8 and one contained exons 1 to 7 plus exon 9 

and the fusion protein used in these studies contained the latter splice variant. The 
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functional domains of PAXSPPARyl are nearly identical to the respective PAX and 

nuclear receptor functional domains in the rhabdomyosarcoma oncoprotein, PAX3-

Forkhead (RAJfS-FKJHRj Howeva\ imdHK P/LXSPPVlRyl, FYLX3-FICHR 

excessively activates transcription of target genes of wild-type PAX3, rather than 

acting in a dominant negative manner PAXSPPARyl also resembles the fusion 

proteins involved in acute promyelocytic leukaemia (PML), PML-RAR and 

acute promyelocytic leukaemia zinc finger protein (PLZF)-RAR which act 

by antagonising the effects of retinoic acid receptors in the presence of retinoic acid 

and competing for retinoic acid response elements 522,523 

IMR-32 cells were stably transfected with a vector containing the cDNA for 

PAXSPPARyl to assess the effects of a dominant negative PPARy on 

neuroblastoma cells. The IMR-32 cells expressing PAXSPPARyl (Figure 5.15) 

grew much faster than the vector control cells (Figure 5.16), possibly because the 

basal level of transcription, which would normally occur due to the presence of 

wild-type PPARy was suppressed. Therefore, any "check" on the proliferation of 

these cells would be removed, thus allowing them to proliferate at a faster rate. 

The involvement of PAXS in the increased growth of IMR-32 cells transfected with 

PAXSPPARyl cannot be discounted, however, as it is thought that PAX genes may 

be involved in growth regulation PAXS is also involved in the proliferation of 

thyroid cell proliferation induced by thyroid-stimulating hormone and is known 

to transactivate the Wilm's tumour gene and modulate its expression 

Therefore without fiirther experimental data we cannot be sure that the effects of 

PAXSPPARyl on IMR-32 cells are solely due to the dominant negative effects of 

PPARyl. It would also be interesting to determine whether other dominant 

negative PPARy proteins, such as truncated PPARy, had similar effects in IMR-32 

cells, which would not be complicated by the PAXS element. 

Dominant negative PPARy proteins have been shown to inhibit transcription 

induced by ligands of PPARy, such as TZDs, but by different mechanisms 

j29, 330,344 Mutations in helix 12 of PPARy destabilise the helix, which mediates 

transactivation, resulting in a protein which not only cannot recruit co-activators, 

but recruits co-repressors more avidly than the wild-type protein and exhibits 
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delayed ligand-dependent co-repressor release ' . Other dominant negative 

PPARys have impaired Ugand binding and abrogate wild-type receptor activity in a 

dose-responsive manner, such as the PPARy lacking 5 carboxyl-terminal amino 

acids Both the wild type and the 5 residue C-terminally truncated protein 

heterodimerised with RXR and bound to PPREs, therefore it was thought that this 

dominant negative protein competed with the wild type for RXR and binding to 

PPRE Likewise a dominant negative PPARy lacking 16 C-terminal amino 

acids also had impaired ligand binding, but retained its capacity to bind to PPREs, 

therefore competing with the wild-type for binding to PPREs and inhibited PPARy-

mediated adipogenesis 

Aside from follicular thyroid cancer, no other cancers have been shown to involve 

dominant negative activity of PPARy, however, loss-of-ftinction mutations have 

been observed in colon cancer Therefore, the effects of introducing a PPARy 

dominant negative protein into neuroblastoma cells can only be speculated. It is 

expected that the levels of basal transcription would decrease and that the effects of 

ligands of PPARy would be ineffective at inhibiting the growth of IMR-32 cells 

stably expressing this mutant protein. Indeed, treatment of IMR-32 cells 

transfected with a vector control with 5 p,M ISdPGJz resulted in inhibition of cell 

growth and an increase in cell death. However, IMR-32 cells stably transfected 

with PAXSPPARyl were resistant to the effects of 5 fiM 1 SdPGJz and continued to 

grow at a faster rate than control cells and almost equivalent to that of IMR-32 cells 

transfected PAXSPPARyl and treated with DMSO alone (Figure 5.17). No 

obvious morphological changes to the IMR-32 cells expressing PAXSPPARyl 

were evident. This shows that PAXSPPARyl is able to abrogate the activation of 

wild-type PPARy and prevent the transcription of PPARy target genes, which 

would result in inhibition of cell growth. It also shows that the effects of 1 SdPGJi 

are mediated through PPARy, as the presence of the dominant negative PPARy is 

able to prevent 1 SdPGJi-induced effects on IMR-32 cells. 

PPARy is expressed at high levels in several cancer cell lines and primary tumours, 

including neuroblastoma To determine the effects of increasing PPARy 

expression within IMR-32 cells, the cells were transfected with an expression 
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vector contaifling the cDNA for PPARy 1 The untreated cells expressing 

increased levels of PPARy grew at a slower rate than untreated control cells over 72 

hours (Figure 5.20). This correlates with the suggestion that early stage 

neuroblastomas, which may be less aggressive and grow slower than more 

primitive neuroblasts, express higher levels of PPARy Neuroblasts expressing 

higher levels of PPARy have been shown to be more mature, with evidence of 

ganglionic differentiation and therefore increasing the expression of PPARy 

within IMR-32 cells may alter the phenotype of the cells from being fast growing 

and malignant, to more differentiated and less malignant. Neuroblastoma is related 

to ganghoneuroblastoma, which is characterised by more areas of cellular 

maturation and ganglioneuromas, which are considered to be fiirther differentiated 

These three tumours represent the spectrum of histology seen in cases of 

"neuroblastoma" with the more primitive neuroblastomas representing aggressive 

disease and ganglioneuromas representing the fully differentiated, benign masses 

and ganglioneuroblastomas possessing characteristics of each of these extremes 

However no morphological changes to IMR-32 cells expressing increased levels of 

PPARy 1 were seen. 

IMR-32 cells expressing increased levels of PPARy remained more viable when 

exposed to higher concentrations of ISdPGJa, than vector controls cells (Figure 

5.21). This was apparent only after 48 hours of treatment, at concentrations of 5 

|iM ISdPGJz and above, whereas at low concentrations of ISdPGJi (2.5 p,M and 

below), there was no difference in the sensitivity between control and PPARy 1 

expressing cells. Increased levels of PPARy expressed in IMR-32 cells may have 

diluted the effect of higher concentrations of 15dPGJ2, as the ligand could bind to a 

greater number of receptors, but may have been limited by the number of binding 

site on the DNA that the activated receptors may bind to. The availability of co-

activators and access to the heterodimeric partners of PPARy may be limiting and 

also the cells may require a certain proportion of the PPARs to be activated before 

they undergo autophagic cell death. 

In conclusion, expression of normal levels of functional PPARy are required to 

maintain the normal state of the cell. This is shown by the fact that dominant 
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negative PPARy induces severe insulin resistance, diabetes, hypertension and 

cancer and that loss-of-function mutations in PPARy also result in the 

development of colon cancer Variants of PPARy are also over-represented in 

endometrial cancer and under-represented in renal cell carcinoma Therefore, 

further studies on the expression and function of PPARs are required to forward 

research into the normal cell, cancer and other diseases, such as diabetes. 

Ultimately knocking out the PPARy gene would provide further insight into its 

function. Although PPARy null cells are not viable heterozygous PPARy 

knock-out cells have a phenotype intermediate to that of null and wild-type cells 

and would assist research into PPARy function It may also be possible to 

create conditional mutants of PPARy, which would allow PPARy to be switched on 

or off under certain conditions. Over-expression of the receptors could also be 

studied using inducible systems such as the Tet-On™ and Tet-OfI™ gene 

expression system (Clontech Laboratories, Basingstoke, UK) to allow regulation of 

the expression of the protein by adding an inducer, doxycycline to the cells, or by 

having the inducer absent. These systems use a chimeric transactivator to activate 

transcription of the gene of interest from a silent promoter. The PPARy protein 

could also be linked to the oestrogen receptor and its expression regulated by the 

addition of tamoxifen to the cells. These systems would allow a greater expression 

of the protein compared to the expression achieved in these experiments. This is 

because although the SV40 promoter is a fairly strong promoter, another stronger 

promoter, such as CMV could be used. 

Prior to neuronal differentiation and exit from the cell cycle, MYC proteins are 

down-regulated in neuroblastoma cells, which have been treated with PPARy 

ligands However, peroxisome proliferators, which activate the a isoform of 

PPARs have actually been shown to induce oncogenes including cMYC and their 

ability to induce these genes correlates with tumour-promoting potential No 

changes in the levels of expression of either cMYC (Figure 5.22) or NMYC (Figure 

5.23) were seen in IMR-32 cells treated with ISdPGJz indicating that the cells were 

not differentiating. This contrasts the effects of 15dPGJ2 seen in Lan-5 

neuroblastoma cells, which differentiate following down-regulation of NMYC 
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These cells are, like IMR-32 cells, NMYC amplified, but do differ in other respects 

including their response to retinoic acid, as Lan-5 cells extend their neurites and 

differentiate, whereas IMR-32 cells undergo cellular enlargement and vacuolisation 

without neurite formation 

Interestingly, despite there being no differences in cMYC expression between 

treated and control IMR-32 cells, the type of cMYC changed between 24 and 72 

hours post-plating of the cells and may reflect different regulation by cMYC as the 

cells become established on the tissue culture plastic. This may suggest that there 

was some deprivation of methionine or high cell density in the cell cultures, which 

have been shown to promote translation of cMYCl in preference to cMYC2, which 

is translated from the AUG codon PPARy has been shown to down-regulate 

cMYC through interactions with the transcription factor TCF-4 in leukaemia cells 

One hour after treatment with troglitazone, DNA binding of TCF-4 was 

completely abrogated and within 12 hours, the expression of both cMYC mRNA 

and cMYC protein was down-regulated However, these cells, unlike IMR-32 

cells, rapidly underwent apoptosis following treatment with either ISdPGJi or 

troglitazone with activation of caspase 3 within 24 hours ***. Therefore, activated 

PPARy is having a different effect on the leukaemia cells than on the IMR-32 cells. 

