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Neuroblastoma is an embryonal tumour originating from the neural crest and most commonly
arises in the adrenal medulla. Between 50 and 60% of patients present with disseminated disease
which is highly aggressive. Despite the use of more intensive multi-modal therapies, the overall
survival rate of patients with advanced stage neuroblastomas remains poor. In contrast, some
neuroblastomas spontaneously regress by either differentiation or apoptosis. These observations
have fuelled a search for agents that could cure aggressive neuroblastoma tumours by inducing
them to complete differentiation or undergo cell death. Ligands of peroxisome proliferator
activated receptor-y (PPARY) attenuated the growth of neuroblastoma cell lines in vitro
suggesting that they have potential in the treatment of neuroblastoma. The level of PPARy
activation in neuroblastoma cells correlated with their biological response to the natural PPARy
ligand 15-deoxyA'" prostaglandin J, (15dPGJ,). Higher levels of PPRE-mediated transcription
were associated with more pronounced growth inhibition of neuroblastoma cells by 15dPGlJ,.
The transcriptional activity of PPARY in neuroblastoma cells may be regulated by members of
the retinoblastoma family, since their ectopic expression in ND-7 neuroblastoma cells in vitro
repressed induction of PPRE-mediated transcription by 15dPGJ, by a mechanism that was
dependent on histone deacetylase recruitment. Furthermore, the growth inhibitory effect of
15dPGJ, on neuroblastoma cells was enhanced by co-treatment with the HDAC inhibitor
Trichostatin A, which suggests that using PPARy ligands in combination with agents that
enhance their ability to stimulate PPARy transactivation might improve their efficacy in
neuroblastoma treatment. In IMR-32 neuroblastoma cells, 15dPGJ; was dependent on its
receptor to mediate its anti-proliferative effect, since stable expression of a PPARy dominant
negative receptor blocked growth inhibition by 15dPGJ,. Conversely, growth arrest induced by
another PPARY ligand ciglitazone was not affected by expression of the receptor mutant,
suggesting that PPARY ligands can also regulate neuroblastoma growth by PPARy-independent
pathways. In primary neuroblastoma cells PPARYy protein levels correlate with the maturational
status of the neuroblast, with high expression of PPARy observed in cells with a more
differentiated phenotype although the function of the receptor remains elusive. To address the
cellular role of PPARY in neuroblastoma, the factors which control its expression were examined.
A transiently transfected PPARy1 promoter reporter was differentially activated in
neuroblastoma cell lines with the level of induction mirroring endogenous expression of PPARy
mRNA in these cell types. Analysis of the PPARy1 promoter sequence revealed a number of
putative binding sites that could mediate regulation by Myc family transcription factors. Co-
transfection of the PPARy1 promoter reporter with c-Myc or N-Myc expression plasmids
-attenuated its activity in vifro. c-Myc inhibition of the PPARy] promoter in neuroblastoma cells
occurred by a Miz-1 and HDAC independent mechanism. The site of c-Myc repression on the
PPARy1 promoter was mapped to a region close to the start site of transcription. This region also
mediated transactivation by the Sp1 transcription factor. The finding that PPARy1 promoter
activity was negatively by Myc oncogenes involved in the pathogenesis of many human cancers
lends supports to the hypothesis that PPARy functions as a tumour suppressor.
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polyethylene glycol

prostaglandin

PPARY coactivator protein-1

PPARY coactivator protein-2

protein inhibitor of activated STAT1
protein kinase A

protein kinase C

promyelocytic leukaemia
phenylmethanesulphonyl fluoride
poxvirus and zinc finger

peroxisome proliferator activated receptor
peroxisome proliferator response element
prostate specific antigen

phosphatase and tensin homologue 10
polyunsaturated fatty acid

retinoic acid receptor

retinoblastoma protein

receptor interacting protein 140
reactive oxygen species

retinoid X receptor

suberoylanilide hydroxamic acid
SCAN-domain containing protein-1

sodium dodecyl sulphate
silencing mediator of retinoid and thyroid hormone
receptors

sucrose non-fermenting 5

specificity protein-1

steroid receptor co-activator-1

sterol regulatory element binding protein-1
small ubiquitin-like modifier-1
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SWI/SNF
TAF130
TBI
TBL-1
TBP-48
TBP-49
TCA
TFII-I
TIF2
TNF-a
TR

TRAP220
TRRAP

TSA
TZD
VDR
VLDL
VMA
YY-1
ZIN

mating type switching/sucrose non-fermenting
TATA-binding protein associated factor-130
total body irradiation

transducin beta-like protein-1

TATA-binding protein-interacting protein 48
TATA-binding protein-interacting protein 49
trichloroacetic acid

transcription factor II-1

transcriptional intermediary factor-2

tumour necrosis factor-a

thyroid hormone receptor

thyroid hormone receptor associated protein 220
transformation/tRanscription co-factor-domain-associated
protein

trichostatin A
thiazolidinedione

vitamin D receptor

very low density lipoprotein
vanillylmandelic acid

ying yang-1

zinc finger N-terminal domain
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1 INTRODUCTION

1.1 The nuclear receptor superfamily

Peroxisome proliferator activated receptors (PPARs) are members of the nuclear
receptor superfamily [1]. Nuclear receptors are unique among transcription factors
because they are ligand activated [2]. Members of the nuclear receptor superfamily
are thought to have evolved from a common ancestor and have a highly conserved
modular structure [2-4]. The human genome encodes at least 48 nuclear receptors,
which along with those identified in other species, have been organised in to six
subfamilies based on sequence alignment and phylogenetic analysis [1,2,4-6]. The
largest subdivision, class I, includes PPARs, the thyroid hormone receptor (TR), the
vitamin D receptor (VDR) and the retinoic acid receptor (RAR) [2,4-7]. The second
subfamily contains the retinoid X receptor (RXR) whereas class III is comprised of
steroid receptors like the oestrogen receptor (OER) [2,4-6]. Through their ability to
bind a variety of hydrophobic ligands, including steroids, hormones, fatty acids,
leukotrienes, prostaglandins, cholesterol derivatives and bile acids, nuclear receptors
integrate different intra- and extracellular signals to regulate gene transcription [2,4].
However, some nuclear receptors are termed “orphan” because their respective
endogenous ligand has not yet been discovered or may not exist [8-10]. Nuclear
receptors interact with hormone response elements (HREs) in target promoters as
monomers, homodimers or heterodimers [8,11]. The most common partner identified
in heterodimers is RXR which can dimerise with class I and class IV receptors
[3,5,12,13]. Whether functioning as a homodimer or a heterodimer, upon binding
ligand, nuclear receptors undergo a conformational change which promotes co-
activator recruitment and initiates gene transcription. Creation of nuclear receptor
knock-out animal models has demonstrated that members of this superfamily have
critical roles in development, homeostasis, immune function, cell proliferation,
differentiation and cell death in vivo [2]. Furthermore, mutations of specific nuclear
receptors that inhibit their function are associated with the pathogenesis of certain
diseases [14,15].
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1.2 PPAR isoforms

The first PPAR was discovered by Issemann and Green in 1990 when they cloned
and characterised a receptor from mouse liver cDNA which was activated by a
diverse range of peroxisome proliferators, including the hypolipidaemic agents,
nafenopin and Wy-14,643 [16]. Subsequently, structural homologues of this receptor
were identified in other species including Xenopus, rat and human [17,18]. This
receptor was later termed PPARa (NR1C1) when it was demonstrated to be one of a
family of PPAR receptors which included PPARB/6 (NR1C2) and PPARy (NR1C3)
[17,19-21]. Interestingly sequence comparison of PPARs in Xenopus and mammals
suggest that the PPAR genes have evolved two to three times faster than other class I
nuclear receptors which may account for the PPARSs specific ligand binding

properties [17].

The human PPARa gene has been mapped to a region of chromosome 22 (22q12-
ql3.1) and extends over approximately 131 Kb of genomic DNA [18,22,23].
Characterisation of the human PPARa gene has revealed that it is composed of twelve
exons of which exons, A, 1a, B, 1b, 2a, 2b and part of exon 3 form the 5’ untranslated
region [23,24]. Use of four different promoters and alternative splicing of exons in
the 5’untranslated region generates six PPARa mRNA variants [23]. Each PPARa.
mRNA subtype has different combinations of exons A-2b but they all contain a
coding region which consists of the remainder of exon 3 and exons 4-8 and therefore
translate in to the same protein of 468 amino acids with a molecular mass of 52 kDa
[17,22,23]. Although the structure of the mRNA coding region of mouse PPARa is
comparable with human PPARa further analysis of the mouse PPARa gene is
necessary to determine if its 5° untranslated region also has a similar genomic
organisation to the human isoform [23]. The function of the PPARa spliced variants
remains unclear, however differences in the 5’ untranslated region of an mRNA may
modulate translational efficiency and tissue specific translational control [25].
PPARa is expressed in tissues which have a high rate of fatty acid catabolism such as
heart, kidney, intestinal mucosa, skeletal muscle and brown fat [21,26-29].

Moreover, PPARa was detected in lung, placenta and smooth muscle tissue as well as

cells of the immune system [26,29].
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The human PPARPB/3 gene spans 85 Kb of genomic DNA located on chromosome 6
and is comprised of nine exons and eight introns (6p21.2-p21.1) [30,31]. The
5’untranslated region of PPARP/& comprises the first three exons and part of the
fourth exon, while the rest of exon 4, exons 5-8 and the start of exon 9 encode a
protein of 441 amino acids with a molecular weight of 49.9 kDa [30]. To date, only
one transcription start site for human PPARP/6 has been identified which is located
380 bp upstream from the ATG initiation codon [30]. In contrast, the mouse
PPARP/d gene contains nine transcription initiation sites found in four promoters
[32]. Alternative splicing and promoter usage produces several distinct mRNAs
although interestingly the most abundant mouse PPARP/S transcript is homologous to
the human PPARB/6 mRNA [32]. Comparison of the human and mouse PPARB/S
genes shows that there are variations in the number and organisation of exons in the
5’ untranslated region which may explain why transcriptional regulation of PPARB/d
in these two species is different [32]. Alternatively, further examination of the human
PPARP/S gene structure, like PPARa could uncover new transcription start sites.
PPARP/3 has a ubiquitous tissue distribution although it is more highly expressed in

adipose tissue, small intestine, heart, muscle, skin and brain [33-35].

The human PPARY gene has been assigned to chromosome 3 at position 3p25 and
spans more than 140 Kb of genomic DNA [17,36,37]. There are four known human
PPARy mRNAs called y1, v2, y3 and y4 which are generated from the use of four
different promoters and alternative splicing of nine exons (See also Fig 5.1)
[36,38,39]. The PPARY1, PPARY3 and PPARY4 transcripts encode an identical
protein of 477 amino acids with a molecular mass of 54.2 kDa whereas PPARy2
encodes an additional 28 amino acids N-terminal to the first ATG codon in PPARY1,
PPARYy3 and PPARY4 resulting in a protein with a molecular mass of 55.6 kDa [38-
40]. The organisation of the human and mouse PPARY genes are very similar
although the mouse gene only gives rise to PPARy1 and PPARY?2 transcripts,
however the proteins they encode show a high level of sequence identity compared
with their human homologues [40,41]. In humans, significant expression of PPARy2
and PPARY4 has only been detected in adipose tissue while PPARYy3 expression was
also demonstrated in macrophages [36,38,39,42]. Conversely, PPARy1 is widely
distributed and is the major isoform expressed in most human tissues [28,36,43-45].

The distinct yet overlapping expression profiles of the three PPAR receptors provided
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the first indication that PPARs had both specific and similar biological functions
[9,21].

1.3 PPAR structure

PPARs, like other nuclear receptors, have a modular structure comprising of six
regions each assigned a letter from A to F (Fig. 1.1). The N-terminal A/B region of
several nuclear receptors including PPARa and PPARY contains a ligand independent
transactivation function (AF-1) although it remains to be determined if PPARP/6 also
has AF-1 activity [46,47]. Among the nuclear receptor superfamily, the AF-1/N-
terminal region is the least conserved domain, both in size and amino acid
composition, and in all studied examples had a disordered structure [2,4,48]. The
AF-1 domain is rich in acidic amino acids and resembles the acidic activation domain
of other transcription factors such as NF-xB [48]. In addition, the AF-1 sequence has
the potential to form an amphipathic a-helix and intriguingly mutation of
hydrophobic residues within this sequence, that were predicted to disrupt the helix
structure, attenuated AF-1 activity more than mutation of individual acidic amino
acids [47]. This suggested that a-helix formation could be an essential step in AF-1
mediated gene activation. Indeed recent studies have indicated that interaction
between a co-activator and the N-terminal region of the nuclear receptor either

induces or stabilises a folded form of the AF-1 domain [48].

Region C contains the DNA binding domain (DBD) of the PPAR, the most conserved
motif of nuclear receptors, which consists of two zinc fingers and a C-terminal
extension[49-5 1]. The DBD contains nine cysteine residues and within each zinc
finger four of these cysteines form a tetrahedral complex with one zinc ion (Fig. 1.1)
[4]. Amino acids at the base of the first zinc finger are in a region termed the “P box”
which recognises the DNA response element [2,4]. In the second zinc finger amino
acid residues between the fifth and sixth cysteine residue are referred to as the “D
box” and are involved in receptor dimerisation [49]. The two zinc finger motifs fold
to create a single structural domain containing two helices [4,52]. The first helix is
formed from residues starting at the third conserved cysteine residue and enters the
DNA major groove contacting specific bases, while the second helix which begins at
the C-terminus of the second zinc finger is arranged perpendicular to helix 1 [4,52]
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(Fig 1.1). The PPAR C-terminal extension contains T and A boxes which recognise
bases in the 5’extended sequence of the PPAR response element and modulates the
specificity and polarity of PPAR DNA binding (see section 1.6) [53]. Region D of
nuclear receptors is speculated to function as a hinge to allow movement of the DNA
and ligand binding domains without creating steric hindrance problems [2]. The D
domain may also mediate protein-protein interactions with cofactors [4]. Although
the presence of nuclear localisation sequences (NLS) in PPAR receptors have not yet
been reported, analysis of PPAR protein sequences using the PredictNLS tool
(http://cubic.bioc.columbia.edu/predictNLS/) identified a putative NLS in each
human PPAR isoform near the border of its C and D domain which is a common
location for the NLS of other nuclear receptors [11,54]. A second NLS may be
contained in the PPAR ligand binding domain since a naturally occurring truncated
human PPARa receptor which lacks part of the hinge region and the ligand binding
domain resided in the cytoplasm whereas wild-type PPARa was localised in the

nucleus [55].

The E/F domain or ligand binding domain (LBD) is multi-functional since it is
essential for ligand interaction, co-activator recruitment and dimerisation [56]. The
LBD of all three PPAR isoforms consists of thirteen a-helices and a small four
stranded B-sheet [57-60]. Helices 4, 5, 8 and 9 are sandwiched between helices 1, 3,
7 and 10 at the top half of the LBD [59]. This arrangement anchors helices 3, 7 and
10 allowing them to form a scaffold for the ligand binding pocket which is located in
the bottom half of the protein [57,59]. Helices 7, 9 and 10 are also involved in
dimerisation with RXR [61]. Helix 12 which contains the ligand dependent
transcriptional activation function-2 (AF-2) domain is exposed on the surface of the
LBD. The AF-2 sequence is highly conserved among nuclear receptors and mediates
co-activator binding. The overall structure of the PPAR LBD is similar to those of
other nuclear receptors although it does have some distinct features [57-60]. Firstly,
the PPAR LBD contains a unique helix termed H2’ between the first B-strand and H3
that appears to provide a channel through which ligands can enter the pocket
[3,57,59]. This entry site may be needed because in the apo-PPAR structure, another
potential entrance to the ligand binding pocket, which is created by the displacement
of helix 12 in other apo-nuclear receptor LBDs, is obstructed by helix 12 in the PPAR

receptor since it is folded back against the LBD, similar to the helix 12 conformation
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in the holo-RARy LBD [58]. Overall, despite the position of H12, the PPAR ligand
binding pocket is still more accessible to the surface because of the presence of helix
2’ and the alternative placement of helix 2. Furthermore, the PPAR ligand binding
pocket has an approximate volume of 1300 A, which is considerably larger than
ligand binding pockets found in other class I nuclear receptors, such as the thyroid
hormone receptor, and means that the PPAR ligand only occupies around 30-40% of
its total capacity [17,19]. The characteristics of the PPAR LBD suggest why PPARs

are able to bind a more diverse range of ligands.

Most known PPAR agonists share features including a hydrophilic head group, a
central hydrophobic part and a flexible linker to the tail [60]. Although the majority
of the interactions between the PPAR ligand and the LBD are hydrophobic, the
hydrophilic head of the ligand forms hydrogen bonds with conserved histidine and
tyrosine residues in the LBD which result in a fixed conformation of the head group.
The ligand binding pockets of the three PPAR isoforms are a comparable size,
however variations in their shape and amino acid composition modulates their ligand
specificity. The PPARa and PPARYy ligand binding site is a T-shaped with a central
domain that extends from the c-terminal AF-2 helix (helix 12) to the B-sheet [57,60].
At the level of the B-sheet the central domain divides in to two interconnected cavities
along an axis parallel to helix 3 [57,58,60]. In contrast, PPARP has a Y-shaped
ligand binding pocket and each arm of the pocket is approximately 12 A in length
[59]. There is a narrowing of the PPARP pocket adjacent to helix 12 which indicates
why the larger head groups of some PPAR ligands can not fit in to the pocket and
therefore restricts the type of ligands PPARP can bind compared with PPARo and
PPARYy [62]. As PPARa and PPARy have comparable shaped ligand binding pockets
the basis for selectivity between these two isoforms is a substitution of tyrosine-314
in PPARa for histidine-323 in PPARy [62]. These amino acid residues form
hydrogen bonds with the hydrophilic head group of the PPAR ligand. However, the
larger volume of the tyrosine-314 side chain in the PPARa ligand binding pocket
forces a 1.5 A shift in the position of its ligand which cannot be accommodated by
some PPARy specific ligands. For instance, a 1.5 A shift of the PPARy agonist
farglitazar in the PPARa ligand binding pocket would result in a steric interaction

between the farglitazar head group and the phenylalanine-273 residue of PPARa
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Fig. 1.1. Domain structure of PPARs and sites of post-translation modifications. PPARs like other nuclear receptors have a modular structure
with six regions denoted A-F. Above the domain structure are depicted the sites of post-translation modification of human PPARo, PPARy1 and
PPARy2. For each site the type of modification, either phosphorylation (P) or sumoylation (Su) is indicated. The specific kinases which catalyse
phosphorylation of different residues in the PPAR protein are also described. PPARSs can be phosphorylated by either ERK (extracellular signal-
regulated kinase), JNK (Jun NH,-terminal kinase), PKA (protein kinase A) or PKC (protein kinase C). The A/B domain has a ligand independent
transactivation function (AF-1). The C domain is the DNA binding domain which consists of two conserved zinc fingers. The two zinc finger
motifs fold to create a single structural domain containing two helices (left diagram below domain structure). The first helix (shown in purple) is
formed from the residues starting at the third conserved cysteine residue and enters the DNA major groove, while the second helix (shown in green’
which begins at the c-terminus of the second zinc finger is arranged perpendicular to helix 1. The E/F domain is the ligand binding domain and has
a ligand dependent activation function (AF-2). Below the domain structure on the right are two images of the ligand binding domain of PPARy
(from From R.T.Nolte et al, Nature, 395(1998): 187-194). The first image shows the secondary structure of the ligand binding domain, which
comprises of 13 a-helices and a small 4 stranged B-sheet (right diagram). The second image is a space filled diagram which shows the peptide

backbone of the ligand binding domain in blue and the volume of the ligand binding pocket in white.
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which demonstrates why this ligand has a 1,000-fold selectivity for PPARy over
PPARa [62]. Additionally, the PPARa ligand binding pocket is more lipophilic and
less solvent exposed, therefore this isoform is better suited to interact with saturated

fatty acids [62].

1.4 Post-translational modifications of PPARs

The transcriptional activity and stability of PPARs are regulated by a number of post-
translational modifications including phosphorylation, ubiquitination and sumoylation

[63,64].

1.4.1 Phosphorylation

The effect of phosphorylation on PPAR receptor activity is dependent on the isotype,
the amino acid residue that is modified and the specific kinase which catalyses the
reaction [63,65]. PPARSs are the substrates of several different kinases, such as the
mitogen activated protein kinases (MAPKs), cAMP-dependent kinase (PKA) and
protein kinase C (PKC), which are stimulated by a variety of endogenous or
exogenous signals [65,66]. Three MAP kinase pathways have been identified in
mammalian cells. The extracellular signal-regulated kinase subgroup encompasses
ERK1 and ERK2 that can be activated by insulin and growth factor stimulation via a
Ras-dependent signal transduction cascade. Conversely, the activity of members of
the Jun NH,-terminal kinases (JNK) or p38 kinases is increased in response to
environmental stress of cytokines such as tumour necrosis-a (TNF-a) [67,68].
Treatment of hepatocytes with insulin was demonstrated to induce a time-dependent
increase in PPARa phosphorylation and was correlated with enhanced basal and
ligand-dependent PPARa transcriptional activity [66]. It has subsequently been
shown that the stimulatory effect of insulin on PPARa activity is mediated by ERK1
and ERK?2 phosphorylation of two serines (S12 and S21) in the A/B region of human
PPARa [69]. The mechanism by which phosphorylation promotes PPARa.
transactivation remains elusive although the effect of insulin on the AF-1 region of
PPARa was mirrored by the addition of triiodothyronine receptor B1, a strong binder
of co-repressors. These findings indicated that the phosphorylation of the AF-1

domain of PPARa triggers dissociation of co-repressors thereby relieving their partial
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silencing of AF-1 transcriptional activity [65,69]. Moreover, phosphorylation of the
same serine residues in the PPARo AF-1 domain by p38 kinases increased
coactivation specifically by PPARy co-activator-1 (PGC-1), however since neither
co-repressors or PGC-1 directly interact with the AF-1 region of PPARa this suggests
that cross-talk occurs between domains [65,70]. The major phosphorylation sites of
protein kinase A and protein kinase C have been mapped to the the DNA binding
domain and the hinge region of PPARa respectively, although PKA and PKC can
also modify serine residues in other domains of PPARa (Fig. 1.1) [71-73].
Phosphorylation of PPARa by PKA has been shown to stimulate ligand-dependent
transactivation through a mechanism that stabilises PPARa DNA binding [65,66,72].
PKC phosphorylation of PPARa also increases ligand-dependent gene transcription,
an effect which could be mediated by modulation of protein-protein interactions

between the PPARa hinge region and co-factors [73].

In contrast to PPARa, phosphorylation of PPARY can repress its transcriptional
activity. Indeed, epidermai growth factor and platelet derived growth factor
stimulated phosphorylation of PPARy, through the MAPK signalling pathway in
adipocyte cell lines, which decreased the basal and ligand-dependent transcriptional
activity of PPARy [66]. Both ERK and JNK MAP kinases, but not p38 kinases,
phosphorylate PPARY at a consensus MAP kinase site in its N-terminal A/B region,
which is conserved between species, however is unique among the PPAR isoforms
[67,74]. In humans, the MAPK site corresponds to serines at position 84 and 112 in
PPARY1 and PPARY2 respectively (Fig .1.1) [67]. Mutation of these residues to
alanine abolishes MAPK phosphorylation of PPARy and ectopic expression of a
S112A PPARY2 mutant in NIH3-3T3 fibroblast cells increased their sensitivity to
ligand-induced adipogenesis and blocked inhibition of differentiation by mitogens
[67,75] (See section 1.12.1). Phosphorylation of PPARy by MAPK kinases has no
effect on the receptor’s nuclear localisation, affinity for RXRa or ability to interact
with DNA, although it does impair ligand binding affinity [65]. Shao et al
demonstrated that interdomain communication between the A/B and E/F domain of
PPARYy alters the conformation of the receptor which favours ligand binding and that
phosphorylation of PPARY hinders the cross-talk between its domains [76].
Conversely insulin, under certain conditions, appears to promote phosphorylation and

activation of PPARY via a MAP kinase pathway. However, this effect was not
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mediated by the conserved MAP kinase site in the A/B region of PPARY, as insulin
was equally effective at activating a S112A PPARy2 mutant compared with the wild-
type receptor. This suggested that although the insulin-dependent MAP kinase
pathway increases phosphorylation of PPARY this effect may not be mediated by
direct phosphorylation by ERK1/ERK2 [77]. In addition to the MAPK pathway,
phosphorylation by AMP-activated protein kinase (AMPK) attenuates the basal and
ligand-dependent functions of PPARY [66]. Post-translational modification of the
PPARP/S isoform has been less extensively studied and as yet no sites of
phosphorylation on the receptor have been mapped. Nevertheless, both cAMP and
PKA activators increase the ligand independent -dependent transcriptional activity of
PPARP/S indicating a potential role for this kinase in the modulation of PPARPB/S
function [66].

1.4.2 Ubiquitination

Several studies indicate that the turnover of PPARs, like other nuclear receptors, is
modulated by the ubiquitin-proteasome pathway [63]. Proteins are targeted for
degradation by the proteasome in an ATP-dependent manner, after covalent
attachment of multiple 8 kDa polypeptides, called ubiquitin [78]. A single ubiquitin
molecule is transferred to the substrate protein in a three step process [63,79]. In the
first step, ubiquitin is activated by an ubiquitin-activating enzyme (E1). The activated
ubiquitin is subsequently transferred to an ubiquitin carrier protein (E2) which
shuttles ubiquitin to the ubiquitin-protein ligase (E3). Finally, ubiquitin-protein
ligase (E3) bound to the substrate, catalyses formation of an isopeptide linkage
between the terminal carboxyl of ubiquitin and the g-amino group of a lysine residue
in the target protein [80]. Once the first ubiquitin molecule is transferred to the
protein substrate, the process is repeated to produce a polyubiquitin chain joined by a
series of isopeptide linkages [78,81]. Interestingly, ligand activation of PPARa and
PPARY appears to have opposing effects on their ubiquitin-mediated degradation
[78,79,82]. Ligand binding to PPARa reduced its ubiquitination and thereby
protected the receptor from degradation whereas ligand binding was shown to be
essential for proteasomal degradation of PPARy [79,82]. However, in these studies
PPARo and PPARY turnover was examined after 5 and 20 hours of ligand treatment

respectively [79,82]. These findings led Blanquart ef al to speculate that PPAR
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ligands may regulate degradation of their receptor in a time-dependent manner.
Initially, the ligand may attenuate PPAR turnover in order to increase transcriptional
activity of the receptor, however in the second stage recruitment of a co-factor may
promote ubquitination and degradation which creates a negative feedback loop to
balance receptor transactivation [63]. Phosphorylation of nuclear receptors can act as
a signal for ubiquitination, although Spiegeleman et a/ demonstrated that both the
wild-type and the phosphorylation-deficient form of PPARY2 (S112A mutant) were
degraded after ligand activation, therefore it is improbable that serine phosphorylation
is the only mechanism to target PPAR proteins to the ubiquitin-proteasome system
[78,82].

1.4.3 Sumoylation

More recently SUMO-1 (small ubiquitin-like modifier-1) modification of PPARy has
been implicated in regulating the function of this receptor [64,83,84]. SUMO-1 is an
11-kDa protein that is structurally homologous to ubiquitin [64]. Like ubiquitin,
SUMO-1 is covalently linked to lysine residues in target proteins in a three step
process, although the E1, E2 and E3 enzymes that catalyse sumoylation are distinct
from those that mediate ubiquitin conjugation [83]. Two sumoylation sites have been
identified in murine PPARY, one in the AF-1 region (mPPARy1, K77, mPPARY2,
K107) and the other in the ligand binding domain (mPPARy1, K365, mPPARY2,
K395) [64,83-85]. The corresponding lysine residues in the human PPARy sequence
are indicated in Fig. 1.1. SUMO modification of K107 in mPPARY2 did not affect its
nuclear localisation but modestly increased the stability of the receptor, possibly by
shielding PPARYy from ubiquitin-mediated degradation [84]. However, sumoylation
of this residue also reduced basal and ligand-dependent PPARYy transcriptional
activity [64,83,84]. SUMO conjugation of K107 was not dependent on DNA binding
and was augmented by phosphorylation of serine 112 [83,84]. The mechanism by
which sumoylation of the AF-1 region attenuates PPARY transcriptional activity is
still unclear although it is speculated that it abrogates co-factor recruitment. So far
this type of post-translational modification appears to be specific for PPARY since
putative sumolyation sites in murine PPARa and PPARP/6 were not covalently linked
to SUMO-1 in vivo [83]. In contrast to the lysine in the N-terminal A/B region,
sumolyation of K365/K395 in the ligand binding domain of PPARYy did not alter its
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ability to activate gene transcription however was essential for PPARy-mediated

transrepression (see also section 1.10) [85].

1.5 PPAR ligands

A wide variety of natural and synthetic PPAR ligands have been described (Fig. 1.2).
Identification of PPAR ligands has relied on several different experimental techniques
[17]. Traditionally ligand binding assays using radiolabeled ligands have been
employed to discover agonists of other nuclear receptors. However, because
radiolabeled ligands for PPARs were unavailable or produced unacceptable levels of
non-specific binding alternative approaches were sought to overcome these
limitations [86]. Forman et al developed a novel assay which relied on ligand
binding inducing a conformational change in the PPAR receptor which promoted
dimerisation and DNA binding and could be detected by a PPAR-responsive reporter
[86]. A second technique that has been used is termed CARLA (co-activator
dependent receptor ligand assay) and is based on the hypothesis that ligand binding to
a PPAR induces an interaction with a co-activator [87]. These approaches have
demonstrated that all three PPAR isoforms bind natural polyunsaturated fatty acids
including, linolenic acid and eciosapentaenoic acid [20,86-88]. Controversy
remained over whether these fatty acids were the bona fide endogenous ligands of
PPARs, since they were shown to bind to the receptors with weak micromolar
affinities, and therefore it was speculated that fatty acid concentrations were unlikely
to reach levels required for the receptor activation in vivo [17]. More recently
however, a fluorescent-based method devised by Lin et al revealed that PPARo can
bind to natural fatty acids with affinities in the nanomolar range, suggesting that the
interaction between PPARs and such ligands is potentially much stronger than

previously reported [89].

1.5.1 PPARa ligands

As its name suggests the first described activators of PPARa were a diverse class of
compounds called peroxisome proliferators that included fibrates [16]. Fibrates, such

as clofribrate, fenofibrate and bezafibrate are hypolipidemic drugs used in the
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treatment of dyslipidemia [27,90]. All fibrates appear to require high micromolar
concentrations to activate human PPARa, which may explain why high doses (300-
1200 mg/day) are needed for their clinical activity [20]. Although fibrates were
originally classified as PPARa ligands, it has subsequently been demonstrated that
their active metabolites can also interact with PPARy and PPARPB/5 [20]. For
instance, clofibric acid and fenofibric acid were dual activators of PPARa and PPARy
but exhibited 10-fold selectivity for PPARa, while bezafibrate had a comparable
affinity for all three isoforms [91]. This led to a search for more potent and selective
PPARa ligands that could function as hypolipidemic drugs. The compound GW9578
has recently been reported as a potent and sub-type specific PPARa agonist with
improved lipid lowering activity compared to fenofibrate [91]. Shortly afterwards it
was shown that PPARa binds fatty acids with the highest affinity of the three
isoforms [17]. Furthermore, eicosanoids derived from aranchidonic acid through the
lipoxygenase pathway including 15-hydroxeicosatetraenoic (15-HETE) (8-
hydroxeicosatetraenoic acid (8-S-HETE) in mice) and leukotriene B4 (LTB4) were
also found to interact with PPARa [90]. The first and rate limiting step in eicosanoid
synthesis is the release of membrane bound arachidonic acid by phospholipase A; in
either a one or two step process [92]. The free arachidonic acid is metabolised by
several different pathways (Fig. 1.2). Metabolism of arachidonic acid by 15-
lipoxygenase ultimately generates 15-HETE, whereas LLTB, is the end-product of 5-
lipoxygenase [92]. Interestingly in ligand binding assays LTB4 binds to the PPARa.
ligand-binding domain with a K, of 90 nM suggesting local concentrations within the

cells or in vivo may be sufficient to activate the receptor [93].

1.5.2 PPARP/S ligands

Apart from polyunsaturated fatty acids, other natural PPARP/6 ligands include methyl
palmitate and the eicosanoids, prostaglandin A; and PGD;[20,94]. In contrast to the
other two isoforms, no drugs have been identified that act through the PPARP/6
receptor. Thus, part of the challenge in determining the function of PPARPB/3 has
been the identification of potent and selective PPARB/3 ligands to use as chemical
tools [9]. Johnson er al had described a series of synthetic ligands including L-
631,033 as weak activators of PPARB/3 [95]. The structure of these compounds is

similar to some eicosanoids [20]. More recently however, a PPARP/S agonist called
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GW501516, has been developed that has an unsubstituted pheoxyacetic head group
that can be accommodated by the narrow PPARP/3 ligand binding pocket [62,96].
GW501516 was shown to interact with the ligand binding domain of human PPARB/3
fused to a GAL4 DNA binding domain with nanomolar affinity in vitro (ECso0f 1.2
nM) and was 1,000 more selective for PPARB/S over the other two isoforms [97].

1.5.3 PPARYy ligands

Although natural PPARY ligands includes poly-unsaturated fatty acids, such as
linolenic acid, they are all relatively weak PPARYy activators [98]. However, it has
been demonstrated that conversion of fatty acids to eicosanoids leads to increased
PPARy mediated transcription. For instance, the 15-lipoxygenase metabolites of
linoleic acid, 9-hydroxy-octadecadienoic acid (HODE) and 13-HODE have been
shown to act as PPARYy agonists [20,93]. The J-series of prostaglandins derived from
prostaglandin D, (PGD,) have also been established as PPARy ligands. The terminal
metabolite of the J, series, 15-deoxy-A'*" prostaglandin J, (15dPGlJ>), produced by a
dehydration reaction, was shown to bind and activate PPARYy at micromolar
concentrations in vitro [99]. 15dPGl, also stimulated the differentiation of NIH 3T3
fibroblasts in vitro, providing some of the first evidence that PPARY played a role in
adipogenesis [100].

Since its discovery, 15dPGJ; has become one of the most widely used natural PPARy
ligands in vitro studies. Chemical decomposition of PGD, to produce 15dPGlJ, yields
one major product and three minor geometric isomers, which are isomeric about the
three double bonds not in the cyclopentenone ring of 15dPGJ, [101]. The four
isomers have different potencies, with the prominent isomer IV being the most
potent. 15dPGJ; is chemically reactive but thermally stable and can be photo-
degraded such that a single day’s exposure to ambient light can render it less than
50% pure [101]. Sometimes 15dPGJ, is reported as the endogenous ligand of
PPARY, although recent data suggests that like polyunsaturated fatty acids, in vivo
concentrations of 15dPGJ, may not be sufficient for receptor activation [102].
Further study is warranted however to determine if 15dPGJ, actually has a stronger

affinity for PPARy than has been reported [89]. In addition, an alkyl phospholipid
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Fig. 1.2. Natural and synthetic PPAR ligands. The table shown in A gives examples of

agonists for each PPAR isoform. The scheme in Fig.1.2B shows how metabolism of

arachidonic acid can lead to the production of natural PPAR ligands. Once arachidonic acid

is liberated from the plasma membrane by phospholipase A, in a one or two step process, free

arachidonic acid is metabolized by several pathways. The cyclo-oxygenase pathway can lead

to the generation of the PPARYy ligand 15dPGJ,, whereas arachidonic acid acid metabolized

by lipoxygenases initiates the synthesis of leukotriene B4 and 15-HETE which are PPAR«

ligands.

Abbreviations: PGD,= prostaglandin D,, PGJ,= prostaglandin J,, LTA4 =
leukotriene A4 LTB4= leukotriene B4, HETE = hydroxyeicosatetraenoic acid. HODE

= hydroxyotadienoic acid
A.
PPAR isoform
PPAR ligand
a B o
Polyunsaturated Polyunsaturated Polyunsaturated fatty
fatty acids fatty acids e.g. acids

Leukotrienes and

eicosapentaenoic
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HETEs e.g. 15(S)- e.g. 156dPGJ,
Natural HETE, LTB4

Oxidised alky
Saturated fatty phospholipids
acids
e.g. palmitic 9-HODE

13-HODE
Hypolipidemic Hypolipidemic Thiazolidinediones e.g.
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found abundantly in oxidized lipoprotein (0xLDL) was discovered as a high affinity

PPARy ligand with a K4 of approximately 40 nM [103].

Synthetic PPARYy agonists have also been identified including thiazolidinediones
(TZDs), triterpenoids and tyrosine-based compounds [17,104,105] (Table 1.2).

TZDs were originally discovered from the screening of clofibric acid analogues to
identify compounds which had enhanced anti-lipidemic and anti-hyperglycemic
properties in diabetic mice; although at the time the molecular target of TZDs was
unknown [20,106]. TZDs were subsequently identified as highly selective PPARy
ligands, whose rank order of affinity for this receptor in vitro mirrored their in vivo
anti-hyperglycemic activity [104,106]. TZDs such as rosiglitazone and pioglitazone
are now used clinically to treat type 2 diabetes. However, the TZDs contain a
stereogenic centre at carbon 5 of the heterocyclic headgroup and therefore undergo
racemization under physiological conditions [105,107]. Only the (S)-enatiomers of
the TZD binds to the PPARYy receptor with high affinity which has led to a search for
PPARY agonists with alternative head groups which are less susceptible to
racemization [20]. In light of these findings a group of tyrosine-based PPARy
agonists have been developed which include, GI 262570 (Farglitazar), GW1929 and
GW7845 which do not undergo racemization in vivo [20,105,107]. This series of
compounds were the first anti-diabetic drugs to be optimized based on their activation
of the human PPARY isoform and contains some of the most potent PPARY agonists
which activate the receptor at sub-nanomolar concentrations and show a greater than
1000-fold selectivity for PPARy over the other PPAR isoforms [62]. Crysfallographic
studies show that Farglitazar is able to make additional hydrophobic contacts with the
PPARYy ligand binding pocket compared with the TZD rosiglitazone, which provides
additional stability to Helix 12 (which contains the AF-2 function) which mediates
transcriptional activation [108]. Initial phase II clinical studies with Farglitazar

suggest it could act as a highly effective anti-diabetic drug in vivo [108].

1.6 PPARSs heterodimerise with RXR

Members of the PPAR family form heterodimers with the retinoid X receptor (RXR)
[17,19,20,88]. A PPAR/RXR heterodimer binds to a specific hormone response
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motif called a peroxisome proliferator response element (PPRE) which was original
identified in the promoter of the acyl coenzyme A (acyl-CoA) oxidase gene [109].
Hormone response elements which bind nuclear receptor dimers are usually
composed of two core hexameric motifs called half-sites [2,4]. The half-sites can be
arranged as palindromes, inverted palindromes (IPs) or direct repeats (DRs) [2,4]. In
a consensus PPRE, the two half-sites are configured as a direct repeat separated by
one nucleotide (termed DR1) [8]. The number of bases between the two half-sites in
part governs which receptors bind specific DRs. For instance, DRs separated by 3, 4
and 5 base pairs are preferentially regulated by the vitamin D, thyroid hormone and
retinoic acid receptor respectively [2] . However, a perfect DR1 can bind several
dimers including RXR homodimers, PPAR/RXR and RAR/RXR heterodimers.
Therefore, additional features are required for a DR1 to specifically function as a
PPRE [110]. For instance, Palmer et al demonstrated that the sequence upstream of
the DR1 contributes to the selective binding of PPARo/RXR over the binding of
other complexes such as RXR/RXR [110,111].

A subsequent analysis of 16 other natural PPREs confirmed the importance of the
5’flanking region of the DR1 sequences in mediating PPAR/RXR binding and
defined a PPRE as a DR1 core flanked by 7 nucleotides at its 5’end that had a
consensus sequence of 5> CAAAACT-AGGTCA A AGGTCA-3’[111]. The

5’flanking region is also important in determining the affinity of the individual PPAR
isoforms for the PPRE [111]. For example, PPARa binds with higher affinity to
PPRESs in which the 5’ flanking region and core DR1 strongly match the consensus
sequence [111]. The binding efficiency of PPARa becomes lower with increasing
divergence from the consensus sequence for the 5°flanking region, whereas PPARY
can still bind with relatively high affinity to weak PPRE elements. Interestingly the
core DR1 for both strong and weak PPRE:s is similar and close to the consensus for a
perfect DR1 showing that the 5°flanking region is more critical for PPARa binding
compared with PPARy [111]. The PPAR interaction with the PPRE is also dependent
on the RXR subtype since PPARY has an even higher binding strength in the presence
of RXRy compared with RXRa for both strong and weak PPREs[111]. However, the
preferred partner for PPARa and PPARP is RXRy for strong PPREs, but RXRa for
weak PPREs [111]. The 5’extended direct repeat determines the polarity of the
PPAR/RXR heterodimer [53]. The CTE region of PPAR recognizes the 7 nucleotides

32



in the 5’flanking region and therefore binds to the upstream direct repeat and RXR
occupies the downstream motif [53]. This is the reverse polarity compared with other

heterodimers which bind direct repeats such as VDR/RXR and TR/RXR [2,4].

PPAR/RXR is an example of a permissive heterodimer, which can be activated by
ligands of either of its receptors and is synergistically activated in the presence of
both agonists [2,4]. The crystal structure of the PPARY/RXRa heterodimer shows
that the interface between the two receptors is asymmetric such that the PPARy
ligand binding domain is rotated approximately 10° from the C2 symmetry axis of the
RXR ligand binding domain [61]. The interface consists of both hydrophobic and
polar interactions between helix 7, helix 9 and helix 10 and the loop between helix 8
and helix 9 of both receptors. An aspartic acid residue D441 in the first half of helix
10 of PPARy forms a critical salt bridge with arginine 393 in helix 9 of RXRa [61].
This salt bridge would be absent in either an RXR or PPARy homodimer. The
asymmetry of the heterodimer also results in the association of a positively charged
region of RXR helix 7 with a negatively charged surface at the end of the PPARy AF-
2 helix and the 8/9 loop [61]. These findings suggest that PPAR preferentially forms
a heterodimer with RXR because it allows the formation of specific interactions, at
the interface of the two receptors, which would not occur in a PPAR homodimer, that
stabilize the dimer [61,112].

1.7 Sub-cellular localization of PPARs

Upon binding ligand PPARs undergo a conformational change; however there is still
controversy over how this mediates receptor activation. Some research suggests that
the ligand induced conformational change is a pre-requisite for nuclear localization,
whereas other reports show that it is dispensable for this process but is essential for
co-activator recruitment. The sub-cellular localization of PPARs in different cell
types however indicates that ligand activation of PPARs could involve nuclear

translocation and/or recruitment of co-activators.

1.7.1 In the cytosol
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Analysis of the intracellular localization of PPARs in certain cell types, indicate that
unliganded PPARs like other nuclear receptors, such as the glucocorticoid receptor
and the androgen receptor are predominantly cytoplasmic [113]. Furthermore,
PPARs may be localized in the cytoplasm because of their interaction with chaperone
molecules such as heat shock protein 90 (Hsp90) [114,115] (Fig. 1.3). The change in
PPAR receptor conformation upon ligand binding could unmask its nuclear
localization sequence (NLS) by causing dissociation of the heat shock protein
complex [11]. In a simplified model, the NLS is then recognized by a protein called
importin-a, which is part of a nuclear import heterotrimeric complex that also
contains importin-p [113]. Importin-p mediates the docking interaction on the
nuclear membrane/pore. With participation from several other key players in the
cytosol and immobile components of the nuclear pore complex, the nuclear
translocation event is completed and the PPAR receptor is released from the nuclear
import factors [113] (Fig. 1.3). It is also speculated that PPAR/RXR
heterodimerisation may occur in the cytoplasm to facilitate nuclear entry of the PPAR
receptor (Fig. 1.3, step 4a) [7]. Ultimately, whether PPAR translocates alone or in
complex with RXR, upon reaching the nucleus the PPAR/RXR binds to PPREs in the
promoters of target genes. Redistribution of PPARy protein from the cytoplasm to
the nucleus has been observed in breast, endothelial and lung cell lines after PPARYy

ligand treatment [116,117].
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Fig. 1.3. Translocation of PPARSs to the nucleus.

1. PPAR and RXR ligands diffuse across the plasma membrane in to the cytoplasm of the
cell.

2. PPAR and RXR ligands bind to their respective receptors localized in the cytoplasm.
There is evidence to suggest that in the absence of ligand PPARs could interact with a
chaperone protein such as Hsp90.

3. Ligand binding induces a conformational change in the receptor. In the case of PPAR this
may lead to release of the hsp protein and unmask its nuclear localization sequence.

4. PPAR may heterodimerise with RXR in the cytoplasm to promote nuclear enty (A) or
translocate alone (B). In either case, the receptors are recognized by importin-a, via their
NLS, which mediates nuclear translocation via the nuclear pore complex.

5. Upon release from the nuclear pore factors, PPAR and RXR bind as a heterodimer to

peroxisome proliferator response elements (PPREs) in the promoter of target genes.
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1.7.2 PPARs interact with co-repressors in the nucleus

Conversely, it has been shown that PPARSs chiefly localize in the nucleus. For
example, the PPARa receptor is predominantly nuclear in kidney mouse COS-1 cells
and human astrocytes [55,118]. Green fluorescent protein (GFP) chimeras of all 3
PPAR isoforms expressed in a mouse hepatoma cell line (Hepa-1) had a nuclear
distribution in both the presence and absence of specific ligands [54]. In addition, a
human PPARy mutant lacking five carboxyl-terminal amino acids, which could not
be activated by a potent TZD, was still able to localize to the nucleus, which suggests
that ligand binding in some cell types is not essential for nuclear translocation [118].
Alternatively, nuclear localization of PPARs may be a result of a dynamic

equilibrium between nuclear-cytoplasmic and cytoplasmic nuclear shuttling [2].

There is evidence to suggest that in the absence of ligand, nuclear PPARs bound to a
PPRE in the promoter of a target gene can interact with co-repressors, termed nuclear
co-repressor (NCoR) and silencing mediator of retinoid and thyroid hormone
receptors (SMRT). Indeed Yu et al detected PPARy in anti-SMRT and anti-NCoR
immunoprecipitates from whole cell extracts of 3T3-L1 fibroblasts, which had not
been treated with exogenous ligand, demonstrating that this PPAR isoform can
interact with co-repressors in vivo [119]. Furthermore, peptides derived from one of
the nuclear receptor interacting motifs of NCoR and SMRT were able to interact with
the ligand binding domains of all three isoforms in vitro [120]. Interestingly, some
studies have suggested that the PPARP/ isoform has a higher affinity for co-
repressors than PPARy or PPARa. Ectopic expression of PPARB/S in 3T3-L1
fibroblasts blocked PPARy-mediated adipogenesis suggesting that PPARB/S could act
as repressor of PPARy-dependent gene transcription [33,121]. SMRT and NCoR
form the core of a large (>1-2 MDa) protein complex which can also be recruited by
other unliganded nuclear receptors such as the thyroid hormone receptor [122]. The
repressive activity of the SMRT-NCoR complex is believed to result from the direct
or indirect recruitment of histone deacetylases (HDACs) including HDACS3.

Removal of acetyl groups on the N-terminal tails of histone lysines by HDACs is
associated with the formation of nucleosome-DNA interactions that lead to a more

closed chromation structure [123].
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Chromatin structure plays an important role in regulating eukaryotic gene expression
[124]. Constitutive heterochromatin which generally has a low gene content and is
transcriptionally silent, is found in regions of centromere and telomere DNA and
remains tightly compact through out the cell cycle [125,125,126]. In contrast, in
euchromatin, where genes are being expressed the DNA is less condensed and more
accessible to transcription factors [126]. The repeating unit of chromatin is the
nucleosome core particle, which consists of 147 base pairs of DNA wrapped around
an octamer of histone proteins [124]. Residues in the amino-terminal tail and at
certain exposed sites within the globular domain of the histone protein undergo a
variety of post-translational modifications including, acetylation, methylation,
phosphorylation, ubiquitylation, sumolylation and ADP-ribosylation [127-129]. The
amino group of lysines in the N-terminal tails of histones can be acetylated by histone
acetyltransferases (HATs) which is associated with gene activation [128].
Acetylation of the lysines near a gene promoter increases accessibility of the DNA to
the basal transcriptional machinery by reducing the affinity of histones for DNA and
facilitating the recruitment of other chromatin modifying or remodelling enzymes
which recognise the acetylated histone tail via their bromodomain and maintain the

transcriptionally active state of the DNA [124,126].