MADl is expressed in post-mitotic neurones and Mad proteins have been shown to 

repress cMYC and antagonise its growth promoting functions Therefore in 

cells, which are arrested Madl expression may be elevated, and MYC proteins 

down-regulated. However, like cMYC and NMYC, there were no changes on 

Madl expression when IMR-32 cells were treated with ISdPGJz, and this would be 

expected as no evidence of arrest at G, has been seen in these cells. 

PAX3 is a paired box transcription factor, which is expressed in undifferentiated 

immature neurones and is highly expressed in neuroblastoma cells PAX3 

protein and PAX3 mRNA expression and DNA binding are decreased on induction 

of differentiation of neuroblastoma cells, corresponding with a slow cell cycle 

arrest and changes to the cellular morphology, such as neurite output A 

similar slow cell cycle arrest, but without neurite output, was seen in IMR-32 cells 

with ISdPGJi and this corresponds with a reduction in expression of PAX3 mRNA, 
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as both occurred at 72 hours but not 24 hours post-initial treatment. This decrease 

in PAX3 expression at 72 hours (Figure 5.24), suggests that PAX3 is not a direct 

target of PPARy, but that that it may be down-regulated as IMR-32 cells cease 

growing and is just a downstream effect of growth arrest in these cells. This is in 

contrast to the results seen in the ND7 neuroblastoma cell line, which is a hybrid of 

a mouse neuroblastoma cell fused to a rat dorsal root ganglion cell In these 

cells, a decrease in PAX3 expression led to the cells extending their neurites 

whereas IMR-32 cells retracted their neurites and rounded up. The changes in 

PAX3 expression in ND7 cells also occurred very early, within one hour post-

transfection with PAX3 antisense oligonucleotides, resulting in reduced PAX3 

binding to DNA whereas in IMR-32 cells the decreased expression of PAX3 

was only seen later. Unlike in the IMR-32 cells, the effects mentioned above in 

ND7 cells do not involve PPARy, although ISdPGJa does reduce the expression of 

PAX3 mRNA within 24 hours in this cell line (data not shown) and this may reflect 

differences already noted between human and rodent PPARs No other 

reports of PPARy interacting with members of the PAX family of transcription 

factors have been published, except one paper suggesting an interaction between 

PPARy and PAX6 PPARy inhibits transcription of the glucagon gene through 

the inhibition of PAX6 transcriptional activity, in a ligand-dependent, but not 

DNA-binding dependent manner Therefore PAX6 may be a novel target of 

PPARy, however, these results relate to the anti-diabetic effects of activated PPARy 

and do not result in growth arrest of the pancreatic islet a cells, that this effect 

was seen in. 

p2jCiPi/SDnAVAFi jg thought to be involved in p53-mediated Gz/M arrest of cells 

however, it is not involved in the arrest seen in IMR-32 cells treated with 1 SdPGJz 

(Figure 5.25). In contrast, bladder cancer cells treated with 10 |iM troglitazone 

underwent growth arrest at Gi and differentiation associated with increases in both 

p22CiPi/SDiiAVAFi and protein levels p53 is able to induce G2/M arrest by 

down-regulation of the cdc2 and topoisomerase II genes ***. No p53 was detected 

in the nuclei of IMR-32 cells treated with 15dPGJ2 within 24 hours of treatment, 

however, after 72 hours treatment, p53 was detected in the IMR-32 cell nuclei 

(Figure 5.26). This suggests that prolonged treatment of IMR-32 cells with 
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l5dPGJ2 results in translocation of p53 to the nucleus and that p53 may be involved 

in the G2/M arrest in these cells induced by 1 SdPGJi. 

The tumour suppressor PTEN/MMACl/TEPl contains two response elements for 

PPARy in the sequence directly upstream of the gene and activation of PPARy by 

rosiglitazone induces increased expression of PTEN/MMACl/TEPl in colorectal 

cancer and breast cancer cells, correlating with reduced proliferation of these cells 

Increases in PTEN expression can be m^ured as a reduction in the 

phosphorylation of PKB, due to reduced activity of phosphatidylinositol 3,4,5-

trisphosphate (PIP3) (Figure 5.27). Treatment of IMR-32 cells with ISdPGJz 

activated PPARs, but there was no up-regulation of PTEN/MMACl/TEPl, as there 

was no reduction in the expression of phospho-PKB (Figure 5.2&). Activated 

PPARy did not seem to regulate PTEN in IMR-32 cells, possibly because ISdPGJz 

did not stimulate PPARy to bind to these elements. The effect of activated PPARy 

regulating PTEN expression was also seen in macrophages which express 

PPARyl and PPARy2 transcripts and protein, as well as the transcript PPARy3 

This may indicate a different regulation of PPARy in these cells involving PTEN, 

which may not occur in IMR-32 cells, or it may be simply a cell-specific effect. 

Also, interestingly, although PTEN/MMACl/TEPl is commonly mutated in 

cancers second only to p53, coding mutations of PTEN/MMACl/TEPl are 

inAequenHy involved in the oncogenesis of neuroblastoma 

Importantly, PPARs have been shown to be involved in the growth arrest mediated 

by 15dPGJ2 in IMR-32 cells and therefore this protein can be targeted with other 

more potent activators to try and improve on it effects on IMR-32 cells. However, 

another way to look at this would be to establish the target proteins of activated 

PPARy and use these as potential therapies for neuroblastoma. The problem of 

identij^ng the PPARy target genes involved in growth arrest could be tackled 

using methods such a microarrays to determine the many changes to gene 

expression, which must occur on treatment of the cells with 15dPGJ2. IMR-32 

cells could be treated with DMSO or l5dPGJ2 and protein synthesis blocked by 

cycloheximide and the mRNA isolated fi-om the cells could be radiolabelled and 
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hybridised to a microarray, so that only the genes directly up-regulated or down-

regulated by the activated PPARy could be determined. 

Synthetic ligands for PPARy have already reached the clinical trial stage for the 

treatment of diabetes and have been shown to have few side effects. However, 

Troglitazone, which is marketed as Rezulin™, has been shown to cause hepatic 

dysfunction and liver failure and an anti-diabetic drug as a treatment for 

neuroblastoma may not be suitable for use in the young children that neuroblastoma 

affects. It should also be noted that activation of PPARy in mouse models of colon 

cancer has been shown to increase the formation of colon polyps However, 

this effect has not been seen in humans, except in a cyclo-oxygenase depleted 

colorectal cancer cell line, but these effects may be independent of PPARy 

Therefore, activation of PPARy still has potential in the treatment of 

neuroblastoma, but requires more detailed studies on its functions and effects in 

vivo before it can go further. 
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Chapter 6 

Under Delipidated Conditions 

PUFAs and ISdPGJz Induce 

Apoptosis in IMR-32 Cells In Vitro 
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6.1 Introduction 

Foetal calf serum used in tissue culture contains mitogenic factors within the lipid 

fraction, which may alter cell growth and the effects of treatments on cells 

This lipid fraction can be removed from serum by delipidation, which removes 

lipids without significantly denaturing serum proteins Components within 

this lipid fraction include lysophosphatidic acid (LPA) and sphingosine-1-

phosphate (personal communication. Hunt and Neale, Southampton General 

Hospital) which have been shown to have mitogenic effects on 

neuroblastoma cells in vitro LP A acts through Edg2 and Edg4 receptors 

and it is thought that albumin-bound LP A is responsible for the biological 

activity of heat-stable whole serum LP A is able to reverse the differentiation 

phenotype of neuroblastoma cells, including withdrawal of neurites 

Sphingosine-1-phosphate (SIP) induces neurite retraction and cell rounding in the 

neuroblastoma cell line NIE-115 and also in PC 12 cells, where neurite 

retraction correlates with apoptosis of these cells SIP-induced neurite 

retraction is mediated through the G-protein coupled receptor, H218 but other 

functions of SIP occur through another related receptor, Edg-1 SIP has been 

shown to suppress apoptosis and the presence of SIP and LP A within the serum 

may influence the growth of neuroblastoma cells in vitro LP A and SIP may 

prevent neuroblastoma cells from undergoing apoptosis or suppress the 

differentiated phenotype of neuroblastoma cells, despite the cells being treated with 

agents which would induce these processes. Polyunsaturated fatty acids (PUFAs) 

inhibit growth of some cancer cell lines and can also induce apoptosis in colon 

cancer cells and leukaemia cells However, PUFAs only had marginal 

effects on IMR-32 cells and it is possible that factors within the serum could be 

preventing the fatty acids from having more effects on the neuroblastoma cells. 

Likewise, 15-deoxyA'^'''^-prostglandin J2 (ISdPGJz) has been shown to induce 

apoptosis in SHSY5Y neuroblastoma cells and differentiation in Lan-5 

neuroblastoma cells However, IMR-32 cells undergo autophagy on 

treatment with this PPARy ligand, but by removing mitogenic lipids from the tissue 
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culture medium, it is possible that 1 SdPGJ] may have different effects on the IMR-

32 cells and may indeed induce differentiation or apoptosis. 

6.2 The effects of fatty acid supplementation on neuroblastoma cell under 

delipidated conditions 

6.2.1 PUFAs in the presence of delipidated serum are potent inhibitors of IMR-

32 cell growth 

IMR-32 cells were grown in complete or delipidated sera together with 30 juM AA, 

DHA or OA and the effect on IMR-32 cell growth assessed over 72 hours. Control 

or HBSS-treated IMR-32 cells grew consistently throughout the experiments in 

normal conditions, but when the control-treated cells were grown under delipidated 

conditions, little or no cell growth was observed during the experiment and cell 

number remained around 1.5 x 10'* cells (Figure 6.1). When the IMR-32 cells were 

grown in the presence of AA or DHA in complete media, cell growth was reduced 

after 72 hours compared to untreated or HBSS treated cells. However, when AA or 

DHA were added to IMR-32 cells in delipidated medium, cell growth dramatically 

decreased and at 48 hours little cell growth was observed (Figure 6.1). 

6.2.2 PUFA supplementation in delipidated medium results in the death of 

Both AA and DHA inhibited IMR-32 cell growth in delipidated media, and this 

could have been due to the onset of differentiation or cell death. Human 

neuroblastoma cells grown under delipidated conditions did not grow, with 

numbers of control cells throughout experiment being similar to that of that initially 

plated out (1.6 x 10'* cells) and therefore the growth of the control cells was 

arrested. Large numbers of IMR-32 cells grown in delipidated medium and treated 

with PUFAs appeared to detach from the tissue culture plastic, suggesting that the 

cells were dying. Cell death was measured by the uptake of the polar dye trypan 

blue, which is excluded by live cells. 
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Figure 6.1 PUFAs effectively inhibit the growth of IMR-32 cells under 

delipidated conditions. IMR-32 cells were cultured under normal 

and delipidated conditions, supplemented with 30 jaM PUFAs. The 

treatments, but not the medium were replaced daily and increases in 

cell number measured. Two samples were counted per treatment per 

day and experiments were completed in duplicate and error bars 

represent standard errors of the mean. Statistics were calculated 

using an ANOVA and showed that both arachidonic acid and 

docosahexaenoic acid significantly inhibited cell growth under 

delipidated conditions compared to under complete conditions at a 

significance of p<0.05. 
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Figure 6.2 PUFAs effectively induce death of IMR-32 cells under delipidated 

conditions. IMR-32 cells per well were plated out and treated with 

30 fxM PUFAs under normal and delipidated conditions, and the 

proportion of dead cells measured by the trypan blue exclusion 

assay. Two samples were counted per treatment per day and 

experiments were completed in duplicate and error bars represent 

standard errors of the mean. Statistics were calculated using an 

ANOVA and showed that under delipidated conditions compared to 

normal conditions, arachidonic acid and docosahexaenoic acid 

significantly induce cell death at p <0.05. 
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Little trypan blue staining was found in control cells or cells treated with AA or 

DHA grown in complete medium In contrast, in control cells grown in delipidated 

media, a small percentage of cells stained with trypan blue by 48 hours (Figure 

6.2). However, by 72 hours, the PUFA-treated cells cultured in delipidated media, 

had extensive uptake of the dye, indicating that AA and DHA in delipidated media, 

were inhibiting cell growth through the induction of cell death (Figure 6.2). 

6.2.3 A combination of treatment with PUFAs and delipidated medium induces 

apoptosis in IMR-32 cells 

The cell death induced by the fatty acids in delipidated medium could have been 

due to autophagic cell death or apoptosis. One molecular hallmark of apoptosis is 

DNA degradation resulting in the formation of a laddered pattern of DNA 

consisting of multiples of 180 base pairs, where a caspase-dependent DNAse 

cleaves the DNA of apoptotic cells between the histones DNA was 

therefore extracted from cells treated with AA, DHA and OA after 24, 48 and 72 

hours and analysed by gel electrophoresis. No DNA fragmentation occurred in 

untreated cells grown in complete or delipidated media or in fatty acid treated cells 

grown in complete media (Figure 6.3 and data not shown). However, when IMR-

32 cells were treated with AA or DHA in delipidated media, DNA laddering was 

observed at 48 hours, indicating that these cells were undergoing cell death via an 

apoptotic pathway (Figure 6.3). Little degradation was seen with cell treated with 

oleic acid (Figure 6.3). 

Poly ADP ribose polymerase (PARP) cleavage was also used to determine whether 

apoptosis was occurring as some cells have been shown to undergo apoptosis 

without the presence of DNA fragmentation including IMR-32 cells treated 

with staurosporine PARP is cleaved by caspases during apoptosis from a 116 

kDa protein, into two fragments of 85 kDa and 24 kDa The larger, 85 kDa, 

fragment is able to bind to DNA and prevents access to DNA repair enzymes, thus 

allowing apoptosis to continue No evidence of PARP cleavage was seen in 

control or fatty acid treated cells grown in complete media (data not shown). 

However, when IMR-32 cells were grown in delipidated media, a small amount of 

PARP cleavage was detectable. 
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Lane 4 +8 IMR-32 cells - Docosahexaenoic acid 

Figure 6.3 PUFAs induce fragmentation of IMR-32 cell DNA under delipidated 

conditions. IMR-32 cells were treated with 30 |a.M PUFAs under 

normal and delipidated conditions for 48 hours. DNA from the cells 

was isolated and was electrophoresed on a 1 % agarose gel. This 

was to determine whether DNA fragmentation and therefore 

apoptosis, was occurring. The DNA was visualised by UV 

illumination. 
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Figure 6.4 PUFAs induce cleavage of poly-ADP ribose polymerase (PARP) 

under delipidated conditions. Nuclear extracts of IMR-32 cells 

treated with 30 pM PUFAs under delipidated conditions were 

resolved by SDS-PAGE. Full-length PARP (116 kDa) and the 

cleavage products of PARP (85 kDa and 24 kDa) were detected by 

western blotting. 
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PARP cleavage may be a more sensitive assay than DNA fragmentation, as it 

suggests that a small percentage of cells in delipidated media are undergoing 

apoptosis, which cannot be detected by DNA fragmentation. In IMR-32 cells 

treated with fatty acids under delipidated conditions, full-length PARP was 

completely cleaved and the production of cleavage fragments were observed 

(Figure 6.4). 

6.3 The effect of PPAM ligands on IMR-32 cells grown under delipidated 

conditions 

6.3.1 15dPGJ2 further inhibits the growth of IMR-32 cells grown under 

delipidated conditions 

The removal of mitogenic lipids from serum altered the effects of fatty acids on 

IMR-32 cells, and therefore it was investigated whether delipidation of serum also 

altered the effects of 15-deoxyA'''^-prostglandin J2 (ISdPGJa) on IMR-32 cells. 

The cells were cultured under delipidated conditions and treated with DMSO, 5 jj.M 

ISdPGJi, 5 pM Wy-14643 or left untreated and cell number counted daily. Control 

cells grown under delipidated conditions hardly grew during the experimental time 

(Figure 6.5). The cells treated with ISdPGJz and grown under normal conditions, 

as previously described did not increase in number within 72 hours, however, those 

treated with 1 SdPGJz and grown under delipidated conditions actually decreased in 

number within 48 hours from initial numbers of cells plated out (Figure 6.5). The 

delipidated medium enhanced the inhibitory effects of UdPGJz on the growth of 

IMR-32 cells therefore a component of the normal serum may have prevented 

15dPGJ2 from having the same effect under normal conditions. The PPARa 

ligand, Wy-14643 did not inhibit growth of IMR-32 cells compared to controls in 

either complete or delipidated medium (Figure 6.6). The effects of the delipidated 

medium alone were seen within 48 hours, but addition of Wy-14643 did not 

increase inhibition of IMR-32 cell growth under normal or delipidated conditions. 
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Figure 6.5 ISdPGJz is more effective at inhibiting the growth of IMR-32 cells 

under delipidated conditions than under normal conditions. IMR-32 

cells were cultured under normal and delipidated conditions and 

treated with 5 ISdPGJa daily without a change of medium and 

cell growth assessed over 120 hours. Two samples were counted per 

treatment per day and two independent experiments were completed. 

Statistics were calculated using an ANOVA, which showed that 

under delipidated conditions, ISdPGJi significantly inhibited cell 

growth compared to under normal conditions at a significance of p 

<0.05. 

232 



DMSO 

V\V14643 

-0-DMSO 

-0-V\^14643 

24 48 

Hours Post-Initial Treatment 

Normal medium Solid symbols 

Delipidated medium Open symbols 

Figure 6.6 Wy-14643 does not inhibit IMR-32 cell growth under delipidated 

conditions. IMR-32 cells were plated out at 2 x lO'̂  cells and grown 

ia normal or delipidated medium and treated with 5 |iM Wy-14643. 