Therefore, recruitment of a HDAC-containing complex by the unliganded DNA
bound PPAR receptor prevents gene activation. The interaction between
SMRT/NCoR and HDAC:s is mediated by their N-terminal deacetylase activation
domain (DAD) which is essential for co-repressor function [130]. Furthermore, the
association of SMRT/NCoR with the PPAR receptor is dependent on CoRNR motifs
found in the highly conserved nuclear-receptor-interaction domain (NRID) of co-
repressors. A study by Tan et al suggests that water insoluble PPAR ligands are
transported to PPAR receptors in the nucleus by specific fatty acid binding proteins
[131] (Fig. 1.4). For instance, the binding of troglitazone to adipocyte fatty acid
binding protein (A-FABP) promoted nuclear translocation of A-FABP which allowed
the protein to interact with PPARY and transfer the agonist directly to the receptor’s
ligand binding domain [131]. It is proposed that the
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Fig. 1.4. Ligand activation of PPARs in the nucleus causes release of co-
repressors.

1. PPAR ligands diffuse across the plasma membrane in to the cytoplasm.

2. In the cytoplasm they interact with a fatty acid binding protein (FABP) (Studies
suggest that specific PPAR ligands are recognised by different FABPs.)

3. Upon binding ligand the FABP translocates to the nucleus.

4. In the nucleus FABP interacts with the PPAR (in complex with co-repressors
(CoR)) to deliver the ligand straight to the receptor’s ligand binding domain. The
binding of ligand induces a conformational change in the receptor which releases the

co-repressor complex.
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change in conformation of the PPAR receptor upon ligand binding releases the co-

repressor complex.

1.8 Recruitment of co-activators

Comparison of the apo (unliganded) and holo (liganded) crystal structures of RXRa
suggest that upon ligand binding, the RXRa ligand binding domain undergoes a
major conformational change which involves the “swinging” of helix 12. In its holo-
position helix 12 essentially “seals” the ligand binding pocket and further stabilises
ligand binding by contributing to additional ligand-protein interactions [3,132].
However, the extent of movement of helix 12 in response to ligand binding is thought
to be dependent on the receptor type [56]. In the case of PPARs, the change in
conformation of helix 12 following ligand binding is proposed to be more subtle,
since helix 12 in apo-PPAR structures is already closer to its position in the holo
receptors [57-60]. Nevertheless, the ligand-binding domain of apo-nuclear receptors
in solution is believed to a very dynamic structure with many possible conformations.
Furthermore, monitoring of the apo-ligand binding domain of PPARy by NMR
spectroscopy demonstrated that agonist binding was associated with a pronounced

stabilization of the domain conformation [133].

Helix 12 contains the AF-2 domain which consists of a sequence of nine amino acids
which are highly conserved among nuclear receptors and form an amphipathic a-helix
which is essential for ligand dependent co-activator recruitment [134]. Considerable
insight in to the interactions between PPAR ligand binding domains and co-
activators, whose nuclear-receptor-interaction domain contain highly conserved
LXXLL motifs, has been gained through examination of the human PPARYy ligand
binding domain in complex with 88 amino acids of the co-activator SRC-1 (steroid
receptor co-activating factor-1) [57] The interactions between the PPARy AF-2
domain and SRC-1 were predominantly hydrophobic [57]. However, a glutamate in
the AF-2 helix (E471) and a lysine in helix 3 (K301) of the LBD form a “charge
clamp” in which glutamate E471 forms a hydrogen bond with the backbone amide of
Leucine 1 in the LXXLL motif and lysine 301 forms a hydrogen bond with the
backbone carbonyl of leucine 4 or 5 in the LXXLL motif [57,135]. There is evidence
to suggest that the AF-2 domains of NRs, which share homology with LXXLL
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motifs, can interact with the co-activator binding domain of their dimeric partner,
thereby allosterically inhibiting the recruitment of co-activators. Therefore, ligand
dependent activation of the PPAR may also involve displacement of the RXR AF-2
domain from the PPAR LXXLL-binding pocket. Thiazolidinediones binding to the
apo-PPARy LBD results in two key hydrogen bonds between H323 and H449 that
essentially locks the AF-2 domain in to a charge-clamp configuration, which favours
binding to the LXXLL co-activator motif rather than the RXR AF-2 domain [57].
Some PPAR co-activators have been identified which interact with the receptor via
their SCAN domains but this association is not dependent on the PPAR AF-2 domain
[136].

1.9 Co-activators

An increasing number of co-activators have been identified which interact with
PPARs to promote gene transcription (Table 1.1). Many co-activators, as described
in the previous section, interact directly with the ligand binding domain of PPAR via
a highly conserved LXXLL motif. Interestingly amino acids directly adjacent to the
LXXLL motif and the specific PPAR agonist used can dictate which co-activators are
recruited by the PPAR receptor [137,138]. Members of the p160 co-activators family
which includes SRC-1, transcriptional intermediary factor-2 (TIF-2) and activator of
the thyroid and retinoic acid receptor (ACTR), contain 3 repeated LXXLL motifs in
their nuclear-receptor interaction domain [139]. Other examples of co-activators
recruited by PPARS via their LXXLL motif include thyroid hormone receptor
associated protein 220 (TRAP220), PPARy co-activator-1 (PGC-1), activator for the
androgen receptor 70 (ARA-70) and BRG1/Brm-2 associated factor of 60 kDa,
subunit c2 (BAF60c2)[140-143]. Members of the LXXLL motif family have
different functions which collectively lead to transcriptional activation. For instance,
SRC-1 and ACTR have histone acetyltransferase activity, while SRC-1, TIF2 and
PGC-1 mediate HAT recruitment [139]. SRC-1 and ACTR both interact with the co-
activator CBP/p300 which exhibits HAT activity [139]. Furthermore, BAF60c2
mediates interactions with components of the SWI/SNF (mating type
switching/sucrose non-fermenting) chromatin remodeling machinery whereas

TRAP220 anchors a multi-
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Cofactor Abbreviation Interacts with | Co-factor ]
PPAR: motif Eupcton
Coactivators
p160 proteins
: ; LXXLL Histone acetyltransferase
Steroid receptor co-activator-1 SRC-1 (NcoA-1) a B/o vy and recruits CBP
Transcriptional intermediary factor-2 TIF2 (GRIP 1) a B/d vy LXXLL Interacts with CBP
. ' Sl . ACTR LXXLL Histone acetyltransferase
Activator of the thyroid and retinoic acid (RAC3/AIB1/ o PIS
receptor TRAM1)
Creb interacting protein CBP/p300 ay LXXLL Histone acetyltransferase
Thyroid hormone receptor associated protein TRAP220 . LXXLL Anchors multi-subunit DRIP complex to PPRE
220 or PPAR binding protein (DRIP205) 4 that interacts with RNA Pol |l
PPARYy coactivator 1 PGC1 Y LXXLL Recruits HATs
Activator for the androgen receptor 70 ARA70 Y LXXLL -
BRG1/Brm-associated factor of 60 kDa, LXXLL Mediates interaction with chromatin
. BAF60c2 Y : I
subunit 2 remodeling machinery
PPARy coactivator 2 PGC2 Y SCAN -
SCAN-domain containing protein-1 SDP-1 y SCAN -
Corepressors
Nuclear co-repressor N-CoR o P/o vy CoRNR
: : : e ; Recruits histone deacetylases
Silencing mediator for retinoid and thyroid SMRT B CoRNR

receptors

Table 1.1 Cofactors recruited by PPARs
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subunit complex of at least 15 DRIP proteins which range in size from 30 to 250 kDa
[143,144]. The DRIP complex shares subunits with RNA Pol II holoenzyme
suggesting that it may facilitate the recruitment of RNA Pol II to the target promoter
by creating a binding surface [141,144]. Other co-activators including PPARY
coactivator protein-2 (PGC-2) and SDP-1 (SCAN-domain containing protein-1) do
not require the charge clamp to interact with PPARy, but instead bind through their
SCAN domain [136]. Evidence from in vitro and in vivo studies suggest that gene
transactivation by PPAR/RXR heterodimers is mediated by the ordered and
sequential recruitment of co-activators [145]. For instance, it has been shown that
because p160 co-activators and TRAP-DRIP complexes utilize the same surface on
the ligand binding domain they cannot be recruited to the receptor simultaneously
because it would result in steric hindrance [144]. Therefore, it is proposed that co-
factors that recruit or have HAT activity such as p160 members initially bind to the
PPAR/RXR heterodimer in the target promoter and then dissociate. Histone
acetylation may promote recruitment of the SWI/SNF complex via BAF60c which
leads to nucleosome clearance [145]. This makes the DNA of the target promoter
more accessible, facilitating assembly of the large DRIP complex anchored by
TRAP220 that targets RNA Pol II and the basal transcriptional machinery to the

promoter which ultimately initiates gene transcription [144] (Fig. 1.5).

1.10 Transrepression

Although PPAR receptors predominantly function as transcriptional activators by
directly binding to PPRESs, Pascual et al have recently shown how ligand dependent
sumolyation of PPARY can promote transrepression of NF-xB target genes by the
PPAR receptor [85]. Ligand binding is required to induce a conformational change in
the ligand binding domain of PPARy in order to expose the sumoylation site of the
sumo E3 ligase PIAS1 (protein inhibitor of activated STAT1). Following
sumolyation of residue K365 (K367 in PPARy1) by PIAS1, PPARY is targeted to a
co-repressor complex on a specific NF-xB regulated promoter, such as that of the
inducible nitric synthase gene (iNOS) [85]. This complex consists of NCoR and
SMRT co-repressors, HDAC3 and
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Fig. 1.5 Sequential recruitment of co-activators by the PPAR/RXR heterodimer.

PPAR/RXR Is proposed to initial recruit p160
co-activators and CBP which mediate histone

acetylation. \

Histone acetylation promotes recruitment of chromatin

remodelling machinery possibie via co-factor

BAF60 resuiting in nucleosome clearance at the target

promoter. \

Now that the DNA Is more accessible PPAR/RXR can

recruit the large multisubunit DRIP complex through TRAP220.

This complex makes contact with RNA Pol Il

which leads to the initiation of gene transcription. \
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transducin beta-like protein-1 (TBL-1) and TBLRI1. In the absence of PPARy,
lipopolysaccharide treatment stimulates iNOS gene transcription by promoting
ubiquitin-mediated proteosomal degradation of NCoR/SMRT co-repressors with
TBLRI1 functioning as the essential E3 ligase [85]. However, PPARY prevents
recruitment of the ubiquitylation/19S proteasome machinery that facilitates the
removal of the co-repressor complex, thus maintaining the promoter in a repressed
state [85] (Fig. 1.6). This mechanism suggests PPARy ligands may mediate their
anti-flammatory effects by stimulating sumolyation dependent PPARY transrepression

of inflammatory gene promoters (See also section 1.12.3).

1.11 The roles of PPARs in normal cell function and disease

1.11.1 PPARa functions

PPARa is highly expressed in the liver and has been shown to play a critical role in
fatty acid catabolism in this tissue [26,90]. In the liver, the fate of the fatty acids is
dependent on the energy status of the organism. When fatty acids and carbohydrates
are abundant, fatty acids are re-esterified to form triglycerides that are packaged with
apoproteins to form VLDL (very low density lipoprotein) which is mainly taken up
by adipose tissue for storage [17]. However, when fatty acid levels are higher than
carbohydrates, fatty acids are metabolized to provide energy. The initial step required
for oxidation of fatty acids, generated by adipose tissue lipolysis, is their uptake up
the hepatocyte [26]. This transport of long chain fatty acids and oxidized low-density
lipoproteins across the plasma membrane is mediated by fatty acid transport protein-1
(FATP-1) and fatty acid translocase (FAT/CD36) [90] The fatty acid transport
protein-1 gene was identified as a direct PPAR« target gene since it contains a
functional PPRE in its promoter [26]. Before fatty acids are metabolized in the liver
they must be converted in to their fatty acyl-CoA derivatives, a process which is
controlled by fatty acyl-CoA synthetase, which is also a direct target gene of

PPARa [17]. Fatty acyl-CoA derivatives are degraded by either the peroxisomal or
mitochondrial fatty acid p-oxidation pathways [19]. The
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Fig. 1.6 Sumoylation dependent transrepression by PPARY.

1. Fatty acid binding protein (FABP) delivers ligand to PPAR ligand binding
domain.

2. Ligand binding induces a conformational change in the receptor which exposes the
PIAS1 sumoylation site (lysine residue PPARy1 = K367, PPARy2 = K365). Ubc9
serves as the SUMO-1 carrier protein (E2) and delivers the SUMO-1 protein to the E3
ligase PIAS1 which in turn sumoylates the PPAR receptor.

3. Sumoylation of the PPAR receptor targets PPAR to a co-repressor complex on
inflammatory gene promoters. The complex consists of transducin beta-like protein-1
(TBL1), TBLR1, NCoR and SMRT co-repressors and HDAC3. Recruitment of
PPAR to this complex prevents the ubiquitylation/19S proteasome machinery from
removing the co-repressor complex, thus the target promoter is maintained in a

repressed state.
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oxidation of very long chain fatty acids in peroxisomes is catalysed by acyl-CoA
oxidase. One of the main functions of peroxisomal -oxidation appears to be
shortening the length of long chain fatty acids (>C20), which predominantly come
from the diet, via the removal of two carbons at each round of oxidation in the form
of an acetyl-CoA molecule, so they can be further metabolized by the mitochondria
[17] This is because the carnitine-dependent transport system which controls the
translocation of fatty acids across the outer and inner mitochondrial membrane
excludes very long chain fatty acids (C>20). A critical component of the transport
system is the carnitine palmitoyltransferase (CPT) enzyme, which catalyses the
formation of fatty acyl carnitine which is required for influx of fatty acids in to the
mitochondria [27]. The promoter of the CPT gene contains a PPRE and is strongly
induced by PPARa. The acetyl-CoA unit produced by each cycle of fatty acid B-
oxidation in the mitochondria can either enter the citric acid cycle for complete

oxidation to generate ATP or is converted to ketone bodies[17].

The synthetic fibrate class of PPARa agonists is used clinically to treat dyslipidemia
and cause a reduction in triglyceride levels and increase in high density lipoprotein
(HDL) cholesterol via PPARa activation [26,90]. Fibrate induction of PPAR«
causes increased expression and activity of lipoprotein lipase (LPL) which catalyses
the hydrolysis of triglycerides in circulating chylomicrons, which leads to increased
clearance of chylomicron remnants by the liver, which in turn decreases triglyceride
levels [90]. Fibrates also attenuate the expression of a natural inhibitor of LPL
activity called ApoC-III and induce ApoA-V, a strong reducer of plasma triglyceride
levels [90]. High density lipoprotein cholesterol consists of a hydrophobic core
containing triglycerides and cholesterol surrounded by a monolayer of phospholipids
and apo proteins. The expression of genes encoding the apo proteins found in HDL,
apolipoprotein Al and AII are up-regulated by fibrate induced PPARa activation.
Increased HDL cholesterol promotes the transport of lipids from peripheral tissues to
the liver which reduces risk of coronary heart disease in patients with obesity or the
metabolic syndrome. In addition to its major role in fatty acid metabolism PPARa
has also been implicated in xenobiotic, bile and amino acid metabolism, vascular and

glucose homeostasis and inflammation [26,63,146-148].
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1.11.2 PPARB/é functions

Initially the functions of PPARPB/3 remained more elusive compared with the other
two PPAR isoforms [149]. Progress in understanding the physiological role of
PPARP/S had been impeded by the receptors broad tissue distribution and lack of
specific PPARPB/S ligands [149,150]. However, recent studies using PPARB/S null
mice have improved informative about some of PPARPB/S functions[151].
Homozygous loss of PPARB/5 resulted in embryonic lethality in 90% of mice which
was caused by an abnormal gap in the placento-decidual interface, indicating that
PPARP/S plays a critical role in placentation[151]. PPARPB/S deficient mice were
also smaller and had a decreased adipose mass [35,151]. Furthermore, PPARB/S has
been implicated in cholesterol transport although there is still controversy over its
function in this process. The selective PPARP/S agonist GW501516 stimulated
expression of the ATP-binding cassette A1 (ABC1) protein, which promoted
apolipoprotein A1 specific cholesterol efflux, in macrophage, fibroblast and intestinal
cells in vitro [97]. In Rhesus monkeys, with comparable symptoms to human
metabolic syndrome X, GW501516 increased high density lipoprotein cholesterol
(HDLc) which transports cholesterol away from peripheral tissues and decreased
fasting triglycerides [97]. In contrast, Palmer et al showed that PPARB/S expression
promoted differentiation of human macrophages in vitro [152]. In addition, treatment
of primary macrophages with another PPAR[/S agonist, compound F, overall
promoted lipid accumulation, despite increasing expression of ABC1 like GW501516
[152].

PPARP/S expression was also up-regulated in the skeletal muscle of mice which had
been fasted for 24 hours and could be completely reversed to control levels by re-
feeding [34]. The induction of PPARB/8 was in parallel with increased expression of
the fatty acid transporter, CD36 [34]. Stable muscle cell lines over-expressing
PPARP/& showed enhanced induction of genes involved with fatty acid uptake,
transport and metabolism, such as CD36, fatty acid binding protein and lipoprotein
lipase. These cell lines also exhibited increased fatty acid oxidation in response to a
specific PPARP/S agonist, indicating a role for PPARB/S in lipid metabolism in

skeletal muscle [34]. PPARP/S appears to play an essential role in skin wound
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healing [149,153]. The immediate response to skin injury is the release of
inflammatory cytokines including TNF-a and IFN-y which stimulate a stress-
associated kinase cascade that activates the PPARB/d promoter via its AP-1 site
[149]. The induction of PPARPB/S expression stimulates keratinocyte differentiation
and increases resistance of keratinocytes to cell death by decreasing PTEN
(phosphatase and tensin homologue 10) expression and activating the protein kinase
B survival pathway [154]. Further support for the anti-apoptotic role of PPARB/d
comes from the finding that human PPARB/8 null human colon cancer cells created
by targeted homologous recombination, were defective in establishing tumours in
nude mice in vivo [155]. Activation of PPAR/S stimulates proliferation of intestinal
adenomas in vivo and human breast, prostate and hepatocellular cancer cell lines in
vitro [156-158]. Conversely, alternative PPAR[B/6 knockout models suggest that
PPAR/8 expression is dispensable for the formation of colonic neoplasms and ligand

activation of the receptor may actually inhibit tumour growth [159,160].

1.12 PPARYy functions

1.12.1 Adipocyte differentiation

The PPARY isoform was originally identified as a critical regulator of adipocyte
differentiation [159,161-164]. Adipogenesis can be induced in mouse 3T3-L1
fibroblasts in vitro by culturing post-confluent cells in a medium containing 3-
isobutyl-1-methylxanthine, dexamethasone and insulin (MDI). Immediately after
exposure to these agents, the fibroblasts re-enter the cell cycle for a limited period of
cell proliferation, termed clonal expansion, which is followed by irreversible growth
arrest that is essential for terminal differentiation to occur[165]. The finding that this
growth arrest coincides with an induction of PPARy expression which continues to be
maintained in the mature adipocytes suggested that PPARy may be a modulator of
this process [165]. This hypothesis is supported by the observation that ectopic
expression of PPARY in fibroblasts results in their differentiation to lipid-laden
adipocytes in vifro [162,166]. Similarly, the forced expression of PPARY in

myoblasts in vitro, in the presence of hormonal stimulation causes
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transdifferentiation, a process which stimulates lipid accumulation in the myoblasts
and expression of tissue-specific fat cell genes which are characteristic of mature
adipocytes [167]. Furthermore, PPARY ligands including 15dPGJ, and TZDs
stimulate adipogenesis in vitro, which can be blocked by treatment with PPARy
antagonists or by ectopic expression of a PPARy dominant negative receptor
[99,100,135,168,169].

The stimulation of PPARYy expression is a critical step in a cascade of events that
regulates adipocyte differentiation and involves co-ordination of several transcription
factors [161,170,171]. During the early clonal expansion phase, in response to
hormonal stimulation, expression of two members of the CCAAT/enhancer binding
protein (C/EBP) family of transcription factors, C/EBPJ and C/EBPS is induced
[170]. Together C/EBPJ and C/EBPS activate the transcription of C/EBPa and
PPARYy although PPARY expression can also be induced by sterol regulatory element
binding protein-1 (SREBP-1)[161]. PPARYy then triggers cell cycle exit and directly
stimulates the expression of several adipocyte-specific genes, including lipoprotein
lipase, fatty acid binding protein (aP2), acyl coenzyme A synthase, fatty acid synthase
and phosphor-enol pyruvate carboxykinase, which all play a role in fatty acid uptake
and storage [161]. Although levels of C/EBPJ and C/EBP$ decline during the
terminal stages of differentiation it is proposed that C/EBPa co-operates with PPARy
in the induction of additional target genes and helps to maintain high levels of PPARy
in the mature adipocyte [171].

1.12.2 The role of PPARYy in type Il diabetes and the metabolic syndrome

Type II diabetes mellitus is a common chronic disease which is characterised by
elevated blood glucose levels and increased cardiovascular morbidity and mortality
[172,173]. The condition can be caused by decreased sensitivity of tissues to insulin
(insulin resistance) and is often associated with hyperinsulinemia, obesity,
hypertension and dyslipidemia, which are components of the metabolic syndrome
[173-175]. Two drugs from the thiazolidinedione (TZD) family, rosiglitazone and
pioglitazone are currently used in the treatment of type II diabetes [173]. TZDs are
high affinity PPARY ligands (ECsy 20-400 nM) and there is a positive correlation
between the potency of TZDs in binding/activation of PPARY in vitro and decreasing
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plasma glucose levels in vivo, suggesting that TZDs mediate their anti-diabetic effect
through PPARy [104]. Furthermore, point mutations in the ligand binding domain of
PPARYy have been discovered in patients which display symptoms characteristic of
the metabolic syndrome (or Syndrome X) including insulin resistance, type 11
diabetes, dyslipidemia, partial lipodystrophy and hypertension [174-179]. For
instance, one subject was heterozygous for a single nucleotide substitution at codon
467 in the PPARy gene which resulted in a proline to leucine substitution (P467L)
[108,176]. This proline residue is located close to helix 12 of the ligand binding
domain which in part forms the AF-2 motif that mediates interactions with nuclear
cofactors. PPARY receptors with substitutions like P467L in this region of the ligand
binding domain are transcriptionally inactive and it predicted that such mutations
disturb the orientation of helix 12 which favours co-repressor association and impairs

ligand binding and co-activator recruitment[176].

Rosiglitazone and pioglitazone treatment alleviates several of the symptoms of type Il
diabetes by lowering glucose, free fatty acid and triglyceride levels in the blood,
reducing plasma insulin concentrations and preserving B-cell function [180].
However, how TZDs regulate these processes is still under investigation. In animal
studies, TZDs increased the responsiveness of liver, skeletal muscle and adipose
tissue to insulin, which led to improved glucose uptake [181]. One hypothesis
proposes that activation of PPARYy in adipocytes, where PPARYy expression is highest,
indirectly improves the insulin sensitivity of muscle and liver tissue, since adipocytes
only take up a relative small proportion of glucose in response to insulin [182]. For
instance, through an increase in pre-adipocyte differentiation, adipose tissue
sequesters more free fatty acids from the circulation, which could reduce competition
between glucose and fatty acids for uptake and oxidation by muscle tissue [181].
TZDs may also block the production of the cytokine tumour necrosis factor-o. (TNF-
o) which inhibits insulin signalling at the level of tyrosine phosphorylation of the
insulin receptor and its major substrate IRS-1 in both muscle and liver [180].
Furthermore, TZDs have been shown to directly increase the expression of proteins
involved with insulin signalling, such as CAP (Cbl-associated protein), IRS-2 (insulin
receptor substrate-2) and the insulin-responsive glucose transporter GLUT4 in
adipocytes [182]. In addition, TZDs can improve insulin signalling by enhancing

expression of the hormone adiponectin but suppressing production of the adipocyte
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specific protein resistin [182,183]. Although recent contrasting studies suggest that
TZDs can also act on other tissues, independent of adipoctyes, to decrease serum

glucose, triglycerides, free fatty acids and plasma insulin levels [180].

1.12.3 PPARy and inflammation

Several studies have suggested that PPARY could be involved in the conversion of
monocytes to macrophages [184] [185]. In vitro, exposure of resting monocytes to
granulocyte-macrophage colony stimulating factor (GM-CSF) or oxidised LDL
stimulates their differentiation to macrophages and is accompanied by an induction of
PPARY expression[185]. However, PPARY ligands can also exert anti-inflammatory
effects by inhibiting the activation of a number of transcription factors which promote
the expression of inflammatory response genes [186]. For instance, the PPARYy
agonist 15dPGJ; can block NF-xb dependent transcription which down regulates
production of several pro-inflammatory cytokines such as TNFa, IL-1B and IL-6
[186]. In addition PPARY inhibits the expression of inducible nitric oxide synthase
(iNOS), gelatinase B, cyclooxgenase 2 (COX-2) and the scavenger A receptor in
macrophages [63,186]. Repression of COX-2 levels by liganded PPARy occurs
because it competes with an activator of COX-2 expression, c-Jun, for binding to the
co-activator CBP/p300. Furthermore, activation of PPARy can stimulate anti-
inflammatory responses by antagonizing the PI3-kinase-mediated signaling cascade
via up-regulation of PTEN in macrophages, which induces them to undergo apoptotic
cell death [186]. The synthetic ligands troglitazone and rosiglitazone attenuated
colonic inflammation in a vivo colitis model, suggesting that PPARy agonists may

have potential in the treatment of inflammatory bowl disease [182].

Atherosclerosis is a pathological disease that ultimately leads to the localised
obstruction of an artery due to the progressive build up in the arterial wall of an
atheromatous plaque [17]. One of the key processes in the formation of the plaque is
the conversion of macrophages to lipid laden foam cells, which is mediated by the
internalisation of oxidised LDL through the CD36 scavenger receptor [182]. Two
oxidized components of oxLDL particles, 9 and 13 HODE (hydroxyoctadecadienoic
acid) are PPARYy ligands, and therefore uptake of oxLDL causes increased PPARy
activation. Since CD36 is a target gene of PPARY, it is proposed that oxLLDL initiates
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a positive feedback loop which potentiates uptake of oxLLDL by the macrophage.
Immunohistochemical analysis of atherosclerotic lesions has demonstrated that
PPARy is expressed in foam cells in vivo [187]. Although these findings suggest that
PPARYy has a pro-atherosclerotic function, clinical data in humans treated with
troglitazone demonstrates that PPARy does not promote atherogenesis [182]. There
is evidence to suggest that PPARy can also promote cholesterol efflux. For instance,
PPARY activation increases LXRa expression, which in turn, leads to stimulation of
expression of the ABC1 transporter and cholesterol efflux [19]. PPARy agonists have
also been shown to raise HDL cholesterol and inhibit inflammatory cytokine

production, which may actually help prevent plaque formation.

1.12.4 PPARy and cancer

PPARY is expressed in at least 22 different human malignancies and evidence from a
large number of studies suggest that the receptor may function as a tumour suppressor
[188]. For instance, activation of PPARy by either natural or synthetic ligands
attenuates the growth of cell lines established from breast, hepatocellular, prostate,
gastric, pancreatic, salivary gland, lung and bladder carcinomas [117,189-198].
Depending on the cancer cell type, the ligand concentration or the type of PPARy
agonist, growth inhibition caused by PPARY activation can coincide with either cell-
cycle arrest or induction of terminal differentiation or programmed cell death.
Although the direct in vivo target genes of PPARy which regulate these cellular
processes remain elusive, changes in gene expression in cancer cells in response to
PPARy ligand treatment have provided insight in to the downstream pathways which
might be involved (Fig. 1.7) For example, growth arrest promoted by PPARYy
agonists in hepatocellular, renal, colon, non-small lung and breast cancer cell lines in
vitro was correlated with elevated expression of one or more cyclin dependent kinase
(CDK)) inhibitors including, p18, p21 and p27 [188,197,199-205]. CDK inhibitors
abrogate cell-cycle progression by blocking phosphorylation of the retinoblastoma
protein by cyclin/CDK complexes. This promotes cell-cycle withdrawal because in a
hypo-phosphorylated state retinoblastoma protein is a negative regulator of cell cycle
progression. A consensus PPRE has been identified in the p21 promoter, suggesting
that PPARY activation may directly increase transcription of this CDK inhibitor [165].

Furthermore, PPARy induced growth arrest in cancerous cells has been correlated
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with decreased levels of cyclin D1, which is essential for the activity of cyclin
dependent kinases CDK2, CDK4 and CDK6 [188,206,207].

Cell cycle exit precedes the terminal differentiation of normal and malignant cells;
therefore increased levels of p21 protein are also observed in cancer cells that
differentiate in response to PPARYy ligands [203]. In addition, stimulation of
morphological changes and expression of molecular markers which are associated
with a more mature, less malignant phenotype have been detected following ligand
activation of PPARYy in certain cancer cell lines, including liposarcoma, glioma,
leukaemia, osteosarcoma and pancreatic cancer cell lines in vitro [208] [188,190,209-
211]. In non-small lung cancer cell lines PPARY agonists’ up-regulated levels of
HTTs6 which is a marker of terminally differentiated pneumocytes [203]. Treatment
of breast cancer and liposarcoma cells with the synthetic PPARYy ligand troglitazone
in vitro caused lipid accumulation and changes in gene expression which were more
characteristic of normal breast epithelial cells and mature adipocytes respectively
[190,209]. Other alterations in morphology induced by PPARYy ligands in vitro,
which are indicative of cellular maturation, include an increase in the cytoplasmic-to-
nuclear ratio of colon cancer cells and neurite extension in LAN-5 neuroblastoma

cells [212,213].

PPARYy activation in cancer cells can also induce two types of programmed cell death,
apoptosis and type II programmed cell death (autophagy) [214,215]. The cellular
hallmark of apoptosis is the internucleosomal fragmentation of nuclear DNA that
results in the production of oligonucleosomes of different but distinct lengths [216].
Stimulation of apoptosis triggers a variety of intracellular signalling cascades.
However, central to the apoptotic mechanism is the activation of caspases [216] (Fig.
1.7). Caspases are cysteine proteases that are synthesised as large inactive precursors
from which the enzyme is released by cleavage at aspartic residues [217]. Caspases
act in a sequential manner with caspases-8,-9 and -10 functioning as early initiators
while caspases-3 and -6 are apoptosis effector molecules [216]. Caspase activation
can be stimulated by the tumour suppressor p53 through induction of the pro-
apoptotic factor BAX [218]. BAX stimulation is associated with release of
cytochrome c from the mitochondria, which in turn activates caspase 9 by binding to

Apaf (apoptosis-activating factor) although the exact mechanism of cytochrome ¢
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release is still unclear [217]. BAX is antagonised by the anti-apoptotic protein Bel-2
(B cell lymphoma 2)[217]. Furthermore, induction of p53 and BAX or repression of
Bc1-2 levels has been observed in cells treated with PPARy ligands suggesting that
this pathway might mediate apoptotic cell death by PPARy in malignant cells
[219,220].

Autophagy in higher eukaryotic organisms has emerged as a multifunctional pathway,
which in addition to regulating turnover of cytoplasmic constituents, is also involved
in removal of damaged organelles, programmed cell death and development of
different tissue specific functions [215,221,222]. Autophagy begins with the
formation of a “C” shaped double-membrane pre-autophagosomal structure in the
cytoplasm [222]. Several origins for this “wrapping” membrane have been proposed
including the ribosome free regions of the endoplasmic reticulum [223]. The
structure then grows at each end, enclosing cytoplasmic contents and organelles, to
form a double membrane vesicle called an autophagosome [222]. The
autophagosome then targets the lyososome, where its outer membrane fuses with the
lysosomal membrane [223]. The autophagosome inner membrane, cytoplasmic
contents and organelles are then finally degraded by lysosomal hydrolases [215] (Fig.
1.7). Induction of autophagy has been observed in prostate cancer and IMR-32
neuroblastoma cell lines in vitro following treatment with the natural PPARy ligand
15dPGJ,. PPARy may induce autophagy through increased expression of a putative
target gene termed PTEN (phosphatase and tensin homologue detected on
chromosome 10) [224]. PTEN is proposed to trigger autophagy through inhibition of
the phosphatidylinositol (PI) 3-kinase/protein kinase B (Akt/PKB) pathway which

promotes cell survival and attenuates programmed cell death [225,226].

A number of studies have demonstrated that PPARy ligands can also inhibit the
growth of tumours in mice that originated from injections of human breast, lung and
prostate cancer cells[219,227,228]. However, investigations of the role PPARy in
colon cancer in vitro and in vivo have revealed seemingly opposite findings. For
instance, differentiation and reversal of malignant changes were observed upon

treatment of colon cancer cell lines with TZD PPARy ligands in a study by Sarraf et
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Fig. 1.7. Cellular responses induced by PPARY ligands in cancer cells. The table below gives examples of potential downstream targets of

PPARy which might mediate cell-cycle arrest, differentiation, apoptosis or autophagy induced by PPARy ligands in malignant cells.

Cellular response Cell cycle arrest Differentiation Apoptosis Autophapy
o +ocyclin + CDK p21 o +p53 tumour + PTEN phosphatase
dependent suppressor
Potential PPARYy kinase inhibitors e + pro-apoptotic
targets - p18, p21, p27 BAX
e -cyclin D1 e - anti-apoptotic
Bcl-2
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al [212]. In addition, they showed that progression of tumours in mice, derived from
human colon cancer cells, was attenuated by TZD administration [212].
Heterozygous loss of PPARY also caused an increase in B-catenin levels and a greater
incidence of colon cancer when mice were treated with the potent carcinogen
azoxymethane [229]. B-catenin is normally sequestered in the cytoplasm by the APC
protein which promotes its degradation. However, APC gene deficiency, promotes an
increase in B-catenin levels and translocation of B-catenin to the nucleus where it
enhances the expression of growth-promoting genes, leading to tumour development
[188]. For unclear reasons, TZD treatment of colon cancer cells in APC null mice
stimulates colon tumour growth by increasing B-catenin levels [188,230,231]. These
results suggest that the initiation event in the development of colon cancer can

influence the cellular response to PPARy ligands [188].

1.12.41 PPARy mutations in cancer

Several natural mutations of PPARy have been described which interfere with the
transcriptional activity of the wild type receptor and are implicated in the
pathogenesis of cancer. A recent study revealed four different mutations of the
PPARY gene in sporadic colon cancer cells [232]. One of the mutations involving an
exon 3 frameshift resulted in a protein which lacked most of the ligand binding,
heterodimerisation and AF-2 activation domains and was therefore assumed to be
inactive [232]. The other mutations, one non-sense and two missense mutations
occurred in exon 5 which encodes the ligand-binding domain. These PPARYy receptor
mutants exhibited impaired ligand binding and ability to stimulate gene transcription.
None of the mutations were found in the corresponding germline DNA which

suggested that they were acquired during tumour development [232].

In addition, two variant transcripts of PPARYy, generated by alternative splicing, have
been identified in colon and leukaemia cancer cell lines, that encode dominant
negative receptors which inhibited the action of normal PPARY[233,234]. Both of
these novel PPARY isoforms are truncated proteins which lack the entire ligand
binding domain [233,234]. Since the PPARY variant termed yORF4, originally
detected in colon cancer cells, retained the ability to heterodimerise with RXR and

recognise PPREs, but was transcriptionally inactive, it was proposed that it might
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function by sequestering RXR from wild-type PPARY or compete for binding to
DNA [233]. In contrast, the second PPARy mutant (PPARYy1y) interacted weakly
with DNA, although its inhibitory effect on PPRE-mediated transcription was
relieved by co-transfection with an expression vector encoding p300, suggesting it
may act by competing for co-activators despite lacking the AF-2 (activation function-
2) domain [234]. Ectopic expression of YORF4 and PPARY1 stimulated cell
proliferation in vitro. Furthermore, it was demonstrated that yYORF4 was expressed in
primary sporadic colorectal tumour samples and in some cases was found in both the
malignant tissue and adjacent mucosa indicating that abrogation of PPARYy function
may play a role in the development of some cancers [233,234]. This hypothesis is
further supported by the work of Kroll ef al who revealed that a translocation in a
subset of human follicular carcinomas, which is probably critical in their initiation,
resulted in an in-frame fusion of the DNA binding domain of the transcription factor
PAXS, with domains A to F of PPARy]1, that functioned as a dominant negative
suppressor of wild-type PPARY1 transcription [235-238].

1.12.4.2 Clinical trials of PPARY ligands in cancer patients

A small number of clinical trials have been conducted in patients with liposarcoma or
prostate or colon carcinomas using TZD PPARYy ligands [209,239-243]. Demetri et al
reported that administration of troglitazone to three patients with intermediate to high
grade liposarcomas induced pronounced histological and biochemical changes in the
tumours which indicated that they had undergone differentiation in vivo [209].
Tumour biopsies taken from each patient during the course of treatment exhibited
extensive cytoplasmic lipid accumulation in the malignant cells [209]. Molecular
analysis of the tumour cells also revealed increased expression of adipocyte-specific
genes, including aP2, adipsin and PPARy [209]. Furthermore, results of a phase II
clinical trial of 41 men with advanced prostate cancer using troglitazone showed that
20% of patients had sustained PSA (prostate specific antigen) decline between 1 and
50% and in one patient there was a major decrease in PSA to nearly undetectable
levels [239]. PSA is a widely used marker in the diagnosis of prostate cancer since its
level correlates with tumour size. Therefore the fall in PSA levels in patients who
took part in this study suggest that troglitazone was attenuating tumour progression in

vivo.
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Conversely, clinical trials with another TZD rosiglitazone in liposarcoma and prostate
cancer patients have yielded contradictory results, as rosiglitazone treatment did not
appear to induce morphological changes or halt tumour progression [240,241].
However, these findings could be based partly on selection of pre-treated refractory
cancers which no longer responded to therapeutic interventions [188]. A second
criticism is that the PPARy concentration required to induce anti-neoplastic effects in
humans has not been identified. Therefore, the level of PPARY agonist reached in
patients by oral treatment may not have been sufficient to inhibit tumour growth
[188]. Although more large scale clinical studies are needed the promising findings
from some of these preliminary investigations suggest that PPARYy ligands have
potential in the treatment of human malignancies that respond poorly to currently

available therapies including advanced staged childhood neuroblastoma.

1.13 Neuroblastoma

1.13.1 Etiology and epidemiology

Neuroblastoma is the most common, extra-cranial solid tumour of childhood which
originates from the neural crest [244,245]. With an annual incidence of 8 per million
children under the age of 15, neuroblastoma accounts for approximately 6-10% of all
paediatric malignancies, however is responsible for more than 15% of cancer
fatalities in this age group [244,246-249]. More than 95% of neuroblastoma cases
present by 10 years of age with a median age at diagnosis in an unscreened
population of 22 months[244,246-248]. Overall neuroblastoma occurs more
frequently in boys, giving a male to female ratio of 1.2 to 1, although both sexes have
similar incidences of more advanced stage disease [246,247]. Neuroblastomas
usually occur sporadically, however in 1-2% of cases there is a family history
[245,249]. The etiology of this disease remains unclear although it is speculated to
arise during foetal or early postnatal life from immature neural crest cells whose
differentiation is aberrantly regulated [246,248,250]. Currently no environmental
factors or parental exposures have been identified that consistently influence

neuroblastoma occurrence [245,248].
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1.13.2 Pathology and clinical presentation

Neuroblastoma is characterised by its diverse pathology, which ranges from localised
tumours that have favourable prognosis and can undergo spontaneous regression to
disseminated disease which is generally incurable [244,245]. Normally during
development, at the stage of neurulation, cells of the neural crest migrate extensively
and mature to become cells of the adrenal medulla, the sympathetic nervous system,
Schwannian cells, certain types of neuroendocrine cells and mesenchymal-type tissue
in the head and neck region[250]. While primary neuroblastoma tumours may occur
wherever cells derived from the neural crest are found, they most commonly arise in
the adrenal medulla [251]. The location of the primary lesion may be influenced by
the patient’s age at diagnosis, since children over the age of one exhibit a higher
percentage of adrenal and abdominal tumours, but a lower incidence of thoracic and
cervical tumours compared with infants [246,247]. However, in one percent of

patients no primary tumour is detected.

The gross appearance of neuroblastoma tumours may vary from solid, differentiated
lesions with white-pink coloration to highly vascular, diffuse masses with an
extremely fragile pseudo-capsule containing haemorrhage, necrosis and
calcification[247]. Neuroblastomas are one type of neuroblastic tumour, which also
encompasses ganglioneuroblastomas and ganglioneuromas [250]. Neuroblastic
tumours have been classified in to these three groups based on their degree of cellular
differentiation and Schwannian cell content. Neuroblastomas are composed of
undifferentiated or poorly differentiated neuroblasts with limited Schwannian cell
content [252]. These neuroblasts are classic “small, round, blue” cells with scant
cytoplasm and darkly stained nuclei that are similar to those observed in other
childhood neoplasms such as rhadomyosarcoma [253]. Ganglioneuroblastomas
contain neuroblasts and regions of mature Schwannian stroma with individually
scattered differentiated or differentiating ganglion cells [250]. Conversely, benign
ganglioneuromas predominantly consist of mature ganglion cells, Schwannian cells

and neuritic processes with little or no neuroblastic component [252].

Between 50 and 60% of neuroblastoma patients are diagnosed with disseminated

disease and metastases occur most frequently in bone marrow, bone, liver and skin
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[246,253]. The signs and symptoms displayed by the neuroblastoma patient are
dependent on the location of the primary lesion and the extent of metastatic disease
[245]. Abdominal neuroblastomas can be detected by the presence of a firm fixed
abdominal mass; however weight loss, pain and distended abdomen are also
frequently observed [247]. In addition, large tumour masses in the lower abdomen
and pelvis can result in bladder or bowel dysfunction [247]. Children or infants with
paraspinal tumours may present with spinal cord compression which in some
instances causes acute paresis or paraplegia, while Horner’s syndrome is observed in
individuals with cervical or apical thoracic lesions. Patients with disseminated
disease often have symptoms of fever and bone pain and if metastases have reached

the orbit they can manifest as orbital ecchymoses which resemble facial trauma [245].

1.13.3 Disease staging

In 1988 a multinational, multidisciplinary committee established the International
Neuroblastoma Staging System (INSS) which was later revised in 1993 (Table 1.2)
[254,255]. Accurate disease staging is critical for determining the prognosis and
treatment plan of the neuroblastoma patient. Previously, the use of a variety of
classification systems made comparison of treatments and results difficult [256].
Furthermore, while it was comparatively simple to define localised and disseminated
disease, distinction between intermediate tumour types had proved more challenging
[247]. Therefore the INSS incorporated the best features of other staging methods but
standardised areas of controversy such as definitions of localised, unresected and
regional disease [246]. According to the INSS, patients with stage 1 disease have a
completely resectable/excisable tumour with no ipsilateral lymph node involvement,
whereas stage 2A-B patients have a localised neoplasm that can be partially or
completely excised and ipsilateral lymph nodes are either positive or negative for
tumour [254]. In stage 3 neuroblastomas the tumour is usually unresectable and can
extend across the midline (vertebral column) and may involve regional lymph nodes
[252]. Patients diagnosed with stage 4 neuroblastomas have a primary tumour and
metastases in distant lymph nodes, bone, bone marrow, liver, skin and or other
organs. The 4S category specifically includes infants less than one year old who
present with disseminated disease but which is limited to skin, liver and or bone

marrow. Despite having metastatic disease, a high percentage of 4S cases
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spontaneously regress without treatment [257]. The INSS is now acknowledged

world-wide and used in most neuroblastoma treatment protocols.

1.13.4 Prognostic factors

1.13.4.1 Clinical

Numerous studies of neuroblastoma patients from different countries have
consistently demonstrated that age at diagnosis and disease stage are the two most
important clinical prognostic factors [251,258-260]. The survival rate of infants
under the age of 1 is between 80 and 90% whereas children over the age of 1 have an
inferior prognosis with survival rates ranging from 25 to 40% [253]. The diagnosis
for patients with INSS stage 1, 2 and 4S tumours is very favourable with survival
figures of 75-93% [246,251,258-260]. Overall survival rates for patients with INSS
stage 3 and 4 neuroblastomas are poorer compared with lower stage and 4S tumours;
however infants less than 1 year old with higher grade tumours have a better
prognosis than children over 1 year of age [251]. For instance, infants with INSS
stage 3 and 4 tumours have survival rates of 80-90% and 60-75% respectively while
children have the worst prognosis with survival figures of only 50% for stage 3 and

15% for disseminated (stage 4) disease[246].

In addition to these clinical features, an increasing number of biological and genetic
factors have been identified which can assist in the diagnosis and prediction of

outcome of neuroblastoma patients (Table 1.3).

1.13.4.2 Biological factors

Neuroblastoma cells synthesise and release the catecholamines, epinephrine,
norepinephrine and dopamine or their metabolites vanillylmandelic acid (VMA) and
homovanillic acid (HVA) [253,261]. 80-90% of cases of neuroblastoma excrete these

substances in to the urine; therefore the detection of increased levels of
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Stage

_Definition

Localised tumour with complete gross excision with or without microscopic
residual disease; representative ipsilateral lymph nodes negative for
tumour microscopically (nodes attached to and removed with the primary
tumour may be positive).

2A

Localised tumour with incomplete gross excision, representative ipsilateral
nonadherent lymph nodes negative for tumour microscopically.

2B

Localised tumour with or without complete gross excision, with ipsilateral
nonadherent lymph nodes positive for tumour. Enlarged contralateral
lymph nodes must be negative microscopically.

Unresectable unilateral tumour infiltrating across the midline*, with or
without regional lymph node involvement; or localised unilateral tumour
with contralateral regional lymph node involvement; or midline tumour with
bilateral extension by infiltration (unresectable) or by lymph node
involvement.

Any primary tumour with dissemination to distant lymph nodes, bone, bone
marrow, liver and/or other organs (except as defined by stage 4S).

4S5

Localised primary tumour (as defined for stage 1, 2A, or 2B) with
dissemination limited to skin, liver and/or bone marrow’. Limited to infants
<1 year of age.

*The midline is defined as the vertebral column. Tumours originating on one side
and crossing the midline must infiltrate to or beyond the opposite side of the
vertebral column.

*Marrow involvement in stage 4S should be minimal, i.e., <10% of total nucleated red
blood cells identified as malignant on bone marrow biopsy or on marrow aspirate.
More extensive marrow involvement would be considered to be stage 4. The mIBG
scan (if performed) should be negative in the marrow.

Table 1.2. International Neuroblastoma Staging System (INSS)

catecholamines or their metabolites in urine samples is used in the initial diagnosis of

neuroblastoma patients [261]. Catecholamine and metabolite levels can be monitored

to assess tumour progression, although there is still controversy over which

catecholamines/metabolites are associated with different disease stages [262,263].

For instance, Zambrano et al demonstrated a correlation between high VMA levels

and older patients as well as aggressive tumours [264]. Conversely, Strenger et al

found high dopamine levels in disseminated neuroblastomas whereas 4S tumours
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displayed the greatest VMA levels. They suggested that determining the
dopamine/VMA ratio might help to discriminate between stage 4 and 4S

neuroblastomas [264].

Neuron-specific enolase (NSE) is one of five isoforms of the glycolytic enzyme,
enolase. NSE is released by neuroblastomas in to the blood, and its level in serum
correlates with disease stage and course [265]. NSE levels greater than 100 ng/ml are
indicative of advanced stage disease and associated with poor prognosis [266].
Interestingly, despite their extensive tumour burden, patients with stage 4S disease
exhibit significantly lower serum NSE levels compared with those in stage 4 [266].
Furthermore, NSE levels have been shown to decrease following therapy [266].
These findings demonstrate that NSE is a valuable tumour marker for neuroblastoma
and quantification of its level in serum can help to assess disease stage, monitor the
effect of treatment and detect recurrent disease [262,265]. Two other tumour
markers used in the diagnosis of neuroblastoma are ferritin and lactate dehydrogenase
(LDH). Serum ferritin released from damaged tissues is in an unglycosylated form
whereas glycosylated ferritin is actively secreted by intact cells [267]. A study by
Hann et al indicated that elevated serum ferritin in neuroblastoma patients was
predominantly a consequence of secretion by the tumour and therefore is suggestive
of active disease [267]. Like NSE, a decrease in ferritin levels coincides with disease
remission following treatment [268]. LDH catalyses the conversion of lactate to
pyruvate and its level is elevated in many types of cancer, therefore it is not a specific
marker for neuroblastoma, but its detection can help to corroborate findings from

other diagnostic techniques [253].