Cell number was counted daily for 120 hours to establish cell 

growth. Two samples were counted per treatment per day and 

experiments were completed in duplicate. 
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6.3.2 15dPGJ2 further induces the death of IMR-32 cells grown under 

delipidated conditions 

The trypan blue exclusion assay was used to determine if IMR-32 cells grown 

under delipidated conditions and treated with 1 SdPGJ; died in increasing numbers. 

At 24 hours, there was no increase in trypan blue uptake in the cells in delipidated 

medium, compared to normal conditions. However, from 48 hours there was a 20 

% increase in the number of cells and by 72 hours there was a 35 % increase in 

trypan blue stained cells (Figure 6.7). This shows that removal of the lipid fraction 

reduces the survival of untreated and control treated IMR-32 cells and may induce 

the cells to die. 

Supplementation of IMR-32 cells with 1 SdPGJz under delipidated conditions 

increased the levels of cell death compared to those cells treated with 15dPGJ2 in 

normal medium. In normal medium only 33 % of the cells were viable after 72 

hours of treatment with 15dPGJ2, however under delipidated conditions only 3 % 

of the cells were viable (Figure 6.7). This effect was not synergistic, but there was 

an additive effect of a combination of 1 SdPGJz and delipidation of medium. 

However, IMR-32 cells treated with Wy-14643 did not undergo cell death at any 

rate above that of controls (Figure 6.8). In delipidated medium, however, there was 

a slight increase in IMR-32 cell death from control treatments from 48 hours 

(Figure 6.8). This effect was less at 72 hours, when the effect of the delipidated 

medium alone caused cell death, compared to cells grown in complete medium. 

6.3.3 Delipidated foetal calf serum induces apoptosis of IMR-32 cells when 

combined with PPARy, but not PPARa ligands 

IMR-32 cells grown in delipidated medium and treated with 5 juM ISdPGJi 

underwent ftirther cell death than the cells grown under normal conditions and 

treated with ISdPGJ:. This effect could have been due to more cells undergoing 

growth arrest and autophagy, or apoptosis. To determine whether the cells were 

apoptosing, several apoptotic assays were employed. 
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Figure 6.7 ISdPGJs is more effective at inducing the death of IMR-32 cells 

under delipidated conditions, than under normal conditions. IMR-32 

cells were plated out and treated with DMSO or ISdPGJa under 

normal or delipidated conditions. The proportion of live and dead 

cells were determined using the trypan blue exclusion assay. Two 

samples were counted per treatment per day and the experiment was 

performed in duplicate and error bars represent s.e.m. Statistics 

were calculated using an ANOVA and showed that under 

delipidated conditions, ISdPGJz significantly induced cell death 

compared to under normal conditions, throughout the experiment, at 

a significance of p <0.05. 
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Figure 6.8 Wy-14643 does not induce the death of IMR-32 cells grown under 

delipidated conditions. IMR-32 cells were grown under normal 

conditions or delipidated conditions and treated with 5 |iM Wy-

14643. The proportion of live and dead cells were determined using 

the trypan blue exclusion assay. This graph represents duplicate 

experiments with two samples per experiment and the errors are 

s.e.m. 
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Total DNA was isolated from IMR-32 cells treated with DMSO, 5 pM 1 SdPGJz or 

5 |j,M Wy-14643 and grown either under delipidated or normal conditions and 

electrophoresed to look for the presence of an apoptotic DNA ladder. IMR-32 cells 

treated with ISdPGJi in delipidated medium underwent apoptosis, seen as a 

pronounced ladder on the gel (Figure 6.9). However, control treated cells grown 

under delipidated conditions also died in greater numbers than control cells in 

normal conditions (Figure 6.7), therefore, they may have also been apoptosing, but 

DNA fragmentation may not be able to detect a lower level of apoptosis. IMR-32 

cells treated with Wy-14643 did not undergo a greater degree of cell death than 

control cells under the same conditions and in accordance with this, no apoptotic 

ladder was seen on an agarose gel, when the DNA from these cells was 

electrophoresed (Figure 6.10). However, IMR-32 cells can undergo DNA 

fragmentation, as seen by cells treated with 20 |ig/ml betulinic acid for 24 hours 

(Figure 6.10). 

To confirm that IMR-32 cells treated with ISdPGJz, but not Wy-14643, underwent 

apoptosis under delipidated conditions, cleavage of the caspase substrate, poly-

ADP ribose polymerase (PAR?) was also measured. This is because the DNA 

fragmentation method did not show any apoptosis in control-treated and untreated 

IMR-32 cells, and yet the cells were dying compared to controls under normal 

conditions and the assay may not have been sensitive enough to detect a lower level 

of apoptosis. Nuclear extracts of treated and untreated IMR-32 cells grown under 

normal and delipidated conditions were resolved by SDS-PAGE and frill-length and 

cleaved PARP was detected using an antibody, which detects both forms of PARP 

(Upstate Biotechnology, Buckinghamshire, UK). No cleavage of PARP was seen 

in control-treated and treated IMR-32 cells grown under normal conditions, 

however some cleavage of PARP was seen in control and Wy-14643-treated IMR-

32 cells after 48 hours growth under delipidated conditions (Figure 6.11). This 

explains the increase in cell death under delipidated conditions compared to that 

seen under normal conditions, but it may only involve a proportion of cells and this 

may explain why no apoptosis was detected by DNA fragmentation. 
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Figure 6.9 ISdPGJa induces DNA fragmentation and therefore apoptosis of 

IMR-32 cells under delipidated conditions. IMR-32 cells were 

treated with DMSO or 5 pM 15dPGJ2 under normal and delipidated 

conditions and after 48 hours, the DNA was electrophoresed to 

detect any fragmentation of DNA and therefore apoptosis. 
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Figure 6.10 Wy-14643 does not induce DNA fragmentation in IMR-32 cells 

under delipidated conditions. IMR-32 cells were treated with 5 [xM 

Wy-14643 under normal and delipidated conditions and after 48 

hours, the DNA from the cells was electrophoresed to detect any 

fragmentation of DNA and therefore apoptosis. 
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Figure 6.11 ISdPGJz induces complete cleavage of the full-length poly-ADP 

ribose polymerase (PARP) under delipidated conditions. IMR-32 

cells treated with 5 pM ISdPGJz or Wy-14643 under normal or 

delipidated conditions and nuclear extracts made after 48 hours. 

Full-length and cleaved PARP was detected by resolving the nuclear 

extracts by SDS-PAGE and western blotting. 

240 



IMR-32 cells treated with 1 SdPGJz under delipidated conditions undergo apoptosis 

with the compete degradation of lull-length PARP (Figure 6.11). Although there 

was not a large increase in the 85 IcDa cleavage product of PARP, the smaller 

fragment may not detected by this antibody and may have shown an increase in 

amount or the cleavage products of PARP may have also been degraded during 

apoptosis. This shows that the IMR-32 cells were undergoing a higher degree of 

apoptotic cell death than controls under delipidated conditions (Figure 6.11). 

6.4 The effects of delipidation of serum on neuroblastoma cells in vitro are 

due to the removal of sphingosine-l-phophate and not lysophosphatidic acid 

6.4.1 Supplementation of delipidated medium with lysophosphatidic acid has no 

effect on growth of IMR-32 cells 

As previously described, lysophosphatidic acid (LPA) is a component of the 

mitogenic lipid fraction, which is removed on delipidation of serum and it has 

effects on neuroblastoma cell in vitro Therefore to determine whether the 

effects of delipidated serum are solely due to the removal of LP A, LP A was added 

back to the serum and cell growth compared to that under delipidated conditions. 5 

[iM oleoyl-LPA was used as there are several different types of LP A within serum 

and oleoyl-LPA is the most abundant (personal communication, Alan Hunt, 

Southampton General Hospital and Figure 6.12). Supplementation of the 

delipidated tissue culture medium with 5 |nM oleoyl-LPA had little effect on the 

growth of IMR-32 cells. DMSO-treated IMR-32 cells actually grew even slower 

when oleoyl-LPA was added to the culture medium, than under delipidated 

conditions alone (Figure 6.13). There was also no difference between cells treated 

with 15dPGJ2 grown under delipidated conditions, or under the same conditions 

with a supplement of oleoyl-LPA (Figure 6.13). This suggests that either another 

component of the mitogenic lipid fraction is more important or more than one 

component is required to be added back to the serum. 
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Figure 6.12 Molecular species of lysophosphatidic acid (LPA) found within 
foetal calf serum used for tissue culture of neuroblastoma cells 
used in all experiments. Courtesy of Alan Hunt, Southampton 
General Hospital. 
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Figure 6.13 Supplementation of delipidated medium with oleoyl-LPA does not 

prevent inhibition of IMR-32 cell growth induced by 15dPGJ2 and 

delipidated medium. IMR-32 cells were treated with 5 fiM 15dPGJ2 

under normal and delipidated conditions and under delipidated 

conditions supplemented with 5 pM oleoyl-lysophosphatidic acid 

(LPA). Cell growth was measured as increases in cell number for 

120 hours. Two samples were counted per treatment per day and 

experiments were completed in duplicate and error bars represent 

standard errors. 
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6.4.2 Supplementation of delipidated medium with LPA does not prevent the 

death of IMR-32 cells treated with ISdPGJj 

To determine whether supplementation of delipidated medium with 5 pM oleoyl-

LPA had any effect on the death of IMR-32 cells caused by growing them in 

delipidated medium, proportion of dead cells was measured using the trypan blue 

exclusion assay. As with the cell growth experiment, the addition of oleoyl-LPA 

increased the amount of cell death in DMSO-treated cells, but had no effect on the 

levels of cell death seen in cells treated with ISdPGJa (Figure 6.14). However, the 

cell death induced by a combination of 1 SdPGJz and delipidated medium is less in 

this experiment than in previous experiments, but the effects seen are similar 

compared to controls. 

6.4.3 Sphingosine-l-phosphate reverses the effects of delipidated medium and 

l5dPGJ2 on IMR-32 cell growth 

Like LPA, sphingosine-l-phosphate (SIP) is a component of the lipid fraction of 

serum, which has been shown to affect the growth of neuroblastoma cells in vitro. 

To determine whether removal of SIP during delipidation of serum resulted in the 

increased effects of ISdPGJi on IMR-32 cells, SIP was added back to the tissue 

culture medium and the effects on cell growth were investigated. Control cells 

grown under delipidated conditions did not grow and IMR-32 cells treated with 

ISdPGJz under these conditions did not survive (Figure 6.15). When normal tissue 

culture medium was supplemented with 5 |iM SIP, ISdPGJz did not inhibit the 

growth of IMR-32 cells as much as that seen under normal tissue culture conditions 

alone and the cells did marginally grow (Figure 6.15). However, when SIP was 

added to cells treated with ISdPGJ: and grown under delipidated conditions, it 

dramatically reversed the growth inhibition induced by 15dPGJ2 together with the 

delipidated serum and the cells actually increased in number to a greater degree 

than control cells (Figure 6.15). The addition of SIP to the delipidated tissue 

culture medium actually allowed the 15dPGJ2-treated cells to grow tenfold 

compared to those grown under delipidated conditions alone (Figure 6.15). 
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Figure 6.14 Supplementation of delipidated medium with oleoyl-LPA does not 

prevent death of IMR-32 cells induced by 15dPGJ2. IMR-32 cells 

were cultured under normal and delipidated conditions and in 

delipidated medium supplemented with 5 pM oleoyl-LPA and were 

treated with 5 fxM ISdPGJa. The proportion of live and dead cells 

were established using the trypan blue exclusion assay. Two 

samples were counted per treatment per day and experiments were 

completed in duplicate and errors shown as s.e.m. 
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This indicates that the effects of dehpidation were either solely or mainly due to the 

removal of SIP from the serum. 

6.4.4 Sphingosine-l-Phosphate prevents cell death induced by 15dPGJ2 in 

IMR-32 cells under delipidated conditions 

IMR-32 cells grown under delipidated conditions and treated with 1 SdPGJz 

underwent a high level of cell death measured by trypan blue uptake. If SIP was 

able to prevent ISdPGJa from having growth inhibitory effects under delipidated 

conditions, then it may have been preventing IMR-32 cell death. In order to 

investigate this, IMR-32 cells were treated under delipidated conditions with or 

without supplementation with SIP and trypan blue uptake was measured. A low 

level of trypan blue uptake and therefore cell death was seen in the control-treated 

IMR-32 cells under normal and delipidated conditions (Figure 6.16). Cells treated 

with 5 }iM 1 SdPGJz under normal conditions increasingly took up trypan blue with 

almost 50 % of cells dying at 72 hours (Figure 6.16). However, addition of 5 |iM 

SIP under normal conditions reduced the rate of cell death, by 20 %, as only 

approximately 30 % of cells treated in this way were dying (Figure 6.16). Under 

delipidated conditions ISdPGJi induced 80 % of cells to die, but supplementation 

of 5 pM SIP reduced the rate of cell death to only 25 % (Figure 6.16). This shows 

that SIP within tissue culture medium was able to suppress cell death and that if it 

is removed, agents such as ISdPGJi can have greater affects on cells, such as 

neuroblastoma cells. 

6.5 Discussion 

The different responses of cancer cells in vitro to ligands of PPARs including 

polyunsaturated fatty acids and 15dPGJ2 may be due to cell-type specific responses, 

or they may reflect the different culture conditions of the cells. Foetal calf serum 

has been shown to contain mitogens within its lipid fraction, including 

lysophosphatidic acid and sphingosine-1 -phopsphate Both LP A and SIP 

have been shown to affect the growth of neuroblastoma cells. 
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Figure 6.15 Supplementation of delipidated medium with SIP prevents 

1 SdPGJi-induced growth inhibition of IMR-32 cells. IMR-32 cells 

were grown under delipidated conditions supplemented with 5 |a.M 

sphingosine-1-phosphate (SIP) and treated with ISdPGJi. Cell 

growth was measured by increases in cell number for 120 hours. 

Two samples were counted per treatment per day and the 

experiments were performed in duplicate. Error bars represent 

standard errors. Statistics were calculated using an ANOVA, which 

showed that SIP significantly prevented ISdPGJz-induced cell death 

under delipidated conditions at a significance of p <0.01. 
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Figure 6.16 Supplementation of delipidated medium with SIP prevents the death 

of IMR-32 cells induced by ISdPGJg. IMR-32 cells were cultured 

under normal and delipidated conditions and delipidated conditions 

supplemented with 5 |aM sphingosine-1-phosphate (SIP) and treated 

with ISdPGJa. Cell death measured using the trypan blue exclusion 

assay. Two samples were counted per treatment per day and 

experiments were completed in duplicate. Errors represented as 

standard errors of the mean. Statistics were calculated using an 

ANOVA and showed that SIP significantly prevents 15dPGJ2-

induced cell death under delipidated conditions at a significance of p 

<0.05. 
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Lysophosphatidic acid (LPA) is a normal constituent of serum released by activated 

platelets during coagulation which binds albumin and has also been 

implicated as a signalling molecule It is also thought that albumin-bound LPA 

is responsible for the biological activity of heat-stable whole serum LPA, 

which acts through Edg2 and Edg4 receptors, has be shown to be able to reverse the 

differentiation of CI300 murine neuroblastoma cells, resulting in neurite retraction 

and rounding of the cell body and a similar effect, although to a lesser extent 

was seen in PC 12 cells LPA has also been shown to be important in normal 

neural development, mediating survival of Schwann cells and oligodendrocytes 
551 

Sphingosine-1-phosphate is a sphingolipid metabolite, which is thought to be a 

lipid signalling molecule It acts through several G protein coupled receptors 

which are related to the Edg receptors Edg-2 and Edg-4, through which LPA 

acts Like LPA, SIP also induces neurite retraction and cell rounding in both 

PC12 cells and in a mouse neuroblastoma cell line, NlE-115 This cell 

rounding correlated with apoptosis and may be due to a loss of cellular attachment 

541, 34j SIP-induced neurite retraction is mediated through the G-protein coupled 

receptor, H218 but other functions of SIP, such as activation of MAPKs occur 

through another related receptor, Edg-1 SIP is mitogenic in a diverse range of 

cell types including, fibroblasts and airway smooth muscle cells It is 

increased within cells in response to stimuli such as nerve growth factor and is 

thought to regulate both cell proliferation and calcium homeostasis, as micro-

injected SIP mobilises calcium from internal sources 

To determine whether LPA and SIP in the lipid fraction were able to prevent 

apoptosis or further inhibition of cell growth induced by ligands of PPARs, IMR-32 

cells were grown in culture medium containing PCS which had been delipidated in 

a modification of the method of Cham and Knowles Any changes to cell 

growth should be due to the removal of lipids and not due to the removal of growth 

factors, such as platelet derived growth factor, as the technique used is not thought 

to remove any of the protein fraction of the serum IMR-32 cells were initially 
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allowed to attach in medium containing complete FCS, as they failed to initially 

attach in medium containing delipidated serum (personal observation). These cells 

did not die, but re-attached on addition of tissue culture medium containing lipids 

(personal communication. Hunt and Neale, Southampton General Hospital). LP A 

has been shown to be involved in cell attachment, through rearrangement of the 

actin cytoskeleton and this can be mimicked by the micro-injection of activated 

Rho, a Ras-related GTP-binding protein that regulates actin assembly via an 

unknown mechanism Removed of LP A from the serum, may prevent initial 

cell attachment, but once cells are attached they can grow under delipidated 

conditions for up to 72 hours before the cells start to detach again. This delay in 

detachment of the cells may be due to slow actin rearrangements from their 

attached state to an attached state, but lacking LP A. The detachment may be due to 

a lack of growth factors in the culture medium, as in these experiments, the medium 

was not replaced daily. This was done as the cells were only weakly attached, 

possibly due to the actin rearrangements because of a lack of LP A, and tended to 

slough off with a change of medium (personal observation). 