Neurotrophin signalling cascades play a critical role in the normal development of the
sympathetic nervous system and in the biology and clinical behaviour of
neuroblastomas [269,270]. Neutrophins that function in neuronal maturation, include
nerve growth factor (NGF), brain-derived neurotrophic factor (BDNF), neurotrophin-
3 and neurotrophin-4 and they mediate their effect through Trk receptor tyrosine
kinases [248,269,270]. So far, three Trk receptors, TrkA, TrkB and TrkC have been
implicated in regulating the growth, differentiation and survival of neuroblastoma
cells [248,269]. TrkA binds NGF with high affinity whereas TrkB is the receptor for
BDNF and neurotrophin-4 and TrkC is the high affinity receptor for neurotrophin-
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3[269]. Differential expression of these neurotrophin receptors is strongly correlated
with the biological responses and clinical characteristics of neuroblastomas. The
TrkA receptor is highly expressed in low stage neuroblastoma tumours and is
associated with favourable prognosis [271,272]. Furthermore, NGF treatment of
primary neuroblastoma cells with elevated levels of TrkA receptor or neuroblastoma
cell lines stably expressing TrkA promotes morphological differentiation and neurite
outgrowth [269,271,272]. However, in culture, in the absence of NGF these cells
undergo programmed cell death. Like TrkA, TrkC is expressed in neuroblastomas
which have a favourable outcome. Conversely, TrkB is predominantly expressed in
advanced stage tumours, many of which also express BDNF [248,270]. These
findings have led to the hypothesis that the expression profile of Trk receptors, at the
time malignant transformation, impacts on neuroblastoma behaviour iz vivo. In this
model, low-stage tumours, especially those in infants, expressing high levels of the
TrkA receptor, will terminally differentiate in the presence of NGF or if NGF is
limiting enter an apoptotic death pathway. In contrast, in aggressive disease
expression of the TrkB receptor and its ligand BDNF establishes an autocrine
pathway which promotes cell growth and survival even in the absence of exogenous

neurotrophins [248].

CD44 is a cell surface glycoprotein which mediates cell-cell and cell-extracellular
matrix interactions and has been implicated in the progression and metastasis of
tumours [273,274]. However, in contrast to other human malignancies, lack of CD44
protein expression is associated with shorter progression-free survival periods in
neuroblastoma patients [275]. In addition, CD44 protein levels positively correlate
with the grade of tumour cell maturation and CD44 expression is induced by
differentiation agents such as retinoic acid suggesting that CD44 acts as a
differentiation marker in neuroblastoma [273,275]. Often neuroblastoma patients
respond well to initial chemotherapy but relapse either during the course of treatment
or shortly after it has been completed because they develop drug resistance [248].
The multidrug-resistance-associated protein (MRP) gene encodes a 190-Kd
membrane-bound glycoprotein that in vitro has been shown to mediate resistance to a
variety of drugs derived from natural products [276]. Analysis of MRP expression in

primary tumour specimens from neuroblastoma patients demonstrated that high MRP
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levels in vivo were strongly associated with lower survival rates and suggesting that

this might be the mechanism by which neuroblastomas acquire drug resistance [276].

Telomeres are structures found at the end of eukaryotic chromosomes and are
composed of hundreds of hexameric DNA repeats with the consensus TTAGGG
[277,278]. The function of telomeres is to prevent loss of genomic DNA during
replication and to stabilise chromosomes [277]. Telomeres are maintained by a
multi-subunit ribonucleoprotein enzyme called telomerase, which uses a short RNA
template within the enzyme itself to replicate the hexanucleotide repeats [278].
Normally telomerase is expressed in embryonic cells and cells involved in tissue
renewal but not in somatic tissues [277]. Therefore, in most somatic cells at each
round of cell division telomeres become shortened until they can no longer protect
chromosomal ends leading to cell death[278]. Conversely, telomerase expression and
maintenance of telomeres has been observed in cells from many types of human
cancer including neuroblastoma [278]. Telomere maintenance is speculated to be an
essential step in immortalisation of malignant cells. Indeed, increased telomerase
activity and telomere length are both predictors of poor outcome in neuroblastoma
patients [277,278]. Detection of telomerase activity may also be useful in assessing
the success of treatment, since if neuroblastoma tumours remain positive for

telomerase activity after chemotherapy the prognosis is unfavourable [277].

1.13.4.3 Genetic abnormalities

Several genetic features, in particular N-myc gene copy number, DNA ploidy,
deletion or loss of heterzygosity of chromosome 1p and gain of chromosome 17q

have been identified as independent prognostic factors in neuroblastoma.

The N-myc oncogene was first cloned in 1983 by identifying an amplified DNA
sequence, with homology to another oncogene c-myc, in neuroblastoma cell lines
with double minute chromatin bodies (DMs) or homogenously staining regions
(HSRs) [279,280]. DMs and HSRs are hallmarks of DNA amplification and

commonly observed in tumour cells [248,281,282].
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Prognostic group

Description

Outcome

Favourable Unfavourable
Clinical factors
Stage 1,2, 4S 3,4
| Age <365 days >365 days
Tumour markers
Ferritin Increased serum ferrritin caused by secretion from tumour. Low High
LDH LDH levels elevated in many tumour types —general tumour marker. Low High
NSE NSE released by tumour and correlates with disease stage. Low High
Histology Tumours_ with favourable histology are differentiated and Schawannian- Favonrabie URFaoirabis
stroma rich.
Biologic factors
TrkA expression Stable expression of TrkA promotes neuroblastoma differentiation. High Low
TrkC expression TrkC expression also associated with differentiated neuroblastomas High Low
TrkB expression Expression of TrkB promotes cell growth High/FL
CD44 expression | Cell surface glycoprotein — acts as differentiation marker High Low
MRP expression May mediate resistance to chemotherapeutic agents in neuroblastoma Low High
Telomerase Telomere maintenance proposed to be essential for immortilisation of Low High
malignant cells
Genetic factors
Ectopic expression of N-Myc transforms cells in vitro. Proposed to stimulate | Normal Co A
SRl expression of growth-prom{)ting genes. i number 2 Ampliied
) Hyperdiploid tumours are associated with whole chromosome gains, rather >1.0 e
i NaEs than less favourable genetic abnormalities : (hyperdiploid) et
Chromosome 1p Region speculated to contain at least two tumour suppressor genes Normal Deletion
Chromosome 17q | Region of partner chromosome lost following partial gain of 17q Normal Gain

protein

Abbreviations: LDH = lactate dehydrogenase; NSE = neuron-specific enolase; FL = full-length transcript; MRP = multidrug resistance

Table. 1.3. Prognostic factors in neuroblastoma
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It is postulated that amplification is initiated when the N-myc gene, located on
chromosome 2, is transposed to DMs [279]. DMSs, which are circular extra-
chromosomal DNA fragments, may subsequently be integrated in to other
chromosomal sites as HSRs [244,282]. The N-myc copy number is usually increased
by 50- to 700-fold following amplification which results in high levels of N-myc
mRNA and protein expression [247,248,279]. Brodeur et al subsequently showed
that N-myc amplification in neuroblastomas was strongly correlated with advanced
stage disease and poor prognosis [283]. These initial findings have been verified by
multiple independent studies and N-myc amplification, which occurs in
approximately a third of neuroblastoma cases, has now been established as a highly
significant predictor of survival independent of age and disease stage [244,284-286].
Indeed, along with other prognostic factors, routine detection of N-myc status, by
Southern blotting, genomic PCR or fluorescence in situ hybridization (FISH), is used
in the assignment of neuroblastoma patients to low, high or intermediate risk groups
[244,247,287]. Ectopic over-expression of N-myc has been demonstrated to
transform cell lines in vitro and transgenic mice, with neuroectodermal cells that
constitutively over-express N-myc, develop neuroblastoma tumours irn vivo [248,285].
Although these studies confirm that N-myc functions as an oncogene, the mechanism
by which N-Myc protein regulates malignant development is only beginning to be
elucidated but is thought to involve inappropriate activation or repression of growth-
related genes. While amplification of N-myc clearly plays a role in neuroblastoma
progression, controversy remains over the prognostic significance of N-Myc protein
expression in neuroblastomas with single-copy N-myc [288]. However, some
tumours with out N-myc amplification have been shown to express high levels of N-

Myc protein which correlated inversely with survival probability [289,290].

Normal human cells have a diploid DNA content; however hyperdiploidy (increased
DNA content) is common in cancerous cells. Interestingly, hyperdiploid DNA
content mostly in the near-triploid range is observed in 80% of neuroblastoma
tumours from infants and is an indicator of favourable outcome in this age group
[247,248,291]. In contrast, diploid DNA content is associated with advanced stage
disease, poor prognosis and treatment failure [244,291]. It is speculated that the

positive prognosis for neuroblastomas with hyperdiploidy is a consequence of whole
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chromosome gains compared with the chromosomal rearrangements, including
amplifications, deletions and unbalanced translocations which are characteristic of
diploid neoplasms [246,248]. Therefore, assessment of DNA content, possibly by
flow cytometric analysis of cell nuclei, has potential in the prognosis of

neuroblastomas identified in infants [244,248].

Several chromosomal abnormalities that occur with high frequency have been
identified in neuroblastoma including chromosome 17q gain and deletion or loss of
heterozygosity of chromosome 1p. Fluorescence in situ hybridization analysis has
revealed gain of material from chromosome 17 in 63-83 % of neuroblastoma tumours
[244,248]. The gain may involve the entire chromosome, as observed in certain
triploid tumours, or only a distal segment of the long arm, 17q21-qter [244,292]. The
partial gain of 17q is usually a consequence of an unbalanced translocation with a
partner chromosome [293]. The most common partner is the short arm of
chromosome 1 although remarkably the 17q12-qter segment has also been found at
30 other sites on 20 different chromosomes [244]. The segment on the partner
chromosome distal to the breakpoint is lost and a segment of 17q translocates to the
site [292]. While whole chromosome 17 gains are observed in tumours exhibiting
favourable clinical and genetic features, unbalanced partial gain of 17q is indicative
of tumour progression and is strongly correlated with advanced stage disease and with
tumours in children over the age of 1[292,293]. In 1977 Brodeur et al first identified
deletions of 1p in cytogenetic analysis of primary neuroblastoma tumours and cell
lines[248]. This study also revealed that there is a wide range of breakpoints on Ip
from 1p22 to 1p36 [248]. Deletions of 1p are correlated with unresectable and
metastic disease and introduction of 1p material in to neuroblastoma cells ir vitro
causes morphological differentiation and suppression of tumour growth [244,294].
This infers that distal 1p could contain a gene or genes important in the development
of neuroblastoma. Further studies have shown that there are two regions of distinct
allelic loss, suggesting that there may be at least two tumour suppressor genes on 1p,

one located distally in 1p36.2-3 and one more proximal in 1p35-36.1 [244].

1.13.5 Current treatment for neuroblastoma
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Analysis of clinical, biological and genetic markers allows neuroblastoma patients to
be assigned in to low-, intermediate- and high-risk categories, which assists in
determining the treatment policy[245,247]. Low risk neuroblastoma patients include
infants and children with INSS stage 1 disease, INSS stage 2 patients, with single
copy N-myc or favourable histology, and INSS stage 4 patients with favourable
biology [248]. Patients with stage 1 or stage 2 disease in this group have localised
tumours, which can usually be treated with surgery alone. [245,247]. Indeed post-
surgery individuals with stage 1 neuroblastomas have a disease free survival rate of
95% [246]. Similarly, stage 2 patients have excellent survival rates following surgery
and even in cases where residual disease requires further treatment with
chemotherapeutic agents [247]. Infants and children with stage 4S neuroblastomas

often only require supportive care which is effective for 90% of cases [247,257].

Intermediate-risk patients consist of patients diagnosed with stage 3 disease at any
age and infants less than 1 year of age with stage 4 neuroblastomas [245,247].
Treatment of intermediate-risk patients involves surgery and moderately intensive
chemotherapy. Radiotherapy is used in the management of patients with biological
unfavourable stage 3 tumours with residual disease. More aggressive chemotherapy
regimens are only considered if the patient does not respond to initial therapy or have
recurrent disease [253]. Patients in this category have an excellent prognosis post-
therapy with reported survival rates of greater than 80% [247]. Neuroblastoma
patients in the high-risk category are stage 2 patients, stage 3 children or stage 4
infants all with N-myc amplified tumours. This category also includes stage 4
patients older than 1 year [247]. In addition to surgery, “Megatherapy” or intensive
consolidation therapy is now often employed in advanced stage neuroblastomas and
combines high dose myeloablative chemotherapy and or total body irradiation (TBI)
with either autologous bone marrow transplanation (ABMT) or peripheral blood stem
cell reinfusion [253,295]. Despite the use of more intensive therapies and better
supportive care there has been little improvement in the overall survival rate of high-
risk patients over the past 20 years. Indeed the current survival probability for high-
risk patients is only 10-20% [246,247]. Since conventional cancer treatments are
proving ineffective in the treatment of aggressive neuroblastomas a search for

alternative therapeutic strategies is warranted [252].
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1.13.6 Differentiation therapy

The normal process of differentiation of tissues usually requires either slowing or
complete arrest of cell growth. Furthermore, many tumours in addition to their fast
rate of proliferation often fail to express molecular markers or exhibit morphological
features characteristic of the terminally differentiated phenotype [190]. Based on
these observations Pierce was the first to propose the concept that human
malignancies might be treated by forcing cells to complete terminal differentiation
[190]. To date one of the most successful clinical examples of “differentiation
therapy” has been the use of all-trans retinoic acid in the treatment of acute
promyelocytic leukemia [296]. The PML/RARa oncogenic protein of promyelocytic
leukaemias which is the result a fusion of the retinoic acid receptor-o (RARa) gene
on chromosome 17 with part of the promyelocytic leukaemia (PML) protein gene on
chromosome 15 [296]. The PML/RARGa protein is still able to bind to RARa
response elements but exhibits defective interactions with co-repressors which
attenuates RA-target gene expression and blocks haematopoietic differentiation
[14,15]. Treatment with all-frans retinoic acid is proposed to overcome this
transcriptional repression to promote tumour regression. The use of all-frans-retinoic
acid for the remission induction therapy of acute promyelocytic leukaemia has

increased the overall remission rate to greater than 90% [296].

Neuroblastoma is an attractive target for differentiation therapy since it has the
highest rate of spontaneous regression of all human malignancies and neuroblastoma
tumours that exhibit a more mature histology are associated with favourable
prognosis [246,297]. Initially retinoids including all-trans-retinoic acid (ATRA) and
13-cis-retinoic acid showed potential as a treatment for neuroblastoma since they
induced neuroblastoma differentiation in vitro, resulting in a downregulation of N-
myc mRNA expression and sustained arrest of tumour cell proliferation [252].
However, the results of phase I and II clinical trials using 13-cis retinoic acid to treat
children with high tumour burdens were disappointing [245]. A subsequent phase III
clinical trial demonstrated that 13-cis-retinoic acid therapy was benefical for patients
without progressive disease when it was administered after chemotherapy or
transplantation [295]. Nevertheless, this still suggested that there was the potential to

identify more effective differentiating agents for the treatment of neuroblastoma.
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1.13.7 The cellular role of PPARY in neuroblastoma

Expression of PPARy mRNA has been detected in a number of different
neuroblastoma cell lines [213,228]. Furthermore, a study by Han et al showed that
PPARY protein levels in primary neuroblastoma tissue correlated with the
maturational status of the cell, with high PPARY protein expression observed in
neuroblasts that exhibited a more differentiated phenotype [213]. Although these
findings suggested that the PPARy signalling pathway might be involved in
neuroblastoma differentiation, the precise function of PPARY in this neoplasm is
unclear. The growth of neuroblastoma cell lines is attenuated by treatment with
PPARYy ligands in vitro. Additionally, the natural PPARYy ligand 15dPGJ, is a
stronger inhibitor of neuroblastoma cell growth compared with retinoids in vitro
suggesting that PPARy ligands might be a more efficacious treatment for
neuroblastomas (unpublished data). Depending on the cell type and the ligand
concentration used, growth inhibition of neuroblastoma cells by 15dPGJ; can be
accompanied by differentiation, autophagy or apoptosis. Although it has previously
been demonstrated that 15dPGJ, stimulates PPARYy transcriptional activity in
neuroblastoma cells, it remains unclear how PPARY activation regulates distinct
cellular responses in this malignant cell type. Therefore, the aim of this project was
to identify the mechanisms of action of PPARy ligands and provide insight into the

cellular role of the PPARY receptor in neuroblastoma.
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2 MATERIALS AND METHODS

2.1 Materials

Chemicals were obtained from Sigma-Aldrich (Poole, Dorset UK) unless otherwise
stated. Tissue culture plastics and cell culture medium were obtained from

Invitrogen.

2.2 Methods

2.21 Bacterial growth medium

2.2.1.1 Lennox L Broth (LB) medium

20 g of LB medium were dissolved in 1 litre of distilled water and autoclaved under
standard conditions. Once cooled, LB medium was made in to LB*"” medium, by the

addition of ampicillin to give a final concentration of 100 pg/ml.

2.21.2 LB agar

LB medium was prepared and 1.5% (w/v) agar was added prior to autoclaving. When
agar had cooled adequately, ampicillin was added to give a final concentration of 100

pg/ml.

2.2.2 Making competent cells
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10 ml of LB was inoculated with a single colony of DH5a Escherichia coli cells and
incubated in a shaker incubator at 37°C overnight. 100 pl of overnight culture was
used to inoculate 10 ml of fresh LB. Cells were grown at 37°C for ~ 2-3 hours until
their ODggo reached 0.400 and they were in the exponential phase of growth. Cells
were centrifuged at 3000 rpm for 10 minutes, the supernatant discarded and the pellet
placed on ice. The pellet was re-suspended in 5 ml of sterile ice-cold 100 mM CaCl,
and centrifuged at 3000 rpm for 10 minutes. The pellet was re-suspended in 500 pl of
sterile ice-cold 100 mM CaCl, and placed on ice for 30 minutes. Plasmid DNA was
mixed with 100 pl of competent cells, which were left on ice for 30 minutes. Cells
were heat shocked at 42°C for 1.5 minutes and returned to ice for a further 30
minutes. Cells were rescued by mixing with 400 pl of LB and incubating with
shaking at 37°C for 30 minutes. Cells were pelleted at 3000 rpm for 5 minutes and
re-suspended in 100 pl LB, before being plated out on LB*? agar and incubated in a

warm room overnight at 37°C.

2.2.3 Glycerol stocks

10 ml of LB was inoculated with a colony of DH5a cells or 10 ml LB*™ was
inoculated with a colony of DH5« cells transformed with plasmid DNA. Cultures
were incubated in a shaker incubator at 37°C overnight. 500 ul of overnight culture
was mixed 1:1 with sterile glycerol and vortexed gently to mix. Glycerol stocks were

initially frozen in liquid nitrogen and subsequently stored at —80°C until use.

2.2.4 Preparation of Ribonuclease A

To prepare Ribonuclease A (RNase A) that was DNase free, pancreatic RNase A was
dissolved to a concentration of 10 mg/ml in 0.01 M sodium acetate (pH 5.2) and
heated to 100°C for 15 minutes. The solution was subsequently allowed to cool
slowly to room temperature before adjusting its pH to 7.4 by adding 0.1 volumes of
IM Tris(hydroxymethyl) aminomethane hydrochloride (Tris-HCI) (pH 7.4). The

RNase A solution was finally dispensed in to aliquots and stored at -20°C until use.
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2.2.5 Small scale isolation of plasmid DNA

10 ml cultures were inoculated with a single colony of DH5as transformed with the
required plasmid and grown in LB*™ in a shaker incubator at 37°C overnight.
Overnight cultures were centrifuged at 3000 rpm for 10 minutes. Pellets were re-
suspended in 100 ul glucose-Tris buffer (1% glucose, 25 mM Tris pH 8.0, 10 mM
ethylenediamine tetra-acetic acid (EDTA)) and incubated at room temperature for 5
minutes. 200 pl of cell lysis solution (0.2 M NaOH, 1% sodium dodecyl sulphate
(SDS)) was added to the suspension, which was inverted twice and placed on ice for 5
minutes. 150 pl of neutralization solution (3 M Potassium acetate, 11.5 % glacial
acetic acid) was added to the preparation, which was inverted and placed on ice for a
further 15 minutes. The samples were centrifuged at 12000 rpm for 15 minutes. The
supernatant (lysate) was collected and was extracted 1:1 with 1:1 phenol:chloroform
and centrifuged at 12 000 rpm for 5 minutes. The top layer was transferred to a fresh
tube and treated with 10 units of RNase A for 1 hour at 37°C. The solution was
extracted once with 1:1 phenol:chloroform. The top layer was then transferred to a
clean tube, mixed with sodium acetate (3 M pH 5.2) and a double volume of ethanol
and placed in a -40°C freezer for 30 minutes to precipitate the plasmid DNA. The
plasmid DNA was then pelleted at 12 000 rpm for 10 minutes, air-dried and re-

suspended in 40 pl of sterile water.

2,26 Large scale isolation of plasmid DNA

10 ml cultures were inoculated with a single colony of DHS5a containing the required
vector and grown in LB*™ in a shaker incubator at 37°C for 6 hours. These pre-
cultures were used to inoculate 500 ml volumes of LB which had been pre-warmed in
a shaker incubator at 37°C prior to the addition of ampicillin. These 500 ml LB*™?
cultures were incubated in a shaker incubator at 37°C overnight. Overnight cultures
were centrifuged at 4000 rpm for 20 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 Tris-
HCI (pH 8.0)) containing 188, 000 Units of lysozyme. The suspensions were placed
on ice for 15 minutes, then 500 mM EDTA pH 8.0 was added to make final
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concentration of 10 mM and the suspensions were returned to ice for a further 15
minutes. A 3 ml volume of 3x Triton buffer (150 mM Tris-HCI1 pH 8, 187.5 mM
EDTA, 3% (v/v) Triton X-100) was added and the samples were mixed and incubated
on ice for 30 minutes until lysis occurred. Samples were centrifuged at 18000 rpm
for 1.5 hours at 4°C in a Beckman J2-21 centrifuge (Beckman Coulter Inc., Fullerton,
Californa) and the supernatant (lysate) was collected. The supernatant was made up
to 500 mM NaCl, extracted 1:1 with 1:1 phenol: chloroform and centrifuged at 3000
rpm 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 3000 rpm for 10 minutes. The top layer was collected, to which
16.7 mM (10%) polyethylene glycol (PEG) was added and dissolved at 37°C. Once
the PEG had dissolved the solution was stored at 4°C overnight. Next day the
preparation was centrifuged at 12000 rpm for 20 minutes at 4°C to obtain a pellet.
The pellet was re-suspended in 500 pl 0.1 M Tris-HCI (pH 8) and treated with 10
units RNase A for 1 hour at 37°C. 500 ul PEG buffer (33.4 mM PEG 6000, 1 M
NaCl, 1 mM EDTA, 10 mM Tris pH 8) was added to the preparation, which was
placed on ice for 1 hour. A pellet was obtained by centrifugation at 12000 rpm for 15
minutes and resuspended in 400 pl Tris-NaCl (10 mM Tris-HCI (pH 8), 500mM
NaCl). This solution was treated with a further 10 units of RNase A for 2 hours at
37°C and extracted twice with 1:1 phenol:chloroform. The DNA was then ethanol
precipitated, centrifuged at 12000 rpm for 10 minutes, air-dried in a tissue culture
hood and dissolved in 100 pl tissue-culture sterile water. Plasmid DNA was
visualised on a 1% agarose gel and its optical density was measured at 260 nm using

a spectrophotometer to determine its concentration.

2.2,7 Molecular cloning

2.2.7.1 Generation of human PPARYy1 promoter deletion reporter

constructs

Originally Fajas et al cloned a region of DNA from -2.8 kb to +60 bp, relative to the
second transcription start site of PPARy1, in to pGL3-Basic via Sac I and Xho I sites
to create the PPARY1 promoter reporter, pGL3-y1p3000[36]. To generate PPARy1

promoter deletion constructs pGL3-PPARy1p216 and pGL3-PPARY1p78, the pGL3-
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PPARY1p3000 reporter was digested with Sac I and Sma I, and Sac I and Sac 11
respectively, since the promoter region contains a Sma I site starting at 159 bp and
Sac 11 site starting at 22 bp upstream from the second start site of PPARyl
transcription (restriction endonucleases from Promega, Chilworth UK). These
endonucleases only resulted in truncations of the PPARYy1 5’regulatory region since
there are no restriction sites for these enzymes in the rest of the pGL3-Basic vector
(See Table 2.1). Following restriction digest the linearised plasmid was gel purified
using a QIAquick Gel Extraction Kit (Qiagen, UK) and 3’ overhangs were converted
to blunt ends by treatment with T4 DNA polymerase (Promega, Chilworth, UK). 20
ul of the gel purified DNA was mixed with 5 pl of 5x T4 DNA Polymerase Buffer, 5
units of T4 DNA Polymerase, 2 pl of ANTPs (10 mM), 22 pl of sterilized DNA grade
water and incubated at 37°C for 5 minutes and then heated at 75°C for 10 minutes to
stop the reaction by denaturing the polymerase. The reaction was carried out in the
presence of high concentration of dNTPs to prevent degradation of duplex DNA. The
DNA was cleaned using a QIAquick PCR Purification Kit (Qiagen, UK) and set up in
a ligation with T4 DNA Ligase (Promega, Chilworth, UK). Approximately 200 ng of
vector was mixed with 1 pl of 10x Rapid Ligation Buffer, 0.5 units of T4 DNA
Ligase and 5 pl of sterilized DNA grade water. The ligation was left at room
temperature for at least 4 hours. The ligated vector was then used to transform
DHS5as and transformant colonies were screened by digesting their DNA from mini
preparations with Bg/ I and Xho 1. The restriction digests were then run on an agarose
gel to verify which of the transformants, were actual clones. The integrity of the
promoter region in these clones was verified by sequencing (The Sequencing Service,

University of Dundee).

2.2,7.2 Creation of human PPARy1 promoter reporters using synthetic
oligonucleotides

The human PPARY!1 promoter reporters, pGL3-y1p78oligo, pGL3-y1p58oligo and
pGL3-ylp34oligo were created using synthetic oligonucleotides. Three pairs of
oligonucleotides were synthesized so that when annealed and then ligated together
they formed a continuous 78 bp sequence of the PPARy1 5°regulatory region from -

18 bp to +60 bp relative to the second transcription initiation site (Biomers.net, The

77



Size of released promoter Truncatec_i RESTHEICE
Construct Name Digested pGL3-y1p3000 with: § sequence in construct
ragment (bp) (bp)
S B 2621 (From -2778 to -157) | 216 (From -156 to + 60)
PPARy1 promoter
sequence
pGL3-y1p216
pGL3-1p3000
Sac|(-2778) Sacl(-19) 2759 (From -2778 to -19) 78 (From -18 to + 60)
PPARy1 promoter
sequence
pGL3-y1p78
pGL3-y1p3000

Table. 2.1. Creation of PPARY1 promoter deletion reporters. This table shows the restriction enzymes used to digest pGL3-y1p3000 to create the PPARY]
promoter deletion reporters, pGL3-y1p216 and pGL3-ylp78. The positions of the restriction endonuclease sites and start and end positions of the promoter
fragments are relative to the second PPARy1 transcription start site in the PPARy1 promoter sequence. For each construct the size of the promoter fragment

released following the restriction digest and the truncated promoter fragment which remains in the construct have been calculated.
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Biopolymer Factory, Germany). Initially each oligonucleotide was diluted to a final
concentration of 100 uM with sterile DNA-grade water. To anneal each pair, 20 pl of
the required oligonucleotides were mixed and then incubated at 94°C and allowed to
cool gradually to room temperature. Different combinations of annealed
oligonucleotide pairs were ligated together to create the required insert for each
reporter (See Table 2.2). For the pGL3-y1p78oligo reporter, the plasmid pGIL3-Basic
was digested with Acc65 1 and Hind 111, gel purified using a QIAquick Gel Extraction
Kit (Qiagen, UK) and then set up in a ligation with the oligonucleotide pairs indicated
in Table 2.2. To create the pGL3-y1p58oligo and pGL3-y1p34oligo reporters, pGL3-
Basic was first digested with Acc65 I and Nke I respectively and then the linearised
plasmids’ 5’overhangs were partially filled using Pfu DNA Polymerase (Promega,
Chilworth, UK). In brief, 20 pl of digested plasmid was mixed with 4 pl of Pfu DNA
Polymerase 10x Buffer with MgSOy, 0.75 pl of each required dNTP (10 mM), 0.75
Units of Pfu DNA Polymerase and 12.5 pl of sterile DNA-grade water to make a total
volume of 40 pl. This mixture was incubated at 74°C in an Omnigene PCR
thermocycler for 30 minutes (Hybaid, Ashford, UK). For both the pGL3-y1p58oligo
and pGL3-y1p34oligo reporters, the pGL3-Basic plasmid was then digested with
Hind 111, gel purified and set up in a ligation with the appropriate oligonucleotide
pairs as shown in Table 2.2. For each reporter, the ligation of vector and insert was
used to transform DH5as and transformant colonies were screened by digesting their
DNA from mini preparations with Bg/ I and Xho I. The restriction digests were then
run on a 2% agarose gel to verify which of the transformants, were actual clones.
These clones were sequenced to confirm that the synthetic oligonucleotide inserts,
exactly matched the endogenous PPARy1 5’regulatory region (The Sequencing

Service, University of Dundee).
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Oligonucleotide pairs
Oligo 1 Oligo 3 Oligo 5
57 -GTACGGGCAGGCGGGGCCCAGCGC-3" 5" ACTCGGAGCCCGAGCCCGAGCCGC-3" 57 -~AGCCGCCGCCTGGGGCGCTTGGGTCGGCCTCGAG—3'
3" -CCCGTCCGCCCCGGGTCGCGTG-5" 3’ -AGCCTCGGGCTCGGGCTCGGCGTC-5" 3" -GGCGGCGGACCCCGCGAACCCAGCCGGAGCTCTCGA-5'
Acc 651 Oligo 2 Partial Fill Oligo 4 Partial Fill Oligo 6 Hind Il
Acc 65 | Nhe |
Connasr:::ct Vector Insert Cloning details
pGL3-Basic Annealed oligos pairs pGL3-Basic digested with Acc65 | and Hind Ill. Gel purified vector
GL3- 142, 3+4, 5+6 which have been used to set up ligation with oligo pairs 1+2, 3+4, 5+6 which had
13780”90 pGL3-Basic ligated together already been ligated. Oligo pairs 1+2 and 5+6 have _
Y complementary overhangs to Acc65 | and Hind Il overhangs in cut
pGL3-Basic vector.
Annealed oligos pairs 3+4, 5+6 pGL3-Basic digested with Acc65 | and Acc65 | overhang partially
which have been ligated together filled with dGTP and dTTP, then cut with Hind IIl and gel purified.
GL3- pGL3-Basic Used to set up ligation with oligo pairs 3+4, 5+6 which have
1p58 i pGL3-Basic previously been ligated. Oligo pair 3+4 has complementary
fildeacillcl overhang to partially filled Acc65 | overhang in cut pGL3-basic
vector. Oligo pair 5+6 has complementary overhang to Hind Il
overhang in cut pGL3-basic vector.
Oligo pair 5+6 pGL3-Basic digested with Nhe | and Nhe | overhang partially filled
GL3- with dCTP and dTTP, then cut with Hind Ill and gel purified. Used
1p34 e, pGL3-Basic to set up a ligation with oligo pair 5+6 which has complementary
tliags LY overhangs to partially filled Nhe | overhang and Hind lll overhang in
cut pGL3-Basic vector.

Table 2.2. Generation of PPARy1 promoter deletion constructs using synthetic oligonucleotides. Details of the vector, insert and cloning method for each

vector are described.
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2.2.8 Preparation of PPARy ligands

2.2.8.1 15-deoxyA'®" prostaglandin J;

AP prostaglandin J, (11-oxoprosta-5Z, 12E, 14Z-tetraen-1-oic acid)

15-deoxy
(15dPGJ,) was obtained from Cayman Chemicals (Alexis Corporation, Bingham,
UK) supplied in methyl acetate. Solvent was removed by evaporation under N; and
15dPGlJ, was re-suspended in 100 pl dimethyl sulphoxide (DMSO) and stored at —
20°C. The stock was diluted at 1:10, 1:100 and 1:1000 with DMSO so that the

15dPGJ; could be used at concentrations of 0.1, 1, 5, 10 and 20 uM.

2.2.8.2 Ciglitazone

Ciglitazone (5-[[4-[(Methylcyclohexyl)methoxy]phenyl|methyl-2,4-
thiazolidinedione) was obtained from Tocris (Bristol, UK) or Cayman chemicals
(Alexis Corporation, Bingham, UK) as a white solid. Ciglitazone was dissolved in
DMSO to give a stock solution of 100 mM, which was stored at —20°C. This stock
was diluted 1:10 with DMSO so that ciglitazone could be used at concentrations of

25, 50, 100, 150 and 200 pM.

2.2,9 Preparation of histone deacetylase inhibitor Trichostatin A

Trichostatin A (4, 6 —Dimethyl-7-[p-dimethyl-aminophenyl]-7-oxohepta-2,4-
dienohydroxamic acid) was obtained from Upstate signaling solutions (Dundee
Technology Park, UK) as a white powder. Trichostatin A was dissolved in DMSO to
give stock concentration of 2 mg/ml (6.6uM/L). Trichostatin A was used at

concentrations between 1ng/ml and 400 ng/ml.

2.210 Cell culture
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The human neuroblastoma cell lines SK-N-AS, IMR-32, SK-N-SH and the mouse
neuroblastoma cell line, ND-7 were used for cell culture experiments. For some p53
transient transfection experiments the lung cancer cell line H1299 was also used. All
neuroblastoma cell lines were maintained in Dulbecco’s Modified Eagle’s Medium
(DMEM) and H1299 cells were maintained in RPMI-1640 (Roswell Park Memorial
Institute-1640) medium, both containing 10% (v/v) foetal calf serum (FCS) and
100mM glutamine, supplemented with 0.1mg/ml penicillin-streptomycin. Cells were
incubated at 37°C in a humidified atmosphere containing 5% (v/v) CO,. SK-N-AS,
IMR-32, SK-N-SH and H1299 cells were passaged by incubation with 1x Trypsin-
EDTA (500 units Trypsin, 0.53 mM EDTA) whereas ND-7 cells were detached by

gentle agitation.

SK-N-AS cell line was derived from the bone marrow of a female patient with
neuroblastoma and consists of a single polygonal shaped cell [298]. SK-N-SH cells
were derived from the bone marrow of a 4-year-old Caucasian female with
neuroblastoma and have neuroblast-like or epithelial like morphology. The IMR-32
cell line which is N-myc amplified was derived from the abdominal neuroblastic
tumour of a 13-month old Caucasian male [299]. The cell line has two
morphologically distinct cell types. The predominant cell type is a small, neuroblast-
like cell, which grows densely forming focal adhesions. The minor cell type is a
fibroblast-like cell, which is relatively large and well spread and occurs in small
numbers. ND-7 cells are a hybrid cell line derived from neonatal rat dorsal root

ganglia neurons fused with the mouse neuroblastoma cell line N18Tg2 [300].

2.211 Freezing cells in liquid nitrogen and resuscitation of frozen cells

Adherent cells were centrifuged at 1000 rpm for 3 minutes and the culture media was
carefully removed. Cells were re-suspended in 1 ml of freezing culture media (10%
(v/v) DMSO in complete media) and stored on dry ice at -70° and frozen overnight at
—80°C before being transferred to liquid nitrogen stores. For resuscitation, cells were
rapidly thawed and diluted in 6 ml of complete culture medium. The cells were then
pelleted at 1000 rpm for 3 minutes and the culture media was decanted off. Cells
were then re-suspended in 6 ml of fresh complete media, transferred to a tissue
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culture flask and incubated at 37°C in a humidified atmosphere containing 5% (v/v)
CO,.

2.212 Cell growth

Neuroblastoma cells were seeded at 4 x 10* cells per well in to 6 well plates and
incubated for 5 hours at 37°C to facilitate attachment before treatment. Treated and
untreated cells were counted over 3 days, 24 hours following administration of the
ligand. Cells were scraped and harvested in their DMEM media and centrifuged at
3000 rpm for 5 minutes. The cells were re-suspended in 25 pl PBS and 25 pl 0.4%
trypan blue, visualized with a Nikon TMS microscope (x10 objective lens) and
counted using a haemacytometer (Nikon, Surrey, UK) . Viable and and non-viable
cells were counted separately. Four counts were made per treatment per day, and the
average calculated. The average number of cells counted on the haemacytometer grid
gave 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.

2.213 Light microscopy

SK-N-AS cells were observed using a digital camera linked to a Leica DM IL
microscope (x40 objective lens) (Leica Microsystems GmbH, Ernst-Leitz-Strasse 17-
37,35578 Wetzlar). SK-N-AS cells were seeded at 4x10* cells per well in complete
media and incubated for 5 hours at 37°C to allow the cells to attach before treatment.
SK-N-AS cells were administered with a vehicle control (DMSO) or 100 uM

ciglitazone and visualized after 72 hours.

2.2.14 DNA transfection of cultured cells

Cells were plated at 2 x 10° cells per well in 6-well dishes in complete media and
allowed to attach overnight. Two tubes were set up per sample; tube A contained 2
ug of reporter plasmid DNA and 12.4 pl of CaCl, (2 M) made up to a total volume of
100 pl with sterile water and tube B contained 100 pl of 2x Hepes Buffered Saline
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(HBS) (280 mM NacCl, 50 mM N- (2-Hydroxyethyl) piperzaine-N’-(2-
ethanesulphonic acid)(Hepes free acid), 2.8mM disodium hydrogen phosphate
(Na,HPOs), pH 7.12). When a reporter construct was co-transfected with different
quantities of an expression plasmid, the total amount of DNA for each transfection
was normalized with an empty expression vector control (pcDNA3.1) (Table 2.3).
The contents of tube A were added slowly drop-wise to the contents of tube B to form
a translucent precipitate, which after 10 minutes at room temperature was transferred
drop-wise to the culture media. The 6-well dish was tilted slightly when adding the
precipitate to the media to avoid the precipitate directly contacting the cells and the
media was then gently swirled to ensure even distribution of the precipitate. The cells
were incubated at 37°C for 4 hours, when the medium containing the precipitate was
removed. The cells were washed with serum free media before replacing the cells
with fresh complete media. The cells were incubated at 37°C with or without

treatment for 24 hours and then harvested.

2.215 Luciferase reporter assay

Neuroblastoma or lung cancer cells transfected with a luciferase reporter construct
were harvested 24 hours post transfection, washed with PBS (Phosphate Buffer
Saline) and assayed for luciferase activity. When cells were co-transfected with a
firefly and Renilla luciferase reporter, luciferase activity was measured using a dual-
luciferase reporter assay kit (Promega, Chilworth, UK). In brief, the cells were lysed
in passive lysis buffer and freeze thawed twice. Cell debris was pelleted and the
supernatant was transferred to a fresh tube. Some of the supernatant was first mixed
with luciferase assay reagent II (LAR II) and the firefly luminescence of the sample
measured. Secondly, Stop & Glo reagent was added to the same tube and the Renilla
luminescence was measured. For each sample the firefly and Renilla luminescence
was measured three times in a TD-20/20 luminometer (Turner Designs, Sunnyvale,
California) and an average luminescence was calculated. When cells were transfected
with a firefly luciferase reporter only, luciferase activity was measured using a single
luciferase assay kit (Promega, Chilworth, UK). In brief, the cells were lysed in
reporter lysis buffer and freeze thawed twice. The cell debris was pelleted and some
of the supernatant was mixed with luciferase reagent I (LAR I) and the luminescence
was measured three times and an average luminescence was calculated.
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Construct name

Vector

Insert

Details of plasmid or construct

Expression plasmids

PcDNA3. 1

Mammalian expression plasmid
from Invitrogen.

Ampicillin and Neomycin resistance genes for
selection in bacteria and mammalian cells
respectively. Expression of gene controlled by CMV
promoter.

pC53-SN3

pCMV-Neo-Bam mammalian
expression vector

Wild-type human p53
cDNA

Kind gift from Dr J.P. Blaydes, Cancer Sciences
Division, Southampton General Hospital. Ampicillin
and Neomycin resistance genes for selection in
bacteria and mammalian cells respectively.

pCMV4-p107

PCMV4

Human p107 cDNA

Kind gift from Dr N.S.B. Stone, Department of
Haematological Medicine, Guy’s, King's, St Thomas'
School of Medicine, Rayne Institute, London.
Ampicillin and Neomycin resistance genes for
selection in bacteria and mammalian cells
respectively.

pCMV-p130

pCMV-Neo-Bam mammalian
expression plasmid

Human p130 cDNA

Kind gift of Dr N.S.B. Stone, Department of
Haematological Medicine, Guy’s, King's, St Thomas’
School of Medicine, Rayne Institute, London.
Ampicillin and Neomycin resistance genes for
selection in bacteria and mammalian cells
respectively. p103 cDNA from pBSKHA-p130
(EcoR V/Sac lI-fragment) cloned in to pPCMV-Neo-
Bam.

pCMV-pRb

pCMV-Neo-Bam mammalian
expression plasmid

pRb cDNA

Kind gift of Dr N.S.B. Stone, Department of
Haematological Medicine, Guy's, King’s, St Thomas'’
School of Medicine, Rayne Institute, London.

pCMV-pRbAPD

pCMV-Neo-Bam mammalian
expression plasmid

pRb cDNA lacking
sequence encoding
pocket domain

Kind gift of Dr N.S.B. Stone, Department of
Haematological Medicine, Guy's, King's, St Thomas’
School of Medicine, Rayne Institute, London.

pEF c-Myc

pUC 119 mammalian expression

Human c-Myc cDNA

Kind gift of Dr Y. Shang, Department of Adult
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plasmid

Oncology, Dana-Farber Cancer Institute, Harvard
Medical School, Boston. Ampicillin resistance gene
for selection in bacteria.

pMisv mammalian expression

Kind gift of Dr H. Kondoh, Institute of Molecular and

pmiw-N-Myc plasmid Human N-Myc cDNA Cellular Biology, Osaka University, Suita, Japan.
Ampicillin resistance gene for selection in bacteria
Kind gift of Dr F.Hanel, Hans Knoll-Institut for
; pCMV mammalian expression . Naturgtqff—Forschung, I_-|eide!berg, Germany.
pCMV-Miz-1 L Human Miz-1 cDNA Ampicillin and Neomycin resistance genes for
selection in bacteria and mammalian cells
respectively.
Kind gift of Dr A. Lapham, Cancer Sciences
cDNA encodes V394D | Division, Southampton General Hospital. The
V394D c-Myc DN exBress(bi clastiy mutant of c-Myc mutant was cloned in to BamH | and EcoR | sites in
mutant P A=l B (Val*®*-Asp) produced | the pcDNA3.1 vector. Ampicillin and Neomycin

by 2 step PCR

resistance genes for selection in bacteria and
mammalian cells respectively.

c-Myc deletion

Kind gift of Dr J. Stone, Jackson Laboratory, Bar

mutants: Harbor, Maine. The original plasmid contained
A7-91 normal human c-Myc cDNA which was used as a
A56-103 Human c-Myc cDNA template to create series of deletion mutants.
A142-262 pUCS8 vector with the indicated
A265-320 deletions
A264-368
A371-412
A414-433
Kind gift of Professor V.K.K. Chatterjee, Department
cDNAflaay1L46 ?:r:?aaigirTPQRz;tizaglA of Medicine, University of Cambridge,
P 8A/E4$}1/A pcDNA3 from Invitrogen L 468A angd El:171A inl Addenbrooke’s Hospital, Cambridge. Ampicillin and
fhe e WarHEn Neomycin resistance genes for selection in bacteria
5 and mammalian cells respectively.
Reporter plasmids
pGL3-Basic | Firefly luciferase reporter from - | Ampicillin resistance gene for selection in bacteria.
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Promega.

The vector lacks eukaryotic promoter and enhancer
sequences.

pRL-TK Renilla luciferase reporter

Ampicillin resistance gene for selection in bacteria.
Renilla luciferase reporter gene expression

TK-Renilla vector from Promega ) controlled by herpes simplex virus thymidine kinase
promoter
) Construct from Dr J. Auwerx, Department
pGL3+1p3000 | pGL3-Basic 'ri\agzi?:‘:\zo??hse rr}zg::::}tory d'’Athérosclérose, Institut Pasteur, Lille, France.

PPARy1 gene

Promoter region inserted in to pGL3-Basic via Sac |
and Xho | sites

PPREx3-TK-Luc

Luciferase reporter plasmid

Triple repeat of a
consensus PPAR
response element

(PPRE)

Kind gift from Professor Ronald Evans, The Salk
Institute for Biological Studies. Luciferase reporter.

Proximal region of
Hdm2 promoter

Kind gift from Dr J.P. Blaydes, Cancer Sciences
Division, Southampton General Hospital. Ampicillin

Hdm2luc03 pGL3-Basic containing two resistance genes for selection in bacteria.
consensus p53 binding
sites
Kind gift of Dr P.A. Marsden, Renal Division and
) . Department of Medicine, University of Toronto,
pPAC-Sp1 pPAC expression plasmid cDNA for Sp1 Canada. Ampicillin resistance genes for selection in
bacteria.
Kind gift of Dr S. McKnight, University of Texas,
pMSV-C/EBPB | pMSV expression plasmid cDNA for C/EBPp Dallas. Ampicillin resistance genes for selection in

bacteria.

Table 2.3. List of expression and reporter plasmids used to transiently transfect neuroblastoma and lung cancer cell lines. See table 2.1 and

2.2 for details of PPARYy1 promoter deletion reporters also used in transfection assays.
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2.2.16 Protein assay

Lysates from neuroblastoma cells transfected with luciferase reporter plasmids were
assayed for protein using the bicinchoninic acid (BCATM) protein assay kit (Pierce,
Rockford, Illinois). A standard curve was produced from a series of diluted albumin
standards which were prepared from a 2 mg/ml stock of bovine serum albumin (BSA)
(in 0.09% saline and 0.05% sodium azide) using lysis buffer as the diluent. The
working range of the assay was 20-2,000 pg/ml. 25 pl of each standard or unknown
sample were pipetted in a microplate well and then mixed thoroughly with 200 pl of
the working reagent which comprised of 50 parts BCA™ Reagent A and 1 part of
BCA™ Reagent B (50:1, Reagent A:B). The plate was covered and incubated at
37°C for 30 minutes, cooled to room temperature and then the absorbance of the

samples was measured at 570 nm on a plate reader.

2.2.17 Establishment of stable cell lines

IMR-32 cells were seeded at 1x10° cells per 96 mm culture dish in 5 m] of complete
media and allowed to attach overnight. Cells were transfected with 6 pg of each
plasmid using the liposome based transfection reagent, Metafectine (Biontex
Laboratories, Germany). In brief, the plasmid (6 pg) and Metafectene (18 pl) were
added to separate tubes containing 300 pul of medium that was free of serum and
antibiotics. The contents of the tubes were then combined and mixed by gentle
pipetting and allowed to incubate at room temperature for 20 minutes to allow the
DNA-lipid complex to form. The DNA-lipid complex was then added to the media in
the culture dish and mixed gently. The cells were then incubated at 37°C for 5 hours
then the transfection mixture was removed and replaced with fresh complete media.
For PPARy dominant negative experiments, IMR-32 cells were transfected with 6 pg
of pcDNAFlag-y1 L468A/E471A (Kind gift of Professor V.K.K Chatterjee,
Department of Medicine, University of Cambridge, Addenbrooke’s hospital) or
pcDNA3.1 (Invitrogen) as the vector only control. Transfected cells were cultured

for 72 hours then treated with Geneticin disulphate salt (G418) in fresh complete
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media (800 pg per ml of media). Cells were selected by treatment with subsequent
doses of G418 in fresh medium, until clones were visible with the naked eye.
Individual colonies were “picked” using trypsin-EDTA and cultured as separate cell

lines.

2.2.18 RNA isolation from neuroblastoma cells

Total RNA was isolated from neuroblastoma cells using TRI REAGENT®. The cell
pellet was washed with PBS and then lysed by gentle pipetting with 1 ml of TRI
REAGANT®. The cells were allowed to lyse at room temperature for 5 minutes
before addition of 200 pl of chloroform. TRI REAGANT®-chloroform mixes of cells
suspensions were mixed vigorously and incubated at room temperature for 2-3
minutes and centrifuged at 12000 rpm for 15 minutes at 2-8°C. The aqueous layer
was isolated and the RNA was precipitated with isopropyl alcohol and collected by
centrifugation at 12000 rpm for 10 minutes. The RNA pellet was air-dried and re-
suspended in 22 pl of autoclaved, 0.1% (v/v) diethyl pyrocarbonate (DEPC)-treated
water and stored at ~80°C. The RNA concentration (pug/ul) was determined by

measuring its optical density at 260 nm.