Control-treated IMR-32 cells have been shown to morphologically differentiate 

under delipidated conditions, with the output of neurites (personal communication, 

Alan Hunt, Southampton General Hospital) and a concurrent reduction in growth 

rates (Figure 6.1). The morphological differentiation of the IMR-32 cells was 

consistent with previous experiments, which used the mouse neuroblastoma cell 

line, NB2-A, although, the reduction in growth rate was not observed with NB2-A 

cells Interestingly, the addition of 30 jiM of the fatty acids AA or DHA to 

IMR-32 cells in delipidated media led to a decrease in the number of cells with 

neurite outgrowths (personal communication, Alan Hunt, Southampton General 

Hospital), suggesting that fatty acids suppress the morphological differentiation of 

the cells in delipidated serum. Monard et al, also observed that oleic acid 

inhibited neurite outgrowth in NB2A neuroblastoma cells grown in delipidated 

serum. Erucic acid, in contrast to its m-isomer, oleic acid, did not inhibit neurite 

outgrowth Similarly, they found that short chain fatty acids such as butyric, 

caproic and lauric acid also had no inhibitory effect PUFAs also massively 

inhibited the growth of IMR-32 cells under delipidated conditions (Figure 6.1) and 
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this suggests that under normal conditions, PUFA-treatment of IMR-32 cells 

resulted in growth inhibition, but when a mitogenie lipid component, possibly 

either LP A or SIP, was removed, other processes occurred. 

Other processes which may be suppressed by mitogenic lipid components include 

cell death. Neuroblastoma cells grown in serum-free conditions, undergo growth 

arrest at Gi and eventually underwent apoptosis and this can be reversed by the 

replacement of serum onto these cells, which may involve LP A, SIP or both. 

Interestingly, SIP has been shown to suppress apoptosis suggesting that the 

absence of SIP, fatty acids can induce apoptosis, whereas in the presence of SIP, 

fatty acids may only be able to inhibit cell growth. IMR-32 cells grown under 

delipidated conditions underwent a small amount of cell death (Figure 6.2), 

measured by trypan blue uptake, compared to those grown under normal 

conditions, after 24 hours treatment, when they grew to a similar level. This cell 

death occurred via an apoptotic pathway, which can be detected by Western 

blotting for cleavage of the caspase target protein, PARP. Apoptosis occurred 

before 48 hours post-treatment, but could not be detected by DNA fragmentation or 

propidium iodide, possibly because these assays are less sensitive methods, than 

detecting PARP cleavage. 

On supplementation with PUFAs under delipidated conditions, IMR-32 cells 

underwent rapid cell death within 48 hours (Figure 6.2). Most cells took up trypan 

blue within 24 hours, by 48 hours, apoptosis was detected and by 72 hours, all of 

the IMR-32 cells treated with AA or DHA under delipidated conditions took up 

trypan blue, compared no cell death seen in those cells treated under normal 

conditions (Figure 6.2). At 24 hours post-initial treatment some cleavage of PARP 

was observed in the PUFA-treated cells, with some fiill-length PARP still present, 

this may have represented an early in the apoptotic pathway, as DNA fragmentation 

was not detected at this time point. By 48 hours, post-initial treatment, DNA 

laddering (Figure 6.3) and complete cleavage of full-length PARP in cells treated 

with AA and DHA (Figure 6.4) were observed. Few cells were actually observed 

with condensed or fragmented nuclei and this may be because this step directly 

precedes detachment from the coverslip or that the washes involved in the staining 
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procedure removed all the cells, which were not strongly attached, because they 

were degrading. These data together suggest that one of the mitogenic factors 

removed on FCS delipidation is able to suppress cell apoptosis. Interestingly, 

fibroblasts grown in delipidated serum and treated with retinoic acid undergo 

apoptosis, whereas those grown under normal conditions did not apoptose 

Similarly, it has been shown that the murine neuroblastoma cell line, NlE-115, 

underwent apoptosis when deprived of serum, but not in culture medium containing 

serum This indicates that a serum component is able to inhibit apoptosis and 

promote cellular survival and may be part of the lipid component of serum, such as 

LP A or SIP. Interestingly, another component of the mitogenic lipid fraction of 

serum, sphingomyelin, has been shown to down-regulate the expression of both 

PPARy transcripts and protein in fibroblasts Therefore, removal of lipids from 

serum may result in increased expression of PPARy and on treatment with PPAR 

activators, such as PUFAs, IMR-32 cells underwent apoptosis, whereas under 

normal conditions, they only underwent growth inhibition, due to lower levels of 

PPARy. 

The apoptosis observed in IMR-32 cells treated with 30 jaM fatty acids and grown 

under delipidated conditions occurred through cell cycle arrest, detachment and cell 

death. Epithelial cells, which become detached from the extracellular matrix 

undergo a detachment-dependent programmed cell death known as anoikis, which 

is thought prevent reattachment of cells in other inappropriate locations This 

process involves integrins which interact with growth factor receptors and input is 

required from both integrins and these receptors for progression through Gi of the 

cell cycle Altered expression of integrins has been observed in many human 

tumours and it is thought that this altered signalling may contribute to the 

malignant phenotype of cancer cells, by promoting anchorage-independent growth 

562,561 has long been known that cancer cells are able to undergo anchorage-

independent growth and this is one of the feature that distinguishes between benign 

and malignant tumours and neuroblastoma cells are highly malignant cells. 

LP A has been shown to be involved in cell attachment, involving the actin 

cyto skeleton and when it is removed from the tissue culture medium, this may 

prevent initial cellular attachment, but would not induce cell death. Indeed the 
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neurite retraction seen in neuroblastoma cells treated with LP A is driven by 

contraction of the cytoskeleton rather than a loss of adhesion to the substratum 

Therefore, the cell death seen in IMR-32 cells treated with fatty acids and grown 

under delipidated conditions may have involved cell cycle arrest and subsequent 

apoptosis, but the cell death was not due to the actual detachment of the cells. 

Similarly to the IMR-32 cells treated with fatty acids under delipidated conditions, 

those treated with 1 SdPGJz also underwent a greater degree of growth inhibition 

(Figure 6.5) and cell death (Figure 6.7) than controls and also underwent apoptosis. 

However, the effects seen with the fatty acids were more rapid with cell death 

occurring in more than 85 % -of IMR-32 cells treated with AA or DHA under 

delipidated conditions within 24 hours compared to only 13 % of cells treated with 

15dPGJ2 (Figures 6.2 and 6.7). Within 48 hours all the cells treated with fatty acids 

under delipidated conditions were dead (Figure 6.2), however, 43 % of the cells 

treated with 15dPGJ2 remained viable and it took until 72 hours for the cells to 

almost completely die (Figure 6.7). The delay in effect of ISdPGJi is of a similar 

time to that seen under normal conditions and may require a similar level of 

activation of PPARy. However, no response was seen with the fatty acids under 

normal conditions and yet a rapid induction of cell death was achieved under 

delipidated conditions. This may indicate that the mitogenic lipids in FCS inhibited 

the effects of the fatty acids to a greater degree or that the apoptosis induced by the 

fatty acids occurred via a different mechanism to that induced by ISdPGJi and may 

not involve PPARs. 

Fatty acids and ISdPGJi both induced DNA fragmentation in IMR-32 cells within 

48 hours of growth under delipidated conditions (Figures 6.3 and 6.9). However, 

the DNA from the cells treated with fatty acids was almost completely degraded 

within 48 hours, whereas the DNA from cells treated with 15dPGJ2 was degraded 

but not to the same extent. This may have been due to different amounts of DNA 

being loaded onto the gel, but as the same number of cells were plated out for each 

experiment, it reflects the efficacy of the fatty acids at inducing apoptosis compared 

to that induced by ISdPGJa. Fatty acids and 15dPGJ2 induced apoptosis in IMR-32 

cells grown under delipidated conditions and both treatments resulted in the 
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complete loss of full-length PARP from IMR-32 cells. This was seen at 48 hours in 

both fatty acid treated (Figure 6.4) and 1 SdPGJa-treated (Figure 6.11) cells, 

although some cleavage of PARP was seen within 24 hours with the fatty acid 

treated cells, reflecting the more rapid induction of cell death in the fatty acid 

treated cells. Levels of 85 kDa cleavage fragment of PARP were high in fatty acid-

treated IMR-32 cells at 24 hours, but not seen at all with ISdPGJi-treatment within 

24 hours under delipidated conditions. Some cleavage of PARP was also seen in 

the Wy-14643-treated IMR-32 cells (Figure 11), but to a similar level to that 

cleaved in the DMSO-treated cells and this corresponds to data showing that it did 

not increase cell death from controls under normal or delipidated conditions 

(Figures 6.6 and 6.8), or cause DNA fragmentation (Figure 6.10). 

Interestingly, another component of the mitogenic lipid fraction of serum, 

sphingomyelin, has been shown to down-regulate the expression of both PPARy 

transcripts and protein in fibroblasts and the expression of PPARy in 

neuroblastoma cells has been shown to be altered in the presence or absence of 

lipid components Therefore, removal of lipids from serum may result in 

increased expression of PPARy and on treatment with ligands of PPARy IMR-32 

cells may undergo apoptosis, whereas under normal conditions, they would only 

undergo growth inhibition, due to lower levels of PPARy. This may also explain 

why fatty acids, which activate both PPARa and PPARy induce apoptosis in IMR-

32 cells grown under delipidated conditions, whereas Wy-14643, which is a potent 

activator of the a isoform of PPAR is unable to induce apoptosis in IMR-32 cells 

grown in delipidated medium. Wy-14643 does however, reverse the effects of 

delipidated serum on 3T3-L1 preadipocytes, which under delipidated conditions 

exhibit a proliferative and elongated phenotype, however Wy-14643 causes them to 

differentiate 3T3-L1 preadipocytes are also more susceptible to cell death 

induced by 9-cis retinoic acid under delipidated conditions, than under normal 

conditions, suggesting that it may not only be 15dPGJ2-uiduced cell death which is 

suppressed by lipid components of the FCS, but also cell death induced by other 

compounds 
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Oleoyl-LPA is not the component of foetal calf serum, which is required for normal 

growth of IMR-32 cells in vitro. However, it may be required for attachment of the 

cells to the tissue culture plastic through its interaction with the actin cytoskeleton. 

Replacement of LP A into delipidated foetal calf serum did not reverse the growth-

inhibitory effects of the FCS on IMR-32 cells, as the cells grew similarly to that of 

cells grown in delipidated medium alone (Figure 6.13). It was also not able to 

prevent the cell death of control IMR-32 cells under delipidated conditions or 

reduce the apoptosis seen when IMR-32 cells were treated with ISdPGJa under 

delipidated conditions (Figure 6.14). In contrast, LP A is a survival factor required 

for the survival of neonatal Schwann cells in vitro and is also involved in the 

differentiation and survival of oligodendrocytes This indicates and important 

role for LP A in the survival of cells in both the central nervous system and 

peripheral nervous system, but possibly not the sympathetic nervous system. In 

Schwann cells, LP A promotes cellular survival by the accumulation of 

phosphorylated (active) protein kinase B (PKB), via phosphatidylinositol 3-kinase 

(PI3K)-dependent pathway The active PKB suppresses apoptosis and promotes 

survival of the Schwann cells However, removal of LP A did not affect IMR-32 

cells and therefore another serum component may be able to do this or a 

combination of LP A and other components may be required. 

SIP has been shown to suppress apoptosis suggesting that the absence of SIP, 

15dPGJ2 can induce apoptosis. It has been suggested that autophagy and apoptosis 

are overlapping forms of programmed cell death and also that cells which are 

undergoing autophagy have a greater tendency to apoptose Therefore, ISdPGJi 

treatment of IMR-32 cells may only be able to induce autophagy in the presence of 

SIP, but when the mitogen is removed, then the cells can die via the apoptotic 

pathway. Treatment of IMR-32 cells with 5 ^M ISdPGJi inhibited cell growth 

induced cell death under normal conditions. When SIP was added to normal 

medium, it prevented ISdPGJi from inducing growth inhibition (Figure 6.15) and 

death of some of the cells (Figure 6.16), suggesting that as well as suppressing 

apoptosis, SIP may be able to suppress autophagic cell death. Under delipidated 

conditions SIP further prevented 15dPGJ2 from inducing death of IMR-32 cells 

and even improved cell survival above that of control-treated cells under 
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delipidated conditions alone (Figures 6.15 and 6.1.6). Therefore, SIP was the main 

component of serum responsible for suppressed the effects of 1 SdPGJz and 

probably fatty acids on IMR-32 cells. It suppresses apoptosis, which can be 

induced in IMR-32 cells under delipidated conditions. In the case of ISdPGJa 

treatment, the cells may have become programmed to die, but the presence of SIP 

prevented apoptosis and the cells therefore use an alternative form of programmed 

cell death to die. In contrast to the effects in IMR-32 cells and to those using LP A, 

SIP was unable to promote the survival of neonatal Schwann cells in vitro. 

It would be interesting to determine whether LP A or SIP supplementation was able 

to reverse the effects of a combination of PUFAs and delipidated serum on IMR-32 

cells. It would also be interesting to try to specifically inhibit SIP within serum, to 

determine whether this also allows PUFAs and ISdPGJi to induce apoptosis of 

IMR-32 cells. This could be done by blocking SIP receptors with antibodies or 

antagonising them with pharmacological agents. Research into the mechanism by 

which SIP suppresses apoptosis induced by PUFAs and 1 SdPGJz, would show if 

SIP directly interacted with PPARy or one of its target genes, thus preventing 

apoptosis and pushing the cells down an autophagic cell death pathway instead. 

SIP suppresses apoptosis caused by accumulation of ceramides produced by the 

breakdown of sphingomyelin during cell death Therefore activation of PPARs 

by PUFAs and 1 SdPGJz may result in the accumulation of ceramides. It would also 

be exciting to see whether other mitogenic lipids removed on delipidation of serum 

are involved in inhibiting apoptosis on treatment with PUFAs and ISdPGJ], 

especially sphingomyelin, which has been shown to down-regulate the expression 

of both PPARy transcripts and protein in fibroblasts 

The mitogenic factors present within FCS should be considered when analysing the 

response of cells to treatments in vitro. SIP is able to suppress apoptosis and LP A 

is able to reverse the differentiation of neuroblastoma cells, amongst other cellular 

effects. The removal of sphinogsine-l-phosphate massively altered the response of 

the human neuroblastoma cell line, IMR-32 to fatty acid supplementation and 

treatment with ISdPGJi- Therefore, when evaluating the efficacy of inhibitors of 

cancer cell growth, the culture medium should be considered and perhaps 
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treatments of cancer cells should incorporate inhibitors of the mitogenic lipid 

signalling pathways. These could include inhibitors of SIP receptors or by 

targeting components downstream of SIP. 
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Discussion 

Since the discovery just over a decade ago of the receptor which is activated by 

peroxisome proHferators and induces peroxisome proHferation in rodents, the field 

of research into PPARs has expanded many fold. Activation of the y isoform of 

PPAR inhibits cancer cell growth and this has lead to research into PPARy ligands 

as potential therapies for the treatment of cancers This includes neuroblastoma, 

an aggressive childhood cancer, which can spontaneously differentiate without any 

treatment The main aim of my project was to use ligands of PPARy to inhibit 

the growth of neuroblastoma cells and to determine the mechanism of action of 

PPARy and its target genes. 

Fatty acids can inhibit the growth of some cancer cell types however, 

they had little effect on the growth of IMR-32 cells in vitro. Possible mechanisms 

whereby fatty acids can inhibit cell growth include changes to the phospholipid 

composition of cancer cell membranes '''" or through activation of PPAR-

induced transcription PUFAs effectively altered the composition of IMR-32 

cell membranes, but there was no correlation between growth inhibition and 

activation of PPARy. DHA had the greatest effect on cell growth and membrane 

phospholipid composition, but was one of the least effective PUFAs at activating 

PPARs. This strongly suggests that any effects on the cells were mediated through 

changes to the cell membrane and not through PPARs. Fatty acids may not be a 

suitable treatment for neuroblastoma as they have limited effects on cell growth. 

However, the evidence that PUFAs effectively induced growth inhibition and 

apoptosis in IMR-32 cells under delipidated conditions, suggests that the cellular 

environment plays a role in the response of neuroblastoma cells to PPAR ligands. 

In the presence of lipid mitogens in normal serum, PUFAs may not be able to 

activate PPARy and/or induce apoptosis, and as a result are incorporated into the 

membranes instead. 

This project has concentrated on PPARa and PPARy, as at the start, little was 

known about the function of (3 isoform, its ligands or its use in inhibiting the 

growth of cancer cells. The neuroblastoma cell lines IMR-32 and Kelly, both 
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expressed PPARa and PPARy, whereas Han et al, showed that the 

neuroblastoma cell line, Lan-5 expressed PPARP and PPARy, but not PPARa. 

Changing the level of expression of PPARy in IMR-32 cells altered their growth 

characteristics. Those cells induced to express higher levels of PPARy 1 grew 

slower than normal cells, possibly through increasing the level of basal 

transcription of PPARy target genes, whereas those induced to express dominant 

negative PPARy 1 proliferated at a much increased rate, possibly through reducing 

basal transcription rates. These results indicate that the levels of PPARy expression 

in cancer cells are important and should be considered if PPARy is to be used as a 

drug target. 

Prostaglandins are thought to be more potent inducers of growth inhibition of 

cancer cells than PUFAs. IS-deoxyA'̂ '̂ '̂ -prostglandin J2 effectively inhibited IMR-

32 cell growth and induced arrest at G2/M of the cell cycle. However the ligand of 

PPARa, Wy-14643, did not have any effect on the cells. This agrees with 

published data showing that activation of PPARy, but not PPARa is 

important in inhibiting the growth of cancer cells. IMR-32 cells underwent cell 

death requiring de novo protein synthesis, but did not exhibit any features of 

apoptosis, or necrosis. This is important, as necrotic cells lyse as they die and 

release cellular contents, invoking an inflammatory response, which would not be a 

suitable side effect for a cancer therapy. IMR-32 cells treated with ISdPGJz died 

by autophagy and is one of only 3 cancer cell lines so far shown to undergo 

autophagy in response to ligands of PPARy and the only neuroblastoma cell line to 

do so. As autophagy is a programmed cell death, requiring de novo protein 

synthesis, it would be a suitable response for a treatment for cancer, indicating that 

activation of PPARy could be used to treat neuroblastoma. 