2.2.19 Preparation of cDNA for RT-PCR

Total cell RNA was used to synthesise cDNA. 1 pg of RNA was mixed with 1 pl of
90 OD Units/ml of random hexamers in 0.1% (v/v) DEPC water (Amersham
Pharmacia Biotech Limited, Little Chalfort, UK), 1 pl of 10 mM dNTP mix
(Promega, Chilworth, UK) and 0.1% (v/v) DEPC water to a total volume of 10 pl.
This mixture was incubated at 70°C for 10 minutes and then cooled on ice. To this
mix 4 pl of 5 x Reverse transcriptase buffer, 2 pl of 0.1M DTT, 0.5 ul RNAsin, 1 ul
of Moloney-Murine Leukaemia Virus (M-MLV) reverse transcriptase and 2.5 pl of
0.1% (v/v) DEPC water were added to make a total volume with RNA of 20 pl. The
final mix was incubated at room temperature for 10 minutes to ensure elongation of
the random hexamers and subsequently at 37°C for 50 minutes. It was then heated to

80-94°C to denature the M-MLV reverse transcriptase and stored at —80°C before use.
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2.2.20 Reverse transcriptase-polymerase chain reaction (RT-PCR)

cDNA was amplified using cyclophilin and PPARy dominant negative specific
primers created to generate RT-PCR products of the cyclophilin gene and the FLAG
epitope-tagged human PPARy1 L468A/E471A double mutant inserted in to the
pcDNA3 expression vector (Invitrogen) (Table 2.4). The PPARy dominant negative
primers were designed to amplify a region which included part of the FLAG epitope
and the PPARYy gene to distinguish between expression of the PPARy1 mutant and
endogenous PPARy1. Cyclophilin was used as a control to normalise cDNA levels.
Reactions (5 ul cDNA, 5 ul 10 x PCR buffer, 20 pl 25 mM magnesium chloride, 3 pl
10 mM dNTP mix, 0.5 pl forward primer, 0.5 ul reverse primer and 15.5 pl 0£0.1%
(v/v) DEPC-treated water) were incubated in Omnigene PCR thermocycler (Hybaid,
Ashford, UK) for optimum number of cycles with 2.5 Units of Taq polymerase
(Promega, Chilworth, UK). The optimum number of cycles was determined by
analysing PCR products on an agarose gel every 5 cycles, after an initial
measurement at 25 cycles. 25 cycles was used as an initial measurement because the
PCR products needed to be observed in the exponential phase of amplification, where
differences in level of expression could be seen. If the amplification reached plateau
phase, then lower expressed mRNA would be amplified to a similar level as highly
expressed mRNA, since abundant mRNA at plateau phase would have already
reached a maximum level of expression due to the limits of the reaction mix. PCR

products were run on a 1.5% (w/v) agarose gel and visualized by UV light.
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ERA lEice Forward primer sequence Reverse primer sequence PCB Pl
size (bp)
Cyclophilin 5-TTG GGT CGC GTC TGC TTC GA-3’ 5'-GCC AGG ACC TGT ATG CTT CA-3’ 250
PPARy dominant 5'-CAA GAT GAC CAT GGG TG-3' 5-GAG CTG AGT CTT CTC AG-3' 350
negative
f Time Time Extension Time No. of
(o] (o]
FNTLC | [EDEREG ) (seconds) QUICLES} (seconds) (°C) (seconds) cycles
Cyclophilin 94 30 54 30 7 30 25
PPARYy
dom neg 94 40 50 40 72 45 35

Table 2.4 A. Shows the sequences of the forward and reverse primers used to amplify the reverse transcribed cDNA of the

cyclophilin gene and PPARy1 dominant negative receptor and the size of the RT-PCR product. Table 2.4 B shows the denaturing,

annealing and extension temperatures and times for the RT-PCR of cyclophilin and PPARy1 dominant negative receptor and the

optimum number of cycles to distinguish differences in mRNA expression. The optimum number of cycles was determined by

analysis of PCR products on a 1.5% agarose gel every 5 cycles after an initial measurement at 25 cycles.

2l




2.2.21 Tritiated thymidine incorporation assay

IMR-32 cells stably expressing a PPARy1 dominant negative receptor or empty
expression vector IMR-32 control cells were plated out at 4 x10* cells per well in 6-
well plates in duplicate and allowed to attach overnight. Each day 1 pCi of

[’H] Thymidine was added per well to a total of two wells per cell line and the cells
were incubated at 37°C for 18 hours. The cells were then washed rapidly two times
with ice cold PBS. The cells were extracted by scraping in to 500 pl of 62.5 mM
Tris-HCI pH 7.5 containing 0.1% SDS. Duplicate aliquots (i.e. 250 ul) were
precipitated with 750 pl of ice cold 10% trichloroacetic acid (TCA) and incubated on
ice for 30 minutes. After this time the precipitates were diluted to 5 ml with ice cold
10% TCA and collected on GF/C Glass Microfibre Filters (Whatman, UK). The
filters were washed three times, with 1 ml each of ice cold 10% TCA and methanol
and then dried. The filters were counted in opti-phase Hi-safe scintillant (Fisher

Scientific, UK) using a Beckman scintillation counter.

2.2.22 Transient chromatin immunoprecipitation assay

SK-N-AS cells were seeded at 5x10° cells per 96 mm culture dish in 5 ml of complete
media and allowed to attach overnight. On day 2 separate dishes of SK-N-AS cells
were transfected with 5 ng of the PPARy1 promoter reporter, pGL3-y1p34oligo or
pGL3-Basic using calcium phosphate, while a third dish served as the un-transfected
control. The cells were incubated for 4 hours at 37°C, after which the media
containing the precipitate was removed. The cells were washed twice with serum free
media and the replaced with fresh complete media. After 24 hours to link protein to
DNA, formaldehyde was added directly to the culture medium to a final
concentration of 1% and incubated at 37°C for 10 minutes. Following this incubation
as much medium as possible was removed and the cells were washed twice with ice
cold PBS before the cells were harvested by scrapping in PBS. The cells were
pelleted for 4 minutes at 2000 rpm at 4°C. If required, SDS lysis buffer (1% SDS,
10mM EDTA, 50 mM Tris-HCI, pH 8) was warmed to room temperature to dissolve
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precipitated SDS before adding protease inhibitors (10 pl of 10mM PMSF
(Phenylmethylsulphonylfluoride) and 1 pl of 1 pg/pl aprotinin added per 1 ml of SDS
lysis buffer). Cell pellets were re-suspended in 200 pl of the prepared SDS lysis
buffer and incubated on ice for 10 minutes. The lysate was then sonicated to shear
DNA to lengths between 200 and 1000 basepairs using an X1.-2020 sonicator (Heat
Systems (now known as Misonix Inc, New York). Sonication conditions for SK-N-
AS cells had previously been optimized and showed that DNA was sheared to the
appropriate length using the sonicator equipped with a 2 mm tip set to power level 1
and a process time of 60 seconds, with 10-seconds “off” between each 10-second
pulse. The samples were centrifuged for 10 minutes at 13,000 rpm at 4°C and the
sonicated cell supernatant transferred to a fresh micro-centrifuge tube. Duplicate
aliquots (i.e. 100 pl) of the sonicated cell supernatant were diluted 10-fold in Chip
dilution buffer (0.01% SDS, 1.1% Triton X-100, 1.2 mM EDTA, 16.7 mM Tris-HCI,
pH 8.0, 167 mM NaCl) which had previously been mixed with protease inhibitors as
described above for SDS lysis buffer. 20 pl of the diluted cell supernatant was kept
and served as the input for the PCR reaction in the later part of the experiment. To
reduce non-specific background the cell supernatant was pre-cleared with 30 ul of
Salmon Sperm DNA/Protein A Agarose-50% Slurry (Upstate cell signaling solutions,
New York) at 4°C for 4 hours with agitatition. The agarose was pelleted by
centrifugation at 1000 rpm for 60 seconds and the supernatant fraction was collected.
2 pl of the immunoprecipitating antibody (Anti-c-Myc mouse monoclonal antibody,
Calbiochem, San Diego, United States) was added to the 1ml supernatant fraction and
incubated overnight at 4°C with rotation. For each sample, the second 1ml
supernatant fraction collected served as the no-antibody control. The next day, 30 ul
of Salmon Sperm DNA/Protein A Agarose Slurry was added to both the antibody and
no-antibody 1 ml supernatant fractions for 1 hour at 4°C with rotation. The agarose
was pelleted by gentle centrifugation at 1000 rpm for 60 seconds and the supernatant
containing unbound, non-specific DNA was removed. The protein A
agarose/antibody/protein-DNA complex (and no-antibody control protein A agarose)
was then washed twice for 2-5 minutes with 1 ml of each of the following buffers on
a rotating platform in the order given; Low Salt Immune complex wash buffer (0.1%
SDS, 1 % Trition X-100, 2 mM EDTA, Tris-HCI pH 8.0, 150 mM NaCl), High Salt
Immune complex wash (0.1% SDS;, 1 % Trition X-100, 2 mM EDTA, Tris-HC] pH
8.0, 500 mM NaCl), LiCl Immune complex wash buffer (0.25M LiCl, 1% NP40, 1%

93



deoxycholate, 1 mM EDTA, 10mM Tris-HCI, pH 8.0) and TE Buffer (10 mM Tris-
HCI pH 8.0, 1 mM EDTA pH 8.0). To elute the protein-DNA complex from the
antibody, 250 pl of freshly prepared elution buffer (1% SDS, 0.1 M NaHCO;) was
added to the pelleted protein A agarose/antibody/protein-DNA complex. The elution
buffer and agarose were vortexed briefly and incubated at room temperature for 15
minutes with rotation. The agarose was centrifuged at 1000 rpm for 60 seconds and
the supernatant fraction (eluate) was transferred to a fresh tube. The elution step was
repeated and the two eluate fractions were combined. 20 pl of 5 M NaCl was added
to the combined eluates (500 pl) and the protein-DNA cross-links were reversed by
heating at 65°C for 4 hours. The protein-DNA cross-links of the input samples were
also reversed at the same time. The DNA was recovered by phenol-chloroform
extraction and ethanol precipitation. The precipitated DNA was pelleted by
centrifugation at 12,000 rpm for 10 minutes, air dried and re-suspended in 22 pl of
DNA-grade sterile water. These samples were analysed by PCR using the primers

and conditions shown in Table 2.5.
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. " PCR Product
DNA sequence Forward primer sequence Reverse primer sequence size (bp)
1. pGL3-y1p34oligo 5'-AGCCGCCGCCTGGGGCGCTTGGGTCGGCCTCGAG -3’ 5-AAC CAG GGC GTATCT CTT-3 192
2. pGL3-y1p34oligo 5'-AGCCGCCGCCTGGGGCGCTTGGGTCGGCCTCGAG -3 §-CTT CTG CCA ACC GAA CGG AC-3' 280

g Time 3 Time Extension Time Analysed after
Frmers Denatiro i) (seconds) ANnest(:0) (seconds) (°C) (seconds) (cycle no):
eLE 94 30 50 30 72 30 25
v1p34oligo
PHIEISH RRIE 94 30 64.1 30 72 30 25
one
pGL3-
il 94 30 60 40 72 30 25
primer pair
two

Table 2.5 A. Shows the sequences of the forward and reverse primers used to amplify the region of the pGL3-y1p34oligo reporter

in the transient chip assay and the size of the RT-PCR products. Two different reverse primers were used with the same forward

primer in separate PCR reactions. The second reverse primer was designed to try to reduce amplification of non-specific PCR

products. Table 2.5 B shows the denaturing, annealing and extension temperatures and times for the PCR of the pGL3-y1p34oligo

reporter for each primer set. PCR products were analysed on a 1.5% agarose gel every 5 cycles after an initial measurement at 25

cycles.




3 THE EFFECT AND MECHANISMS OF ACTION OF

PPARy LIGANDS IN NEUROBLASTOMA CELLS IN
VITRO

3.1 Mechanism of action of the natural PPARYy ligand, 15-

deoxyA'?' prostaglandin J, in neuroblastoma cells
y

Expression of PPARy has been detected in primary tissues and established cell lines
originating from a variety of human malignancies[188]. Treatment of breast,
prostate, colon, gastric, pancreatic, salivary gland, lung and bladder cancer cell lines
with the natural PPARYy ligand, 15-deoxyA'!* prostaglandin J, (15dPGJ;) has been
shown to inhibit their growth in vitro [117,189,190,193,196,198,203,205,212,227]
[239,301-304]. Similarly, we have tested the effect of this ligand on neuroblastoma
cells in culture and have also demonstrated that 15dPGJ, can attenuate their rate of
proliferation although the concentration of 15dPGJ, required to induce this response
varied between the neuroblastoma cell lines (Fig. 3.1) [228] [305] (and unpublished
data). Furthermore, growth inhibition mediated by 15dPGJ; in neuroblastoma cells,
as in other cancer cell lines, was accompanied by either differentiation or cell death
although the cellular response observed appeared to be dependent on the both the
ligand concentration and the neuroblastoma cell line. For instance, IMR-32
neuroblastoma cells incubated with 5 uM 15dPGJ, underwent growth arrest
accompanied by type II programmed cell death (or autophagy), whereas 20 uM
15dPGJ, stimulated apoptosis. In SK-N-AS and ND-7 neuroblastoma cells treatment
with 5 uM 15dPGJ,, however, induced differentiation and apoptosis respectively.
Although 15dPGJ, has been identified as a high affinity ligand for PPARy it can also
elicit its biological actions by mechanisms independent of its nuclear receptor
[20,100,306-311]. It has been previously shown however, by Rodway et al in our
group that 15dPGJ; induced cell death in IMR-32 cells is dependent on PPARy
transcriptional activity, since transient transfection of PPRE decoy DNA, which
competes with endogenous PPRE elements in the promoters of PPARY target genes
for the activated receptor, inhibited the decrease in cell viability caused by 15dPGlJ,
[228]. This finding is supported by the work of Kim et al who demonstrated that
15dPGJ; inhibition of growth in SK-N-SH cells was attenuated by the PPARy
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specific antagonist GW9662[312]. Tumourgenesis is associated with dysfunction of
differentiation and apoptosis, therefore, activation of PPARy which stimulates these
processes could lead to reversal of the malignant phenotype and is a potentially
attractive approach to cancer therapy [190,203,209]. Conversely, low concentrations
of 15dPGlJ; can cause cellular proliferation as demonstrated in neuroblastoma, colon
cancer, breast cancer and glioma cell lines in vitro [189,208,313]. If PPARY agonists
such as 15dPGlJ; are to be developed as a treatment for neuroblastoma and other
cancers it is critical to understand how PPARYy can regulate such disparate biological
processes. A study by Clay et al indicated that the level of PPARY activation could
influence the biological response to 15dPGJ; in breast cancer cells in vitro [189]. For
example, a 15dPGIJ; concentration of 1 uM caused cellular proliferation of the MDA-
MB 251 breast cancer cell line and was correlated with low level PPARYy activation
(<5 fold) whereas treatment with 2.5 pM 15dPGJ; caused moderate PPARy induction
(5-10 fold) and the cell line to undergo growth arrest and differentiation. Incubation
of the breast cancer cell line with 10 uM 15dPGlJ; stimulated apoptosis and resulted in
a high level of PPARYy activation (>10 fold). Therefore, experiments were carried out
to investigate if the degree of PPARYy activation could also modulate the response of

neuroblastoma cells to 15dPGlJ,.

3.2 15dPGJ, stimulates PPRE-mediated transcription in the ND-7

murine neuroblastoma cell line

A PPRE driven reporter gene assay was previously used to show stimulation of
PPARY transcriptional activity in IMR-32 neuroblastoma cells treated with 5 pM
15dPGlJ, [228]. Therefore, this approach was extended to evaluate the effect of
different concentrations of 15dPGJ, on PPRE-mediated transcription in IMR-32 and
other neuroblastoma cell lines and to establish whether there is a correlation between
the level of PPARY activation and the cellular response to this ligand. Firstly, the
murine neuroblastoma cell line ND-7 was transiently transfected with a luciferase
reporter construct regulated by 3 PPREs upstream of thymidine kinase promoter
(PPREx3-TK-Luc).
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Fig. 3.1. The effect of the natural PPARYy ligand 15dPGJ, on the growth of neuroblastoma cell lines in vitro. The neuroblastoma cell lines,
ND-7, SK-N-AS, IMR-32 and SK-N-AS were plated out in complete media in 6-well dishes at 4 x 10* cells per well and treated with either a vehicle
control (DMSO) or 0.1, 1, 5, 10, 20, 50 and 100 uM 15dPGJ, and growth profiles were measured over 72 hours. Two samples were counted in
duplicate per treatment per day using a haemocytometer. Data represents the mean percentage of the total cell number, relative to the number of

cells in the presence of the vehicle control (DMSO) + S.D. These experiments were completed by Dr Karen Lillycrop and Emma Phillips.
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The cells were then treated with either a vehicle control (DMSO) or 0.1, 1, 5, 10 and
20 uM 15dPGJ; for 24 hours and assayed for luciferase activity. As shown in Fig.
3.2 15dPGJ, stimulated PPRE-mediated transcription in a dose dependent manner in
ND-7 cells with significant induction of PPRE-driven reporter activity observed at

15dPGJ, concentrations of 0.1 uM or higher.

3.3 15dPGJ, differentially stimulates PPRE-mediated
transcription in SK-N-AS, SK-N-SH and IMR-32 human

neuroblastoma cell lines

The effect of different concentrations of 15dPGJ, on PPARYy activation in IMR-32
and two other human neuroblastoma cell lines, SK-N-AS and SK-N-SH was also
investigated. SK-N-AS, IMR-32 and SK-N-SH cells were transiently transfected
with a PPAR responsive luciferase reporter (PPRE-x3-TK-Luc) and then treated with
either a vehicle control (DMSO) or 0.1, 1, 5, 10 and 20 uM 15dPGJ; for 24 hours and
assayed for luciferase activity. In SK-N-AS cells, 15dPGJ; at concentrations between
0.1 and 1 pM did not stimulate the PPAR responsive reporter (Fig. 3.3, dark grey
bars). However, in the presence of 5 uM 15dPGJ; or higher there was induction of
PPRE-mediated transcription in SK-N-AS cells between 1.47-fold and 3.6-fold
although the level of PPARY activation only reached statistical significance at a
15dPG]J; concentration of 20 uM. In SK-N-SH cells low level induction of the
PPAR responsive reporter was observed at 15dPGIJ; concentrations between 0.1 and
10 uM (1.33-1.61-fold) although there was a higher 3.54-fold stimulation of PPRE-
mediated transcription in the presence of 20 uM 15dPGJ, (Fig. 3.3, pale grey bars),
The degree of PPARY activation in SK-N- SH cells at 15dPGJ; concentrations of 0.1
uM and 20 pM was statistically significant. In IMR-32 cells, 15dPG]J, stimulated
PPRE-mediated transcription in a dose dependent manner (Fig. 3.3, purple bars). The
fold induction of the PPRE-driven reporter in IMR-32 cells reached statistical
significance in the presence of 15dPGJ, at concentrations of 0.1 uM or higher. As a
control, all four neuroblastoma cell lines were transfected with a with a TK-Renilla
reporter plasmid (pRL-TK Vector) which lacks the three upstream PPREs and
subsequently treated with the same concentrations of 15dPGJ, (0.1-20 M)
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Fig. 3.2. The effect of the natural PPARYy ligand, 15dPGJ; on PPRE-mediated
transcription in the murine ND-7 neuroblastoma cell line. ND-7 cells were
transiently transfected with 2 pug of a Renilla luciferase reporter construct under the
control of three peroxisome proliferator response elements (PPREs) upstream of a
thymidine kinase promoter (PPREx3-TK-Luc). Cells were treated with either DMSO
(vehicle control) or 0.1, 1, 5, 10 and 20 uM 15dPGJ; for 24 hours then harvested and
luciferase activity measured. Data shows the mean relative luciferase activity of the
PPREx3-TK-Luc reporter compared with its activity in vehicle DMSO treated ND-7
cells, and represents three independent experiments + S.D. The activity of the
PPREx3-TK-Luc construct was normalized for transfection efficiency and differences
in cell number by co-transfecting ND-7 cells with the firefly luciferase reporter,
pGL3-Basic. Statistics were calculated using a Student’s #-test and showed that
compared with DMSO treated ND-7 cells, 15dPGJ, caused significant activation of
the Renilla luciferase reporter driven by a PPRE-regulated promoter at concentrations

of 0.1 uM or higher (p<0.05) (*).
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for 24 hours and then assayed for luciferase activity (Fig. 3.4). The pRL-TK reporter
was not activated in the presence 15dPGJ, compared with its luciferase activity in
vehicle DMSO treated cells, in any of the neuroblastoma cell lines tested, suggesting
that activation of the PPAR responsive reporter by 15dPGJ; in these neuroblastoma
cell lines is mediated via the peroxisome proliferator response elements upstream of
its TK promoter (Fig. 3.4). Interestingly, the reporter activity of the pRL-TK vector
was significantly reduced in presence of 15dPGlJ; at certain concentrations in ND-7 (1
uM-20 uM), IMR-32 (5-20 pM) and SK-N-SH (20 uM) cells. Although the
luciferase activity of the pRL-TK vector was normalized relative to that of the
internal control, pGL3-Basic, this may not have been sufficient to compensate for the
effect that a reduction in cell number by 15dPGJ; had on the basal reporter activity of
the pRL-TK vector.

3.4 Regulation of PPARYy transcriptional activity in neuroblastoma

cells

Since the level of PPARY transactivation appeared to influence the biological
response of neuroblastoma cells to 15dPGJ; further study was warranted to elucidate
how PPARYy transcriptional activity is modulated in neuroblastoma and other human
malignancies, although evidence for several different potential mechanisms is
emerging. For instance, the A/B domain of PPARY contains a consensus mitogen
activated protein kinase (MAPK) site, which when phosphorylated by either ERK2
(extracellular-signal regulated kinase 2) or JNK (c-Jun NH,-terminal kinase)
attenuated both basal and ligand dependent gene transcription [67,74]. Indeed,
induction of PPRE-mediated transcription by 15dPGJ; in IMR-32 neuroblastoma
cells was in enhanced by co-incubation with the MAPK inhibitor PD98059,
suggesting that the responsiveness of neuroblastoma cells to PPARy ligands could in
part correlate with MAPK activity in the cell [228]. PPARy-mediated transcription
may also be affected by a mutation in the PPARy receptor or variation in the
expression of RXRa, a critical PPARY co-activator or PPARB/6 [33,232,314,315].
To date the direct targets of PPARy which mediate the effect PPARy ligands in

cancer cells in vivo are unknown.
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Fig. 3.3. The effect of the natural PPARY ligand, 15dPGJ; on PPRE-mediated
transcription in human neuroblastoma cell lines. SK-N-AS, SK-N-SH and IMR-
32 cells were transiently transfected with 2 pg of a Renilla luciferase reporter
construct under the control of three peroxisome proliferator response elements
(PPRESs) upstream of a thymidine kinase promoter (PPREx3-TK-Luc). Cells were
treated with either DMSO (vehicle control) or 0.1, 1, 5, 10 and 20 uM 15dPGJ, for 24
hours then harvested and luciferase activity measured. Data shows the mean relative
luciferase activity of the PPREx3-TK-Luc reporter compared with its activity in
vehicle DMSO treated cells, and represents three independent experiments + S.D.
The activity of the PPRE-x3-TK-Luc construct was normalized for transfection
efficiency and differences in cell number by co-transfecting the cell lines with the
firefly luciferase reporter, pGL3-Basic. Statistics were calculated using a Student’s ¢-
test and showed that compared with DMSO treated cells, 15dPGJ; caused significant
induction of Renilla luciferase reporter activity driven by a PPRE-regulated promoter,
at a concentration of 20 uM in SK-N-AS cells, at concentrations of 0.1 and 20 uM in
SK-N-SH cells and at concentrations of 0.1 uM or higher in IMR-32 cells (p<0.05)

().
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Fig. 3.4. The effect of the natural PPARYy ligand, 15dPGJ; on the reporter
activity of a TK-Renilla plasmid which lacks PPREs in neuroblastoma cells. SK-
N-AS, IMR-32, ND-7 and SK-N-SH cells were transiently transfected with 2 pg of a
Renilla luciferase reporter construct under the control of a thymidine kinase promoter
but which lacks 3 upstream PPREs (pRL-TK vector). Cells were treated with either
DMSO (vehicle control) or 0.1, 1, 5, 10 and 20 uM 15dPGJ; for 24 hours then
harvested and luciferase activity measured. Data shows mean relative luciferase
activity of the pRL-TK reporter, compared with its activity in DMSO treated cells, of
three independent luminescence readings +S.D. The activity of the pRL-TK
construct was normalized for transfection efficiency and differences in cell number
by co-transfecting the cell lines with the firefly luciferase reporter, pGL3-Basic.
Statistics were calculated using a Student’s ¢-test and showed that compared with
DMSO treated cells, the luciferase activity of the pRL-TK reporter was significantly
reduced in the presence of 15dPGlJ; at concentrations of 1 uM or higher in ND-7
cells, at concentrations of 5 uM or higher in IMR-32 cells and at a concentration of

20 uM in SK-N-SH cells (p<0.05) (*).
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Detection of changes in gene expression in response to PPARY ligands in vitro
however, has provided insight in to some of the pathways that PPARy might regulate
to promote either growth arrest, differentiation or programmed cell death of
malignant cell types. In some cancer cell lines, PPARYy transactivation was associated
with induction of the cyclin dependent kinase inhibitors, p21 and p27 or inhibition of
cyclin D1 and D2 expression, events which stimulate growth arrest [200-203,316]. In
contrast, up-regulation of the PI3 kinase antagonist, phosphatase and tensin
homologue detected on chromosome 10 (PTEN) and the pro-apoptotic protein Bad in
colon cancer and gastric cancer cells treated with PPARY ligands correlated with

induction of programmed cell death [220,317].

More recently however, it has been demonstrated that the level of PPARy
transcriptional activation, and hence the cellular response to PPARY ligands, may be
regulated by the nuclear receptor’s interaction with the retinoblastoma
protein[318,319]. The retinoblastoma or RB gene as its name suggests was initially
found to be mutated in children with inherited retinoblastoma, a rare malignant
tumour of the developing retina [320-322]. RB was the first identified tumour
suppressor gene and the pRb protein it encodes is now known to be a critical
regulator of the cell cycle, differentiation and apoptosis [321,323-326]. Two other
pRb family merhbers have since been discovered called p107 and p130 which were
named after their apparent molecular weights [327-332]. p107 and p130 are
structurally homologous to pRb and studies with mice deficient in one or more pRb
family members have shown that they have both distinct and redundant cellular

functions in vivo [327,328,330].

pRb is a large 928-amino acid residue nuclear protein, which like other members of
the pRb family, is regulated by cell cycle dependent phosphorylation[333]. pRb has
three domains, the N- terminus, an A/B box domain and the C-terminus or C-domain
[320,333-335]. The crystal structure of pRb shows that there is an extensive interface
between the A box and B box which acts as a scaffold to ensure stable folding of the
B box, which together the A box forms a “pocket” which can interact with a number
of proteins including E2F transcription factors [320,333,334]. For instance, active
un-phosphorylated pRb forms a complex with E2F1, 2 or 3 at the cyclin E promoter

in vivo which attenuates cyclin E transcription and therefore inhibits S phase entry
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and cell cycle progression [321,329,336,337]. In response to mitogenic signals,
cyclin D acting with cyclin dependent kinase 6 (CDK6) phosphorylates pRb which
disrupts its interaction with E2F transcription factors allowing transversal from G to
S-phase [321,324,333]. Induction of the cyclin D/CDK6 complex is however
antagonized by the cyclin dependent kinase inhibitor p1 6K [329]. Several
mechanisms of transcriptional repression by pRb family members have been
proposed including the recruitment of group I histone deacetylases, HDACI, 2 and 3
to the promoters of target genes which mediate deacetylation of histones resulting in

chromation condensation and inhibition of transcription [321,329,333,336,338,339].

For example, PPARy, pRb and HDAC3 were shown to bind ix vivo to a region of the
lipoprotein lipase gene promoter which contained the consensus PPRE [319].
Formation of the PPARy-pRb-HDAC3 complex was dependent on ligand binding by
PPARYy and an interaction between the pRb A/B pocket and C-domain and the E/F
domain of PPARYy [319]. In addition, incubation of pRb expressing mouse embryo
fibroblasts (MEFs) (Rb**) with the HDAC inhibitor, trichostatin A (TSA) increased
PPRE-mediated transcription in the presence of rosiglitazone, indicating that pRb
does mediate repression of PPARY transactivation by HDAC recruitment [318,319].
Furthermore, rosiglitazone mediated adipogenesis was more pronounced in pRb null
MEFs (Rb”") compared with Rb** MEFs [319]. Therefore, while
hypophosphorylated pRb does participate in the cell cycle exit required for the
terminal differentiation of adipocytes, it is postulated that pRb is phosphorylated and
thus inactive when PPARYy needs to stimulate the expression of target genes, such as

lipoprotein lipase required for adipogenesis [319].

pRb was also demonstrated to regulate the cellular response of osteosarcoma cells to
the PPARY ligand rosiglitazone [318]. Treatment of Rb expressing osteosarcoma
cells (U20S) with rosiglitazone stimulated growth arrest, whereas in Rb null
osteosarcoma cells (SaOS) cells apoptosis was observed [318]. The growth arrest and
apoptosis induced by rosiglitazone was abrogated in cells in which PPARy was
inactivated by siRNA indicating that the effects of rosiglitazone were mediated by
PPARY in these cell lines [318]. The pRb status of a cancer cell is influenced by
several factors (Fig. 3.5). Loss of pRb due to deletion or mutation of both RB alleles
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Fig. 3.5. Potential mechanism of pRb transcriptional repression of PPARy and

factors which modulate the pRb status of tumour cells.

A. pRb has been shown to interact with PPARY via its pocket domain (represented by
the black circle) and inhibit PPRE-mediated transcription through recruitment of a
HDAC or HDAC containing complex. Formation of the PPARy-pRb-HDAC
complex appears to be dependent on ligand binding by PPARy. This may be because
ligand binding promotes a conformational change required for PPARy nuclear
localization. Alternatively if PPARY is constitutively localized in the nucleus ligand
binding may induce a more subtle change in receptor conformation which allows pRb
association.

B. Some specific cancers, such as retinoblastoma or osteosarcoma are initiated by
deletion or mutation of both RB alleles which leads to loss of pRb expression. In the
absence of pRb, if PPARY is functional it can recruit a complex of co-activators
(labeled A) which promotes gene transcription. PPARYy activation in the absence of
pRb could stimulate apoptosis potentially abrogating propagation of cells in which
pRb is deregulated. However, if the PPARy pathway is also mutated or compromised
this may lead to tumourgenesis.

C. Phosphorylated pRb can not interact with transcription factors such as PPARy.
pRb is phosphorylated by cyclin dependent kinases (CDK) which are inhibited by
cyclin dependent kinase inhibitors (CDKI). Over-expression of cyclins (CYC) and
CDKs or mutation of CDKIs would lead to an increase in hyperphosphorylated pRb
and hence promote PPRE-mediated transcription. For instance, the level of cyclin D1
may indirectly modulate the level of PPARYy transcriptional activity in neuroblastoma
through pRb phosphorylation.

D. The inhibitory effect of pRb on PPARy-mediated transcription is relieved by
treatment of cells with the HDAC inhibitor, TSA. If pRb does modulate PPARy in
neuroblastoma, co-treatment of these tumour cells with a HDAC inhibitor might
augment the growth inhibitory effects of PPARY ligands by stimulating PPRE-

mediated transcription.
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is observed in some human carcinomas; however pRb can also be inactivated by

specific mutations of the pocket domain, disruption of p16™**

D type cyclins or CDK6 [329,340]. Elevated cyclin D1 expression has been detected

or over expression of

in both primary neuroblastoma and cell lines [341]. It is therefore plausible that the
degree of cyclin D1 expression could in part govern the amount of
hyperphosphorylated pRb which in turn modulates the level PPARYy activation and
hence the cellular response in neuroblastoma cells to PPARYy ligands. In some
instances loss of Rb function which leads to release of free E2F activates ARF (the
alternative reading frame protein encoded by the INK4A locus) which then triggers
the p53 apoptotic pathway. This may act as a mechanism to prevent propagation of
cells in which the pRb pathway is deregulated [320,323]. It could therefore be
speculated that induction of apoptosis by PPARYy ligands in cancer cells with
inactivated pRb might serve a similar function. Unlike, pRb, p107 and p130 are not
classified as tumour suppressors although p130 in particular has been found to be
mutated in a number of cancers [331]. However, since p130 and p107 can actively
repress E2F target gene transcription by similar mechanisms to pRb, p107 and p130
could also potentially modulate PPARY activity in neuroblastoma cells. Therefore the
effect of retinoblastoma family members of PPARy mediated transcription in

neuroblastoma cells was investigated.

ND-7 cells were co-transfected with a PPAR responsive reporter (PPRE-TK-Luc) and
2 pg of an expression plasmid encoding either pRb, p107, p130 or an Rb mutant
which lacks the pocket domain or an empty expression plasmid (pcDNA3.1). The
cells were then treated with 5 uM 15dPG]J; or a vehicle control (DMSO) for 24 hours
and assayed for luciferase activity. In the presence of the empty expression plasmid,
15dPGJ; induced a 2-fold activation of the PPAR responsive reporter construct
relative to cells treated with the vehicle control (DMSO) (Fig. 3.6). In the presence
of transfected Rb, p107 or p130 however, the ability of 15dPGJ, to stimulate PPAR
reporter activity was attenuated (Fig. 3.6). Furthermore, in ND-7 cells transfected
with pRb, PPRE-mediated transcription in the presence of 15dPGJ, was significantly
repressed below the basal level observed in vehicle treated cells. Conversely,
expression of the Rb mutant which lacks the pocket domain did not have any effect
on 15dPGJ; induced PPARY activation, suggesting that this motif is required for Rb
transcriptional inhibition of PPARY in this cell type. To examine whether the ability
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of pRb to attenuate PPARY transactivation in neuroblastoma cells was dependent
upon HDAC recruitment, ND-7 cells were again co-transfected with a PPAR
responsive reporter and an expression plasmid encoding pRb or an empty expression
plasmid. Cells were then treated with 5 pM 15dPGlJ; or a vehicle control (DMSO) in
the presence or absence of the potent HDAC inhibitor TSA for 24 hours and then
harvested and assayed for luciferase activity. As observed before, in the presence of
transfected pRb, 5 M 15dPGJ; did not activate the PPAR responsive reporter. In
TSA treated cells however, 15dPGJ; in the presence of pRb stimulated PPRE-
mediated transcription (3.2-fold) (Fig. 3.7). This result suggests that TSA blocked
the repressive effect of Rb on PPARy-mediated transcription, which implies that
regulation of PPARY activity by pRb in this cell line could be dependent on an
interaction with a HDAC.

3.5 The effect of the HDAC inhibitor, Trichostatin A on SK-N-AS

neuroblastoma cell growth and viability

These initial pRb transfection experiments in ND-7 cells, support the model proposed
by Fajas et al in which active hypophosphorylated pRb, in the presence of either an
endogenous or exogenous PPARYy ligand, forms a repressive complex with PPARy
and a HDAC which attenuates PPRE-mediated transcription [318,319]. Asin
osteosarcoma cells, depending on the pRb status of the neuroblastoma cell, the level
PPARYy activation mediated by 15dPGJ, may be lower as a result of inhibition by pRb
leading to growth arrest but not apoptosis. Co-treatment of neuroblastoma cells with
a HDAC inhibitor however, could augment the growth inhibitory effect of a PPARy
agonist by relieving the repressive effect of pRb on PPARY, enhancing PPRE-
mediated transcription and directly stimulating the expression of pro-apoptotic genes
such as Bax [200,318]. Numerous studies have demonstrated that HDAC inhibitors
promote growth arrest, differentiation and programmed cell death of cancer cells in
vitro [342-345]. In vivo as well as inhibiting tumour growth, HDAC inhibitors also
act to prevent invasion, angiogenesis and metastasis [343]. These cellular processes
are abrogated by increased HDAC activity that is frequently observed in human
carcinomas [342]. Originally acetylation was believed to stimulate gene transcription

by disrupting the interaction of histones with DNA leading to a less condensed
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Fig. 3.6. The effect of Rb family members on 15dPGJ,; induced PPARY
activation in neuroblastoma cells. ND-7 cells were co-transfected with 2 ug of a
PPAR responsive reporter (PPREx3-tk-Luc) and an expression plasmid encoding
either pRb, p107, p130 or an Rb mutant which lacks the pocket domain, or an empty
expression vector control (pcDNA 3.1) (2 ug). The cells were subsequently treated
with either a vehicle control (DMSO) or 5 uM 15dPGJ; for 24 hours then harvested
and luciferase activity measured. Data shows the relative mean luciferase activity
(per pg of protein) of the PPRE-regulated Renilla reporter relative to its activity in
vehicle DMSO treated cells and represents two independent experiments + S.D.
Statistics were calculated using a Student’s #-test and showed that compared with
vehicle DMSO treated cells 15dPGJ; caused a significant induction of PPRE-
mediated transcription in the presence of the empty expression vector control and the
expression plasmid encoding the pRb mutant (p<0.05) (*). In contrast, reporter
activity of the PPREx3-TK-Luc construct in 15dPGlJ; treated cells in the presence of
the pRb expression plasmid was significantly attenuated (p<0.05) (*).
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Fig. 3.7. The effect of the histone deacetylase inhibitor, Trichostatin A (TSA) on
repression of the transcriptional activity of PPARY by the retinoblastoma protein in
neuroblastoma cells. ND-7 cells were co-transfected with 2 ug of a PPAR responsive
reporter construct (PPRE-TK-Luc) and an expression plasmid containing Rb or an empty
expression vector control (2 ng). The cells were treated with DMSO (vehicle control) or 5
1M 15dPGJ, either alone in combination with TSA (50 ng per ml = 1.65 x 107 M) for 24
hours and then harvested and luciferase activity measured. Data shows the relative mean
luciferase activity (per ug of protein) of the PPRE-regulated Renilla reporter relative to its
activity in vehicle DMSO treated cells either in the presence or absence of TSA and
represents two independent experiments + S.D. Statistics were calculated using a Student’s #-
test and showed that compared with vehicle DMSO treated cells 15dPGJ, either alone or in
the presence of TSA, caused a significant induction of PPRE-mediated transcription in the
presence of the empty expression vector control (p<0.05) (*). As observed previously,
reporter activity of the PPREx3-TK-Luc construct in 15dPGJ, treated cells in the presence of
the pRb expression plasmid was significantly attenuated (p<0.05) (*). The luciferase activity
of PPREx3-TL-Luc construct in ND-7 cells co-transfected with pRb was however
significantly stimulated in the presence of TSA (p<0.05) (*).
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chromatin which was more accessible to transcription factors. However, microarray
analysis of cell lines following treatment with HDAC inhibitors has shown that the
expression of less than 10% of transcriptionally active genes were altered compared
with untreated cells [342,345]. These findings indicate that regulation of gene
expression by acetylation is more selective than originally hypothesized and probably
involves modification of chromatin associated non-histone proteins in addition to
altering the histone-DNA structure [342,345]. Interestingly, the expression of several
pro-apoptotic genes, such as p53 and Bax that are up-regulated by HDAC inhibitors
are also induced in response to PPARy ligands, suggesting that they modulate cell
proliferation by common pathways [200,220].

To date 18 human HDACs have been identified and they are classified based on their
structural homology to the three specific yeast HDACs; Rpd3, Hdal and Sir2/Hst,
although only class I (Rpd3) and II (Hda 1) HDACS are affected by HDAC inhibitors
[345,346]. For instance, hydroxamic acids which include, Trichostatin A, SAHA
(suberoylanilide hydroxamic acid) and CBHA (m-carboxycinnamic acid
bishydroxamic acid) inhibit class I and II HDACs by chelating the active site zinc
which is essential for their enzymatic activity [342,345-347]. Several phase I and II
clinical trials of HDAC inhibitors, including those of the TSA class, are in progress or
have been completed in patients with advanced cancer [348-350]. For instance, either
intravenous or oral administration of SAHA lead to clinical improvement in renal cell
carcinoma, thyroid carcinoma and B and T cell lymphoma patients with responses
ranging from complete regression to prolonged disease stabilization [348-350].

These encouraging results have prompted the development of second generation
HDAC inhibitors based on SAHA, such as NVP-LAQ824 with enhanced stability and
improved methods of HDAC inhibitor delivery to tumours [342,351,352].

Although HDAC inhibitors are well tolerated by patients and show promise as anti-
cancer therapy, it is predicted that their efficacy will maximized by combining them
with other therapeutic agents [342,353,354]. For example the pretreatment or co-
administration of HDAC inhibitors with nuclear receptor ligands, heat shock protein

113



antagonists, proteasome inhibitors and DNA methylating agents has been shown to
either additively or synergisitically enhance the apoptosis of cancer cells in vitro and
in mouse tumour models [342]. Several types of HDAC inhibitor including the short-
chain fatty acid, sodium butyrate, the benzamide derivative MS-27-275, the TSA/4-
phenylbutyrate hybrid BL1521 and the hydroxamic acid CBHA have been shown to
attenuate the growth of neuroblastoma cells in vitro [354-361]. However, the
reduction in tumour volume, caused by treatment with a low dose of CBHA
(50mg/kg of mouse) and the retinoic acid receptor ligand, all trans-retinoic acid, in
mice implanted with human neuroblastoma xenographs, was synergistic compared
with the sum of the effects of the two agents administered separately [362].
Furthermore the growth inhibition observed when lower doses of CBHA were
combined with all trans-retinoic acid was similar to that achieved with the maximum
dose of CBHA, but with out the side effects of mild weight loss and skin toxicity
[362]. Since the retinoic acid receptor (RAR) has been found in complex with a
HDAC, it is plausible that the synergistic effect of CBHA and all trans-retinoic acid is
the result of HDAC inhibition enhancing the expression of RAR target genes in the
presence of ligand [354,362].

Therefore, to determine if HDAC inhibitors might similarly potentiate the growth
inhibitory action of 15dPGJ,, the effect of Trichostatin A on SK-N-AS neuroblastoma
cell growth was investigated. This cell line was chosen because it was previously
shown to be less responsive to 15dPGlJ,, requiring higher concentrations of ligand to
induce growth inhibition compared with IMR-32 and ND-7 cells. SK-N-AS cells
were plated out at 4x10* cells per well in 6-well dishes and treated with either vehicle
control (DMSO) or 10, 50, 100, 200 or 400 ng of TSA per ml of complete media and
the growth and viability of the cells was then monitored over 72 hours. These TSA
concentrations were initially tested since it had already been demonstrated that they
inhibited histone acetylase activity and promoted histone acetylation in a mouse
mammary gland tumour cell line in vitro [363]. As shown in Fig. 3.8, TSA at
concentrations of 50 ng/ml or higher caused significant growth inhibition of SK-N-
AS cells 24 hours post-treatment.
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Fig. 3.8. The effect of the HDAC inhibitor, Trichostatin A (TSA) on the cell
growth of SK-N-AS neuroblastoma cells. SK-N-AS were plated out in 6-well
dishes at 4 x10* cells per well and treated with either a vehicle control (DMSO) or
increasing concentrations of TSA ( 10-400 ng/ml of complete media) and the effect
on cell growth was measured over 72 hours. Two samples were counted in duplicate
per treatment using a haemocytometer. Data represents the mean percentage of the
total cell number, relative to the number of cells in the presence of the vehicle control
(DMSO) £ S.D. of four separate counts. Statistics were calculated using a Student’s
t-test and showed that compared with DMSO treated cells, TSA at concentrations of
50 ng/ml or higher caused significant inhibition of SK-N-AS cells growth 24 hours
post-treatment (p<0.05) (*), whereas the decrease in cell number observed at a TSA
concentration of 10 ng/ml only reached statistical significance at 48 hours (p<0.05)(*)
but not at 24 or 72 hours (p<0.05)(*). The TSA concentration required to induce 50%
growth inhibition of SK-N-AS cells (ECsp) 48 and 72 hours following treatment is
indicated on the graph.
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Fig. 3.9. The effect of the HDAC inhibitor, Trichostatin A (TSA) on the viability
of SK-N-AS neuroblastoma cells. SK-N-AS neuroblastoma cells were plated out in
complete media in 6-well dishes at 4 x 10* cells per well and treated with a vehicle
control (DMSO) or increasing concentrations of TSA (10-400 ng/ml of complete
media) and cell viability was monitored over 72 hours. The proportion of viable cells
was determined by trypan blue staining. Two samples were counted in duplicate per
treatment per day using a haemocytometer. Data are expressed as the mean % of
viable cells (trypan blue negative) relative to the total number of cells counted per
well and represents the mean of four separate counts + S.D. Statistics were calculated
using a Student’s 7-test and showed that TSA at concentrations of 50 ng/ml or higher
caused a significant decrease in SK-N-AS cell viability 48 hours (p<0.05) (*) and 72
hours (p<0.05) (*) post-treatment. The TSA concentration required to cause a 50%
reduction in the number of viable SK-N-AS cells (ECsg viability) 48 and 72 hours
following treatment is indicated on the graph.
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In contrast, the same concentrations of TSA only significantly attenuated the viability
of SK-N-AS cells 48 hours post-treatment (Fig. 3.9). Although the decrease in SK-
N-AS cell viability 48 hours post-treatment reached statistical significance at TSA
concentrations between 50 and 200 ng/ml the response was less pronounced that the
TSA growth inhibitory effect at these concentrations. Indeed a 4-fold higher TSA
concentration is required to stimulate a 50% reduction in cell viability (ECsoyiapitiy =
275 ng/ml) compared with the concentration required to inhibit cell growth by 50%
(ECso = 68 ng/ml). This suggests that TSA in the SK-N-AS cell line is a more rapid
and potent inhibitor of cell growth than cell viability.

3.6 The effect of co-treatment of 15dPGJ, and TSA on SK-N-AS

neuroblastoma cell growth and viability

To deteérmine if a combination treatment of TSA and 15dPGJ; might enhance their
growth inhibitory effects on neuroblastoma cells, the response of SK-N-AS cells
incubated with 5 or 20 uM 15dPGJ; either alone or in the presence of TSA (50 ng/ml)
was examined over 72 hours (Fig. 3.10 and Fig. 3.11). This TSA concentration was
chosen since its effect on cell growth and viability was at least 50% less than the
maximum response. It would therefore be possible to observe if the combination of
TSA and 5 or 20 uM 15dPGJ; had an additive or synergistic effect on the growth and
viability of SK-N-AS cells respectively. SK-N-AS cells were administered with a
low (5 uM) and high (20 uM) dose of 15dPGlJ,, to investigate if a low concentration
of 15dPGJ, when combined with a HDAC inhibitor could result in growth inhibition
comparable to that achieved at the higher dose of 15dPGJ; in this cell line. The
interaction of these two agents was assessed statistically using the same method as
Rashid ef al [364]. The mean observed combined effect of 15dPGJ; and TSA was
compared to the sum of the individual effects (predicted effect) using a Student’s ¢-
test. The effect of co-treatment of 15dPGJ; and TSA was classified as synergistic
when the observed experimental value was significantly greater than the predicted
value (Table 3.1). Interestingly, although the growth inhibition of SK-N-AS cells
achieved by combined treatment of TSA with either 5 or 20 uM 15dPGJ, was greater

than the response of either agent alone the effect was only additive since the observed
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Fig. 3.10. The effect of co-treatment of 15dPGJ> and TSA on the growth of SK-
N-AS neuroblastoma cells. SK-N-AS cells were plated out in complete media in 6-
well dishes at 4x10* cells per well and treated with either a vehicle control (DMSO)
or 5 or 20 pM 15dPGJ; either alone or in combination with TSA (50 ng/ml of
complete media) and growth profiles were measured over 72 hours. Two samples
were counted in duplicate per treatment per day using a haemocytometer. Data
represents the mean total cell number (x104) of two independent experiments + S.D.
Statistics were calculated using a Student’s #-test and showed that 20 uM 15dPGJ,
(p<0.05) (*) or TSA (P<0.05) (*) alone or in combination (*) caused significant
inhibition of SK-N-AS cell growth 24 hours post-treatment (p<0.05). While
treatment of SK-N-AS cells with 5 pM 15dPGJ, alone (grey triangles) did not
significantly attenuate cell growth over the 72 hour time course, when 5 pM 15dPGlJ,
was used in combination with TSA the total cell number was significantly reduced 24

hours after treatment (p<0.05) (*).
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Fig. 3.11. The effect of co-treatment of 15dPGJ, and TSA on the viability of SK-N-AS
neuroblastoma cells. SK-N-AS cells were plated out in complete media in 6-well dishes at
4x10* cells per well and treated with either a vehicle control (DMSO) or 5 or 20 pM 15dPGJ,
either alone or in combination with TSA (50 ng/ml of complete media) and cell viability was
monitored over 72 hours. The proportion of viable cells was determined by trypan blue
staining. Two samples were counted in duplicate per treatment per day using a
haemocytometer. Data are expressed as the mean % of viable cells (trypan blue negative)
relative to the total number of cells counted per well and represents two independent
experiments = S.D. Statistics were calculated using a Student’s #-test and showed that 20 uM
15dPGJ, alone significantly reduced SK-N-AS cell viability 48 hours post-treatment but not
at 24 or 72 hours (p<0.05) (*). TSA treatment alone significantly reduced the number of
viable SK-N-AS cells 24 and 48 hours post-treatment although the decrease in viability
observed 72 hours after treatment did not reach statistical significance (p<0.05) (*). While
treatment of SK-N-AS cells with 5 pM 15dPGJ; alone (grey triangles) did not significantly
attenuate cell viability, when 5 uM 15dPGlJ, was used in combination with TSA (purple
square) cell viability was significantly reduced but only at the 48 hour time point (p<0.05)
(). In contrast, co-treatment of 20 pM 15dPGJ, and TSA significantly reduced the number
of viable cells throughout the 72 hour time course (p<0.05) (*).
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% inhibition of cell growth
Predicted effect Observed effect Interaction
Celi line Treatment
24 hrs 48 hrs 72hrs | 24 hrs | 48 hrs 72 hrs |24 hrs | 48 hrs | 72 hrs
SK-N-AS 5 uM 15dPGJ,+ TSA 65111 63+5.3 | 60+22 | 56+7.5 | 55+1.6 | 59+5.3 | Add Add Add
20 M 15dPGJ, + TSA | 98+8.1 | 120+16 | 110+4.5 | 58+0.6 | 89+8.4 | 95+3.0 Sub Add Add
% inhibition of cell viability
_ Predicted effect Observed effect Interaction
Cell line Treatment
24 hrs 48 hrs 72 hrs 24 hrs | 48 hrs 72hrs |24 hrs | 48 hrs | 72 hrs
SK-N-AS 5 uM 15dPGJ,+ TSA 12440 | 9.943.7 | 6.5+2.0 | 1446.5 | 8.6+0.4 | 8.3+1.3 | Add Add Add
20 uM 15dPGJ, + TSA 2310 | 27442 | 17429 | 39+2.9 | 4313.2 | 6216.4 Add Syn Syn

Table 3.1. The effect of TSA in combination with either S or 20 uM 15dPGJ; on the growth and viability of SK-N-AS neuroblastoma cells. The predicted
value represents the sum of the individual effects of the agents and was compared with the mean observed effect of the combined treatment using a Student ¢-test.
The effect was classified as synergisitic (Syn) if the experimental value was significantly greater than the predicted value. Additive effects (Add) were those
where the experimental value was not significantly different from the predicted value. The effect was sub-additive (Sub) when the experimental value was
significantly less than the predicted value. The predicted and observed combined effects were calculated after each time point so the interaction, 24, 48 and 72

hours post-treatment could be determined.