Other neuroblastoma cell lines have been shown respond differently to ligands of 

PPARy, including Lan-5 cells, which differentiate in response to ISdPGJz and 

phenylacetate SHSY5Y cells, which undergo 1 SdPGJi-induced apoptosis 

and Kelly cells, whose growth is inhibited by ISdPGJz, but by as yet an 

unidentified mechanism. However, it is worth noting that only the effects of the 

phenylacetate on Lan-5 cells were shown to be dependent on PPARy 
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Subsequent work on this project in the laboratory has shown that neuroblastoma 

cell lines do respond very differently to ISdPGJi and this may also relate to the 

levels of PPARy expression (personal communication, Dr. Lillycrop, Southampton 

University). Importantly, one cell line, SKNSH, proliferated in response to low 

levels of ISdPGJa, underwent growth arrest in response to 5 p.M ISdPGJa and 

underwent cell death in response to higher levels of ISdPGJi (personal 

communication. Dr. Lillycrop, Southampton University). This mirrors the effects 

seen in breast cancer cells treated with ISdPGJz and TZDs by Clay et al, and is 

important if ligands of PPARy are to be used as therapies. This is because levels of 

PPARy expression and activation would need to be sufficient to induce growth 

inhibition rather than proliferation. Therefore, it is proposed that very low level 

activation of PPARy leads to proUferation of cancer cells, low level activation leads 

to some growth arrest followed by cell death, whereas higher activation leads to 

severe growth arrest and autophagy and very high activation results in apoptosis. 

Certainly in IMR-32 cells treated with ISdPGJz, growth arrest appears to be a 

primary event and cell death a secondary event, also in Kelly cells treated with 

ISdPGJz, the level of cell death is very small compared to the growth inhibition, 

therefore in both cell lines growth arrest may be more important. 

15dPGJ2 inhibited neuroblastoma cell growth to a greater extent than fatty acids, 

but activated PPAR-induced transcription less than fatty acids. This could mean 

that very high activation of PPARy is not necessarily required to inhibit cell growth 

and also that fatty acids could be very weak activators of the y isoform. ISdPGJ: 

specifically inhibited IMR-32 cell growth through PPARs, presumably PPARy and 

20 jag of the decoy oligonucleotide to PPARs was sufficient to completely inhibit 

activation of PPARs by ISdPGJz. ISdPGJi can act independently of PPARs 

through antagonism of N F K B however in IMR-32 cells, ISdPGJz actually 

activated NFKB-induced transcription. Unlike PUFAs, ISdPGJz did not alter the 

composition of IMR-32 cell membrane phospholipids and therefore seems to 

exclusively act through PPARs. These data are important, as it needed to be 

estabhshed that PPARy is involved in ISdPGJi-induced growth inhibition, so that 

its potential as a therapeutic target can be determined. 
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As well as altering the growth characteristics of IMR-32 cells, changing the levels 

of PPARy made the cells more resistant ISdPGJg. Cells expressing increased levels 

of PPARy were resistant to higher levels of 1 SdPGJz, possibly because a certain 

proportion of receptors may have needed to be activated to inhibit IMR-32 cell 

growth. The availability of co-activators, retinoid X receptors and binding sites 

may also have been limiting. Remarkably, IMR-32 cells with either increased 

expression of PPARy or decreased activity of PPARy were resistant to ISdPGJi. In 

the case of the dominant negative PPARy, which abrogated wild-type PPARy 

function, this may have been because ISdPGJa could not activate PPARy-induced 

transcription of target genes involved in the inhibition of cell growth. Interestingly, 

non-functional PPARy has been associated with the development of colon cancer 

and variants of PPARy are also represented differently in other cancers 

Therefore, functional PPARy is required for normal cell growth and treatment with 

PPARy ligands, would not be suitable in cancer cells lacking functional PPARy. 

The target genes of PPARy and its role in signalling pathways also require further 

investigation. 1 SdPGJa-induced growth inhibition of IMR-32 cells coincided with 

nuclear translocation of p53 and down-regulation of PAX3. However, other down-

stream targets of PPARy remain unidentified. Establishing the target genes of 

PPARy could be achieved by treating IMR-32 cells with ISdPGJz and 

cycloheximide to block protein synthesis and therefore only genes whose 

expression is directly affected by 1 SdPGJz treatment could be established using 

cDNA arrays. Obviously, this would need to be repeated at various concentrations 

of 15dPGJ2 and time points to establish both early and late target genes transcribed 

on activation of PPARy. Interestingly, only a few proteins have been shown to be 

specifically involved in autophagy in human cells, one of which is a Bcl-2 

interacting protein, called beclin-1 and others include homologues of 

Saccharomyces cerevisiae proteins of the Apg family which are 

involved in autophagy and vacuolar protein sorting. The role of activated PPARy 

in regulating the expression or function of genes involved in autophagy would 

allow part of its mechanism of action to be determined and may also provide 

information on other potential downstream targets for cancer therapies. 
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Similar to the effects seen with PUFAs, ISdPGJi treatment induced IMR-32 cells 

to apoptose under delipidated conditions and therefore mitogens within the serum 

used for tissue culture can influence cellular responses to PPAR ligands 

This effect occurred along a similar time scale to the autophagic cell death induced 

under normal conditions, but more cells were induced to die, suggesting that 

activation of PPARy was more effective under delipidated conditions. LP A and 

SIP can be removed from the serum by delipidation and both reverse the 

differentiation of neuroblastoma cells and SIP suppresses apoptosis 

Supplementation of the delipidated serum with LP A had no affect on the 

growth of IMR-32 cells treated with 1 SdPGJz and this may be because it has not 

been shown to suppress apoptosis. However, addition of SIP reduced the levels of 

growth inhibition and cell death induced by a combination of ISdPGJa and 

delipidated tissue culture conditions. It is not known whether SIP supplementation 

is able to prevent apoptosis induced by ISdPGJa under these conditions, although 

this could easily be measured. 

Interestingly, SIP is reported to activate extracellular signal regulated kinase-1 

ERK-1 and ERK-2 but not JNK This is important as MAP kinases such as 

ERK-1 and ERK-2 can phosphorylate both PPARy 1 and PPARy2 and reduce their 

activity Therefore it is proposed that under normal conditions, SIP activates 

ERK-1 and ERK-2, which phosphorylates PPARy, thereby reducing its activity and 

when PPARy is activated by ISdPGJi, the level of activation is only sufficient to 

induce the cells to undergo autophagic cell death. Subsequent work in the 

laboratory has shown that in IMR-32 cells, ERK-1 and ERK-2 activity is higher 

under normal conditions than under delipidated conditions, and that 

supplementation of delipidated medium with SIP increases expression of MAPK 

(personal communication. Dr. Lillycrop, Southampton University). Therefore, 

under delipidated conditions, there is no SIP to activate MAP kinases, so PPARy 

remains in a non-phosphorylated state and has higher activity. On treatment of 

IMR-32 cells with ISdPGJi, PPARy activity is sufficient to induce the cells to 

undergo apoptotic cell death instead. It is also possible that ISdPGJ; activates 

PPARy, resulting in membrane depolarisation of mitochondria, as autophagy occurs 

if a few mitochondria are involved, but if more are involved then apoptosis occurs 
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Under normal conditions, SIP (via MAPKs) may reduce PPARy activity, so 

that it only induces a few mitochondria to depolarise, whereas under delipidated 

conditions the higher activity of PPARy may induce more mitochondria to 

depolarise and therefore result in apoptotic cell death. As SIP activates MAP 

kinases via the Edg-1 receptor, this receptor could be antagonised in conjunction 

with treatment of IMR-32 cells with ISdPGJa, to determine whether this was a 

more effective method for inducing growth inhibition or cell death. Similarly, 

inhibitors of MAP kinases and ISdPGJz could also be used as a therapy for 

neuroblastoma. 

The activation of PPARy has a great deal of potential in the treatment of cancer, 

however, before ligands of this receptor can have therapeutic potential we need to 

expand our knowledge of the receptor, its mechanism of action, its regulation and 

its target genes. These areas of research also need to be explored in many more cell 

types, as the receptors seem to act differently in different cells and even between 

cell lines from the same cancer. Research into the levels of PPARy in cells and 

altering these levels of expression may help us to understand the role of these 

receptors in normal and malignant cells. It may also help us to elucidate the role of 

PPARy in signalling pathways. The regulation of PPARy by MAPK should also be 

further studied as PPARy ligands could be combined with inhibitors of MAPK or 

the SIP receptor, Edg-1, to enhance PPARy activity within cancer cells and 

possibly provide a more potent anti-cancer treatment. 

It is also important to confirm that any effects are PPARy-dependent and that we 

can activate PPARy to specifically inhibit the growth of cancer cells and not have 

toxic affects in normal cells. Activation of PPARy with thiazolidinediones has 

been used in clinical trials as a treatment for diabetes, however treating patients 

with neuroblastoma with TZDs may not be suitable. This is because the patients 

are small children and treating patients without diabetes with drugs that will alter 

the storage of lipids and cause the differentiation of adipocytes could cause further 

complications. Therefore, treatment with such ligands may require targeting the 

cancer cells directly or activating the receptor so that it only has growth inhibitory 

effects, possibly using synthetic ligands, or by using the natural ligand of PPARy, 
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15-deoxyA '̂ -prostglandin J2. Research into PPARy is gradually opening up new 

avenues for treating cancers and may in the future prove to be a success in the 

treatment of patients and not just as a laboratory tool. 
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