120



values were not significantly different from the predicted values (Fig. 3.10 and Table
3.1). Conversely, while co- administration of 5 uM 15dPGJ, and TSA also had an
additive effect on cell viability, the combination of 20 pM 15dPGlJ; and TSA did
result in a synergistic decrease in cell viability, 48 and 72 hours post-treatment,
compared the effect of either agent alone (Fig. 3.11 and Table 3.1). These results
suggest that growth inhibition caused by TSA in SK-N-AS cells is in part controlled
by a mechanism that is distinct from the PPARy pathway. It is possible however, that
TSA could induce cell death in SK-N-AS cells, in part through stimulating PPARy
activation in the presence of its ligana by releasing this nuclear receptor from the

inhibitory effect of a HDAC-containing complex.

3.7 The effect of the synthetic PPARYy ligand ciglitazone on

neuroblastoma cell growth in vitro

Previously only the response of neuroblastoma cells to the natural PPARY ligand
15dPGlJ; had been investigated. PPARy however binds a range of synthetic agonists,
which includes a group of drugs called thiazolidinediones (TZDs) [20]. The TZDs
rosiglitazone and pioglitazone are used clinically in the treatment of type 2 diabetes.
In addition to their anti-diabetic properties, TZDs, like the natural PPARy ligand
15dPGlJ,, have also been shown to attenuate the growth of cancer cell lines and
tumour progression in mice [219]. For example, it was demonstrated that the first
known TZD, ciglitazone, inhibited the growth of prostate cancer, pancreatic cancer,
B-cell lymphoma, GH-secreting adenoma, osteosarcoma and lung cancer cells in vitro
[192,193,203,211,365-367]. Since TZDs have a relatively low toxicity and were well
tolerated by prostate and liposarcoma patients in small scale clinical trials, TZDs have
therapeutic potential in children with advanced staged neuroblastomas who currently

have limited treatment options [209,239].

Therefore, the effect of the TZD ciglitazone on neuroblastoma cell growth in vitro
was studied. Ciglitazone has a comparable binding affinity to 15dPGJ, for PPARy (3

UM and 2.5 uM respectively) and attenuated the growth of prostate cancer cells at
similar doses to 15dPGlJ; [99,100,106,192]. Therefore, SK-N-AS and IMR-32 cells

were treated with a vehicle control (DMSO) or ciglitazone at concentrations in the
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same range that had been used earlier for 15dPGJ, (0.1 -20puM) and their growth
profiles monitored over 72 hours. Ciglitazone however, at these concentrations, 72
hours post-treatment did not significantly inhibit the growth of any of the
neuroblastoma cell lines tested (Fig. 3.12).

In some cancer cell lines such as those derived from breast and lung tumours, the
anti-proliferative effects of TZDs were less potent compared with 15dPGJ, [203,301].
In view of these findings the effect of higher concentrations of ciglitazone on
neuroblastoma cell growth was investigated. Murine ND-7 neuroblastoma cells and
human SK-N-AS, IMR-32 and SK-N-SH cells were plated out in complete media in
6-well dishes at 4x10* cells per well and incubated at 37°C for 5 hours to facilitate
attachment. The cells were then treated with a vehicle control (DMSO) or 25, 50, 100,
150 and 200 uM ciglitazone for 72 hours and the effect on cell growth measured.
Ciglitazone repressed the growth of all four neuroblastoma cell lines in vitro (Fig.
3.13).

Determination of the ligand concentration required to induce 50% growth inhibition
(ECsy), at each time point, demonstrated that in ND-7, SK-N-AS and SK-N-SH cells
attenuation of growth by ciglitazone occurred gradually and was more pronounced at
the end of the 72 hour time course. Of the neuroblastoma cell lines investigated,
IMR-32 cells were the most resistant to the anti-proliferative effects ciglitazone and
72 hours post-treatment the ciglitazone ECsy concentration for IMR-32 cells was 52
uM compared with ECsg values of 13 uM , 36 uM and 30 uM for ND-7, SK-N-AS
and SK-N-SH cells respectively (Fig. 3.13, table). After 72 hours, ciglitazone was a
more potent inhibitor of murine (ND-7) neuroblastoma cell growth at concentrations
between 0 and 25 pM. Cell growth was attenuated by 71% in the presence of 25 uM
ciglitazone in ND-7 cells while cell growth at the same concentration of ciglitazone in
the human cell lines was only inhibited by between 23 and 35 % (Fig. 3.13).
Ciglitazone, however at concentrations of 50 pM or higher caused a similar level of

growth inhibition of both murine and human neuroblastoma cell lines.
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Fig. 3.12. The effect of the synthetic PPARY ligand, ciglitazone on
neuroblastoma cell growth at concentrations between 0.1 pM and 20 pM. SK-N-
AS and IMR-32 cells were plated out in 6-well dishes at 4 x10* cells per well and
treated with either DMSO (vehicle control) or 0.1, 1, 5, 10 and 20 uM ciglitazone and
the effect on cell growth was measured over 72 hours. Two samples were counted in
duplicate per treatment using a haemocytometer. Data shows the mean of four
separate counts and is presented as the % total cell number relative to the number of
cells in the presence of the vehicle control (DMSQO) 72 hours post-treatment.
Statistics were calculated using a Student’s #-test and showed that 72 hours after
treatment there was no significant difference in total cell number between vehicle and

ciglitazone treated cells (p<0.05).
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Fig. 3.13. The effect of the synthetic PPARY ligand, ciglitazone on the growth of ND-7, SK-N-AS, IMR-32 and SK-N-SH neuroblastoma cells. To
determine the effect of ciglitazone on cell growth, the neuroblastoma cells were plated out in complete media in 6-well dishes at 4 x 10* cells per well and treated
with either a vehicle control (DMSO) or 25, 50, 100, 150 and 200 uM ciglitazone and growth profiles were measured over 72 hours. Two samples were counted
in duplicate per treatment per day using a haemocytometer. Data represents the mean percentage of the total cell number, relative to the number of cells in the

presence of the vehicle control (DMSO) + S.D. of two independent experiments. Statistics were calculated using a Student’s s-test and showed that ciglitazone at
concentrations of 25 uM (or higher) caused significant inhibition of ND-7 cell growth 72 hours post-treatment (p<0.05) (*) whereas ciglitazone concentrations of
100 uM or higher caused significant growth inhibition after only 24 hours (p<0.05) (*). Ciglitazone at a concentration of 25 uM (or higher) caused significant
inhibition of SK-N-AS cell growth 48 hours post-treatment (p<0.05) (*) whereas ciglitazone concentrations of 100 uM or higher caused significant growth
inhibition after only 24 hours (p<0.05) (*). In IMR-32 cells, ciglitazone at concentrations of 50, 150 and 200 uM but not 100 pM caused significant inhibition of
cell growth 48 hours post-treatment (p<0.05) (*) whereas ciglitazone concentrations of 150 pM or higher caused significant growth inhibition after only 24 hours
(p<0.05) (*) . In SK-N-SH cells, ciglitazone at 50 uM (or higher) caused significant inhibition of cell growth 72 hours post-treatment (p<0.05) (*) whereas
ciglitazone concentrations of 150 uM or higher caused significant growth inhibition after only 24 hours (p<0.05) (*). The ciglitazone concentration required to
induce 50% growth inhibition (ECsp) for each cell line 24, 48 and 72 hours following treatment is indicated on the graphs and summarized in the table below:

ECso (1M)
Hours post treatment

ND-7 SK-N-AS IMR-32 SK-N-SH
24 67 1117 67 83
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3.8 Ciglitazone stimulates the differentiation of SK-N-AS

neuroblastoma cells in vitro

In some cancer cell types the anti-proliferative effect of ciglitazone correlates with
induction of differentiation. Ciglitazone treatment of non-small lung cancer,
malignant astrocytoma and hepatocellular carcinoma cells caused increased
expression of differentiation markers which were characteristic of a more mature
phenotype [203,208,367,368]. To determine if ciglitazone induces morphological
differentiation of neuroblastoma cells in vitro, SK-N-AS, IMR-32, ND-7 and SK-N-
SH cells were treated with ciglitazone for 72 hours and observed by light microscopy.
Neuroblastoma cells cultured in complete medium proliferate but will undergo
differentiation in response to several factors including, cAMP, TPA (12-0-
tetradeconoylphorbol-13 acetate), RA (all-trans-retinoic acid) or serum withdrawal
[369-373]. When neuroblastoma cells differentiate they exit the cell cycle and form
extensive neurite outgrowths as observed when LAN-5 cells were incubated with
15dPGJ;[213,373]. For this experiment a neuroblastoma cell was classified as
differentiated if the length of its neurite outgrowth was greater than one cell body.
Ciglitazone increased the percentage of differentiated SK-N-AS cells in a dose-
dependent manner but did not stimulate differentiation of IMR-32, ND-7 and SK-N-
SH cells (Fig. 3.14 A). Fig. 3.14 C demonstrates the ability of ciglitazone to induce
neurite extension of SK-N-AS cells compared with their morphology in the presence
of the vehicle control (DMSO) (Fig. 3.14 B). Since ciglitazone concentrations of 25
UM or higher also caused growth inhibition of SK-N-AS cells this suggests that
ciglitazone induced growth arrest in this cell line is accompanied by morphological

differentiation.
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Fig. 3.14. The effect of ciglitazone on the differentiation of neuroblastoma cells. ND-7,
SK-N-AS, IMR-32 and SK-N-SH cells were plated out in complete media in 6-well dishes at
4x10* cells per well and treated with either vehicle control (DMSO) or 25, 50 and 100 uM
ciglitazone for 72 hours. To determine if ciglitazone induced differentiation, neuroblastoma
cells with neurite outgrowths greater than one cell body were counted and expressed as the
percentage of the total number of cells in the field of view. Cells were counted in triplicate
per treatment after 72 hours and the data represents the mean % of cells with neurite
outgrowths + S.D. (A). Statistics were calculated using a Student’s #-test and showed that
ciglitazone at concentrations of 50 pM or higher caused a significant increase in the
percentage of SK-N-AS cells with neurite outgrowths (*) (p<0.05). The morphology of SK-
N-AS cells in the absence (B) and presence of 100 uM ciglitazone (C) was assessed by light
microscopy 72 hours post-treatment. In addition to SK-N-AS cells with neurite outgrowths,
some of the cells have rounded up. This may be accounted for by the decreased cell viability

also observed at this ciglitazone concentration (Fig. 3.15).
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3.9 Ciglitazone reduces the viability of neuroblastoma cells in

vitro

Ciglitazone can decrease cell viability in cancer cells by inducing programmed cell
death. Apoptosis following ciglitazone treatment has been observed in pancreatic,
lung, osteosarcoma, malignant astrocytoma, melanoma, GH-secreting adenoma and
B-cell lymphoma cell lines in vitro [193,203,208,211,366,374]. Cell viability can be
measured using a trypan blue exclusion assay. Trypan blue is a negatively charged
chromophore which is excluded from viable cells with an intact plasma membrane.
Dying cells which have loss of membrane integrity take up the dye and are termed
trypan blue positive [192]. For instance, cells undergoing necrosis or type II
programmed cell death (autophagy) show increased plasma membrane permeability
[192]. Although early on in apoptosis the membrane of the cell remains intact, during
the later stages of apoptosis the integrity of the membrane does become compromised
and the cells are referred to as late apoptotic (Type III) or secondary necrotic cells
[214,375-378]. The trypan blue exclusion assay alone cannot distinguish between
these different types of cell death, however it has previously been shown that the
decrease in the percentage of viable cells, determined using this technique, negatively
correlated with induction of apoptosis or autophagy detected by TUNEL (terminal
deoxynucleotidyl transferase mediated X-UTP nick-end labeling) assay and MDC
(monodansylcadaverine) staining respectively [228,379,380]. Therefore, initially the
trypan blue exclusion assay was used to study the effect of ciglitazone on the viability

of neuroblastoma cells in vitro.

ND-7, SK-N-AS, IMR-32 and SK-N-SH were plated out in complete media in 6-well
dishes at 4 x10* cells per well were treated with either a vehicle control (DMSO) or
25,50, 100, 150 and 200 uM ciglitazone and the number of viable and non-viable
cells were counted over 72 hours. Ciglitazone treatment decreased the viability of all

four neuroblastoma cells, although only at concentrations of 100 uM or higher (Fig.

3.15).
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Fig. 3.15. The effect of the synthetic PPARYy ligand, ciglitazone on the viability of ND-7, SK-N-AS, IMR-32 and SK-N-SH neuroblastoma cells. The
neuroblastoma cell lines were plated out in complete media in 6-well dishes at 4 x 10* cells per well and treated with a vehicle control (DMSO) or 25, 50, 100,
150 and 200 uM ciglitazone and cell viability was monitored over 72 hours. The proportion of viable cells was determined by trypan blue staining. Two samples
were counted in duplicate per treatment per day using a haemocytometer. Data are expressed as the mean % of viable cells (trypan blue negative) relative to the
total number of cells counted per well and represent two independent experiments + S.D. Statistics were calculated using a Student’s #-test and showed that
ciglitazone at concentrations of 100 pM or higher caused a significant decrease in ND-7 cell viability 24 hours post-treatment (*) (p<0.05). In SK-N-AS cells,
ciglitazone at a concentration of 100 uM caused a significant decrease in the number of viable cells 24 hrs post-treatment (*) (p<0.05) but the decrease in cell
viability observed after 48 and 72 hours at this ciglitazone concentration did not reach statistical significance. In SK-N-AS cells a significant decrease in cell
viability was seen 72 hrs post-treatment in the presence of 50, 150 and 200 uM ciglitazone (*) (p<0.05). In IMR-32 cells a ciglitazone concentration of 200 pM
caused a significant decrease in the number of viable cells 24 hours post-treatment (*) (p<0.05) whereas the decrease in cell viability observed at a ciglitazone
concentration of 150 pM reached significance after 48 hours but not at 72 hours. In SK-N-SH cells there was a significant decrease in cell viability 72 hours post-
treatment at ciglitazone concentrations of 100 uM (*) whereas ciglitazone concentrations of 150 uM or higher caused a significant decrease in cell viability after
24 hours (*) (p<0.05). The ciglitazone concentration required to cause a 50% reduction in the number of viable cells (ECsg viaiity) for each cell line 24, 48 and 72

hours following treatment is indicated on the graphs and summarized in the table below:

Hours post ECso (1M) (Viability)

treatment ND-7 SK-N-AS IMR-32 SK-N-SH
24 108 175 152 116
72 92.0 136 127 58.0
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Calculation of the ligand concentration required to induce a 50% decrease in the
percentage of viable neuroblastoma cells (ECso viavitity) at each time point indicated the
largest increase in trypan blue uptake in SK-N-AS cells occurred between 24 and 48
hours post-treatment whereas in SK-N-SH the most significant decrease in cell
viability occurred between 48 and 72 hours post-treatment. In contrast, comparison
of the ECs viabitity figures for ND-7 and IMR-32 cells after 24, 48 and 72 hours of
treatment showed that the decline in their viability across the time course was less
pronounced compared with SK-N-AS and SK-N-SH cells (Fig. 3.15, table). Since
growth inhibition and decreased cell viability were both observed at ciglitazone
concentrations of 100 uM or greater this suggests that cell death at these higher

ciglitazone doses is a consequence of growth arrest.

3.10 The effect of ciglitazone on PPARYy transcriptional activity in

neuroblastoma cells in vitro

Despite accumulating evidence that TZDs have anti-tumourigenic properties both in
vitro and in vivo there is still controversy over how these drugs mediate their effect on
cancer cell proliferation. As TZDs are known to improve sensitivity to insulin and
promote adipocyte differentiation via transcriptional activation of PPARY it was
original proposed that they might also induce growth arrest, differentiation or
programmed cell death of cancer cells by a PPARy dependent pathway. Indeed,
PPARY transactivation by ciglitazone has been demonstrated in specific breast cancer,
colon cancer, lung cancer, melanoma and GH-secreting adenoma cells, at the same
concentrations that caused inhibition of growth [366,374,381]. Furthermore
ciglitazone induced cell death was abrogated by the synthetic PPARYy antagonist
BADGE (bisphenol A diglycidyl ether) in human and rat glioma cells which suggests
that in some cancer cell types the anti-proliferative and cytotoxic effects of
ciglitazone are dependent on stimulation of PPARYy transcriptional activity [208].
Conversely, ciglitazone and troglitazone were equally effective at attenuating cell
growth and DNA synthesis of PPARy null (") mouse embryonic stem (ES) cells
compared with PPARY expressing (") mouse ES cells in vitro [382]. The
proliferation of tumours, established from PPARy” and PPARy+/ " mouse ES cells, in

mice were also almost completely suppressed by troglitazone treatment [382]. The
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findings of this study were corroborated by the work of Shiau et al which showed that
close structural analogues of troglitazone and ciglitazone, that were deficient in
PPARy ligand binding activity, retained the ability to induce apoptosis of prostate
cancer cells in vitro [383]. Recent publications indicate that the PPARY independent
growth inhibitory effects of TZDs could be mediated by a variety of mechanisms
which include, production of reactive oxgen species (ROS), modulation of the MAP

kinase pathway or attenuation of translation initiation [382,384,385].

Thus to establish if ciglitazone stimulates PPARy-mediated transcription in
neuroblastoma cells, ND-7, SK-N-AS, IMR-32 and SK-N-SH cell lines were
transiently transfected with a PPAR responsive reporter (PPRE-TK-Luc) and then
treated with either a vehicle control (DMSO) or 25, 50, 100, 150 and 200 pM
ciglitazone for 24 hours. The cells were then harvested and luciferase activity
measured. In ND-7 cells, ciglitazone stimulated PPRE-mediated transcription in a
dose-dependent manner with statistically significant induction of PPRE-driven
reporter activity observed at concentrations of 25 uM or higher (Fig. 3.16). In human
SK-N-SH cells significant activation of the PPAR responsive reporter was observed
at a ciglitazone concentration of 25 uM (1.7-fold) but no stimulation of PPRE-
mediated transcription was observed at ciglitazone concentrations of 50 and 100 uM
(Fig. 3.17). Although ciglitazone induced PPARY transcriptional activity at a
concentration near its ECsg for this cell line, these results indicate that at higher doses
ciglitazone may activate PPARY independent pathways in SK-N-SH cells. In
contrast, in SK-N-AS and IMR-32 cells ciglitazone did not significantly induce the
luciferase activity of the PPAR responsive reporter at any of the concentrations
investigated (Fig. 3.17). As no induction of PPRE-mediated transcription was
observed at concentrations near the ECsq for these two cell lines this suggests that in
SK-N-AS and IMR-32 cells ciglitazone mediates its anti-proliferative effect in part by

a PPARy independent mechanism.
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Fig. 3.16. The effect of the synthetic PPARY ligand, ciglitazone on PPRE-
mediated transcription in ND-7 neuroblastoma cells. ND-7 cells were transiently
transfected with 2 pg of a Renilla luciferase reporter construct under the control of
three peroxisome proliferator response elements (PPREs) upstream of a thymidine
kinase promoter (PPREx3-TK-Luc). Cells were treated with either a vehicle control
(DMSO) or 25, 50 and 100 uM ciglitazone for 24 hours then harvested and luciferase
activity measured. Data shows the mean relative luciferase activity of the PPREx3-
TK-Luc reporter compared with its activity in vehicle DMSO treated ND-7 cells, and
represents two independent experiments £ S.D. The activity of the PPREx3-TK-Luc
construct was normalized for transfection efficiency and differences in cell number
by co-transfecting ND-7 cells with the firefly luciferase reporter, pGL3-Basic.
Statistics were calculated using a Student’s #-test and showed that compared with
DMSO treated ND-7 cells, ciglitazone at concentrations of 25 uM or higher caused
significant activation of the Renilla luciferase reporter driven by a PPRE-regulated
promoter (p<0.05) (*).
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Fig. 3.17. The effect of the synthetic PPARYy ligand, ciglitazone on PPRE-mediated
transcription in human neuroblastoma cell lines. SK-N-AS, SK-N-SH and IMR-32 cells
were transiently transfected with 2 ug of a Renilla luciferase reporter construct under the
control of three peroxisome proliferator response elements (PPREs) upstream of a thymidine
kinase promoter (PPREx3-TK-Luc). Cells were treated with DMSO (vehicle control) or 25,
50 and 100 uM ciglitazone for 24 hours then harvested and luciferase activity measured.
Data shows the mean relative luciferase activity of the PPREx3-TK-Luc reporter compared
with its activity in vehicle DMSO treated cells, and represents two independent experiments
%+ S.D. The activity of the PPRE-x3-TK-Luc construct was normalized for transfection
efficiency and differences in cell number by co-transfecting the cell lines with the firefly
luciferase reporter, pGL3-Basic. Statistics were calculated using a Student’s ¢-test and
showed that compared with DMSO treated cells, ciglitazone caused significant induction of
Renilla luciferase reporter activity driven by a PPRE-regulated promoter, at a concentration
of 25 uM in SK-N-SH cells (*)(p<0.05), however ciglitazone at other concentrations and in
other neuroblastoma cell lines did not have a significant effect on the reporter activity of the

PPREx3-TK-Luc construct.
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3.11 Discussion

The characteristic feature of neuroblastoma is its heterogeneous pathology. Around
50% of cases present with advanced stage disseminated disease which has a 20%
survival rate at 5 years from diagnosis despite the use of intensive chemotherapy
[252]. In contrast, patients with low stage localized or 4S tumours have a favourable
prognosis and the highest rate of spontaneous regression among human malignancies
[246]. This has fuelled a search for agents which could mimic this phenomenon in
late stage disease providing an alternative therapy for these high risk neuroblastomas.
It has previously been demonstrated by our group that neuroblastoma cell lines
express PPARy and that the natural ligand of this receptor, 15dPGJ; attenuated their
growth in vitro [228]. The ligand concentration required to inhibit growth and the
accompanying response however varied between the cell lines. Furthermore, low
concentrations of 15dPGJ, in certain neuroblastoma cell types induced proliferation.
Therefore although PPARY ligands like 15dPGJ, show promise as anti-tumour agents,
their development as a treatment for neuroblastoma is dependent on understanding

how they regulate such diverse biological responses in these cancer cells.

Use of a PPAR responsive reporter assay showed that 15dPGJ; stimulated PPRE-
mediated transcription in all four neuroblastoma cell lines examined and the level of
PPARYy transcriptional activity correlated with the degree of growth inhibition (Fig.
3.1 and Table 3.2). Low level PPARYy transactivation was associated with either
proliferation or a certain degree of growth inhibition, whereas greater stimulation of
PPRE-mediated transcription was observed at 15dPGJ;, concentrations which resulted
in more pronounced attenuation of cell growth. Furthermore, the degree of PPARYy
transcriptional activity at each 15dPGJ; concentration correlated with distinct
biological responses in each neuroblastoma cell line. For instance, in the murine ND-
7 cell line, treatment with 0.1 uM 15dPGJ; stimulated PPARYy transcriptional activity
by 1.49-fold which was associated with cell proliferation, whereas in the presence of
1 pM 15dPGJ; a 1.75-fold induction of PPARYy transcriptional activity was observed
and correlated with growth inhibition and differentiation. In the presence of 2 pM
15dPGJ, PPRE-mediated
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Table 3.2. Shows how the level of PPARYy transcriptional activity (2 significant figures) correlates with distinct cellular responses in neuroblastoma

cells in vitro.

SK-N-AS IMR-32 ND-7 SK-N-SH
15dPGJ;
(uM) Level of Level of Level of Level of
PPARy Cellular response PPARy Cellular response PPARYy Cellular response PPARYy Cellular response
activation activation activation activation
0 1.0 Typical growth 1.0 Typical growth 1.0 Typical growth 1.0 Typical growth
0.1 0.7 Typlcal growth 1.3 Typlcal growth 1.6 proliferation 1.6 proliferation
1 0.9 proliferation 2.2 proliferation 1.8 Gcrici)f\pg:‘em?a:zig:n 1.0 proliferation
: = Growth inhibition ! :
5 1.5 Differentiation 29 Growth arrest 2.2 1.6 proliferation
autophagy apoptosis
Growth inhibition Growth inhibition ; :
10 21 . e <fo 7.2 18 proliferation
Differentiation apoptosis apoptosis
20 2 Grs>wth |nh|b|t|on 8.9 Growth inhibition 25 Growth inhibition 35 Growi Inbibition
differentiation apoptosis apoptosis
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transcription was stimulated by 2-fold which appears to attenuate cell growth and
induce apoptosis (Table 3.2). A given concentration of 15dPGJ,, however did not
induce the same level of PPRE-mediated transcription in the different neuroblastoma
cell lines studied. For example, 10 uM 15dPGlJ; stimulated PPARYy transcriptional
activity by 2-, 3.25-, 7.23- and 1.61 fold in SK-N-AS, IMR-32, ND-7 and SK-N-SH
neuroblastoma cells respectively (Table 3.2). The differential PPARY transactivation
observed appears to relate to the sensitivity of the neuroblastoma cell lines to
15dPGJ;. For instance, in SK-N-AS and SK-N-SH cells, which were more resistant
to the growth inhibitory effects of 15dPGJ, relative to ND-7 and IMR-32 cells, the
level of PPARy-mediated transcription at any concentration of this natural ligand was
generally lower compared with the stimulation of PPARY transcriptional activity in
IMR-32 and ND-7 cells.

Interestingly, the same level of PPARY activation in the four neuroblastoma cell lines
was associated with different cellular responses. For example, a 2-3-fold stimulation
of PPRE-mediated transcription in the four neuroblastoma cell lines correlated with
differentiation, autophagy and apoptosis in SK-N-AS, IMR-32 and ND-7 cells
respectively. These specific cellular processes are probably mediated by the
activation of different target genes in each of the neuroblastoma cell lines, which
suggests that the response of the neuroblastoma cells to 15dPGJ; is in part modulated
by their genotype. There must also be a mechanism which determines how low level
PPARy-mediated transcription stimulates proliferation in certain neuroblastoma cell

types whereas higher levels of PPARY transactivation cause inhibition of cell growth.

Several putative PPARY target genes have been identified which suggest how PPARy
may modulate differentiation, autophagy and apoptosis. Recent publications have
demonstrated that the expression of cyclin dependent kinase inhibitors (CDKIs),
including p21, are up-regulated during growth arrest and cell differentiation ir vitro
and in vivo [165]. Ectopic expression of PPARy in non-precursor fibroblasts resulted
in their differentiation to adipocytes and was correlated with an increase in the
expression of the cyclin dependent kinase inhibitors (CKIs) p21 and p18 [165].
Growth arrest and differentiation in response to PPARy ligands was also
accompanied by induction of p21 expression in hepatocellular, renal, colon, non-

small lung and breast cancer cell lines in vitro [199-204]. The p21 promoter contains
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a consensus PPRE, which suggests that PPARy could promote differentiation of
adipocytes and cancer cells by directly activating p21 transcription [165]. Another
potential target gene of PPARY is the tumour suppressor PTEN (phosphatase and
tensin homologue detected on chromosome 10). PTEN inhibits the
phosphatidylinositol (PT) 3-kinase/protein kinase B (Akt/PKB) pathway which
promotes cell survival and attenuates programmed cell death [225,226]. Activation
of PPARY by the synthetic ligand rosiglitazone stimulated PTEN expression in breast
and colon cancer cell lines and was correlated with a reduced proliferation rate [317].
Like the p21 promoter, the sequence upstream of the PTEN transcription start site
contains two putative PPREs both of which were shown to bind PPARYy in a gel
retardation assay in vitro [317]. PTEN is a plausible candidate target gene for PPARy
in neuroblastoma cells since it has been implicated in the initiation of autophagy and
apoptosis, types of cell death which have both been detected in response to different
concentrations of 15dPGJ; in IMR-32 cells [224,386-388]. Treatment with PPARy
ligands has also been associated with the induction of other pro-apoptotic genes such

as BAX, Bad and the tumour suppressor p53 [200,220].

Despite these findings the direct in vivo targets of PPARY in human malignancies
including neuroblastoma are unknown. To begin to address this question in
neuroblastoma cells it would be beneficial to evaluate which genes show altered
expression following treatment with 15dPGJ; using a cDNA microarray. Having
identified genes whose expression was significantly up-regulated by administration of
15dPGlJ,; directing binding by PPARY to the promoters of these genes ix vivo could
be assessed by chromatin immunoprecipitation assay. It would also be interesting to
compare the gene expression profile of the four neuroblastoma cell lines in response
to 15dPGJ; to determine whether there is a variation in the genes that are regulated by
15dPG]J; as this might in part explain the cell lines differential biological response to
this ligand.

Since the degree of PPARY transactivation appeared to be important in governing the
biological response of neuroblastoma cells to 15dPGJ; this prompted us to investigate
how PPARY transcriptional activity is regulated in neuroblastoma cells. We
demonstrate that expression of the critical cell cycle regulator retinoblastoma protein

(pRb) or one of its family members (p107 or p130) could modulate the level of
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PPARYy activity in neuroblastoma cells. Co-transfection of ND-7 cells with an
expression plasmid encoding pRb, p107 or p130 blocked induction of a PPRE-driven
reporter by 15dPGJ,. In addition, transfected pRb, in the presence of 15dPGlJ,
significantly repressed PPRE-mediated transcription below the level observed in ND-
7 cells treated with the vehicle control. A similar response was observed in the
presence of transfected p107 and p130 although inhibition of PPRE-mediated
transcription did not reach statistical significance however this may be achieved with
more experimental repeats. This suggests that as in adipocytes, pRb inhibition of
PPARY activity is dependent on ligand binding in neuroblastoma cells. The A/B
pocket of pRb also appears to be critical for transcriptional repression of PPARYy as
expression of a pRb mutant lacking the pocket domain failed to attenuate activation
of the PPARY responsive reporter by 15dPGJ,. Furthermore, treatment of ND-7 cells
with the HDAC inhibitor trichostatin A blocked the repressive effect of pRb on
stimulation of PPARYy activity by 15dPGJ, indicating that the mechanism of pRb

transcriptional inhibition involved HDAC recruitment.

Since it had previously been shown that higher levels of PPRE-mediated transcription
in neuroblastoma cells were associated with increased growth inhibition, these results
implied that treatment of neuroblastoma cells with a HDAC inhibitor and a PPARy
ligand might enhance growth inhibition relative to the observed effect in the presence
of only the PPARY ligand. Indeed, it was demonstrated that growth inhibition in SK-
N-AS neuroblastoma cells co-administered with TSA and 15dPGJ; was augmented
compared with the response of SK-N-AS cells treated with either agent alone,
however the effect was only additive. Conversely the combined treatment of TSA
and 20 pM 15dPGJ, caused a synergistic decrease of SK-N-AS cell viability. These
different effects on SK-N-AS cell proliferation and viability may have been
influenced by the concentration of TSA used in these experiments. In SK-N-AS cells
treated with TSA alone at a concentration of 50 ng/ml cell growth and viability were
attenuated by approximately 50 and 10 % respectively. Therefore it is plausible that a
lower concentration of TSA, which abrogates cell proliferation by between 10 and 30
%, is also required to observe whether the enhanced inhibition of growth by 15dPGJ,
in combination with TSA can reach statistical synergy. Alternatively, HDAC
inhibition may specifically affect the activation of PPARYy target genes that modulate

cell viability but not cell growth. Further investigation is necessary to determine if a
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HDAC-pRb-PPARY complex forms in vivo in neuroblastoma cells and whether it is a
target of HDAC inhibitors such as TSA since it is possible that PPARY could interact
with other protein factors that recruit HDACs. To date six structurally distinct class
of HDAC inhibitor have been identified which act by binding to different regions of
the catalytic domains within class I and Il HDACs, however none of these
compounds show selectivity for different HDAC isozymes [342]. The development
of inhibitors which target specific class I and [l HDACs will help to uncover the
distinct functions they have in tumourgenesis. For example, pRb has been shown to
only recruit HDAC3 to PPARy. Therefore if a HDAC3 selective inhibitor could also
augment the growth inhibitory effect of 15dPGJ; in neuoroblastoma cells, this would
lend support to the hypothesis that HDAC inhibition was specifically relieving the
repressive effect of pRb.

Only specific human malignancies, such as retinoblastoma and osteosarcoma, are
initiated by loss of pRb; although it is predicted that the pRb pathway is deregulated
by alternative mechanisms in many other tumours. However, the outcome of pRb
inactivation will depend on whether the downstream pathways regulated by pRb
remain intact in the cancer cell [320]. For instance, in tumour cells expressing wild-
type pS3, deregulation of pRb triggers apoptosis. In the absence of pRb, free E2F
stimulates expression of ARF (the alternative reading frame protein encoded by the
INK4A locus) which in turn sequesters MDM?2, a protein which targets p53 for
degradation by the proteosome [323]. It is speculated that this induction of ARF
serves as a protective mechanism that eliminates cells in which pRb is inactivated,
hence why p53 is frequently mutated in cancer [323]. Enhanced PPARy
transcriptional activity due to loss of pRb may similarly prevent development of the
malignant phenotype. Recent studies suggest that the pRb status of neuroblastoma
cells could in part be regulated by increased expression of cyclin D1 [341]. Cyclin
D1 activates its cyclin-dependent kinase partner CDK4 or CDK6 which leads to
phosphorylation of pRb disrupting its interaction with, and therefore repression of,
transcription factors such as E2F and PPARY. Therefore, it would be interesting to
correlate the level of PPARy-mediated transcription in neuroblastoma cell lines and
primary tissues with the amount of hypo-phosphorylated pRb and expression of
cyclin D1, pRb and pRb family members. In the absence of pRb, if the function of

increased PPARY transactivation is to prevent tumour development by, for example,

141



stimulating the expression of pro-apoptotic genes it is probable that other mechanisms

exist to inactivate PPARy in human malignancies.

Indeed PPARY transcriptional activity is attenuated by MAP kinase phosphorylation
and the expression of this enzyme has been shown to be elevated in several human
cancers including breast carcinomas [389]. In addition, we have previously shown
that activation of a PPAR responsive reporter by 15dPGJ, in IMR-32 neuroblastoma
cells was increased in the presence of the MAPK inhibitor PD98059 indicating that
MAPK expression could also influence the response neuroblastoma cells to PPARy
ligands [228]. A study of 55 primary sporadic colon carcinoma samples
demonstrated that during the development of this cancer PPARy mutations are
acquired which either block or impair the ability of the receptor to bind ligand and
hence stimulate gene transcription, suggesting that reduced PPARY transactivation
may play a role in cancer pathogenesis [232]. The level of RXRa or a critical co-
activator could also limit PPARy-mediated transcription in malignant cells [314,315].
Two independent investigations have shown that that expression of PPARYy-
coactivator 1 (PGC-1) was significantly reduced in breast and colon tumours and in
breast cancer patients low levels of the co-activator were correlated with poor clinical
outcome [314,315]. PPARP/S expression may also contribute to transcriptional
inactivation of PPARY since it has been demonstrated that PPARPB/3 has a higher
affinity for co-repressors that PPARy or PPARa and could attenuate PPARYy target
gene activation by competing for binding to PPREs [33,121]. Further study is
warranted to discover if mutations of PPARYy or differential MAPK, PPARYy co-
activator or PPARP/S expression also impact on PPARY transactivation and hence the

cellular response of neuroblastoma cells to 15dPGJ; or other PPARY ligands.

Other high affinity PPARy ligands include a class of drugs called thiazolidinediones
(TZDs) which are used clinically in the treatment of type II diabetes [20]. These
compounds, like natural PPARYy ligands, have also been shown to inhibit the growth
of cell lines and primary tissues derived from a variety of human malignancies
[192,193,203,211,365-367]. In addition, TZDs attenuated tumour progression in
mice models in vivo [219]. Since these drugs have minimal side effects in diabetics
and were well tolerated by cancer patients who took part in small scale clinical trials,

this led us to investigate if TZDs have potential as an alternative therapy for the
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treatment of advanced staged neuroblastomas [209,239]. The TZD ciglitazone
repressed the growth of all four neuroblastoma cell lines examined although
comparison of ciglitazone ECs, values with those for 15dPGJ, demonstrated that it
was a less potent inhibitor of cell proliferation relative to this natural ligand (Table
3.3). Indeed ciglitazone concentrations between 1.6-18-fold higher than 15dPGJ,
were required to attenuate neuroblastoma cell growth by 50 %. The ciglitazone ECsg
value for the murine ND-7 cell line was considerably lower compared with the human
neuroblastoma cell lines, however the growth inhibitory effect of ciglitazone at
concentrations of 50 uM or higher was similar in all the neuroblastoma cell lines
examined. Calculation of the ECsg at each time point demonstrated that IMR-32 cells
were the most resistant to ciglitazone treatment since the decrease in the IMR-32
ECs value during the 72 hour time course was 3 to 5 times less compared with the

reduction in the ECsg values for ND-7, SK-N-AS and SK-N-SH cell lines.

Ciglitazone induced neurite outgrowths from SK-N-AS cells in a dose-dependent
manner, but had no effect on ND-7, IMR-32 or SK-N-SH cell morphology. Since the
percentage of SK-N-AS cells with extended neurites was statistically significant at
ciglitazone concentrations near the ECs for this cell line this suggests that ciglitazone
induced growth arrest of SK-N-AS cells was accompanied by differentiation.
Furthermore, ciglitazone significantly decreased the viability of all neuroblastoma
cell lines tested but only at concentrations of more than 100 pM suggesting that
growth arrest at these doses can lead to cell death. Allthough the trypan blue
exclusion assay used in these experiments is an effective technique for detecting
decreased membrane integrity it can not distinguish between necrosis, autophagy or
apoptosis. However, the protein synthesis inhibitor cycloheximide could be used to
distinguish if the mode of cell death induced by ciglitazone is necrosis or
programmed cell death since necrosis does not require protein synthesis whereas
apoptosis and autophagy are dependent on de novo protein expression [390]. If
ciglitazone does stimulate programmed cell death of neuroblastoma cells there are a
variety of methods which might be employed to determine if the cells have undergone
apoptosis including detection of DNA strand nicks, DNA fragmentation, caspase
activation or PARP cleavage [391-393]. Alternatively to assess whether ciglitazone

induced cell death occurs
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ECso (M)

PPARy

ligand SK-N-AS IMR-32 ND-7 SK-N-SH
15dPGJ, 17 5 0.7 19
ciglitazone 36 52 13 30

Table 3.3. Comparison of ciglitazone and 15dPGJ; ECs values for SK-N-AS,
IMR-32, ND-7 and SK-N-SH neuroblastoma cell lines. The ECs value presented

here was the concentration of ligand required to inhibit cell growth by 50% 72 hours

post-treatment (2 significant figures). The ECsg values for 15dPGJ;, were calculated

from previous cell counting data by Dr Karen Lillycrop, Dr Helen Rodway and

Emma Phillips.
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through an autophagic mechanism cells could be stained with MDC, a fluorescent dye
which selectively stains autophagic vesicles [228]. The ciglitazone ECsg values for
the four neuroblastoma cell lines are comparable with the concentrations of
ciglitazone and two other TZDs, troglitazone and rosiglitazone that were required to
inhibit the growth of certain breast, hepatocellular, salivary gland, pancreatic,
leukemia and lung cancer cell lines in vitro. Since in vitro similar concentrations of
ciglitazone and 15dPGJ, are required to activate PPARy (ECspof 3 and 2 pM
respectively) this leads one to question why higher concentrations of ciglitazone are
required to inhibit the growth of certain cancer cell types, if like 15dPGlJ,, ciglitazone
exerts its effect through its receptor [99,100,106,192]. Indeed, recent publications
indicate that TZDs, including ciglitazone may modulate tumour cell proliferation by

both PPARy dependent and PPARYy independent mechanisms.

To investigate if ciglitazone induced growth arrest in neuroblastoma cells was
associated with stimulation of PPRE-mediated transcription, the activity of a
transfected PPAR responsive reporter was assayed following treatment of
neuroblastoma cell lines with increasing concentrations of ciglitazone. Interestingly,
the effect of ciglitazone on PPARY transcriptional activity appeared to be dependent
on the neuroblastoma cell type. In ND-7 cells, ciglitazone induced PPRE-mediated
transcription in a dose-dependent manner and the level of PPARY activation
correlated with the degree of growth inhibition. This is in agreement with the results
of a study investigating the effect of ciglitazone and rosiglitazone on the growth of
pituitary GH-secreting adenomas, which also demonstrated that ciglitazone
stimulated PPARYy transcriptional activity at concentrations which caused growth
arrest and apoptosis [366]. Conversely, in human SK-N-SH cells significant low
level activation (1.7-fold) was observed in the presence of 25 uM ciglitazone but not
at higher concentrations examined. In SK-N-AS and IMR-32 cells ciglitazone did not
significantly stimulate the PPAR responsive reporter at any of the concentrations
investigated. Rumi et al have similarly shown that in some gastrointestinal tumour
cell lines, which expressed PPARY, that the TZD troglitazone did not induce PPRE-
mediated transcription however still attenuated their growth in vitro [394]. Pre-
treatment of the cell lines with the PPARy antagonist, GW9662 or transfection with a
PPARy dominant negative did not protect these cells from troglitazone mediated

growth arrest indicating that this TZD was acting through a PPARY independent
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mechanism [394]. Furthermore, ciglitazone and troglitazone inhibited the growth of
PPARy null mouse embryonic stem (ES) cells to the same extent as PPARy
expressing ES cells [382].

Despite these findings, further investigation is needed, firstly to explain why
ciglitazone only stimulated PPARYy transcriptional activity in specific neuroblastoma
cell lines and secondly to establish the mechanism of PPARy independent growth
repression. One hypothesis is that IMR-32 and SK-N-AS cells have acquired a
mutation in the PPARY receptor which impairs binding of ciglitazone but which
allows ligand interaction and promotion of gene transcription when exposed to
15dPGJ,. In support of this idea, examination of colorectal carcinoma samples
identified a PPARYy receptor, with a missense somatic mutation in the ligand binding
domain (R288H), which could effectively bind synthetic PPARYy ligands but
demonstrated decreased binding and transcription when incubated with natural
ligands [232].

Although still not conclusive, evidence for a variety of mechanisms by which TZDs
could attenuate cancer cell growth independent of PPARY is emerging. For instance,
in PPARy'/ ~and PPARy"* mouse embryonic stem cells, ciglitazone and troglitazone
induced growth arrest in G; via inhibition of translation initiation. This mechanism
involved partial depletion of intracellular calcium stores and inactivation of
elongation factor elFa through protein kinase R phosphorylation [382]. Shiau et a/
demonstrated that troglitazone and ciglitazone structural analogues that failed to
activate PPARY still retained the ability to promote caspase dependent apoptosis in
prostate cancer cells by disrupting the association of Bcl-2 and Bel-XL with
Bak[383]. The Bcl2 family consists of members which either block or induce
apoptosis. Anti-apoptotic Bel-2 and Bcel-XL form heterodimers with pro-apoptotic
members such as Bak that are inactive, whereas release of Bak from Bcl-2 or Bel-XL
leads to caspase activation and programmed cell death [383]. Ciglitazone also
stimulated apoptosis of malignant glioma cells, however in these cell lines the
pathway involved production of reactive oxygen species probably by depolarization
of the mitochondrial membrane [385]. Furthermore, troglitazone induced growth
inhibition of colon cancer cells has been linked to activation of the MAP kinase

ERK1/2 which in turn induced expression of the cyclin dependent kinase inhibitor
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p21 [394]. The MAPK pathway may in part act as the downstream effector of ROS
production, since the MAP kinase cascade in astrocytes was triggered by ciglitazone
via a mechanism involving generation of ROS [384]. In addition Chen ef al have
shown that induction of ERK1/2 by ciglitazone can lead to apoptosis by inhibition of
NF-«B transcriptional activity [395]. Intriguingly in this model, ciglitazone required
PPARYy expression to mediate its effect on HT29 colon cancer cells but repressed
PPRE-mediated transcription [395]. Instead ciglitazone stimulated phosphorylation
of PPARy by ERK1/2 which promoted its interaction with the p65 subunit of NF-xB
[395]. Chen et al proposed that formation of this complex sequestered both proteins
preventing binding to their respective DNA response elements[395]. Since NF-xB is
known to be a key regulator of cell survival, direct antagonism of this pathway by
ciglitazone could explain how this TZD triggered programmed cell death.
Conversely Allred et al demonstrated that the same concentration of ciglitazone used
by Chen et al induced PPRE-mediated transcription in HT29 cells [381]. The reason
for this discrepancy is unclear, indicating that further confirmation of the role of

PPARYy in attenuation of NF-«B transcriptional activity in this cell type is required.

Several studies have shown that the effective concentrations of rosiglitazone and
pioglitazone required to reduce tumour progression in animal models are higher than
those that would be used in of type II diabetes patients [396]. Nevertheless, similar
doses of troglitazone were used to treat prostate and liposarcoma patients in small
scale clinical trials but still had minimal side effects [366]. This indicates that TZDs
even at higher doses have potential as an anti-cancer therapy. However, these
findings do suggest two other approaches for future studies. Firstly, we need to
discover how to maximize PPARYy transactivation in tumour cells [394]. Secondly,
identification of the TZD PPARY independent mechanism could lead to the
development of PPARY ligands, which also target this pathway, without
compromising PPRE-mediated transcription, and thus augment growth inhibition of

cancers such as neuroblastoma.
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4 THE EFFECT OF A PPARy DOMINANT-NEGATIVE
MUTANT ON IMR-32 NEUROBLASTOMA CELLS IN
VITRO

4.1 Introduction

Various approaches have been used to investigate if the cellular résponses induced by
PPARYy ligands are mediated through their receptor, including PPARy antagonists,
PPARy null cell lines, PPARY specific siRNA and PPARy dominant negative
receptors[318,382,394]. Since in some cell types pharmacological PPARYy
antagonists have been shown to act as partial agonists, or exhibit cytotoxic effects
which are distinct from their ability to abrogate PPARYy transactivation, we decided to
inhibit PPARY receptor activity in neuroblastoma cells by constitutive expression of a

PPARY dominant negative receptor [397,398].

The PPARy dominant negative receptor used in our experiments was created by
Gurnell et al by mutating leucine*®® and glutamic acid*’' in the PPARy1 AF-2 helix to
alanine (L468A/E471A PPARy1) [135]. The crystal structure of the PPARy ligand
binding domain in complex with the co-activator SRC-1 demonstrates that leucine*®®
and glutamic acid*’”' are both positioned at the co-activator interface [135]. The side
chain of glutamic acid*’”' forms hydrogen bonds with backbone amides of residues in
the co-activator helix whereas leucine*®® mediates interactions with the hydrophobic
face of the co-activator [57] (Fig. 4.2). Therefore, although this PPARYy receptor
mutant is still effective at ligand and DNA binding, its transcriptional activity in the
presence of the PPARy agonist rosiglitazone is negligible due to impaired co-
activator recruitment [135]. Furthermore, the mutant receptor is an inhibitor of basal
PPRE-mediated transcription and attenuates ligand dependent transactivation by wild-
type PPARY [135]. In parallel with natural PPARy and other nuclear receptor
variants, the artificial PPARy mutant, in the absence of ligand, had increased affinity
for co-repressors such as SMRT compared with wild type PPARy and upon ligand
binding exhibited delayed co-repressor release (Fig. 4.1) [176,399-402]. It is

speculated that formation of interactions between co-activators and wild type PPARy
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introduces steric constraints in the hydrophobic ligand binding domain which
prevents accommodation of co-repressors that have longer helical binding domains
[403]. Successive publications have demonstrated that the L468A/E471 A PPARy1
dominant negative receptor is a selective and potent inhibitor of PPARY signalling

both in vitro and in vivo [135,394,404,405].

There were at least three aims of antagonising the PPARy pathway in neuroblastoma
cells. Firstly, while a correlation between the level of PPRE-mediated transcription
and the degree of growth inhibition caused by the natural PPARy ligand 15dPGJ, in
neuroblastoma cells had been established it was necessary to determine if the anti-
proliferative effect and accompanying cellular responses of 15dPGJ, were direct
consequences of PPARy receptor activation. Secondly, although the synthetic PPARYy
ligand ciglitazone also attenuated the proliferation of neuroblastoma cells in vitro,
ciglitazone concentrations that caused a growth inhibitory effect did not stimulate a
PPAR responsive reporter in certain neuroblastoma cell lines. This suggested that
ciglitazone could act through a PPARy-independent pathway. To test this hypothesis
the effect of expression of a PPARy dominant negative receptor on ciglitazone action
in neuroblastoma cells was studied. Thirdly, introduction of a PPARy dominant
negative receptor in to colon cancer and smooth muscle cells was demonstrated to
stimulate cell proliferation indicating that PPARY may function as a tumour
suppressor in vivo [406,407]. This is in agreement with the finding that ectopic ovér-
expression of PPARY in salivary gland, lung and pancreatic cancer cell lines
attenuated their growth in vitro [304,408-410]. Therefore, the effect of constitutive
expression of a PPARy dominant negative receptor on the proliferation of
neuroblastoma cells was also investigated with the aim of providing insight in to its

cellular role in this cancer.
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/ Wild type PPARYy receptor \ / Dominant negative PPARy receptor \

Fig. 4.1. Mechanism of action of the PPARy dominant negative receptor.

In the absence of ligand, wild-type PPARY, bound to a peroxisome proliferator
response element (PPRE) in the promoter of a target gene, interacts with a co-
repressor complex (CoR). Upon ligand binding (represented by the yellow triangle)
the receptor undergoes a conformational change which leads to release of the co-
repressor complex and promotes interaction with co-activators (A) stimulating gene
transcription. The artificial PPARy mutant receptor (L468A/E471A PPARYy1) retains
the ability to recognise PPREs however, it has increased affinity for co-repressors in
the absence of ligand so is a more potent inhibitor of ligand independent transcription.
Although the PPARy dominant negative receptor can efficiently bind ligand it
displays delayed co-repressor release and impaired association with co-activators
which attenuates ligand dependent transcription. Therefore, this mutant receptor is a
dominant negative inhibitor of wild-type PPARY because it can compete for ligand

and DNA binding but exhibits aberrant interactions with co-repressors.
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4.2 Establishment of IMR-32 neuroblastoma cells stably

expressing a PPARy dominant negative receptor

To generate a neuroblastoma cell line stably expressing a PPARy dominant negative
receptor IMR-32 cells were transfected with a pcDNA3 expression vector containing
the DNA sequence encoding a FLAG epitope tag, in frame, upstream of full length
human PPARY1 cDNA with the substitutions L468A and E471A (pcDNAFlag-
v1L468A/E471A). Control IMR-32 cells were transfected with an empty expression
plasmid (pcDNA3.1). The pcDNA3 plasmid contains a neomycin resistance gene
driven by the SV40 promoter for selection in mammalian cells with the antibiotic
Geneticin (G418). Following the transfection IMR-32 cells were cultured for 72
hours and then incubated with G418 in fresh complete media. Transfected IMR-32
cells were selected by treatment with successive doses of G418 until clones, that were
visible with the naked eye, were picked and cultured as separate cell lines. To verify
which cell lines were stably expressing the mutant PPARy receptor, RNA was
extracted from cells of each potential clone, reverse transcribed and then analysed by
PCR. The forward primer used in the PCR was complementary to part of the DNA
sequence of the FLAG epitope tag so expression of the dominant negative receptor
could be distinguished from endogenous PPARYy (Fig. 4.2). Expression of the PPARy
mutant receptor was detected in two of the selected clones (3 and 8) which were
cultured and used in subsequent experiments (Fig. 4.2). We decided to express the
PPARY dominant negative receptor in the IMR-32 cell line, because of the human
neuroblastoma cells, they exhibited the largest fold difference in ECsy concentrations
for 15dPGJ; and ciglitazone (ECsp of 5 and 52 uM respectively) and 15dPGJ, but not
ciglitazone stimulated a PPAR responsive reporter in IMR-32 cells suggesting that
these two PPARY ligands might be inducing their growth inhibitory effect by distinct

mechanisms in this cell line.
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Fig. 4.2. Identification of IMR-32 clones stably expressing the PPARY dominant
negative receptor.

A. View of the human PPARy ligand binding domain in complex with ligand
(rosiglitazone shown in magenta) and the receptor interaction domain from the co-
activator SRC-1 (CoA, in red). Note Leucine*®® and glutamic acid*’' of helix 12
(shown in green) are both positioned at the co-activator interface [176]. Their
mutation to alanine in the PPARy dominant receptor prevents co-activator binding.
B. Diagram showing the expression plasmid encoding the PPARy dominant negative
receptor. The cDNA of the mutant receptor was cloned in frame downstream of a
FLAG epitope tag. For RT-PCR a forward primer was designed so that it was
complementary to part of the DNA sequence of the FLAG tag so expression of the
dominant negative receptor could be distinguished from endogenous PPARy.

C. Results of PCR using 50 ng of the expression plasmid as the template to verify
efficiency of primers. As predicted a PCR product of 350 bp was generated (Lane 3).
D. RNA was extracted from IMR-32 neuroblastoma cells of each potential clone,
reverse transcribed and analysed by PCR. Clones 3 and 8 were shown to express the
PPARY dominant negative receptor. A control PCR was carried out with cyclophilin
specific primers to normalise cDNA levels. RNA extraction and RT-PCR reactions

of potential IMR-32 stable cell lines was carried out by Dr Karen Lillycrop.
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4.3 The effect of the natural PPARYy ligand 15dPGJ, on the growth
of IMR-32 neuroblastoma cells stably expressing a PPARYy

dominant negative receptor

To determine if stable expression of a PPARy dominant negative receptor in IMR-32
cells would block growth inhibition by a PPARy ligand that is proposed to mediate
this effect through its receptor, PPARy dominant negative clones 3 and 8 and vector
only cells were plated out at 4x10* cells per well and treated with either a vehicle
control (DMSO) or 5 uM 15dPGJ, (ECs for this cell line). After 72 hours the total
number of vehicle and 15dPGJ, treated cells for each independent cell line were
measured. As shown in Fig. 4.3 compared with vehicle treated cells, 15dPGJ; at a
concentration of 5 uM significantly attenuated the growth of IMR-32 vector only
cells but not IMR-32 cells stably expressing the PPARy dominant negative receptor.
Interestingly, proliferation of PPARy dominant negative clone 8 cells was
significantly stimulated in the presence of 15dPGJ,. These results corroborate the
findings of Rodway et al in our group who demonstrated that 15dPGJ, induced
growth arrest in IMR-32 cells was dependent on PPARYy transcriptional activity, since
transient transfection of PPRE decoy DNA, which competes with endogenous PPRE
elements in the promoters of PPARy target genes for the activated receptor, blocked

the decrease in cell number induced by 15dPGJ; (unpublished results).

4.4 Stable expression of a PPARy dominant negative receptor in
IMR-32 neuroblastoma cells blocks stimulation of PPRE-
mediated transcription by the natural ligand 15dPGJ,

Gurnell et al have shown that in the presence of the L468A/E471A PPARy mutant,
induction of endogenous wild-type PPARy-mediated transcription by the synthetic
PPARYy ligand rosiglitazone was clearly attenuated in vitro [135]. To
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Fig. 4.3. The effect of expression of a PPARY dominant negative receptor on the
response of IMR-32 neuroblastoma cells to the natural PPARYy ligand 15dPGJ,.
IMR-32 cells containing an empty expression vector or IMR-32 clones 3 and 8 stably
expressing the PPARy dominant negative receptor were plated out in complete media
in 6-well dishes at 4x10* cells per well and treated with either a vehicle control
(DMSO) or 5 uM 15dPGJ, (ECsy concentration for this cell line). 72 hours post-
treatment the total number of cells was determined by cell counting using a
haemacytometer. Two samples were counted in duplicate per treatment. Data
represents the mean percentage of the total cell number relative to the number of cells
in the presence of the vehicle control (DMSO) + S.D. of two independent
experiments. Statistics were calculated using a Student’s ¢-test and demonstrated that
the growth of IMR-32 vector only cells was significantly repressed by treatment with
5 uM 15dPGJ; (p<0.05) (*). In contrast, 15dPGJ, treatment of the PPARy dominant
negative IMR-32 stable cell lines did not attenuate their growth. Indeed the total
number of PPARy dominant negative clone 8 cells was significantly increased in the

presence of 15dPGJ; (p<0.05) (*).
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confirm that this PPARYy mutant also abrogated stimulation of PPRE-mediated
transcription by 15dPGJ,, IMR-32 cells constitutively expressing the PPARy
dominant negative receptor or vector only IMR-32 cells were transfected with a
PPAR responsive reporter (PPREx3-TK-Luc) and treated with either a vehicle control
(DMSO) or 5 uM 15dPGJ; for 24 hours. The cells were then harvested and assayed
for luciferase activity (Fig. 4.4). In the vector only IMR-32 cell line the PPAR
responsive reporter was significantly activated in the presence of 15dPGJ; compared
with vehicle treated cells. Conversely, induction of PPRE-mediated transcription by
15dPGlJ, was repressed in PPARy dominant negative expressing IMR-32 cells. This
suggests that the growth inhibitory effect of 15dPGJ, is dependent on the activation
of PPARYy target genes in IMR-32 cells.

4.5 The synthetic PPARYy ligand ciglitazone inhibits the growth of
IMR-32 cells constitutively expressing a PPARy dominant

negative receptor

We next sought further proof that the synthetic ligand ciglitazone regulates IMR-32
cell growth by PPARY independent mechanisms, by examining the effect of
ciglitazone on the proliferation of IMR-32 cells constitutively expressing a PPARy
dominant negative receptor. PPARy dominant negative clones 3 and 8 and vector
only cells were plated out at 4x10* cells per well and treated with either a vehicle
control (DMSO) or 52 uM ciglitazone (ECs for this cell line). After 72 hours the
total number of vehicle and ciglitazone treated cells for each independent cell line
were counted (Fig. 4.5). The level of growth inhibition of the PPARy dominant
negative stable cell lines achieved by ciglitazone was comparable with its effect on
vector only cells (IMR-32 PPARYy dominant negative cells = 44% inhibition; IMR-32
vector only cells = 48% inhibition). This indicates that induction of PPARy
transcriptional activity is dispensable for ciglitazone to attenuate the proliferation of

IMR-32 neuroblastoma cells.
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Fig. 4.4. The effect of expression of a PPARy dominant negative receptor on induction
of PPRE-mediated transcription by 15dPGJ; in IMR-32 cells. IMR-32 cells containing
an empty expression vector or IMR-32 clones 3 and 8 stably expressing the PPARy dominant
negative receptor were transiently transfected with 2 pg of a Renilla luciferase reporter
construct under the control of three peroxisome proliferator response elements (PPREs)
upstream of a thymidine kinase promoter (PPREx3-TK-Luc). Cells were treated with either
DMSO (vehicle control) or 5 pM 15dPGJ, (ECs concentration for this cell line) for 24 hours
then harvested and luciferase activity measured. Data shows the mean relative luciferase
activity of the PPREx3-TK-Luc reporter compared with its activity in vehicle DMSO treated
IMR-32 cells, and represents two independent experiments + S.D. The activity of the
PPREx3-TK-Luc construct was normalized for transfection efficiency and differences in cell
number by co-transfecting IMR-32 cells with the firefly luciferase reporter, pGL3-Basic.
Statistics were calculated using a Student’s #-test and showed that compared with DMSO
treated IMR-32 vector only cells, 15dPGJ, caused significant activation of the Renilla
luciferase reporter driven by a PPRE-regulated promoter (p<0.05)(*). In contrast, the PPAR
responsive reporter was not significantly induced by 15dPGJ, in IMR-32 cells stably

expressing the PPARy dominant negative receptor.
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Fig. 4.5. The effect of expression of a PPARy dominant negative receptor on the
response of IMR-32 neuroblastoma cells to the synthetic PPARY ligand
ciglitazone. IMR-32 cells containing an empty expression vector or IMR-32 clones 3
and 8 stably expressing the PPARy dominant negative receptor were plated out in
complete media in 6-well dishes at 4x10* cells per well and treated with either a
vehicle control (DMSO) or 52 uM ciglitazone (ECso concentration for this cell line).
72 hours post-treatment the total number of cells was determined by cell counting
using a haemacytometer. Two samples were counted in duplicate per treatment.

Data represents the mean percentage of the total cell number relative to the number of
cells in the presence of the vehicle control (DMSO) + S.D. of two independent
experiments. Statistics were calculated using a Student’s ¢-test and demonstrated that
the growth of IMR-32 vector only cells and IMR-32 cells expressing the PPARy
dominant negative (clones 3 and 8) was significantly repressed by treatment with 52

puM ciglitazone (p<0.05) (*).

158



4.6 The effect of stable expression of a PPARy dominant negative
receptor on the proliferation and viability of IMR-32

neuroblastoma cells

Since Rodway et al in our group had previously discovered that IMR-32 cells stably
expressing higher levels of PPARyl mRNA grew at a slower rate compared with
IMR-32 cells transfected with an empty expression vector control, we predicted that
constitutive expression of a PPARy dominant negative receptor in IMR-32 cells
might also modulate their proliferation. To test this hypothesis IMR-32 cells stably
transfected with a PPARy dominant negative receptor (clones 3 and 8) or IMR-32
cells containing an empty expression vector were plated out in complete media at
4x10" cells per well and their growth rate was assessed over 96 and 72 hours by cell
counting and incorporation of [*H]thymidine respectively (Fig. 4.6 and 4.7). We
showed that the proliferation rate of IMR-32 cells constitutively expressing the
PPARy dominant negative receptor (clones 3 and 8) was not significantly different
from the growth rate of vector only cells when measured by cell counting or
[*H]thymidine incorporation. Furthermore, examination of the three independent cell
lines by trypan blue exclusion assay indicated that there was also no difference in the
viability of PPARy dominant negative expressing IMR-32 cells compared to vector
only cells (Fig. 4.8). We speculated that expression of the PPARy dominant
negative receptor failed to alter IMR-32 cell growth because it did not have a
significant effect on basal PPRE-mediated transcription. Therefore, to examine this
possibility we compared basal PPARy activity in IMR-32 cells stably expressing the
PPARy dominant negative receptor (clones 3 and 8) and vector only cells by
transfecting them with a PPAR responsive reporter. We demonstrated that the level
of basal PPRE-mediated transcription in IMR-32 cells constitutively expressing the
PPARy dominant negative receptor and vector only cells was similar, which may
account for why the PPARy mutant receptor did not affect the proliferation of IMR-
32 cells (Fig. 4.9).
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Fig. 4.6. The effect of expression of a PPARy dominant negative receptor on the
growth of IMR-32 neuroblastoma cells. IMR-32 cells containing an empty
expression vector or IMR-32 clones 3 and 8 stably expressing the PPARy dominant
negative receptor were plated out in complete media in 6-well dishes at 4x10* cells
per well and their growth was measured over 96 hours by cell counting using a
haemacytometer. Two samples were counted in duplicate per treatment per day.
Data represents the mean total cell number of 2 independent experiments + S.D.
Statistics were calculated using a Student’s ¢-test and showed that there was no
significant difference in the proliferation of IMR-32 cells constitutively expressing
the PPARy dominant negative receptor compared with IMR-32 vector only cells, as

assessed by cell counting (significance level p<0.05).
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Fig. 4.7. The effect of expression of a PPARy dominant negative receptor on
[3H]thymidine incorporation in IMR-32 neuroblastoma cells over a 72-hour
period. IMR-32 cells containing an empty expression vector or IMR-32 clones 3
(purple squares) and 8 (pink triangles) stably expressing the PPARy dominant
negative receptor were plated out in complete media in 6-well dishes at 4x10* cells
per well and their growth was measured by detecting incorporation of [*H]thymidine
over 72 hours. At each time point [*H]thymidine was added to two wells per cell line
and after 18 hours the cells were lysed and duplicate aliquots per well were
precipitated with TCA, collected to GF/C glass microfibre filters and counted using a
scintillation counter. The data represents the mean of two independent experiments
+S.D. Statistics were calculated using a Student’s #-test and showed there was no
significant difference in the growth of PPARy dominant negative stable cell lines
compared with IMR-32 vector only cells assessed by & H]thymidine incorporation

(significance level p<0.05).
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Fig. 4.8. The effect of expression of a PPARY dominant negative receptor on the
viability of IMR-32 neuroblastoma cells. IMR-32 cells containing an empty
expression vector or IMR-32 clones 3 (purple squares) and 8 (pink triangles) stably
expressing the PPARy dominant negative receptor were plated out in complete media
in 6-well dishes at 4x10* cells per well and cell viability was monitored over 96 hours
by trypan blue exclusion assay. Two samples were counted in duplicate per treatment
per day using a haemocytometer. Data are expressed as the mean % of viable cells
(trypan blue negative) relative to the total number of cells counted per well and
represent two independent experiments £ S.D. Statistics were calculated using a
Student’s #-test and showed that there was no significant difference in the viability of
PPARy dominant negative stable cell lines (clones 3 and 8) compared with IMR-32

vector only cells during the 96 hour time course (significance level p<0.05).
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Fig. 4.9. The effect of expression of a PPARY dominant negative receptor on
basal PPARY activity in IMR-32 neuroblastoma cells. IMR-32 cells containing an
empty expression vector or IMR-32 clones 3 and 8 stably expressing the PPARYy
dominant negative receptor were transiently transfected with 2 ug of a Renilla
luciferase reporter construct under the control of three peroxisome proliferator
response elements (PPREs) upstream of a thymidine kinase promoter (PPREx3-TK-
Luc). Cells were harvested after 24 hours and luciferase activity measured. Data
shows the mean luciferase activity of the PPREx3-TK-Luc reporter (arbitrary units)
for each cell line after normalizing its activity (relative to that of the control plasmid
pGL3-Basic) for differences in transfection efficiency and cell number and represents
two independent experiments + S.D. Statistics were calculated using a Student’s ¢-
test and showed that there was no significant difference in the level of luciferase
activity of the PPAR responsive reporter in IMR-32 cells stably expressing the
PPARy dominant negative receptor (clones 3 and 8) compared the activity of the

reporter in IMR-32 vector only cells (significance level p<0.05).
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4.7 Discussion

Our earlier work indicated that the natural PPARYy ligand 15dPGJ; and the synthetic
PPARY agonist ciglitazone may regulate the growth of neuroblastoma cells by distinct
pathways. In IMR-32 neuroblastoma cells, 15dPGJ; stimulated a PPAR responsive
reporter in a dose dependent manner and the level of PPARYy activation mirrored the
degree of growth inhibition. The concentration of 15dPGJ; required to attenuate
IMR-32 cell proliferation by 50 % was also similar to its PPARY binding affinity
which suggested that 15dPGJ, might mediate this growth inhibitory effect through its
receptor. In contrast, ciglitazone did not stimulate PPRE-mediated transcription in
IMR-32 cells at concentrations near it’s ECsq for this cell line indicating that
ciglitazone induced growth inhibition occurred through a PPARY independent
mechanism at least in this cell type. However, in order to confirm these hypotheses it
was necessary to antagonise the PPARYy signalling pathway in neuroblastoma cells.
Therefore, to do this we established independent IMR-32 cell lines constitutively
expressing a PPARy dominant negative receptor. This artificial PPARy mutant can
efficiently bind DNA and ligand but abrogates transcription by wild-type PPARY by
showing delayed co-repressor release and inability to recruit co-activators upon
ligand binding (Fig. 4.1) [135].

IMR-32 cells stably expressing the PPARY dominant negative receptor were resistant
to growth inhibition by 15dPGJ,. Furthermore, activation of a PPAR responsive
reporter by 15dPGJ, was inhibited in the presence of the PPARy dominant negative
receptor. Conversely, attenuation of growth by ciglitazone was not alleviated in
PPARY dominant negative stable cell lines compared with vector only cells. In
summary, it can be concluded that PPARYy transactivation is critical for growth arrest
by 15dPGJ, in IMR-32 cells although is not essential for ciglitazone induced growth
inhibition. These results are consistent with findings of separate studies which
showed that the anti-proliferative, cytotoxic or anti-inflammatory properties of other
TZDs such as troglitazone or rosiglitazone, in certain cell types, were not blocked by
transfection with a PPARy dominant negative receptor [394,405,411,412]. Therefore,
in the future this approach could be used to investigate the dependence of 15dPGJ,
and ciglitazone on their receptor to mediate growth inhibition of other neuroblastoma

cell lines.

164



Although constitutive expression of a PPARy dominant negative receptor attenuated
induction of PPRE-mediated transcription and growth inhibition by an exogenous
ligand (15dPGJ,) it did not have a significant effect on basal PPARYy receptor activity
or the proliferation rate of IMR-32 cells. It is possible that the PPARY dominant
negative receptor was not expressed at a sufficient level to influence the growth of
IMR-32 cells. The expression of the PPARy dominant negative receptor in IMR-32
cells might be increased by placing the DNA encoding the 1.468A/E471A PPARy1
under the control of a stronger promoter. It is however unlikely that the expression
level of the PPARYy dominant negative receptor alone can account for its inability to

modulate IMR-32 cell growth.

An alternative hypothesis is that the PPARy dominant negative receptor is less
effective at inhibiting endogenous ligand dependent transcription. In vitro, the
PPARy mutant receptor was shown to efficiently bind the synthetic PPARYy agonist
rosiglitazone, therefore it was predicted that it would also compete with the wild-type
receptor for endogenous ligands [135]. Furthermore, adenoviral transfer of a PPARy
dominant negative receptor inhibited rosiglitazone induced adipogenesis in murine
3T3-L1 fibroblasts and primary human preadipocytes [135,169]. Nevertheless the
PPARy dominant negative may be less able to interact with endogenous ligands in
neuroblastoma cells, so that although the mutant receptor still recognises PPAR
response elements and competes with normal PPARy for DNA binding, its dominant
negative action might be impaired by its failure to sequester endogenous ligands. The
identity of genuine endogenous ligands of PPARY is uncertain, therefore until they
are discovered it will not be possible to compare their affinity for the PPARy
dominant receptor with synthetic PPARy agonists [102,413].

In addition, if PPARy does function as a tumour suppressor, its transcriptional
activity in neuroblastoma cells may already be abrogated to facilitate development of
the malignant phenotype. Therefore, the effect of an artificial PPARy dominant
negative receptor on endogenous PPARy-mediated transcription and proliferation in
neuroblastoma cells would be less discernible or negligible because the endogenous
receptor is already inactivated. PPARY transcriptional activity in neuroblastoma cells

could be compromised by a variety of mechanisms including post-translational
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modifications like phosphorylation or sumolyation or expression of a natural PPARy
variant such as YORF4 or PPARyl, [67,74,83,233,234,389] (see also section
1.12.4.1). Further study is warranted to determine if neuroblastoma cells express a
natural PPARYy variant that has dominant negative action over wild-type PPARy. It is
plausible that treatment of neuroblastoma cells with exogenous PPARY ligands might
overcome transcriptional repression mediated by a natural PPARy dominant negative
receptor thus promoting growth arrest by wild-type PPARy. This reasoning is
supported by functional studies which have shown that in vitro higher concentrations
of ligand can alleviate dominant-negative inhibition by thyroid hormone B-receptor
mutants found in the syndrome of resistance to thyroid hormone (RTH) and that
administration of thyroid hormone at doses above its physiological level can restore
target tissue sensitivity in vivo [108]. If neuroblastoma cells are shown to express a
PPARYy variant it would be interesting to develop an inducible RNA interference
system or anti-sense approach to specifically repress expression of the mutant to

examine its effect on the action of the wild-type receptor[414,415].

More insight in to cellular role of PPARY in neuroblastoma may also be gained
through further studies on neuroblastoma cells constitutively over-expressing PPARYy.
To date only the effect of increased PPARY expression on the growth rate of
neuroblastoma cells has been investigated. However, in addition to proliferating at a
faster rate, transformed cells also have the ability to grow in the absence of solid
support and invade adjacent tissues [416,417]. Therefore, the effect of modifying the
expression of PPARy on the capacity of neuroblastoma cells to grow in an anchorage
independent manner could be investigated by comparing formation of colonies in soft
agar derived from PPARy-over-expressing neuroblastoma cells with cells containing
the empty vector control[417]. The effect of increased PPARy expression on the
invasiveness of neuroblastoma cells could be observed in vitro by testing their ability
to invade through a filter coated with basement membrane Matrigel[416]. If these
studies demonstrate that PPARYy can negatively regulate the growth and behaviour of
neuroblastoma cells in vitro, then ultimately the effect of constitutive over-expression
of PPARYy on cancer progression in vivo must be demonstrated to lend to support the

hypothesis that PPARy functions as a tumour suppressor.
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5 REGULATION OF PPARy EXPRESSION IN
NEUROBLASTOMA CELLS

5.1 Introduction

Following the discovery that PPARY was a major regulator of adipogenesis,
expression of the PPARy receptor was also implicated in modulating the
differentiation of colon epithelium cells, monocytes and trophoblasts
[159,184,185,212,418-420]. In all three cell types, higher PPARY levels were
associated with a more mature phenotype. Furthermore, PPARy expression has been
correlated with the differentiation status of cells from several human malignancies
including colon carcinoma, liver carcinoma and neuroblastoma [197,212,213].
Immunohistochemistry performed on paraffin sections of primary human
neuroblastoma tissues revealed that PPARy protein was high in neuroblasts with
ganglionic differentiation but low or undetectable in primitive neuroblasts [213].
Although these findings suggest a potential role for PPARY in neuroblastoma
differentiation, the precise function of the receptor in this cancer is unclear.
Therefore, we investigated the factors which regulate PPARy expression in order to

further our understanding of the cellular role of PPARY in neuroblastoma.

5.2 Organisation of the human PPARy gene

Characterisation of the human PPARY gene structure has revealed that it contains nine
exons and extends over more than 140 Kb of genomic DNA [36]. Four mRNAs of
PPARYy have been identified, termed y1, y2, y3 and y4. The mRNA of the PPARy1
isoform is encoded by eight exons, two exons called Al and A2 which contain its 5’
untranslated region and 6 coding exons (exons 1-6) which are common to all four
isoforms [17]. The PPARy1 promoter and initiation start sites for the PPARyI
mRNA are located more than 90 Kb upstream from the PPARy1 start codon in exon 1
(Fig. 5.1). This is because of three large introns greater that 20 Kb in size between
exons Al, A2, B and 1[36]. The PPARy2 mRNA comprises seven exons, including
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exon B, (located between exons A2 and 1) which encodes its 5° untranslated region,
start codon and the additional 28 N-terminal amino acids found in the PPARY2
protein. The PPARY3 and PPARy4 mRNA translates in to the same protein as
PPARy]1 but their transcription is regulated by alternative promoters located in the
5’flanking regions of exon A2 and exon 1 respectively [38] [39]. The PPARY2,
PPARY3 and PPARY4 transcripts have a restricted tissue distribution. Significant
expression of PPARy2 and PPARY4 only occurs in adipocytes although PPARYy3 has
also been detected in colon epithelium and macrophages [38]. Conversely, PPARy1
mRNA is widely expressed in human tissues [28,36,43,44]. Elevated expression of
PPARYy protein during the differentiation of specific cell types is a consequence of
increased PPARYy transcription. For instance, expression of PPARy1 and PPARY2
transcripts is stimulated during adipogenesis whereas PPARy1 mRNA but not
PPARy2 mRNA is induced in colon epithelium and macrophage differentiation
[38,40,42,45,418,421-425]. Furthermore, PPARY transcription is regulated by
promoter activation rather than modulation of mRNA stability [36,42,422,426].
Therefore, since PPARy1 mRNA is the major isoform found in normal and malignant
human tissues, our first objective was to investigate if PPARY expression in

neuroblastoma cells is modulated by the level of PPARy1 promoter activity.

5.3 The PPARY1 promoter is differentially activated in human

neuroblastoma cells

The findings by Han et al which showed that PPARYy protein expression correlated
with the differentiation stage of primary neuroblastoma cells are supported by the
observation that neuroblastoma cell lines have very different levels of PPARy mRNA.
For instance, SK-N-AS neuroblastoma cells express more PPARyY mRNA than IMR-
32 neuroblastoma cells (unpublished data by Emma Phillips). To evaluate if the
differences detected in PPARY transcription in neuroblastoma cell lines are governed
by the level of promoter activation, IMR-32 and SK-N-AS neuroblastoma cells were
transiently transfected with a PPARy1 promoter reporter (pGL3-y1p3000) using
calcium phosphate. To account for differences in transfection efficiency between the
neuroblastoma cell lines, the PPARy1 promoter reporter luciferase expression was

determined relative to the activity of the pGL3-Basic vector, which-lacks a eukaryotic
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promoter and enhancer sequence. As shown in Fig. 5.2, the luciferase activity of the
pGL3-y1p3000 construct was 4-fold and 10-fold higher compared to pGL3-Basic in
IMR-32 and SK-N-AS cells, respectively. The variation in the activity of the
PPARYy1 promoter reporter mirrored the difference observed in the endogenous levels
of PPARy mRNA in these two cell lines, demonstrating that PPARY transcription is
modulated by the level PPARy1 promoter stimulation in neuroblastoma cells.
Therefore we wanted to determine the factors responsible for differential PPARy1
promoter activity in neuroblastoma cells in vitro since this might provide insight in to

the cellular role and regulation of PPARy expression in neuroblastoma in vivo.

5.4 Characterisation of the human PPARYy1 promoter

To identify transcription factors, which could be important in controlling the level of
PPARy1 expression in neuroblastoma cells, the DNA sequence from -2.8 kb to +20
relative to the second transcription start site of PPARy1 was analysed using
MatInspector to identify putative regulatory elements (Www.genomatrix.de/)

[427,428] (See also Appendix). Fig. 5.3 highlights potential binding sites in this

5’regulatory region of PPARy1 which could modulate its activity in neuroblastoma
cells. These sites, and more listed in the appendix, were initially considered because
of the known function and tissue distribution of the transcription factors which bind
to them. Among these regulatory binding motifs, were two putative E-boxes (-2780
and -720) which are directly bound by Myc-Max heterodimers and stimulates gene
transcription. Howéver, there were also several sites which are proposed to mediate
c-Myc transcriptional repression by indirectly recruiting c-Myc, including nuclear
transcription factor-Y (NF-Y), elongation 2 factor (E2F) and specificity factor 1 (Sp1)
sites and two potential initiator (INR) elements. As the MatInspector tool does not
search for potential INR elements we compared the PPARy1 5’regulatory region with
the INR consensus sequence which revealed two putative INR close to the second

PPARy]1 transcription start site.

5.5 Myc regulation of PPARy1 expression in neuroblastoma cells
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The Myc family of proto-oncogenes, includes c-myc, N-myc and L-myc which encode
basic-helix-loop-helix leucine zipper (b HLHZ) transcription factors [429]. c-Myc has
been established as a key regulator of normal cell proliferation, cell cycle progression
and differentiation [430]. Normally c-Myc expression is tightly controlled and
correlates with the proliferative status of the cell [431]. c-myc is an early growth
response gene whose expression is induced in response to mitogens which in turn
stimulates cell growth prior to cell division [432-434]. Associated with, but distinct
from c-Myc’s role in cell growth, is c-Myc’s ability to promote the transition from G
to S phase of the cell cycle [432]. In contrast, down-regulation of c-Myc levels is
commonly observed in cells that undergo differentiation [435-437]. Interestingly,
ectopic expression of c-Myc prevents the terminal differentiation of several cell types
including adipocytes in vitro suggesting that c-Myc may actively repress

differentiation programs [438,439].

Our understanding of how c-Myc regulates these cellular processes was considerably
advanced when it was demonstrated that Myc family members interact, via their
helix-loop-helix and leucine zipper motifs, with another bHLHZ protein called MAX
(c-Myc associated protein X) [429,433,435,440,441]. Formation of this heterodimer
is essential for Myc DNA binding and recognition of a sequence termed an E-box
with the consensus CAC GTG found in the promoters of some Myc target genes
[442]. Each basic region in the Myc-Max heterodimer makes four specific DNA base
contacts with the E box as well as numerous phosphate backbone contacts [442]. It
had earlier been established that the N-terminal region of c-Myc contained a
transactivation domain and when c-Myc was in complex with Max it could induce
expression from a reporter gene under the control of a promoter containing multiple
E-box sites [429,435]. Although many putative c-Myc target genes were identified it
initially proved difficult to verify those that were directly regulated by c-Myc.
However, the recent development of chromatin immunoprecipitation assays and CpG
island arrays have helped to validate if c-Myc does indeed bind to the endogenous
5’regulatory regions of these genes in vivo [443]. These approaches have shown that
c-Myc directly activates the expression of genes which drive transition from G; to S
phase of the cell cycle such as the phosphotyrosine phosphatise cdc25, in addition to
numerous genes which encode metabolic enzymes and protein factors involved in

protein synthesis which would stimulate cell growth [433,443].
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Fig. S5.1. Organisation of the human PPARy gene. Four PPARY mRNAs have been discovered termed yl1,v2, y3 and y4. Common to all 4
transcripts are six coding exons (pink boxes). Exons Al and A2 are specific to PPARy1 and encode its 5’untranslated region. The PPARYy1 promoter
and transcription start sites (black arrows) of the PPARyl mRNA are located more than 90 kb upstream of its start codon in exon 1 due to 3 large
introns (solid black lines), between exons Al, A2, B and 1. The PPARy2 mRNA contains Exon B which encodes its start codon and the extra 28 N-
terminal amino acids found in the PPARy2 protein. The PPARy3 and PPARy4 mRNAs encode the same protein as PPARy1 but their expression is
controlled by alternative promoters located in the 5’flanking regions of exon A2 and 1 respectively. The four PPARy transcripts are depicted and the

size of the protein they encode is indicated.
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Increasing evidence suggests that c-Myc stimulates gene transcription by recruiting a
co-activator complex which modifies the chromatin structure of the target gene’s
promoter making it more accessible to the RNA Pol II pre-initiation complex
[429,432,444]. For instance, the N-terminus of c-Myc through its association with
the 434 kDa cofactor TRRAP (Transformation/tRanscription co-factor-domain-
Associated Protein) recruits GCN5 (general control of amino acid biosynthesis
protein 5) which has histone acetyltransferase (HAT) activity [445-447]. c-Myc
binding of a TRRAP containing complex was detected at the promoters of several of
its target genes, including cyclin D2 ixn vivo and was specifically correlated with
acetylation of histone H4, which is often found at genes which are being actively
transcribed [448,449]. In addition, the c-Myc bHLHZ motif interacts with INI1
(integrase interactor 1) a human homologue of the yeast protein SNF5 (sucrose non-
fermenting 5) which is a subunit of the SWI/SNF ATP-dependent remodelling
complex that induces nucleosomes to slide along DNA [450] [429,432]. Other
protein partners of c-Myc that have been implicated in chromatin remodelling include
TIP48 and TIP49 (TATA-binding protein-interacting proteins 48 and 49) which have
the ability to hydrolyse ATP and are predicted to have helicase activity [429,432].
However, microarray analysis of fibroblasts and endothelial cells following ectopic
expression of c-Myc has revealed that the mRNA levels of several genes encoding
proteins involved in cell cycle control, adhesion, signalling and differentiation are
down-regulated [451,452] [453] and it is now known that c-Myc can also function as

a repressor of gene transcription [454].

c-myc, N-myc and L-myc have all been identified as proto-oncogenes and their
deregulated expression is associated with the genesis of a wide variety of human
malignancies [285]. For example, c-Myc over-expression is frequently observed in
human breast, colon, gynaecological and hepatocellular carcinomas [455]. Current
figures suggest that in total Myc activation occurs in around 70% of human cancers
and occurs through diverse mechanisms including chromosomal translocations, gene
amplifications, enhanced translation or stabilisation of the Myc protein [442,456].
Amplification of N-myc is reported in around a third of cases neuroblastoma and
predominantly occurs in patients with advanced staged disseminated disease, where it
correlates with poor prognosis [244,288]. Interestingly several studies have detected

expression of both N-Myc and c-Myc mRNA and protein in primary neuroblastoma
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tissue and differentiation of neuroblastoma cells in vitro is accompanied by decreased
levels of N-Myc and c-Myc [457-460]. Furthermore, in partially differentiated
heterogeneous neuroblastomas with N-Myc gene amplification, elevated N-Myc
levels only occurred in primitive neuroblasts and not in differentiated ganglionic cells

[287].

Therefore, PPARY levels appear to be inverse to Myc expression in primary
neuroblastoma tissues, since PPARy expression was higher in neuroblastoma cells
with a more differentiated phenotype, suggesting that Myc family members could
negatively regulate PPARy expression in neuroblastoma cells [213]. This is
supported by the initial finding that human PPARy1 promoter reporter activity was
higher in SK-N-AS neuroblastoma cells which have a single N-Myc copy number
compared with promoter reporter activity in IMR-32 cells which originated from an
N-Myc amplified tumour. However, since the human PPARy1 promoter has potential
sites through which c-Myc could either activate or repress PPARy1 transcription it
was first necessary to investigate what effect Myc family members have on the
activity of the PPARY1 promoter in neuroblastoma cells in vitro. Therefore, SK-N-
AS neuroblastoma cells were co-transfected with a PPARy1 promoter reporter
(pGL3-y1 p3Q00) and increasing concentrations of human c-Myc or N-myc expression
plasmids, as indicated in Fig. 5.4, with the amount of DNA for each transfection

normalised with an empty expression vector (pcDNA3.1).

The effect of different Myc concentrations was studied, as previous investigations
have shown that Myc can cause biphasic regulation of promoters which contain both
E-box and INR elements, where low c-Myc levels stimulated expression, whereas
higher levels of c-Myc caused transcriptional repression which was INR-dependent
[461]. The cells were harvested 24 hours after transfection and luciferase activity
measured. Fig. 5.4 shows the luciferase activity of the PPARy1 promoter reporter
was significantly attenuated in the presence of 0.1 and 2 pg of c-Myc or N-Myc
expression plasmids relative to the luciferase activity of the reporter in the presence
of the empty expression vector control. This suggests repression of the human
PPARy1 promoter by Myc family members dominates any activation that may occur
through the E-boxes at positions -2780 and -725 or that these putative E-boxes are

non-functional. Since c-Myc and N-Myec are structurally homologous and are
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proposed to regulate gene transcription by similar mechanisms it was decided to
initially focus on how c-Myc represses PPARy! transcription in neuroblastoma cells
[285,462].

5.6 The mechanism of c-Myc transcriptional repression

In contrast to the current model of c-Myc transactivation, the mechanism of
repression of gene transcription by c-Myc has remained elusive [454]. Early studies
suggested that transcriptional inhibition of specific genes in c-Myc transformed cells
was not an indirect consequence of activation by the Myc-Max heterodimer, but
could be mediated through an initiator element (INR) in the proximal promoter of
certain c-Myc target genes, like those which encode cyclin D1 and C/EBPa
[463,464]. For instance, c-Myec repression of the core promoter of C/EBP«, a gene
whose expression is induced during adipocyte differentiation, was attenuated when its
INR was mutated [461]. INR elements are pyrimidine rich with the weak consensus
sequence YYYANYYY (where Y = pyrimidine and N = any nucleotide) and bind
several transcription factors including TFII-I (transcription factorII-I) and the zinc
finger protein ying yang 1 (YY1) which can recruit the pre-initiation complex
[461,465]. c-Myc was shown to interact with both TFII-I and YY1 in vitro, which
suggested that c-Myc might inhibit INR-dependent transcription by blocking the
ability of these factors to interact with the basal transcription machinery or other
activators [440,466,467]. Indeed, complex formation between c-Myc and TFII-I at
an INR appears to preclude TFII-I interaction with TATA binding protein (TBP)
which would lead to inhibition of transcription initiation if this association with c-
Myc does occur in vivo [466]. Although a TBP-c-Myc promoter complex has not
been detected, c-Myc can interact with TBP off DNA in vitro, which could abrogate
transcription by sequestering TBP from TFII-I bound to an INR [466,468].

More recently, the search for protein partners which mediate c-Myc transcriptional
repression has led to the discovery of another INR binding transcription factor called
Myc-interacting zinc finger protein-1 (Miz-1). Miz-1 was first identified in a two-
hybrid screen using the DNA fragment encoding the basic HLH/LZ domain of
human Myc fused to the DNA-binding domain of GAL4 as bait [464].
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Fig. 5.2. The human PPARY1 promoter is differentially activated in
neuroblastoma cells. IMR-32 and SK-N-AS neuroblastoma cells were transiently
transfected with 2 pg of a PPARy1 promoter reporter (pGL3-y1p3000) and then
harvested after 24 hours and luciferase activity measured. The neuroblastoma cells
were also transfected with pGL3-Basic, which lacks a eukaryotic promoter and
enhancer sequence, to normalise for transfection efficiency between the different cell
lines. Data represents the mean luciferase activity (white bar) of the PPARy1
promoter reporter relative to pGL3-Basic (black bar), of 2 independent experiments +
S.E. Statistics were calculated using a Student’s #-test and showed that level of
luciferase activity of pGL3-y1p3000 was significantly higher compared with the
luciferase activity of pGL3-Basic, in IMR-32 (¥) (p<0.01) and SK-N-AS
(**)(p<0.005) neuroblastoma cells.
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The ¢cDNA of human Miz-1 encodes a protein of 803 amino acids, with 13 zinc
fingers, 12 of which are located in the carboxy-terminal half of the protein and a N-
terminal POZ/BTB/ZIN (poxvirus and zinc finger/broad complex, tram track and
Bric-a-brac/zinc finger N-terminal domain) domain [464,469]. The POZ domain is
conserved motif of 120 amino acids that has been identified in a number of zinc
finger proteins and facilitates oligomerisation via homomeric or heteromeric POZ-
POZ interactions [469-471]. Originally it was proposed that the POZ domain of
some zinc finger proteins such as ZID (zinc finger protein with interaction domain),
by promoting the formation of dimeric or multimeric complexes, inhibited their
ability to bind DNA in vitro. Conversely, oligmerization mediated by the POZ
domain of the GAGA transcription factor actually facilitates its binding to multiple
GAGA sites in natural promoters in vivo stimulating gene transcription [472].
Transcriptional inhibition of target genes by BCL-6 (B-cell lymphoma 6) and PLZF
zinc finger proteins is also dependent on their POZ domain since it is critical for

interactions with co-repressors such as N-CoR and SMRT [471-473].

Miz-1 is soluble protein that binds via its 12 carboxyl zinc fingers to the INR
elements of several promoters and activate gene transcription [464,474,475]. The
POZ domain of Miz-1 appears to be indispensable for Miz-1 transactivation and
could also mediate recruitment of an essential cofactor [476]. Ectopic expression of
human Miz-1 in HeLa cells blocked cell proliferation and induced growth arrest in
vitro which could be partially reversed in the presence of c-Myc[464]. Since several
Miz-1 target genes such as the cyclin dependent kinase inhibitors, p21<"""**! and
pl 5™MK# encode proteins which have known functions in cell cycle control this
suggested that c-Myc may promote cell growth by inhibiting Miz-1 transactivation.
Indeed, it has been established that c-Myc transcriptional repression of the Miz-1
activated genes p15™%% p21"P"WAF Mad4 and murine Nrampl, is dependent on its
interaction with Miz-1[474-483]. In HeLa cells, association between c-Myc¢ and Miz-

1 was hypothesised to stimulate a suppressed function of the Miz-1 POZ
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Fig. 5.3. Characterisation of the human PPARYl promoter. The 2842 bp PPARy] promoter sequence in the reporter, pGL3-y1p3000 was
analysed using the MatInspector tool (part of the Genomatix suite which can be found at www.genomatix.de/). The out-put produced by
Matlnspector highlights regions within the promoter sequence which show homology to the consensus of know transcription factor binding sites.
The potential binding sites shown in this figure may be involved in regulation of PPARYy! transcription by Myc family transcription factors and
include two E-boxes which directly interact with Myc-Max heterodimers. c-Myc can also be recruited to promoters via protein-protein
interactions with factors bound to: NF-Y (nuclear transcription factor-Y) sites, E2F (elongation 2 factor) sites, Spl (specificity protein 1) sites,
CACCC boxes (also binding site for Spl) and initiator (INR) elements (binding site for factors including, Miz-1 (Myc interacting zinc finger
protein-1). The indicated positions of the binding sites are relative to the second start site of transcription. Other putative transcription factor

binding sites that could modulate PPARY1 promoter activity in neuroblastoma cells are displayed in the Appendix.
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domain, which as for some other transcription factors like ZID, prevented it from
binding DNA and sequestered Miz-1 to a number of discrete sub-nuclear foci which
do not contain DNA [464]. In contrast to these findings, it has also been
demonstrated in other cell line systems, that c-Myc can form a complex with INR-
bound Miz-1, which may in fact increase its affinity for DNA, but inhibit Miz-1
transactivation by prevent recruitment of the co-activator CBP/p300
[474,479,481,483]. The CBP/p300 and c-Myc interaction domains of Miz-1 overlap
suggesting that c-Myc and p300 compete for binding to Miz-1 [474]. In addition,
attenuation of p2/ CIp1/wAF! expression by c-Myc may involve recruitment of the DNA
methyltransferase co-repressor, Dnmt3a, which stimulates de novo methylation that
can silence gene transcription. Dnmt3a was shown to bind to the p21 promoter in
vivo in the presence of c-Myc; although this association was dependent on c-Myc’s

interaction with DNA bound Miz-1 [484].

There is however, evidence to suggest that c-Myc can inhibit gene transcription via
Miz-1 and INR independent mechanisms (Fig. 5.5). For instance, c-Myc interacts
with other enhancers of transcription such as Sp1, Smads, NF-Y and AP-1 (activator
protein-1) which have binding sites in the proximal promoters of known c-Myc
repressed genes [485] [486-488]. Indeed, the p21 CIPIWAFT and pl5 INK# promoters,
proposed targets of Miz-1 mediated c-Myc repression, could also be inhibited by c-
Myc through its complex formation with Sp1 and Smad transcription factors
[485,486,489]. Although still unclear, c-Myc may inhibit the transactivation function
of these factors by several mechanisms including disrupting co-operation with
another transcription factor, sequestration from DNA, co-activator displacement, or

recruitment of a histone deacetylase (HDAC) [490-493].

c-Myec, at concentrations that can occur in a normal cell, also negatively regulates its
own expression, with the degree of suppression proportional to the level of c-Myc
protein [494,495]. Auto-regulation has been mapped to the second (P2) c-Myc
promoter, from which the majority of c-Myc transcription is initiated [496].
Repression of the P2 promoter was dependent on c-Myec interaction’s with the
retinoblastoma family member, p107 and required either a functional E2F or INR

element since inhibition was only lost when both E2F sites and INR elements in the

178



1.2

— B pcDNAS3.1
24 N 0.1 ug Myc
(\:)s (1 1 2 ug Myc
=
2
= 0.8 1
©
<
D 06 -
i
=
3 04 -
2z
o
2
© 0.2 -
()
x
0.0

N-Myc

Fig. 5.4. The effect of Myc family members on human PPARy1 promoter
activity in SK-N-AS neuroblastoma cells. SK-N-AS cells were co-transfected with
2 pg of a PPARy!1 promoter reporter (pGL3-y1p3000) and either 0.1 pg (grey bar) or
2 pg (purple bar) of c-Myc or N-myc expression plasmids. The total quantity of
DNA for each transfection was normalised to 4 pg (including reporter) with an empty
expression vector (pcDNA3.1). Cells were harvested 24 hours post-transfection and
luciferase activity measured. Data shows the relative mean luciferase activity (per pg
of protein) of the PPARy1 promoter reporter co-transfected with the indicated
amounts of c-Myc or N-Myc expression plasmids compared to promoter reporter
activity in the presence of the empty expression vector control only (black bar), and
represents two independent experiments + S.E. Statistics were calculated using a
Student’s ¢-test and showed that there was significant repression of the luciferase
activity of the PPARy1 promoter reporter in the presence 0.1 pg and 2 pg of both the
c-Myc and N-Myc expression plasmids(*)(p<0.01).
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P2 promoter were mutated [497]. It is speculated that c-Myc and p107 are recruited
to the P2 promoter via other protein partners bound to the E2F and INR sites.
Association with p107 may prove to be a more general mechanism by which c-Myc
represses gene transcription and a c-Myc/p107 complex could bind to a promoter

which only contained an E2F site or an INR element [497].

The co-activator displacement or co-repressor recruitment models of c-Myc
transcriptional silencing suggest that it is dependent on ¢-Myc indirectly binding to
target promoters via protein-protein interactions with one of their critical activators.
Studies on the platelet-derived growth factor receptor beta (PDGFRB), growth arrest
and DNA damage 45 and 153 (GADD45a and GADD153) genes however, have
demonstrated that while c-Myc promoter binding is essential, it is not sufficient to
affect their transcriptional repression[498,499]. For example, c-Myc deletion mutants
which could not inhibit PDGFRB expression were still shown to bind its proximal
promoter in vivo [498]. Furthermore, c-Myc attenuated the activity of PDGFRB,
GADD45a and GADDI53 promoters in which binding sites of key activators, such as
Sp1 or NF-Y had either been mutated or deleted, suggesting that interactions with
these factors was not essential for c-Myc repression as had previously been
suggested[487,500]. It is still not clear how c-Myec is recruited to these promoters
although it appears to require c-Myc dimerisation with Max[498,499]. In the case of
the PDGFRB gene, c-Myc repression was abrogated by the HDAC inhibitor,
Trichostatin A (TSA) although this was not associated with reduced histone
acetylation at the PDGFRB proximal promoter[498]. c-Myc interaction with both the
PDGFRB and GADD promoters did not affect binding of RNA Polymerase I1
suggesting that c-Myc initiates transcriptional repression after recruitment of the pre-
intiation complex [498,499]. These findings suggested that c-Myc repression of the
PPARy! promoter could involve multiple pathways. Therefore, next the mechanism
or pathways critical for transcriptional inhibition of PPARy1 by c-Myc in

neuroblastoma cells were examined (Fig. 5.5).
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5.7 The Miz-1 transcription factor stimulates PPARy1 promoter
activity

The structure of the human PPARY1 proximal promoter is similar to those of other c-
Myc repressed genes such as pI5™<*° and Mad4 since it lacks a TATA box, is GC
rich and contains at least one potential INR element [477,479]. Like PPARy1,
induction of Mad4 transcription is associated with the differentiation of several cell
types such as adipocytes [S01]. c-Myc transcriptional repression of Mad4 and other
genes is mediated through its interaction with INR-bound Miz-1. Since both the
proximal promoter structure and expression profile of Mad4 and PPARYy] transcripts
were comparable, this suggested that attenuation of human PPARY1 promoter activity
by c-Myc also involved Miz-1. To test this hypothesis, the effect of Miz-1 on
PPARy1 promoter activity was studied by co-transfecting SK-N-AS neuroblastoma
cells with a PPARy1 promoter reporter (pGL3-y1p3000) and an expression plasmid
encoding Miz-1 or an empty expression vector control. The cells were harvested 24
hours post transfection and luciferase activity measured. Miz-1 induced a 2-fold
increase in reporter expression of the PPARy1 promoter construct which was

statistically significant at the 5% level (Fig. 5.6).

5.8 Repression of human PPARy1 promoter activity by c-Myc is
not dependent on its interaction with Miz-1

Two regions of Miz-1 that flanks its central 12 zinc fingers are essential for
interaction with c-Myc [464]. The second of these two regions (amino acids 637-
718), located between zinc fingers 12 and 13, was predicted to form an amphipathic
a-helix that was likely to interact with the HLH domain of c-Myc since they both had
a similar structure [464]. c-Myc has subsequently been shown to associate with Miz-
1 via a highly conserved region of the outer surface of its second helix, in the HLH
motif[476]. This finding was made by Herold et al from a study to identify single
point mutants of c-Myc that would disrupt its interaction with Miz-1 but retains its
ability to dimerise with Max and activate gene transcription [476]. Initial deletion

analysis had mapped the Miz-1 interaction site on c-Myc to the HLH domain.
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Fig. 5.5. The potential mechanisms of c-Myc transcriptional repression. The promoter (blue bar) in this figure is hypothetical to illustrate the
different pathways by which c-Myc could inhibit gene transcription (X), which include:

1. Attenuation of transcriptional activity of nuclear transcription factor-Y (NF-Y) mediated by c-Myc interaction with NF-Y. c-Myc may also act by
sequestering NF-Y from DNA response element.

2. Inhibition of transactivation caused by co-operation between the tumour suppressor p53 and special factor 1 (Sp1).

3. Formation of a complex with Sp1 which blocks its recruitment of co-activators or sequesters Spl from DNA.

4. Recruitment of a histone acetylase (HDAC) or HDAC containing complex to the promoter of its target genes which causes transcriptional silencing
by reduced histone acetylation.

5. Association between the retinoblastoma family member, p107. Interaction of a promoter with this p107/c-Myc inhibitory complex is likely to occur
through other protein partners, for example, p107 binding to E2F and c-Myc via an initiator (INR) binding protein. This complex could also be
recruited to a promoter which only contained an INR or E2F site.

6. Blocking interaction between TATA binding protein (TBP) and ying yang-1 (YY-1) at an INR element.

7. Preventing association of TBP and transcription factor II-I (TFII-I) at an INR element.

8. Formation of a ternary complex with myc interacting zinc finger protein 1 (MIZ-1) and the DNA methyltransferase co-repressor 3a (Dmnt3a).

9. Dimerisation with Miz-1 could sequester the transcription factor to discrete subnuclear foci which do not contain DNA.

10. Inhibiting Miz-1 transactivation by precluding recruitment of the co-activator creb interacting protein (CBP). There is still controversy over
whether transcriptional repression by c-Myc is dependent on its dimerisation with Max.

11. Abrogation of gene transcription post-recruitment of RNA polymerase II (RNA Pol II).
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Performing random mutagenesis on the carboxy terminus of c-Myc demonstrated that
substitution of amino acids in the outer surface of its second helix, in particular
replacement of valine by aspartic acid at position 394 (V394D) completely impaired
c-Myc’s ability to both bind Miz-1 and attenuate Miz-1 transactivation [476]. The
V394D c-Myc mutant has been used to verify that c-Myc inhibition of p15¥%*8,
21!

contrast to wild-type c-Myec, it failed to repress the promoter activity of all three

and Nramp 1 transcription is mediated by an interaction with Miz-1, since in

genes in vitro[476,481,502]. Therefore, to determine if c-Myc repression of PPARy1
transcription also occurs through complex formation with Miz-1, increasing
quantities of an expression plasmid encoding either wild-type c-Myc or a V394D c-
Myc mutant were co-transfected with the PPARy1 promoter reporter in SK-N-AS
neuroblastoma cells and their effect on PPARY1 promoter activity was observed. The
amount of DNA for each transfection was normalised with a non-recombinant
plasmid. Fig. 5.7 shows the luciferase activity of the PPARy1 promoter reporter in
the presence of wild type c-Myc and the V394D c-Myc mutant was repressed to a
similar extent relative to the luciferase activity of the PPARYy1 promoter construct in
the presence of the non-recombinant plasmid. SK-N-AS cells transfected with 0.1
and 2 pg of either Myc expression plasmid exhibited an approximately 30% and 65%
reduction in PPARy1 promoter reporter activity respectively. This dose-dependent
inhibition of PPARYy1 promoter reporter activity in the presence of wild-type c-Myc
and the V394D c-Myc mutant suggests that c-Myc represses PPARy1 transcription
via a Miz-1 independent mechanism. Therefore alternative models of c-Myc
repression of the human PPARY1 promoter activity in neuroblastoma cells were

investigated.

5.9 The histone deacetylase inhibitor, Trichostatin A stimulates

human PPARy1 promoter activity

One mechanism of transcriptional repression involves recruitment of a histone
deacetylase to a promoter. Deacetylation of histones is believed to block the
disassembly of nucleosomes and thereby restricts the accessibility of DNA to
components of the basal transcriptional machinery which inhibits gene activation

[503]. c-Myc can interact with c-Myc modulator 1 (MM-1) and the retinoblastoma
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Fig. 5.6. The effect of Miz-1 on PPARy1 promoter activity in SK-N-AS
neuroblastoma cells. SK-N-AS cells were co-transfected with 2 pg of a PPARy1
promoter report (pGL3-y1p3000) and either an expression plasmid encoding Miz-1 or
pcDNA3.1 as an empty expression vector control (2 pug). Cells were harvested after
24 hours and luciferase activity measured. Data shows the relative mean luciferase
activity (per pg of protein) of the PPARy1 promoter reporter co-transfected with Miz-
1 (purple bar), compared with promoter reporter activity in the presence of the empty
expression vector control (black bar), and represents three independent experiments +
S.E. Statistics were calculated using a Student’s #-test and showed that the luciferase
activity of the PPARy1 promoter reporter was significantly induced in the presence of

2 ug of the Miz-1 expression plasmid(*) (p<0.05).
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Fig. 5.7. The effect of the V394D c-Myc mutant on human PPARy1 promoter
activity in SK-N-AS neuroblastoma cells. SK-N-AS cells were co-transfected with
2 pg of a PPARYy1 promoter reporter (pGL3-y1p3000) and either 0.1 pug (grey bar) or
2 pg (purple bar) of expression plasmids encoding either wild type c-Myc or the
V394D c-Myc mutant. The total quantity of DNA for each transfection was
normalised to 4 pg (including reporter) with an empty expression vector (pcDNA3.1).
Cells were harvested 24 hours post-transfection and luciferase activity measured.
Data shows the relative mean luciferase activity (per pg of protein) of the PPARy1
promoter reporter co-transfected with the indicated amounts of c-Myc or V394D c-
Myc mutant expression plasmids compared to promoter reporter activity in the
presence of the empty expression vector control only (black bar), and represents two
independent experiments = S.E. Statistics were calculated using a Student’s ¢-test and
showed that there was significant repression of the luciferase activity of the PPARy1
promoter reporter in the presence of 0.1 pg and 2 pg c-Myc and V394D c-Myc

mutant expression plasmids (*)(p<0.05).
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family member, p107 factors which both repress gene transcription by recruitment of
a HDAC[493,497]. c-Myc via MM-1 forms a complex with the transcriptional co-
repressors, TF1p and mSin3A, and HDAC1 which inhibited the E-box dependent
transcriptional activity of c-Myc[493]. However, to mediate transcriptional
repression, c-Myc could potential recruit this complex to a promoter via its
interaction with another transcription factor. To investigate if transcription from the
human PPARy1 promoter is attenuated by HDAC recruitment the affect of the HDAC
inhibitor, Trichostatin A on human PPARy1 promoter activity was investigated[363].
SK-N-AS cells were co-transfected with a PPARy1 promoter reporter (pGL3-
v1p3000) and subsequently treated with TSA (300 nM and 600 nM) for 24 hours.
Fig. 5.8 demonstrates that TSA stimulated reporter expression of the PPARy1
promoter construct in a dose dependent manner suggesting that basal PPARy1
transcription is in part modulated by HDAC binding to the PPARy1 promoter. To
examine if TSA induction of the PPARy1 promoter was caused by relieving the
repressive effect of c-Myc, SK-N-AS neuroblastoma cells were co-transfected with a
PPARy1 promoter reporter and increasing quantities of a c-Myc expression plasmid
and then treated with TSA (600nM). The amount of DNA for each transfection was
normalised with an empty expression vector control. The cells were harvested 24
hours post-transfection and luciferase activity measured. Fig. 5.9 shows that PPARy1
promoter reporter activity in the presence of 0.1 and 2 pg of c-Myc expression
plasmid was repressed to a similar level in both vehicle and TSA-treated SK-N-AS
cells relative to the luciferase activity of the construct in vehicle and TSA-treated SK-
N-AS cells transfected with the empty expression vector control (white and white
stripped bar respectively). Since TSA treatment did not significantly affect inhibition
of PPARY1 promoter reporter activity by c-Myec this indicates that HDAC activity is

dispensable for c-Myc mediated repression of PPARy! transcription.

5.10 Determination of the region of c-Myc which mediates its

repression of human PPARy1 promoter activity

The c-myc gene comprises three exons, with the latter two exons (II and III) encoding
a highly conserved nuclear phosphoprotein whose structural motifs are consistent

with its function as a transcription factor [431,504].
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Fig. 5.8. The effect of the HDAC inhibitor, Trichostatin A (TSA) on human
PPARy1 promoter activity in SK-N-AS cells. SK-N-AS cells were transfected with
the PPARy1 promoter reporter (pGL3-y1p3000) and subsequently treated with TSA
(300 nM and 600 nM) for 24 hours. The cells were then harvested and luciferase
activity measured. Data shows the relative mean luciferase activity of the PPARy1
promoter reporter (per pg of protein) in the presence of TSA (purple bar) compared
with vehicle (DMSO) treated cells (black bar) and represents two independent
experiments + S.E. Statistics were calculated using a Student’s #-test and showed that
there was a significant induction of PPARY1 promoter reporter activity in the

presence of 300nM and 600 nM TSA (*) (p<0.05).
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Although the crystal structure of c-Myc has still not been resolved molecular
modelling programs predict that c-Myc consists of a globular N-terminal region, a
small unstructured middle section, from amino acids 204-237, and an a-helical C-
terminal end [431]. The sequence between amino acids 1 and 143 of the N-terminal
region of c-Myc has segments with a high content of glutamine, proline and acidic
residues, suggesting it could be a transactivation domain. This function was
confirmed when it was demonstrated that this region, when fused to the DNA binding
domain of the activator GAL4 could stimulate transcription from a reporter gene
linked to GAL4 binding sites [505]. The N-terminal domain also contains two motifs
termed Myc box I (MBI) (amino acids 45-63) and Myc box II (MBII) (129-143)
which are highly conserved among Myc family members [506]. While studies of c-
Myc MBII deletion mutants have shown that MBII is essential for all known
biological functions of c-Myc they have been less conclusive about its role in gene
transactivation. Some reports suggest that MBII is dispensable for transcription
activation but required for c-Myc repressive activity whereas other indicate that
mutation of MBII primarily affects gene activation [429,431,506,507]. It is probable
that c-Myc requires MBII to stimulate and inhibit gene transcription since MBII has
been shown to interact with both co-activators and mediators of transcriptional

repression (Fig. 5.10).

The central region of c-Myc (amino acids 143-320) includes Myc box III (MDIII),
(amino acids 188-199) which may also have a function in attenuation of gene
transactivation by c-Myc, and the primary nuclear localisation sequence (amino acids
320-328) [507-509]. The C-terminal domain (amino acids 355-439) comprises the
basic-helix-loop-helix-leucine zipper motifs which were originally recognized as
critical for dimerisation with Max and interaction with DNA [435]. Since the
discovery of Max, an increasing number of c- Myc protein partners have been
identified which appear to both promote and abrogate c-Myc biological activities
[432,440]. As shown in Fig. 5.5 c-Myc could potential repress gene transcription by
several mechanisms and the regions of the c-Myc protein that interact with factors
involved in these inhibitory pathways, including NF-Y, Sp1, p107, YY-1, TFII-I and
Miz-1 have been mapped (Fig. 5.10, black bars) [431,432,440]. These findings
illustrate that identifying the regions of the c-Myc protein that contribute to its

repressive activity may help to elucidate which protein partners c-Myc interacts with
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Fig. 5.9. The effect of the HDAC inhibitor, TSA on e-Myec repression of PPARY1
promoter activity in SK-N-AS neuroblastoma cells. SK-N-AS cells were co-transfected
with 2 ug of the PPARy1 promoter reporter (pGL3-y1p3000) and either 0.1 png (grey bar) or 2
ug (purple bar) of a c-Myc expression plasmid. The total quantity of DNA for each
transfection was normalised to 4 g (including reporter) with an empty expression vector
(pcDNA3.1). The cells were subsequently treated with TSA (600 nM) (striped bars) or a
vehicle control (DMSO). Cells were harvested 24 hours post transfection and luciferase
activity measured. Data shows the relative mean luciferase activity of the PPARy1 promoter
reporter (per ug of protein) co-transfected with the indicated amounts of c-Myc expression
plasmid compared with promoter reporter activity in the presence of the empty expression
vector control only (white bar) and represents two independent experiments + S.E. Statistics
were calculated using a Student’s /-test and showed there was significant repression of
PPARy1 promoter activity when co-transfected with 2 g of c-Myc expression plasmid in
vehicle treated cells and with 0.1 ug and 2 pg of c-Myc expression plasmid, in the presence
of 600 nM TSA (*) (p<0.01).
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to mediate inhibition of a target promoter (Fig. 5.10). Therefore, the effect of a series
of c-Myc deletion mutants on human PPARy] promoter activity in SK-N-AS cells
was investigated (Fig. 5.11). The c-Myc deletion mutant expression plasmids were a
kind gift from Dr J Stone who originally derived the constructs from a parent plasmid
containing the complete human c-myc gene to investigate the regions of c-myc which
were required for transformation and nuclear localization[510] (Fig. 5.11A). Fig.
5.11 shows, like previous experiments, that the reporter activity of the PPARy]
promoter construct was significantly repressed in the presence of 0.1 and 2 pg c-Myc
expression plasmid relative to reporter activity in the presence of the empty
expression vector. There was also significant inhibition of PPARy1 promoter reporter
activity in the presence of 0.1 pug A7-91 c-Myc mutant expression plasmid with the
level of repression equivalent to that mediated by wild-type c-Myc. In the A7-91 c-
Myc mutant Myc box I is deleted which suggests that this motif could be dispensable
for c-Myec repression of human PPARy1 promoter activity in vitro. In addition,
PPARy1 promoter reporter activity was significantly attenuated in the presence of 0.1
pg of transfected A414-433 c-Myc expression plasmid although inhibition of
luciferase reporter activity was less compared with wild-type c-Myc. Since the A414-
433 c-Myc mutant was able to partially repress PPARy1 promoter activity, this
suggests that the leucine zipper domain may play a role in c-Myc repression of
PPARy1 transcription but is not essential for this function of c-Myc. Alternatively
this result could reflect differences in the level of expression of the wild-type and c-

Myc mutant protein.

In contrast, none of the other c-Myc deletion mutants analysed significantly
attenuated the activity of the PPARy1 promoter reporter. Overall this experiment
indicates that Myc box III, the central region and basic-helix-loop-helix motifs of ¢-

Myc may be essential for c-Myc inhibition of PPARy1 promoter activity.
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Fig. 5.10. The domain structure of the human c-Myc protein and its binding partners.
The N-terminal domain (amino acids 1-143) contains the highly conserved Myc Box (MB) |
and Myc Box (MB) II (blue boxes, position in protein shown by the amino acid number
above). The central domain of c-Myc includes a third MB and the primary nuclear
localization sequence (NLS) (black box, amino acids 320-328). The C-terminal region of c-
Myc consists of a basic (BR, pink box), helix-loop-helix (HLH, grey box), leucine zipper
(LZ, purple box) motif as well as the secondary nuclear localization sequence (amino acids
364-374). Below the c-Myc structure are listed some of the proteins which associate with the
different domains of c-Myc. The black bars indicate the region of c-Myc which interacts
with these proteins. The bHLHZ motif is necessary for c-Myc to heterodimerise with Max
(c-Myec associated protein X) and bind directly to DNA activating gene transcription. The
HLH is also required for interaction with Miz-1 (Myc-interacting zinc finger protein-1) and
TFII-I (transcription factor II-I) which mediates transcriptional repression by c-Myec. In
contrast, to Max, Miz-1 and TFII-I which promote c-Myc functions, AP-2 (activator protein-
2) and BRCA-1 (breast cancer-1) which also associates with the C-terminal domain
antagonize c-Myc transactivation by impairing DNA binding of the Myc-Max heterodimer or
association of c-Myc with Max. c-Myc can also causes inhibition of transcription by
interacting with YY-1 (ying-yang 1), Sp1 (special factor-1) and Smad transcription factors.
The N-terminal of c-Myc can associate with protein factors which both activate and repress c-
Myec transactivation. c-Myc forms a complex with TR-RAP (Transformation/tRanscription-
domain-Associated protein) via MBII that promotes c-Myc transformation and may provide
the link between c-Myc and a histone acetylase containing transcriptional complex. AMY-1
(Associate of c-Myc-1) another MBII interacting protein also stimulates E-box dependent
transactivation. The adaptor protein Bin-1 and MM-1 (Myc modulator-1) inhibit c-Myc
transactivation. Co-operation between the retinoblastoma protein family member, p107 and
c-Myc appears to play an important role in its autorepression. The exact function of PAM
(protein associated with Myc) remains unclear although it is speculated to have a function in
chromatin modeling. c-Myc can associate with a-tubulin (a-TUB) and polymerized
microtubules in vivo although the role of the interaction remained to be determined. This list
of c-Myc protein partners described here is not exhaustive, however shows the main factors

which have so far been reported on.
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Fig. 5.11. The effect of c-Myc deletion mutants on human PPARY1 promoter
activity in SK-N-AS neuroblastoma cells. SK-N-AS cells were co-transfected with
2 pug of a PPARY1 promoter reporter (pGL3-y1p3000) and either 0.1 pg (grey bar) or
2 pg (purple bar) of an expression plasmid encoding either wild type c-Myc or one of
seven c-Myc deletion mutants (A). The total quantity of DNA for each transfection
was normalised to 4 pg (including reporter) with an empty expression vector
(pcDNA3.1). Cells were harvested 24 hours post-transfection and luciferase activity
measured. Data shows the relative mean luciferase activity of the PPARy1 promoter
reporter (per pg of protein) co-transfected with the indicated amounts of wild type c-
Myc or c-Myec deletion mutant expression plasmid compared with promoter reporter
activity in the presence of the empty expression vector control (black bar) and
represent two independent experiments + S.E (B). Statistics were calculated using a
Student’s #-test and showed that there was significant repression of PPARy! promoter
reporter activity in the presence of 0.1 pg wild type c-Myc, A9-71 c-Myc and A414-
433 c-Myc expression plasmids (*) (p<0.05) whereas only co-transfection with 2 pg
of the wild type c-Myc expression plasmid significantly attenuated PPARy! promoter
reporter activity (*) (p<0.05). Significant stimulation of PPARy1 promoter activity
was observed in the presence of 0.1 pg A371-412 c-Myc expression plasmid (*)

(p<0.05).
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5.11 Identification of the site of c-Myc transcriptional repression in

the human PPARYy1 promoter

The regions of the c-Myc protein which appear to be required for c-Myc
transcriptional repression of the PPARy1 promoter indicates that the mechanism
could involve interactions with several protein partners such as NF-Y, Sp1, TFII-I or
YY-1 (See Fig. 5.10). Analysis of the human PPARY1 promoter sequence revealed
that it contains among others, a putative NF-Y site, and several Sp1 sites in addition
to two INR elements to which TFII-I and YY-1 can bind (Fig. 5.3). To establish
which of these potential binding motifs or other novel sequence mediates c-Myc
transcriptional repression, PPARy1 promoter deletions were made by digesting the
original pGL3-y1p3000 construct with Sac I and Sma 1, and Sac I and Sac 11 to create
the promoter deletion reporters, pGL3-y1p216 and pGL3-y1p78 respectively (See
Fig. 5.12 for more details). The Sac I/Sma 1 truncation of the PPARy1 5°regulatory
region yielded a 218 bp fragment from -157 bp to +60 bp relative to the second
transcription initiation site which contained two putative Sp1 sites and INR elements.
The Sac I/Sac 11 digestion of the PPARY1 promoter region removed the first of these
Sp1 sites leaving a region from -18bp to +60 bp (Fig. 5.12). The integrity of the
promoter in these deletion constructs was verified by sequencing (The Sequencing

Service, University of Dundee).

To investigate the effect of c-Myc on the activity of the PPARy1 promoter deletion
mutants in neuroblastoma cells, pGL3-y1p216, pGL3-y1p78 and the original PPARy1
promoter reporter pGL3-y1p3000 were co-transfected with the increasing quantities
of c-Myec expression plasmid indicated in to SK-N-AS cells. Cells were harvested 24
hours post-transfection and luciferase activity measured. Fig. 5.13 demonstrates that
the reporter activity of all three PPARy1 promoter constructs was significantly
attenuated in the presence of 0.1 pg and 2 pg c-Myc expression plasmid compared
with reporter activity in the presence of the empty expression vector. This suggests
that the site of c-Myc repression in the PPARy1 promoter is proximal to the second
PPARy1 transcription start site. This observation is consistent with studies of other c-
Myc repressed genes such as p21“"*! Mad4, PDGFRB and GADD45 which have also

mapped the site of c-Myc transcriptional inhibition to the minimal promoter of these
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Fig. 5.12. Creation of human PPARY1 promoter reporter deletion constructs.
Originally Fajas ef al screened a PAC human genomic library to isolate the sequence which
contained the entire human PPARy gene. A clone was identified which was shown to include
the transcription intiation sites for both PPARy1 and PPARy2. To obtain the PPARyl1 5’
regulatory region an 8-kb EcoRI fragment of this clone, which hybridized with the
oligonucleotide specific for the PPARyl 5’UTR was cloned in to pBluescript. A Sac I/Xho |
digest of this clone generated a fragment of DNA, from approximately -2.8 kbp to +60 bp
relative to the second transcription start site of PPARy1, which was inserted in to the same
sites in pGL3-Basic to create the PPARy1 promoter reporter, pGL3-y1p3000[36]. We
digested the pGL3-y1p3000 construct with Sac I and Sma I and Sac I and Sac 1II to create the
promoter deletion reporters, pGL3-y1p216 and pGL3-y1p78 respectively since the promoter
region contains a Sma I site which starts at position -159 and a Sac II site which starts at
position -22 and because these endonucleases would not cut the vector backbone (B). In each
case, following restriction digest the linearised plasmid was treated with T4 DNA polymerase
to generate blunt ends which were subsequently ligated (See flow diagram opposite A). Fig.
5.12 B shows the promoter region found in each reporter construct and its potential sites of c-
Myec transcriptional repression, including nuclear transcription factor-Y (NF-Y), elongation
factor 2 (E2F) and special factor 1(Sp1) binding sites and two initiator (INR) elements.
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1. pGL3-y1p78 Bgl I/Xho | digest
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3. Invitrogen 1 Kb ladder

Fig. 5.12 C To confirm that the cloning was successful the potential pGL3-y1p78 and pGL3-
y1p216 clones were digested with Bg/ I and X#o I and run on 2% agarose gel. Bg/ I cuts
pGL3-Basic (4818 bp- 21 bp polylinker removed during cloning = 4797 bp) at positions 3273
and 4541 but not in the 300 bp region upstream from the second PPARy1 transcription start
site in pGL3-y1p3000. Digesting the pGL3-y1p3000 reporter with Sac I and Sac 11, generates
a 2759 bp fragment of the PPARY1 5’ regulatory region leaving a 78 bp proximal promoter
upstream of the Xho I site. Therefore, digesting the pGL3-y1p78 construct with Bgl I/ Xho 1
should generate 3250 bp, 1268 bp and 357 bp fragments (357 bp fragment between second
Bgl 1 site and Xho [ site (Xho I site at +55 relative to start site of transcription)) (Lane 1).
Digesting the pGL3-y1p3000 bp reporter with Sac I and Sma I generates a 2621 bp fragment
of the PPARy1 5’ regulatory region, leaving a 216 bp promoter upstream of the X#o I site.
Therefore, digesting the pGL3-y1p216 construct with Bg/ I and X#o I should generate 3250
bp, 1268 bp and a 495 bp fragments (495 bp fragment between second Bg/ [ site and X#o 1
site) (Lane 2).
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pGL3y1p3000 pGL3-y1p216 pGL3-y1p78

Fig. 5.13 The effect of c-Myc on the activity of PPARy1 promoter deletion
constructs. SK-N-AS cells were co-transfected with 2 pg of the PPARy1 promoter
reporter deletion constructs pGL3-y1p216 or pGL3y-1p78, or pGL3-y1p3000 and
either 0.1 ug (grey bar) or 2 pg (purple bar) of an expression plasmid encoding c-
Myec. The total quantity of DNA for each transfection was normalised to 4 pg
(including reporter) with an empty expression vector (pcDNA3.1). Cells were
harvested 24 hours post-transfection and luciferase activity measured. Data shows
the relative mean luciferase activity of the PPARy1 promoter reporters (per pug of
protein) co-transfected with the indicated amounts of c-Myc expression plasmid
compared with promoter reporter activity in the presence of the empty expression
vector control (black bar) and represent two independent experiments + S.E.
Statistics were calculated using a Student’s s-test and showed that there was
significant repression of both pGL3-y1p3000 promoter activity (*) (p<0.05) and the
promoter activity of the PPARy]1 promoter deletion mutants pGL3-y1p216 (*)
(p<0.05) and pGL3~y1p78 (**) (p<0.01) in the presence of 0.1 pg and 2 pg c-Myc

expression plasmid
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genes [478,479,481,498,499]. In addition, when SK-N-AS cells were co-transfected
with the PPARy1 promoter deletion reporters and an expression plasmid encoding
Miz-1, the luciferase activity of the constructs was induced to a similar level
compared with pGL3-y1p3000 reporter activity in the presence of Miz-1 (Fig. 5.14).
Therefore, it is probable that Miz-1 mediates this transactivation by binding to either
or both of the initiator elements in the 78 bp PPARy1 promoter region between -18
and + 60 bp.

5.12 c-Myc transcriptional repression of the human PPARy1

promoter occurs by an INR-independent mechanism

Since either the putative GC box or two INR elements in the PPARy1 5’regulatory
region between -18 and + 60 bp could potentially mediate c-Myc inhibition of
PPARy]1 transcription, it was necessary to create deletions of the 78 bp region to
identify if one or more these sites was essential for c-Myc repression. Previous
attempts to amplify short fragments of the proximal PPARy1 5’regulatory region
from human genomic DNA by PCR were unsuccessful possibly because of the core
promoter’s high GC content. In addition, the promoter region of interest was very
short, therefore three pairs of oligonucleotides were designed and synthesized so that
when annealed and ligated together they formed the -18 to + 60 bp sequence of the
PPARy1 5’regulatory region (Fig. 5.15). The insert of the complete 78 bp sequence
was cloned in to pGL3-Basic to create the PPARy1 promoter reporter, pGL3-
y1p78oligo. The promoter region in the second construct termed pGL3-y1p58oligo
lacks the Sp1 site and the first putative INR element is disrupted. The promoter
sequence in the reporter called pGL3-y1p34oligo lacks both the Spl site and first INR
and the second INR is partially deleted (Fig. 5.15). The promoters of all three
constructs were verified by sequencing (The Sequencing Service, University of
Dundee).

To investigate the effect of c-Myc on the activity of these synthetic PPARy1 promoter
reporters in neuroblastoma cells, pGL.3-y1p78oligo, pGL.3-y1p58oligo and pGL3-
y1p34oligo constructs where co-transfected with increasing quantities of a ¢c-Myc

expression plasmid in to SK-N-AS cells (Fig. 5.16). The SK-N-AS cells were
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Fig. 5.14. The effect of Miz-1 on the activity of PPARY1 promoter deletion
constructs. SK-N-AS cells were co-transfected with either 2 pg of the PPARy1
promoter reporter deletion constructs pGL3-y1p216 or pGL3y-1p78, or pGL3-
v1p3000 and 2 pg of an expression plasmid encoding Miz-1 or an empty expression
vector (pcDNA3.1) (2 pg). Cells were harvested 24 hours post-transfection and
luciferase activity measured. Data shows the relative mean luciferase activity of the
PPARy1 promoter reporters (per pg of protein) co-transfected with the Miz-1
expression plasmid (purple bar) compared with promoter reporter activity in the
presence of the empty expression vector control (black bar) and represent two
independent experiments &+ S.E. Statistics were calculated using a Student’s ¢-test and
showed that there was significant induction of pGL3-y1p3000 promoter activity (*)
(p<0.05) and the promoter activity of the PPARy1 promoter deletion mutants pGI.3-
v1p216 (*) (p<0.05) and pGL3-y1p78 (*) (p<0.05) in the presence of 2 pg Miz-1

expression plasmid.

202



Fig. 5.15. Creation of human PPARy1 promoter reporter constructs using synthetic oligonucleotides. Three pairs of oligonucleotides were designed and
synthesised (A) (1+2, 3+4, 5+6) so that when annealed and then ligated together they formed a continuous 78 bp sequence of the PPARy1 5’regulatory region
from -18 bp to +60 bp relative to the second PPARy]1 transcription start site.(B). These synthetic oligonucleotides were cloned in to pGL3-Basic via the indicated
restriction sites to create the constructs pGL3-y1p78oligo, pGL3-y1p58oligo and pGL3-~ylp34oligo which have the same 3’end at +60bp but have 5’ termini at -18
bp, +3 bp and +27 bp respectively, relative to the transcription start site (Fig 5.15A below). The 78 bp promoter region contains a putative Sp1 site (starts at -18
bp, core sequence defined by MatInspector highlighted in red) and 2 potential INR elements (B). The INR at position -6 shown in blue overlaps the second
PPARy]1 transcription start site (red G, +1), where as the second INR highlighted in green is located downstream of this initiation site at position +24. The pGL3-
v1p58oligo construct lacks the Spl site and the first potential INR element is disrupted whereas the pGL3-y1p34oligo reporter lacks both the Sp1 site and the first
INR element and the second INR is disrupted. In Fig. 5.15C bases in the two potential INR elements in the PPARY 5’ regulatory region which match the

consensus INR sequence are shown in bold.
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GTACGGGCAGGCGGGGCCCAGCGC ACTCGGAGCCCGAGCCCGAGCCGE AGCCGCCGCCTGGGGCGCTTGGGTCGGCCTCGAG
CCCGTCCGCCCCGGGTCGCGTG AGCCTCGGGCTCGGGCTCGGCGTC GGCGGCGGACCCCGCGAACCCAGCCGGAGCTCTCGA

2. 4. 6.

Sp1 site INR 1 INR 2

GGGCAGGCGGGGCCCAGCGCACTCGGAGCCCGAGCCCGAGCCELCAGCCGCCGCCTGGGGCGCTTGGGTCGGCCTCGAG

-18 13 -6 +1 +24
Consensus INR YYYANYYYYYY
INR1 (-6) CCCAGCGCACT
INR 2 (+24) CGCAGCCGCCG

204



1018 bp

506 bp

N oW
(O:ECO
(o°F ~Ne)]
[ejoxey
©TOTUT

Lane

1. Invitrogen 1 Kb ladder
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pGL3-y1p58oligo Bgl I/Xho | digest
pGL3-y1p34oligo Bgl I/Xho | digest
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TR ORI T

D. Potential pGL3-y1p78oligo, pGL3-y1p58oligo and pGL3-ylp34oligo clones were
screened by digestion with Bg/ I and Xho I and visualizing the digest result on a 2% agarose
gel. Bgl I cuts pGL3-Basic (4818 bp) at position 3273 and 4541 but there is no Bg/ I site in
the 78 bp 5’ PPARYy]1 regulatory region. Since the PPARy 5’regulatory region does contain
an Xho I site (+55 relative to transcription start site), digesting pGL3-y1p78oligo, pGL3-
v1p58oligo and pGL3-y1p34oligo with Bgl I/ Xho 1 should generate 355 bp (Lane 2), 335 bp
(Lane 3), and 327 bp (Lane 4) fragments respectively, which corresponds to the region
between the second Bgl I site and the Xho I site (at +55 relative to start site of transcription).
As a control pGL3-Basic was also digested with Bgl I/Xho I and yielded a 304 bp fragment,
which corresponds to the region after the second Bgl I site and the Kpn I-Xho 1 polylinker
(Lane 5).
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harvested after 24 hours and luciferase activity measured. Intriguingly, the reporter
activity of all three constructs was significantly repressed in the presence of the c-
Myc expression plasmid compared with reporter activity in the presence of the empty
expression vector control. To verify that repression of pGL3-y1p78oligo, pGL3-
v1p58oligo and pGL3-y1p34oligo reporter activity was specific to c-Myc expression,
these constructs were also co-transfected with C/EBPp and V394D c-Myc mutant
expression plasmids in to SK-N-AS neuroblastoma cells for comparison (Fig. 5.17).
The C/EBPp expression plasmid was chosen as a negative control since it has been
previously shown that C/EBP specifically induces transcription from the PPARY2
promoter not the PPARy1 promoter [422]. Co-transfection with the V394D c-Myc
mutant served as a positive control since it was predicted to repress the reporter
activity of the synthetic PPARY1 promoter to a similar extent as the full-length
PPARy1 promoter construct, pGL3-y1p3000.

Fig. 5.17 demonstrates that the reporter activity of the pGL3-y1p78oligo, pGL3-
v1p58oligo and pGL3-y1p34oligo constructs was repressed in the presence of both 2
ug of the c-Myc and V394D c-Myc mutant expression plasmids whereas expression
of C/EBPp did not significantly alter the reporter activity of either of the constructs.
Since the level of c-Myc inhibition of the reporter activity of both the full length and
34 bp PPARy! promoter constructs was comparable this suggests that repression of
PPARy! transcription by c-Myc occurs by an INR-independent mechanism that is
mediated by sequence located between + 27 and + 60 bp in the PPARy1 5’regulatory
region. Interestingly, when SK-N-AS cells were co-transfected with pGL3-
v1p78oligo, pGL3-y1p58oligo or pGL3-ylp34oligo and a Miz-1 expression plasmid,
the reporter activity of all three synthetic PPARy1 promoter constructs was stimulated
in the presence of the Miz-1 expression plasmid relative to reporter activity in the
presence of the empty expression vector control (Fig. 5.18). Given that the promoter
region of pGL3-y1p34oligo lacks an INR element, the Miz-1 effect on this construct,
and potentially the other PPARY! promoter reporters, may be a consequence of its
sequestration of c-Myc that is bound to a site within the 34 bp region of the PPARy1

5’regulatory region thus relieving transcriptional repression by c-Myc.
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Fig. 5.16. The effect of c-Myec on the activity of synthetic oligonucleotide
PPARy1 promoter reporters. SK-N-AS cells were co-transfected with 2 pg of the
synthetic oligonucleotide PPARy1 promoter reporters, pGL3-y1p78oligo, pGL3-
v1p58oligo or pGL3y-1p34oligo and either 0.1 pg (grey bar) or 2 pug (purple bar) of
an expression plasmid encoding c-Myc. The total quantity of DNA for each
transfection was normalised to 4 pg (including reporter) with an empty expression
vector (pcDNA3.1). Cells were harvested 24 hours post-transfection and luciferase
activity measured. Data shows the relative mean luciferase activity of the PPARy1
promoter reporters (per ug of protein) co-transfected with the indicated amounts of c-
Myc expression plasmid compared with promoter reporter activity in the presence of
the empty expression vector control (black bar) and represent two independent
experiments = S.E. Statistics were calculated using a Student’s f-test and showed that
there was significant repression of pGL3-y1p78oligo, pGL3-y1p58oligo and pGL3y-
1p34oligo promoter activity in the presence of 0.1 pg and 2 pg c-Myc expression
plasmid (*) (p<0.05).
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Fig. 5.17. The effect of c-Myc, C/EBPpB and the c-Myc V394D mutant on the
activity of synthetic oligonucleotide PPARY1 promoter reporters. SK-N-AS cells
were co-transfected with 2 pg of the synthetic oligonucleotide PPARy1 promoter
reporters, pGL3-y1p78oligo, pGL3-y1p58oligo or pGL3y-1p34oligo and 2 ug of an
expression plasmid encoding either c-Myc (purple bar), C/EBPp (dark grey bar) or
the V394D c-Myc mutant (light grey bar) or an empty expression vector control
(pcDNA 3.1) (black bar). Cells were harvested 24 hours post-transfection and
luciferase activity measured. Data shows the relative mean luciferase activity of the
PPARy1 promoter reporters (per pg of protein) co-transfected with the indicated
expression plasmid compared with promoter reporter activity in the presence of the
empty expression vector control (black bar) and represent two independent
experiments + S.E. Statistics were calculated using a Student’s ¢-test and showed that
there was significant repression of pGL3-y1p78oligo, pGL3-y1p58oligo and pGL3y-
1p34oligo promoter activity in the presence c-Myc (*) (p<0.05) and the V394D c-
Myc mutant expression plasmid (*) (p<0.05) but not the presence of C/EBP

expression plasmid.
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Fig. 5.18. The effect of Miz-1 on the activity of synthetic oligonucleotide
PPARy1 promoter reporters. SK-N-AS cells were co-transfected with either 2 pg
of the PPARY1 promoter reporters, pGL3-y1p78oligo, pGL3y-1p58oligo, or pGL3-
v1p34oligo and 2 pg of an expression plasmid encoding Miz-1 or an empty
expression vector (pcDNA3.1) (2 pg). Cells were harvested 24 hours post-
transfection and luciferase activity measured. Data shows the relative mean
luciferase activity of the PPARy1 promoter reporters (per pig of protein) co-
transfected with the Miz-1 expression plasmid (purple bar) compared with promoter
reporter activity in the presence of the empty expression vector control (black bar)
and represent two independent experiments + S.E. Statistics were calculated using a
Student’s #-test and showed that there was significant induction of the PPARy1
promoter reporters, pGL3-y1p78oligo (*) (p<0.05) and pGL3-y1p58oligo (**) in the

presence of 2 ug Miz-1 expression plasmid.

209



5.13 The use of a transient chromatin immunoprecipitation assay
to evaluate c-Myc binding to the human PPARy1 promoter in

vivo.

The use of promoter reporter constructs to investigate the level of regulation of a
target promoter by a transcription factor as well as the region essential for the
response is an established and practical approach[432]. However, while this
technique demonstrated that ectopic expression of c-Myc consistently inhibited
PPARy1 promoter activity an alternative method was needed to investigate whether
endogenous c-Myc repressed PPARY]1 transcription by being recruited to the PPARy1
promoter in vivo. Therefore next the “transient” chromatin immunoprecipitation
(ChIP) assay developed by Farnham et al [S11] was employed. In this method a cell
line is transiently transfected with a plasmid containing the promoter of interest and
then the ability of specific protein factors to interact with this sequence in vivo is
assessed by ChIP [511]. Since the site of c-Myc repression had previously been
mapped to a region of the PPARYI promoter from +27 to +60 bp c-Myc binding to
this sequence in vivo was examined by transfecting SK-N-AS neuroblastoma cells

with the synthetic PPARy1 promoter reporter, pGL3-y1p34oligo.

A detailed description of the ChIP protocol can be found in the methods chapter and a
flow diagram of the procedure is depicted in Fig. 5.19. In summary, 24 hours post-
transfection, protein-protein and protein-DNA complexes were cross-linked by
incubating SK-N-AS cells with formaldehyde before lysing and sonicating the cells to
shear the DNA. An antibody against c-Myc was then introduced in to the lysate to
precipitate complexes containing the transcription factor. Finally the cross-links
holding the complexes together were reversed and eluted DNA was precipitated and
analysed by PCR. To detect binding by c-Myc to the PPARy1 promoter sequence in
pGL3-y1p34oligo, the forward primer used in the PCR was complementary to the 34
bp PPARYI1 regulatory region whereas the reverse primer recognized a sequence in
the pGL3-Basic vector. The specificity of the primers was verified by performing a
PCR using either the plasmid or input DNA from pGL3- y1p34oligo transfected SK-
N-AS cells as a template (Fig. 5.20). Since the plasmid is present at a high copy
number it was predicted that this would improve the efficiency of the

immunoprecipitation and PCR. Importantly though, when this method was first used
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Fig. 5.19. Summary of Transient chromation immunoprecipitation (ChIP)

assay.
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to evaluate the in vivo interaction of the E2F1 transcription factor with a
carboxylesterase promoter reporter, it was shown that in the presence of physiological
normal levels of E2F 1, the binding specificity that was originally detected at the
endogenous carboxylesterase promoter was maintained on the transiently transfected
plasmid [511]. Having confirmed the efficiency of the ChIP PCR primers, the
binding of endogenous c-Myc to the 34 bp PPARY1 regulatory region in SK-N-AS
cells transfected with pGL3-y1p34oligo was studied (Fig. 5.21). A strong PCR signal
was obtained when the input DNA sample of pGL3-yIp34oligo transfected SK-N-AS
cells was used as the template (Fig. 5.21 A, Lane 2), although no PCR product was
detected using the template DNA immunoprecipitated from these cells by the anti-c-
Myc antibody (Fig. 5.21 A, Lane 3) even after additional PCR cycles (data not
shown). To determine if this result was due to insufficient template, the PCR was
repeated using increasing quantities of template DNA. While a PCR signal was now
detected using both input and c-Myc antibody immunoprecipitated DNA samples
from pGL3-y1p34oligo transfected SK-N-AS as the template (Fig. 5.21 B, Lanes 2-
3), background PCR product was also observed in samples where the DNA template
had been recovered from lysates of untransfected SK-N-AS cells or cells transfected

with a control plasmid (pGL3-Basic) (Fig. 5.21 B, Lanes 5-10).

Therefore, to determine a new annealing temperature that would still allow
amplification of the region in the PPARy promoter reporter, but reduce production of
background or non-specific PCR signal, the effect of increasing the annealing
temperature (originally 50°C) on product yield using pGL3-y1p34oligo as the
template (Fig. 5.22 A) was evaluated. Preliminary experiments demonstrated that
increasing the annealing temperature from 50°C to 60.9°C had no significant effect on
the amount of amplified product obtained (data not shown). However, the PCR
product yield did decrease when the annealing temperature was raised from 61.8 °C to
64.1°C, therefore the PCR reactions using the ChIP DNA samples were repeated with
64.1°C as the new annealing temperature (Fig. 5.22 B). Again at lower numbers of
PCR cycles, a PCR product was detected using the input DNA sample of pGL3-
v1p34oligo transfected SK-N-AS cells as template (Fig. 5.22 B, top gel, Lane 2) but
no product was observed with the other DNA samples. After extra cycles of PCR,
even at the higher annealing temperature, either a background or non-specific PCR

product band was still also detected in samples with DNA templates from
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Lane

1. Invitrogen 1 Kb ladder

2. pGL3-y1p34oligo template

3. Negative control - no template

4. Invitrogen 1 Kb ladder

5. Input DNA from transfected SK-N-AS cells

6. Negative control — no template

Fig. 5.20. Evaluation of the efficiency of transient ChIP primers using either plasmid or
input DNA from SK-N-AS cells as the template. Two independent PCR reactions were set
up using oligonucleotide 5, designed to create the synthetic PPARy1 promoter reporters (see
Fig 5.15), as the forward primer specific to the 34 bp promoter region in pGL3-y1p34oligo.
The reverse primer used was complementary to part of the pGL3-Basic sequence 175 bp
downstream from the start of oligonucleotide 5. To verify the specificity of these primers,
they were used in a PCR reaction with the plasmid pGL3-y1p34oligo as the template (50 ng)
and as shown in lane 2 the correct size product (192 bp) was generated (See Materials and
Methods for PCR conditions). To confirm that these primers would also work efficiently
using DNA extracted from cells, SK-N-AS cells were transfected with 5 pg of pGL3-
y1p34oligo. After 24 hours the cells were cross-linked with formaldehyde, harvested, lysed
and sonicated. Following reversal of protein-DNA and protein-protein cross-links the cell
lysate was extracted with phenol-chloroform. 2 pl of this extracted cell lysate was used as
the template in a PCR reaction with the transient chip primers described above (lane 5). As
shown in lane 5 the same size product was generated using the extracted cell lysate with a

yield comparable to that produced when the plasmid was used as the template.
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Lane :
| 7. NO AB, pGL3-Basic

1. Invitrogen 1 Kb ladder

) 8. INPUT, untransfected
2. INPUT, pGL3-y1p34oligo

. 9. c-Myc AB, untransfected

3. c-Myc AB, pGL3-y1p34oligo

; 10. NO AB, untransfected
4. NO AB, pGL3-+y1p34oligo !

] 11. Negative PCR control

5. INPUT, pGL3-Basic
6. c-Myc AB, pGL3-Basic

Fig. 5.21. Transient ChIP assay PCR results of SK-N-AS cells transfected with either
pGL3-y1p34oligo or pGL3-Basic or untransfected cells. Immunoprecipitations were
performed on prepared lysates from either untransfected SK-N-AS cells or SK-N-AS cells
transfected with pGL3-Basic or pGL3-y1p34oligo using an antibody to c-Myc. DNA from,
an input sample (INPUT), the immunoprecipitate (c-Myec AB), and a lysate sample with no
added antibody (NO AB) was recovered and analysed by PCR, using specific transient ChIP
primers (Fig. 5.20). Fig. 5.21 A shows the PCR products visualised on a 1.5 % DNA agarose
gel obtained after 25 cycles with 2 pl of template. A specific PCR product (192 bp) was
obtained when the input DNA sample of pGL3-y1p34oligo transfected SK-N-AS cells was
used as the template (Lane 2), although no product was observed in the other lanes even after
additional PCR cycles (Data not shown). Fig. 5.21 B is representative gel of several
independent PCR reactions which were performed using larger quantities of template and
indicates that either a background or non-specific PCR product band was detected in samples
where the DNA template had been recovered from lysates of untransfected SK-N-AS cells or
cells transfected with pGL3-Basic (Lanes 5-10) but not in the negative control (Lane 11). In
this example 3 pl of template was used and the PCR products generated after 35 cycles are

shown.
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2. Annealing temp 61.8°C
3. Annealing temp 64.1°C
4. Annealing temp 65.9°C
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Fig. 5.22. Optimisation of PCR annealing temperature to reduce non-specific products
in transient ChIP assay PCR reactions using DNA recovered from transfected or
untransfected SK-N-AS cells. Fig. 5.22 A demonstrates the effect of increasing the
annealing temperature of the PCR reaction between 61.8°C and 67.1°C on the product yield
using the transient ChIP primers described in Fig. 5.20. Since a considerable reduction in
product yield was achieved by increasing the annealing temperature from 61.8 °C to 64.1°C, a
PCR reaction was performed using template DNA recovered from, input (INPUT),
immunoprecipitated (c-Myc AB), and No antibody lysate (NO AB) samples with 64.1°C as
the new annealing temperature (Fig. 5.22 B). After 30 cycles (top gel in Fig. 5.22B) of PCR,
a specific product (192 bp) was obtained when the input DNA sample of pGL3-y1p34oligo
transfected SK-N-AS cells was used as the template (Lane 2), although no product was
observed in the other lanes. At 35 cycles (Bottom gel in Fig. 5.22.B) however, either a
background or non-specific PCR product band was still also detected in samples where the
DNA template had been recovered from lysates of untransfected SK-N-AS cells or cells
transfected with pGL3-Basic (Lanes 5-10) but not in the negative control (Lane 11).
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untransfected SK-N-AS cells or cells transfected with pGL3-Basic, but not in the
negative control (Fig. 5.22 B bottom gel). As an alternative approach to reduce the
background PCR signal a new reverse primer was designed that would result in
amplification of a larger PCR product from the PPARy1 promoter reporter template.
Having demonstrated that the original forward primer and the new reverse primer
could successfully amplify a product of the expected size using pGL3-y1p34oligo as
the template, next the ChIP DNA samples were analysed using the same PCR
conditions (Fig. 5.23). However, as before, the same size PCR product was detected
in samples using template DNA from untransfected and pGL3-Basic transfected SK-
N-AS cells as well from SK-N-AS cells containing the PPARy1 promoter reporter
(Fig. 5.23 B). The PCR signal seen in untransfected and pGL3-Basic transfected SK-
N-AS cells may have been due to cross-contamination of the samples prior to the
PCR step since no PCR product was observed in the PCR negative control. Further
attempts to optimize PCR conditions and eliminate potential sources of contamination
failed to reduce PCR signals using control ChIP DNA templates. In conclusion,
because of the difficulties encountered in developing a transient chip assay in this
instance it was not possible to develop this technique to investigate c-Myc binding to
the PPARy1 promoter in vivo because of the potential risk of generating false pos.itive
results. Therefore further study is warranted to identify an alternative approach to

investigate c-Myc-PPARY1 promoter interactions in vivo in neuroblastoma cells.

5.14 The Sp1 transcription factor stimulates human PPARy1
promoter activity

Further examination of the sequence between + 27 and + 60 bp of the PPARYI
5’regulatory region reveals the presence of a GC-box-like element (or Spl-like
binding site) starting at position +39 (GGGCGC) that was not identified by the
Matinspector analysis. There is however, variation in published consensus sequences
for GC boxes/Sp1 binding sites and the parameters used by Matinspector to define a
GC box/Spl site could have meant that it did not reveal this putative Sp1-like site
(See Appendix). For instance, some reports suggest a GC-box/Sp1 site has 4 guanine
bases both up and downstream of the central cytosine (GGGGCGGGG) whereas

other studies describe a GC-box/Spl site as a sequence of just four nucleotides with
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1. pGL3-y1p34oligo template
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. c-Myc AB, pGL3-y1p34oligo
. NO AB, pGL3-y1p34oligo

. INPUT, pGL3-Basic

. c-Myc AB, pGL3-Basic
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8. INPUT, untransfected
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10. NO AB, untransfected

11. Negative PCR control 1 2 3 4 5 6 7 8 9 10 11
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Fig. 5.23. Transient ChIP assay PCR results of SK-N-AS cells transfected with either
pGL3-y1p34oligo or pGL3-Basic or untransfected cells using new reverse primer. The
specificity of the new reverse ChIP primer was verified by performing a PCR with the
original forward primer and the pGL3-y1p34oligo plasmid as template. Fig. 5.23 A shows
that the correct size product of 280 bp was generated. Fig. 5.23 B: Immunoprecipitations
were performed on prepared lysates from either untransfected SK-N-AS cells or SK-N-AS
cells transfected with pGL3-Basic or pGL3-y1p34oligo using an antibody to c-Myc. DNA
from, an input sample (INPUT), the immunoprecipitate (¢-Myc AB), and a lysate sample
with no added antibody (NO AB) was recovered and analysed by PCR using the new reverse
primer. Fig. 5.23 B shows the PCR products obtained after 30 cycles (top gel) and 35 cycles
(bottom gel) with 4 pul of template. After 30 cycles the correct size PCR product was obtained
when the input and c-Myc AB immunoprecipitated DNA sample of pGL3-y1p34oligo
transfected SK-N-AS cells was used as the template (Lanes 2-3) although a background band
was also observed in samples where the DNA template had been recovered from lysates of

untransfected SK-N-AS cells or cells transfected with pGL3-Basic (Lanes S-10).
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the consensus of GCGG [512,513]. Analysis of sequence-specific recognition of
DNA by Spl however, has shown that DNA sequences within promoters, which
contain the asymmetric hexanucleotide sequence GGGCGG are sufficient to bind and
mediate transactivation by Sp1 [514]. This is why the majority of publications,
including those by Gartel et a/ on the p21 promoter, define a consensus GC-Box/Spl
site as this asymmetric hexanucleotide, which suggests that in fact the putative GC-
box-like/Spl-like binding site in the PPARY1 5’regulatory region matches 5 out of
the 6 nucleotides for a core GC-box/Sp1 site [515-518]. In addition, while the 5’end
sequence of a GC box is highly conserved the 3’end shows more variation; therefore
the G to C substitution in the PPARy1 promoter putative GC-box may not impair
interactions with Sp1 [514,519]. Indeed Sp1 and other transcription factors have been
shown to regulate transcription via non- consensus binding sites in the promoters of
target genes indicating that analysis of a promoter sequence alone is insufficient to
predict which transcription factors will bind to and regulate that promoter either in
vitro or in vivo [520]. When SK-N-AS cells were transfected with equal quantities of
pGL3-~y1p34oligo or pGL3-Basic, the luciferase activity of the 34 bp PPARyI
promoter reporter was significantly higher relative to pGL3-Basic (Fig. 5.24). Since
this region could induce luciferase expression above the promoter-less vector, this

suggests the putative Spl-like site at position +39 may be functional.

Sp1 was the first cloned and characterized member of an ever growing family of
transcription factors which all contain a highly conserved DNA binding domain close
to their C-termini which consists of three tandem Cys;His;, zinc finger motifs
[512,521-524]. The amino-terminal of Sp1 contains glutamine-rich and
serine/threonine-rich transactivation domains and Sp1 has been implicated in the
activation of numerous genes with housekeeping, tissue-specific and cell-cycle
regulatory functions [525-529]. The embryos of Sp1 null mice show retarded growth,
severe morphological defects and die after day 10 of development demonstrating a
key role for Sp1 early mouse embryogenesis and maintenance of differentiated cells
[512,522,524]. Studies by Gartel er al suggest that transcriptional attenuation of the
cyclin dependent kinase inhibitor, p21"*! by c-Myc may be mediated by an
interaction between its central domain and Spl, a previously identified key activator
of the p21 promoter [485,492,515,530]. c-Myc may abrogate transcription by
sequestering Spl from DNA or by forming an inhibitory complex at the promoter
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Fig. 5.24. Shows the activity of human PPARy1 promoter constructs relative to
pGL3-Basic which lacks a eukaryotic promoter. SK-N-AS cells were transfected
with one of the following PPARY1 promoter reporters; pGL3-y1p3000, pGL3-
y1p216, pGL3-y1p78oligo, pGL3-y1p34oligo or pGL3-Basic (2 pg). Cells were
harvested 24 hours post-transfection and luciferase activity measured. Data shows
the relative mean luciferase activity of the PPARy1 promoter reporters (per pg of
protein) (purple bars) relative to pGL3-Basic of two independent experiments + S.E.
Statistics were calculated using a Student’s #-test and showed that level of luciferase
reporter activity of pGL3-y1p3000 (*) (p<0.001), pGL3-y1p216, pGL3-ylp78oligo
and pGL3-y1p34oligo (**) (p<0.01) was significantly higher compared to pGL3-

Basic luciferase activity.
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Fig. 5.25. The effect of Spl1 on human PPARY1 promoter activity in SK-N-AS
neuroblastoma cells. SK-N-AS cells were co-transfected with 2 pg of a PPARy1
promoter reporter (pGL3-y1p3000) and the indicated quantities of Sp1 expression
plasmid. The total quantity of DNA for each transfection was normalised to 4 pg
(including reporter) with an empty expression vector (pcDNA3.1). Cells were
harvested 24 hours post-transfection and luciferase activity measured. Data shows
the relative mean luciferase activity of the PPARy1 promoter reporter (per pg of
protein) co-transfected with the indicated amounts of Spl expression plasmid (purple
bars) compared with promoter reporter activity in the presence of the empty
expression vector control (black bar) and represent two independent experiments +
S.E. Statistics were calculated using a Student’s #-test and showed that there was
significant activation of the pGL3-y1p3000 promoter reporter in the presence of 1 and
1.5 pg of the Spl expression plasmid (*) (p<0.05).
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which prevents Spl making contact with components of the basal transcriptional
machinery such as TATA-binding protein and TAF130 (TATA-binding protein
associated factor-130) [485,522,524]. Based on these results and our earlier findings
we hypothesized that Sp1 through its interaction with the GC-box like element in the
region from +27 to +60 bp relative to the second transcription start site of PPARyl
might regulate basal PPARy1 promoter activity and also be the target of c-Myc
repression. To test this hypothesis we initially examined the effect of Spl on the
activity of the full length PPARY1 promoter reporter (pGL3-y1p3000) by co-
transfecting it with increasing quantities of a Sp1 expression plasmid in to SK-N-AS
cells. Cells were harvested 24 hours post-transfection and luciferase activity
measured. Fig. 5.25 demonstrates that the luciferase activity of the PPARyI
promoter reporter was stimulated in a dose-dependent manner in the presence of the
Sp1 expression plasmid. To investigate if the potential GC box-like element could
also mediate transactivation by Spl, the Spl co-transfection was repeated with the
synthetic PPARY1 promoter reporter, pGL3-y1p34oligo (Fig. 5.26). As shown in Fig.
5.26, in the presence of Sp1, luciferase expression of the pGL3-y1p3000 and pGL3-
v1p34oligo was induced to a similar level. This result indicates that the GC box-like
element, at position +39 relative to the second PPARy1 start site, is sufficient to

stimulate transcription by Spl.

5.15 The effect of p53 on human PPARy1 promoter activity in

neuroblastoma cells

The tumour suppressor p53 sometimes described as “the guardian of the genome” is a
critical regulator of cellular stress responses [531,532]. In normal proliferating cells
the p53 protein has a short half live and p53 levels are low or undetectable [533]. In
response to a variety of intracellular and extracellular stresses including DNA
damage, hypoxia, nucleotide imbalance, oxidative stress, spindle damage or
oncogenic activation p53 protein is rapidly stabilized and is proposed to determine the
fate of the cell based on the degree of damage [531,532]. p53 can induce growth
arrest and direct DNA repair, however in cases of severe irreversible damage p53
stimulates apoptosis to prevent propagation of cells with a malignant phenotype

[218,534-538]. p53 mainly regulates these and other cellular processes by
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Fig. 5.26. The effect of Spl on the synthetic oligonucleotide PPARY1 promoter
reporter pGL3-ylp34oligo. SK-N-AS cells were co-transfected with 2 pg of the
PPARYy1 promoter reporters, pGL3-y1p3000 or pGL3- y1p34oligo and 2 ug of a Spl
expression plasmid or an empty expression vector control (pcDNA3.1) (2 pg). Cells
were harvested 24 hours post-transfection and luciferase activity measured. Data
shows the relative mean luciferase activity of the PPARY1 promoter reporters (per j1g
of protein) co-transfected with the Spl expression plasmid (purple bars) compared
with reporter activity in the presence of the empty expression vector control (black
bar) and represent two independent experiments + S.E. Statistics were calculated
using a Student’s #-test and showed that there was a significant increase in the level of
luciferase reporter activity of pGL3-y1p3000 (*) (p<0.05) and pGL3-y1p34oligo
constructs (**) (p<0.01) in the presence of the Spl expression plasmid.
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functioning as activator of transcription of numerous genes[539]. The stabilized p53
protein forms a tetramer of two p53 dimers which recognizes a p53 response element
that consists of two consecutive half sites[540,541]. The MatInspector analysis of the
human PPARy1 promoter region from -2842 to + 60bp identified two putative p53
half sites at positions -1001 and -786 (See Appendix). Although two p53 half sites
can be separated by up to 13 bp, the distance between the half sites in the PPARyl
5’regulatory region suggests that they probably do not function together as p53
binding site[541].

More recently however it has been shown that p53 can also promote transcription of
certain target genes such as p2/“’ and PUMA (p53-up-regulated mediator of
apoptosis) by co-operation with Sp1[542-545]. The interaction between p53 and Spl
is mediated by the central region of pS3 and the C-terminus of Sp1[542]. In some
instances enhancement of transcription by p53 is dependent on both p53 and Spl
binding sites in the target promoter, although it has also been demonstrated that p53
can form a complex with Spl at an Sp1 site that is required for promoter activation, in
the absence of a consensus p53 response element [542,543,545]. Synergistic
activation of PDGFB transcription by p53 and Spl is also mediated by an Spl site in
the PDGFB proximal promoter [491]. Since we had demonstrated that the PPARy1
promoter might be regulated by Sp1, we decided to investigate the possibility that
Sp! stimulated PPARy1 promoter activity through co-operation with p53, by initially
examining the effect of p53 on PPARyl promoter activity. SK-N-AS cells were co-
transfected with a PPARy1 promoter reporter (pGL3-y1p3000) and a pS3 expression
plasmid and harvested after 24 hours and luciferase activity measured. Fig. 5.27
demonstrates that reporter expression of the PPARy1 promoter construct was
significantly induced in the presence of the p53 expression vector compared with

reporter activity in the presence of the non-recombinant vector.

To evaluate which region of the PPARy1 promoter mediates this p53 transactivation,
the PPARy1 promoter deletion reporters, pGL3-y1p216 and pGL3-y1p78 were also
co-transfected with the p53 expression vector in to SK-N-AS cells. As shown in Fig.
5.28 the luciferase reporter activity of the two PPARy1 promoter deletion constructs
was induced to a similar level, in the presence of the p53 expression vector, compared

with the full length PPARY1 promoter reporter. It is therefore probable that p53
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activation of the PPARy1 promoter involves an interaction between p53 and Spl
bound to a site in the region from -18 to + 60 bp relative to the PPARy] start site. To
verify that the effect on the activity of the PPARy1 promoter reporter was due to
exogenous expression of p53 the co-transfection experiment with the PPARy!
promoter reporter (pGL3-y1p3000) was repeated in H1299 non-small lung carcinoma
cells which are p53 null [546]. As in SK-N-AS cells, the luciferase activity of the
PPARY1 promoter reporter was also stimulated in the presence of the p53 expression
vector in H1299 cells compared with luciferase activity of the construct in the
presence of the empty expression vector control although the fold induction was less
than in the neuroblastoma cell line (Fig. 5.29). This may reflect differences in the
transfection efficiency of the two cell types or the relative expression of the p53

protein.

As a positive control H1299 cells were co-transfected with the reporter Hdm?21luc03,
which is under the control of the proximal region of the Hdm?2 promoter that contains
two p53 binding sites, and the p53 expression plasmid. Hdm2 (Human double minute
2) is the major ubiquitin E3 ligase which induces p53 degradation, therefore
activation of Hdm?2 transcription by p53 creates an autoregulatory feedback loop
which maintains p53 levels in the cell[532]. Fig. 5.30 demonstrates that there was a
large, dose-dependent increase in the reporter activity of Hdm2luc03 in the presence
of the p53 expression plasmid compared with reporter activity in the presence of the
empty vector control. The induction of reporter expression of the Hdm2luc03
construct in the presence of the p53 plasmid was considerably greater compared with
p53 stimulation of reporter activity of the PPARy! promoter construct.
Transactivation of the proximal promoter in the Hdm2luc03 construct is mediated by
direct binding to a p53 response element which may result in greater induction of

reporter activity compared with that achieved by co-operation between p53 and Spl.

These experiments confirm that induction of luciferase activity of the PPARY]1
promoter reporter in the presence of the transfected p53 plasmid is a consequence of
ectopic p53 expression. Unlike numerous other cancers, neuroblastomas are wild
type for p53 although there is still controversy over whether p53 is functional in
neuroblastoma. Some reports suggest p53 protein is restricted to the cytoplasm while

other studies show p53 expression in the nucleus and up-regulation of p53 target
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Fig. 5.27. The effect of pS3 on human PPARy1 promoter activity in SK-N-AS
neuroblastoma cells. SK-N-AS cells were co-transfected with 2 ng of a PPARy]
promoter reporter (pGL3~y1p3000) and either 100 ng of a p53 expression plasmid or
an empty expression vector (pcDNA3.1) (100ng). Cells were harvested 24 hours
post-transfection and luciferase activity measured. Data shows the relative mean
luciferase activity of the PPARy1 promoter reporter (per g of protein) co-transfected
with the p53 expression plasmid (purple bars) compared with promoter reporter
activity in the presence of the empty expression vector control (black bar) and
represent two independent experiments + S.E. Statistics were calculated using a
Student’s ¢-test and showed that there was significant induction of the pGL3-y1p3000
promoter reporter in the presence of 100 ng of p53 expression plasmid (*) (p<0.01).
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Fig. 5.28. The effect of pS3 on the activity of PPARY1 promoter deletion
constructs. SK-N-AS cells were co-transfected with either 2 pg of the PPARy]
promoter reporter deletion constructs pGL3-y1p216 or pGL3y-1p78, or pGL3-
v1p3000 and 100 ng of an expression plasmid encoding p53 or an empty expression
vector (pcDNA3.1) (100ng). Cells were harvested 24 hours post-transfection and
luciferase activity measured. Data shows the relative mean luciferase activity of the
PPARYy1 promoter reporters (per pg of protein) co-transfected with the p53
expression plasmid (purple bar) compared with promoter reporter activity in the
presence of the empty expression vector control (black bar) and represent two
independent experiments + S.E. Statistics were calculated using a Student’s ¢-test and
showed that there was significant induction of pGL3-y1p3000 promoter activity (*)
(p<0.01) and the promoter activity of the PPARY1 promoter deletion mutant pGL3-
v1p78 (**) (p<0.05) in the presence of 100 ng of p53 expression plasmid.
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Fig. 5.29. The effect of pS3 on human PPARy1 promoter activity in the pS3 null
H1299 lung cancer cell line. H1299 cells were co-transfected with 2 ug of a
PPARYy1 promoter reporter (pGL3-y1p3000) and either 100 ng of a p53 expression
plasmid or an empty expression vector (pcDNA3.1) (100ng). Cells were harvested 24
hours post-transfection and luciferase activity measured. Data shows the relative
mean luciferase activity of the PPARy1 promoter reporter (per pug of protein) co-
transfected with the p53 expression plasmid (purple bar) compared with promoter
reporter activity in the presence of the empty expression vector control (black bar)
and represent two independent experiments + S.E. Statistics were calculated using a
Student’s ¢-test and showed that there was significant induction of the pGL3-y1p3000
promoter reporter in H1299 cells the presence of 100 ng of pS3 expression plasmid
(*) (p<0.05).
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Fig. 5.30. The effect of p53 on Hdm2 promoter reporter activity in the p53 null
H1299 lung cancer cell line. H1299 cells were co-transfected with 2 pg of an hdm?2
promoter reporter (hdm2luc03) and the indicated amounts of a p53 expression
plasmid. The total quantity of DNA for each transfection was normalised to 2.00125
ug (including reporter) with an empty expression vector (pcDNA3.1) Cells were
harvested 24 hours post-transfection and luciferase activity measured. Data shows
the relative luciferase activity of the PPARy1 promoter reporter (per pg of protein)
co-transfected with the p53 expression plasmid (purple bars) compared with promoter
reporter activity in the presence of the empty expression vector control (black bar)

and represents the mean of three independent luminescence readings + S.E.
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genes following irradiation of neuroblastoma cells in vitro [547]. If p53 can localize
to the nucleus these results suggest that p53 could interact with Spl to stimulate

PPARy1 promoter activity in neuroblastoma cells.

5.16 Discussion

Several genetic abnormalities and biological markers have been identified in
neuroblastoma that have assisted in predicting the progression of the disease, yet we
are only beginning to elucidate the underlying factors which cause and regulate the
development of this malignancy[253]. Furthermore, neuroblastomas which exhibit a
more differentiated histology or regress by maturation to ganglioneuromas have a
favourable prognosis although the mechanism by which this occurs has remained
unclear [548]. More recently, however, a study by Han et al provided evidence that
PPARYy may play a role in the differentiation of neuroblastoma cells [213]. By
detecting PPARY expression in primary neuroblastomas they showed that PPARy
levels were high in neuroblastoma cells with ganglionic differentiation but low in
immature neuroblasts [213]. The concept that neuroblastoma cells, with a more
differentiated phenotype, is in part a consequence of elevated PPARy expression is
supported by two findings. Firstly, the differentiation of neuroblastoma cells in vitro,
by agents such as retinoic acid, caused increased PPARy expression and secondly that
levels of PPARY also correlate with the maturational status of cells from other tissues
such as the colon [213,418]. While the mechanism of PPARY transactivation has
been extensively studied little is known about the regulation of PPARY gene
expression[39]. Therefore, this prompted an investigation of how PPARy expression
is modulated in neuroblastoma cells since this might provide further insight in to its

function in this cancer.

Experiments using a PPARy1 promoter reporter construct demonstrated that PPARy
mRNA expression in neuroblastoma cells in vitro is controlled by the level of
promoter activation. The transiently transfected PPARy1 promoter reporter was
differentially stimulated in SK-N-AS and IMR-32 neuroblastoma cell lines and the
degree of reporter induction correlated with the levels of endogenous PPARy mRNA
detected in these two cell types. To explore how PPARy1 promoter activity in
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neuroblastoma cells is modulated, the PPARY1 promoter sequence contained in the
reporter construct was examined using MatInspector to identify putative regulatory
elements. The analysis revealed that this PPARy1 5’regulatory region included two
potential E-boxes, which directly interact with members of the Myc family of
transcription factors, and mediate gene transactivation as well as several sites that
indirectly recruit c-Myc and are implicated in c-Myc mediated transcriptional
repression [549]. c-Myc is a critical regulator of cell proliferation and deregulated c-
Myc, N-Myc and L-Myc expression is involved in the genesis of a diverse range of
human cancers. Furthermore, c-Myc and N-Myc expression is down-regulated
following induction of differentiation of neuroblastoma and other cell types
[213,458]. c-Myc is capable of transforming both primary and established cell lines
in vitro, a function which is dependent on its ability to both activate and repress gene
transcription[429,504]. Indeed, c-Myc attenuates the expression of genes that
promote growth arrest and differentiation such as p21<"""4F p15™NK% A fad4 and
C/EBP-a which indicates why c-Myc functioning as transcriptional repressor

influences its oncogenic capacity [461,474,479,481].

As Myc and PPARY have reverse expression profiles and potentially opposing
functions in neuroblastoma cells, it was speculated that Myc family members might
also abrogate PPARYy expression. However, the presence of two E-boxes in the
PPARY1 promoter also suggested that there was the potential for Myc to positively
regulate the expression of PPARY. Nevertheless, the activity of a PPARy1 promoter
reporter was significantly attenuated when co-transfected in to SK-N-AS
neuroblastoma cells with expression plasmids encoding either c- or N-Myc. This
suggested that recruitment of c-Myc or N-Myc to sites in the PPARy1 promoter
which could mediate transcriptional repression may overcome any activation caused
by their direct binding to the upstream E-boxes. Alternatively the putative E-boxes in
the PPARy1 promoter sequence could be non-functional.

Several different models of c-Myc transcriptional repression have been proposed;
therefore next each of these mechanisms was investigated to determine which were
involved in inhibition of PPARYy1 promoter activation by c-Myc in neuroblastoma
cells (Fig. 5.5). Firstly while Miz-1 can stimulate PPARy1 promoter reporter activity

in vitro, c-Myc repressed PPARy1 transcription by a Miz-1 independent mechanism,
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since a c-Myc V394D mutant, deficient in Miz-1 binding, was equally effective at
attenuating PPARy1 promoter driven luciferase activity compared with wild-type c-
Myc. However, if Miz-1 can directly interact with the PPARy1 promoter this raises
the question of why c-Myc does not repress PPARy! transcription through complex
formation with Miz-1. Interestingly, the reporter activity of a PPARy1 promoter
construct (pGL3-y1p34oligo) in which both of the potential INR elements were
disrupted was still significantly induced in the presence of Miz-1 and attenuated by c-
Myc. As Miz-1 is known to be an INR-binding protein, this suggests that activation
of the PPARY1 promoter reporter by Miz-1 may in fact be due its sequestration of c-
Myc bound to the PPARY1 5’regulatory region.

An alternative hypothesis is that Miz-1 only stimulates INR-dependent transcription
under certain physiological conditions such as in response to DNA damage [482,550].
For instance, association between Miz-1 and topoisomerase II binding protein
(TopBP1) attenuates Miz-1 activity, but following UV irradiation TopBP1 expression
is down-regulated which releases Miz-1 allowing it to stimulate expression of genes

including p21 CIPIWAF

[476]. In these circumstances c-Myc may attenuate gene
transcription via Miz-1, while in unstressed conditions when Miz-1 is inactive wild-
type c-Myc or a V394D c-Myc mutant could mediate transcriptional repression via an
alternative mechanism. These findings are corroborated by the work of Adhikary et
al who showed that deletion of the Miz-1 gene in mice impaired early embryonic

development but did not alter the expression of p21 CIPIWAR [482].

Furthermore, gene
expression microarray analysis of HepG2 cells in which siRNAs were used to
knockdown Miz-1 expression failed to identify p217 CIPIWAF 45 a direct target gene of
Miz-1[551]. In another study Ratla fibroblasts expressing the V394D c-Myc mutant
or wild-type c-Myc exhibited equivalent colon formation suggesting that Miz-1

inactivation could also be dispensable for c-Myc mediated transformation [552].

However, as c-Myc mutants have been identified which had impaired transactivation
function but retained the ability to repress gene transcription and transform cells, this
indicates that transcriptional inhibition by c-Myc is still critical for
transformation[497,553,554]. In contrast, c-Myc-Miz-1 complexes have been
detected at promoters in vivo under normal cell culture conditions and ectopic

expression of Miz-1 is some cell types promotes growth arrest which was antagonized
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by c-Myc expression[464,474,479,481]. This suggests that the contribution that
repression of Miz-1 by c-Myc makes to its biological functions could be dependent

on the cell type.

In addition, c-Myc repression of PPARy! promoter reporter activity in SK-N-AS
neuroblastoma cells does not appear to require recruitment of a HDAC or HDAC-
containing complex. Incubation of SK-N-AS cells with the HDAC inhibitor
trichostatin A (TSA) stimulated basal PPARy1 promoter reporter activity in a dose-
dependent manner; although the level of c-Myc mediated repression of the reporter in
the presence of TSA was comparable to that achieved by c-Myc in vehicle treated
cells. This result is supported by a Claassen et al publication which also

| CIPU/WAF

demonstrated that TSA treatment induced transcription from the p2

but failed to block inhibition by c-Myc [503]. The structure of the p21<""""WAF and

promoter

PPARy1 promoters are similar and contain several Spl sites. HDAC inhibitors

1CIP1/WAF

consistently stimulate p2 expression through increased acetylation of the

chromatin at the Spl sites in the p21F/WAF

promoter [555]. It is possible that TSA
induction of the PPARYI promoter activity involves similar mechanism although |
precisely how HDAC:s are recruited to these promoters and HDAC inhibitors induce
expression remains elusive. Further study is warranted to investigate TSA regulation
of PPARYy]1 transcription since this might also provide insight in to the mechanism by
which HDAC recruitment modulates the activity of promoters of other genes

including p21 CIPIWAE,

Recently considerable progress has been made in identifying and analysing protein
partners of c-Myc [431,440]. Several of these factors including NF-Y, Spl, p107,
YY-1, TFII-I and Miz-1 have been implicated in distinct pathways of c-Myc
transcriptional repression [431,440,504]. Since the regions of c-Myc which interact
with its protein partners have been determined, a number of c-Myc deletion mutants
were used to investigate which c-Myc domains, and therefore potential protein
factors, were involved in c-Myc inhibition of PPARY1 promoter reporter activity in
neuroblastoma cells (See Fig. 5.10). It was demonstrated that the level of repression
of PPARY1 promoter reporter activity by a c-Myc mutant lacking MBI (A7-91) was
comparable to wild-type c-Myc when the SK-N-AS cell line was transfected with 0.1
pg of the expression plasmids. The pRb family member, p107 which is required for
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c-Myc autorepression, interacts with c-Myc via a region that encompasses MBI and
MBII, therefore the MBI motif and association with p107 may be dispensable for c-
Myec repression of transcription from the PPARYy1 promoter in neuroblastoma cells
[497]. However, it is plausible that p107 could interact with the c-Myc mutant
through MBII only, so further investigation is needed to show whether a c-Myc-p107

complex plays a role in modulating PPARy1 promoter activity.

PPARy1 promoter reporter activity was also significantly inhibited by a c-Myc
mutant with a deletion in the leucine zipper domain (A414-433) however the level of
repression was less compared with wild-type c-Myc. The leucine zipper together
with the basic and HLH region of c-Myc is essential for heterodimerisation with Max.
c-Myc/Max heterodimers through their interaction with E-boxes promote gene
transcription, although c-Myc/Max complexes have also been detected at the
promoters of c-Myc repressed genes in vivo suggesting they are also required for c-
Myc mediated transcriptional repression [443]. Conversely, Gartel ef al showed that
deletion of the entire C-terminal domain of c-Myc did not impair its ability to

attenuate the p21CIP“W AF

promoter in vitro [485]. These findings suggest that the
leucine zipper, possibly by promoting cMyc/Max heterodimerisation, contributes to,

but is it not essential for, c-Myc transcriptional inhibition of PPARY1 transcription.

However, it is necessary to be cautious when interpreting these results because the
differences in the level of repression mediated by the A414-433 c-Myc mutant and the
other c-Myc mutants compared with wild-type c-Myc could have been a result of
variation in the amount of protein expressed from the c-Myc mutant and wild-type
expression plasmids in the SK-N-AS cell line. Stone et al however, demonstrated
that when the plasmids encoding the normal and mutant c-myc genes were transfected
in to COS-7 cells they produced comparable amounts of protein [510]. Nevertheless,
to verify that the effect of the c-Myc mutants on PPARY1 promoter reporter activity
was due to the introduced deletion rather than major differences in their protein
expression, the level of protein produced from the expression plasmids in SK-N-AS
cells should be assessed by western blot. In contrast, to the A7-91 and A414-433 c-
Myc mutants, none of the other c-Myc mutants examined significantly abrogated the
activity of the PPARy1 promoter reporter which indicates that Myc box III, the

central region and basic-helix-loop-helix motifs of c-Myc may play a role in c-Myc
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repression of the PPARy1 promoter. MBII was not deleted in any of the c-Myc
mutants examined; therefore it would be interesting to investigate the role of this
motif in c-Myc repression of the PPARY1 promoter since it has been shown to be

essential for all known biological functions of c-Myc.

The domains of c-Myc implicated in mediating inhibition of PPARy1 transcription,
suggested it could still involve several distinct mechanisms. Therefore, to further
resolve the c-Myc repression pathway experiments were devised to identify binding
sites in the PPARYy1 promoter involved in this process. The PPARy1 promoter
sequence in the pGL3-y1p3000 reporter was initially truncated by digesting it with
specific restriction endonucleases to create the PPARy1 promoter deletion reporters
called pGL3-y1p216 and pGL3-y1p78 (Fig. 5.12). The reporter activity of the
PPARyI1 promoter deletion constructs was significantly repressed in the presence of
co-transfected c-Myc. Furthermore, the level of inhibition of the PPARy1 promoter
deletions by c-Myc was comparable to its effect on the full length PPARYy1 promoter
construct, which suggested that the site of c-Myc repression was located in a region
close to the second PPARY1 transcription start site. This result was consistent with
those from studies on c-Myc regulation of p21<F//#4F, pl 5™ Nrampl and Mad4
expression, since they also showed that the site of c-Myc repression occurred in the

genes’ core promoter [474,475,479,481].

The PPARY1 5’regulatory sequence in the pGL3-y1p78 construct contained a putative
Sp1 site and two INR elements. As either of these sites could mediate c-Myc
transcriptional inhibition of PPARy]1 transcription further deletions of the PPARy1
5’regulatory region from -18 to + 60 bp were made to establish which of its binding
motifs were involved in the mechanism of c-Myc repression. This was achieved by
generating three PPARy1 promoter reporter constructs, termed pGL3-y1p78oligo,
pGL3-y1p58oligo and pGL3-y1p34oligo containing promoter inserts created by
annealing and ligating pairs of synthetic oligonucleotides. The pGL3-y1p78oligo
construct contained the entire PPARy1 5’regulatory sequence from -18 to + 60 bp. In
the pGL3-y1p58oligo reporter the first 20 bp of this sequence were deleted so it
lacked the Sp1 site and the first of the two INR elements was interrupted. The final
construct, pGL3-ylp34oligo lacked the PPARY1 5’regulatory sequence from -18 to +
26 bp, therefore the second INR element was also partially deleted. Interestingly, in
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SK-N-AS neuroblastoma cells, c-Myc repressed the reporter activity of all three
constructs to a similar extent. This effect was specific to c-Myc expression, since co-
transfecting the synthetic PPARy1 promoter constructs with a control plasmid
encoding C/EBP did not significantly affect their reporter activity. Moreover, the
luciferase expression of pGL3-y1p78oligo, pGL3~y1p58oligo and pGL3-y1p34oligo
was significantly attenuated in the presence of the V394D c-Myc mutant. This result
corroborates the earlier finding that c-Myc repression of the full-length PPARy1
promoter reporter occurred by a Miz-1-independent mechanism. This hypothesis is
also supported by the observation that c-Myc was able to inhibit the reporter
expression of a PPARy1 promoter construct (pGL3-y1p34oligo) in which both of the

putative INR elements, the binding sites of Miz-1, were disrupted.

Therefore, next c-Myc recruitment to the PPARy1 promoter in vivo was examined
using a “transient” ChIP assay which involved transfecting SK-N-AS neuroblastoma
cells with the PPARy1 promoter reporter, pGL3-y1p34oligo and then assessing the
ability of c-Myc to interact with the PPARy1 5’regulatory sequence in the construct
by ChIP assay. The initial PCR reaction, using input DNA from pGL3-y1p34oligo
transfected SK-N-AS cells, yielded a product, representing the PPARy1 5’regulatory
region, although no PCR product was detected using template DNA from these cells
obtained by immunoprecipitation with an anti-c-Myc antibody, even after more PCR
cycles. This indicated that either c-Myc was not recruited to this sequence in vivo or
that the quantity of template DNA used in the PCR was inadequate to observe a
signal. However, when the amount of template was increased, while PCR product
was detected with c-Myc antibody- immunoprecipitated DNA from SK-N-AS cells
transfected with the PPARY1 promoter reporter, PCR signal was also observed when
using template DNA from untransfected SK-N-AS cells or cells transfected with the
control plasmid pGL3-Basic. Optimisation of the PCR annealing temperature or use
of an alternative reverse primer failed to reduce amplification of the background or
non-specific PCR signal. After trying several approaches to prevent contamination of
control samples, it appeared that it would not possible to conclude from these
experiments, whether endogenous c-Myc binds to the PPARy1 5’regulatory sequence
in the reporter pGL3-y1p34oligo in vivo, since the PCR signal detected using a larger
quantity of c-Myc antibody-immunoprecipitated DNA as template, may have been a

false positive result.
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Further examination of the PPARy1 5’regulatory sequence from +27 to +60 bp for
potential transcription factor binding sites revealed a GC-box-like element/Spl-like
site at position +39, which matched the consensus sequence of the core region of an
Sp1 binding site (GGGCGG) except for substitution of guanine for cytosine at the
sixth nucleotide. Gartel ef al demonstrated that c-Myc inhibition of the p21<"P'/VAF
promoter was dependent on an interaction between c-Myc and one of its critical
activators, Sp1, therefore experiments were performed to determine if Sp1 was also a
regulator of PPARYy]1 transcription and therefore a potential target of c-Myc mediated
repression [485,492]. When either the full length (pGL3-y1p3000) or deletion
(pGL3-y1p34oligo) PPARy1 promoter constructs were co-transfected in to SK-N-AS
cells with an expression plasmid encoding Sp1, their reporter activity was
significantly stimulated. Furthermore, the fold-induction of the two reporter
constructs was similar, inferring that Sp1 could be a modulator of PPARy1 promoter
activity and potentially mediates transactivation from a GC-box like element at
position +39 in the PPARy1 5’regulatory sequence. This region of the PPARy1
promoter may regulate PPARy1 transcription since the reporter activity of pGL3-
v1p34oligo was significantly greater than a control plasmid, pGL3-Basic which lacks

a promoter.

Moreover, Spl transactivation of PPARy1 transcription may be modulated by the
tumour suppressor p53. p53 can function as an activator of gene transcription by
directly binding to its cognate response element as a tetramer composed of two p53
dimers [540,541]. More recently, however, it was shown that p53 also stimulates
gene transcription through its interaction with Spl [542-545]. Co-transfection of the
PPARY1 promoter construct pGL3-y1p3000 with a p53 expression plasmid in SK-N-
AS neuroblastoma cells significantly induced its reporter activity. Similar results
were obtained when the co-transfection experiment was repeated in p53 null H1299
lung cancer cells. Expression of exogenous p53 in H1299 cells stimulated a positive
control reporter, confirming that the effect of co-transfecting the p53 expression
plasmid on PPARY1 promoter reporter activity was specifically mediated by
increased p53 expression. The site of p53 transactivation was mapped to a region of
the PPARy1 promoter from -18 to + 60 bp. As this sequence lacks a p53 consensus

site but contains a putative Sp1 site and a GC-box-like element it is speculated that
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p53 induces transcription from the PPARy1 promoter by complex formation with Spl

bound to one or more of these sites.

c-Myc repression of PPARY1 transcription is mediated by the same promoter region
which suggests that the mechanism of inhibition involves disrupting the Sp1-p53
interaction. However, to prove this hypothesis it will be necessary to confirm that
Spl and p53 form a complex in SK-N-AS neuroblastoma cells. This could be
demonstrated by performing an immunoprecipitation of SK-N-AS cell extracts using
an anti- Sp1 and then analyse the immunoprecipitated proteins by western blot to
detect for the presence of p53. As further verification of the model the Sp1-p53
complex must also be shown to bind to the PPARy1 promoter in vivo by ChIP assay.
Two mechanisms have been proposed to explain how c-Myc abrogates Spl
transcriptional activity. Firstly, c-Myc could form an inhibitory complex with Sp1 at
the promoter which prevents its association with co-activators or pS3 [492].
Alternatively, c-Myec through it’s interaction with the C-terminal DNA-binding zinc
finger domain of Sp1l may titrate Sp1 proteins from the target promoter. Gartel et a/
postulate that promoters with multiple Sp1 sites may be sensitive to subtle changes in
Spl levels such that sequestration of Spl by c-Myc would lead to transcriptional
repression [485].

In the future it would be beneficial to investigate if c-Myc and Spl interact with the
endogenous PPARY1 promoter sequence in vivo. Furthermore, it would be interesting
to establish whether over-expression of c-Myc either reduces Sp1 binding at the
promoter or promotes formation of a c-Myc-Spl complex in vivo. Several alternative
methods could also be used to elucidate the mechanism of c-Myc repression of
PPARy1 transcription. c-Myc and Sp1 binding to the PPARY1 promoter in vitro
might be demonstrated using a DNA pulldown assay with double-stranded
oligonucleotides representing bases from +27 to +60 of the PPARY1 5’regulatory
region. The effect of co-transfected c-Myc on Sp1’s interaction with the PPARy1
promoter could also be studied using this approach. In addition, it would be possible
to show association between c-Myc and Sp1 by performing immunoprecipitations of
SK-N-AS neuroblastoma cell extracts using antibodies against Sp1 following by
immunoblotting with an anti-c-Myc anti-body. Further study is warranted to identify

the region of Sp1 that is responsible for the interaction with c-Myc. This question
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could be addressed by assessing the ability of GST-fusion proteins encoding different
domains of Sp1 to bind to c-Myc in SK-N-AS cell extracts. Ultimately, using these
various approaches, will establish if c-Myc transcriptional inhibition of PPARy1
transcription is dependent on either, sequestration of one of the PPARy1 promoter’s
activators, Sp1, or on formation of a repressive complex with Sp1 at the PPARy1 core

promoter that attenuates co-activator or p53 recruitment.
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6 DISCUSSION

Since the discovery of the first PPAR isoform over a decade ago, the PPAR biology
field has rapidly expanded and demonstrated that PPARs are expressed in a wide
range of human tissues and have important roles in normal cell functions and in the
regulation of the pathogenesis of certain diseases [17]. In particular, the PPARy
isoform has been detected in several different primary human tumour tissues [188].
Administration of PPARYy ligands to cancer cells in vitro and in vivo can attenuate
their growth. Furthermore, use of the synthetic PPARYy ligand troglitzone in small
scale clinical trials of patients with liposarcoma and prostate cancer caused
morphological differentiation, disease stabilization or regression of tumours
[209,239]. Collectively, these findings indicate that PPARy might function as a
tumour suppressor in human malignancies and PPARYy ligands have potential as a
novel therapy for cancers that currently have limited treatment options such as

aggressive neuroblastomas.

Neuroblastoma is a childhood neoplasm originating from cells of the neural crest
[245]. The clinical hallmark of neuroblastoma is its diversity. Low risk patients who
present with localised disease or tumours with favourable biology have an excellent
prognosis and can often be treated with surgery alone. Conversely, other
neuroblastoma patients are diagnosed with highly aggressive disseminated tumours.
The mortality rate of patients with these advanced stage neuroblastomas is still high
and there has been little improvement in survival rates over the past 20 years despite
the use of intensive multi-modal therapies. The concept that poor prognosis
neuroblastomas could be treated by inducing them to complete terminal
differentiation or undergo programmed cell death is supported by the well-
documented evidence that some neuroblastoma tumours spontaneously regress by

these mechanisms without therapy [213].

The natural PPARY 15dPGJ; inhibits the growth of neuroblastoma cell lines in vitro.
In addition, the growth arrest induced by 15dPGlJ, is accompanied by differentiation

or programmed cell death depending on the neuroblastoma cell type and the ligand
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concentration administered. Conversely, in some neuroblastoma cell lines low
15dPGJ, concentrations stimulated cell proliferation. Therefore, the use of 15dPGJ,
or other PPARY ligands as a treatment for neuroblastoma was dependent on

understanding how they regulate such diverse biological responses.

Transient transfection experiments using a PPAR responsive reporter showed that
15dPG1J; induces PPARY transcriptional activity in neuroblastoma cell lines and that
the level of PPRE-mediated transcription correlated with degree of growth inhibition.
Higher levels of PPARY transactivation were associated with more pronounced
inhibition of neuroblastoma cell growth. Furthermore, at the same concentration of
ligand, neuroblastoma cell lines that were less responsive to 15dPGJ; exhibited lower
PPARY transactivation compared with more sensitive neuroblastoma cell lines.
Comparable levels of PPRE-mediated transcription also induced differentiation or
programmed cell death, suggesting that the cellular response mediated by PPARy
ligands is dependent on the genotype of the neuroblastoma cell. Indeed, growth
inhibition by 15dPGlJ, is dependent on PPARYy transcriptional activity, since
constitutive expression of a PPARy dominant negative receptor in IMR-32
neuroblastoma cells blocked the anti-proliferative effect mediated by 15dPGlJs.
Therefore, further study is warranted to identify the direct irn vivo targets of PPARYy

that mediate its biological responses in neuroblastoma cells.

In neuroblastoma, the retinoblastoma family members’ pRb, p107 and p130 may
modulate the level of induction of PPARY transcriptional activity by PPARYy ligands
such as 15dPGlJ,, since ectopic expression of pRb, p107 or p130 attenuated
stimulation of PPRE-transcription by 15dPGJ, in neuroblastoma cells in vifro. The
mechanism of transcriptional repression of PPARy by pRb appears to be dependent
on its pocket domain and recruitment of a histone deacetylase. Furthermore, the
growth inhibitory effect of 15dPGJ; in SK-N-AS neuroblastoma cells was enhanced
by co-treatment with the HDAC inhibitor trichostatin A. This observation suggests
that using PPARY ligands in combination with agents that enhance their ability to
stimulate PPARYy transactivation might prove more effective in the treatment of
neuroblastoma. HDAC recruitment may well be one example of several pathways
that modulate PPARYy transactivation in neuroblastoma cells. For instance, PPARy

transcriptional activity could also be regulated by post-translational modifications,
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expression of an endogenous PPARy dominant negative mutant or by the levels of
RXR, co-activator and PPARP/3 in the neuroblastoma cell [67,74,233,234]
[33,232,314,315]. Therefore, it would be interesting to investigate if these factors
also impact on the biological responses induced by PPARy ligands in neuroblastoma

cells.

Conversely, some PPARy ligands may mediate growth inhibition of neuroblastoma
cells through PPARy-independent pathways. We showed that the synthetic PPARy
ligand ciglitazone had an anti-proliferative effect on neuroblastoma cell lines;
however was a less potent inhibitor of neuroblastoma cell growth compared with
15dPG]J,. In addition, ciglitazone did not stimulate a PPAR responsive reporter in
IMR-32 and SK-N-AS neuroblastoma cells at concentrations which had been
demonstrated to induce growth arrest. In contrast, to 15dPGJ,, stable expression of
an artificial PPARy dominant negative receptor failed to attenuate the growth
inhibitory effect of ciglitazone on IMR-32 neuroblastoma cells which indicates that
ciglitazone can mediate this response independently from its ability to stimulate
PPARYy transcriptional activity. Recent publications have suggested that TZDs can
also inhibit proliferation of other cancer cell types by PPARy-independent
mechanisms [382]. Identifying the PPARY independent pathway of PPARYy ligands in
neuroblastoma cells may also assist in the development of novel anti-cancer therapies.
However, this mechanism may be specific to TZDs, thus in the future the effect of
other types of synthetic PPARY ligand on neuroblastoma cell growth should be

investigated.

In addition, to PPARY ligands stimulating the differentiation of neuroblastoma cell
lines, it has also been demonstrated that the level of PPARy protein expression in
primary neuroblastoma tissues correlates with the maturational status of the tumour
cell. For instance, PPARY protein expression was low in undifferentiated neuroblasts
but high in neuroblasts exhibiting morphological features of the mature phenotype
such as ganglionic differentiation [213]. Although these observations indicated a role
for PPARY in neuroblastoma, the function of the receptor in this neoplasm remains
unclear. To address the cellular role of PPARY the factors that are important in
regulating PPARYy expression in neuroblastoma cells were examined. The finding

that PPARYy protein levels relate to the differentiation status of primary
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neuroblastomas is supported by the observation that neuroblastoma cell lines express
very different level of PPARy mRNA. PPARy mRNA expression in neuroblastoma
cell lines appears to be modulated by the level of PPARYI promoter activity. A
PPARYy!1 promoter reporter was differentially stimulated in IMR-32 and SK-N-AS
neuroblastoma cells and the degree of activation mirrored levels of endogenous
mRNA expression detected in the cell lines. Next the PPARy1 promoter sequence
was examined for potential regulatory motifs to identify transcription factors which
might modulate PPARY!1 transcription in neuroblastoma cells. The analysis revealed
a large number of putative transcription factor binding motifs, including sites that
could mediate regulation by the Myc family of transcription factors. Co-transfection
of a PPARy1 promoter construct with expression plasmids encoding c-Myc or N-Myc
in to SK-N-AS neuroblastoma cells significantly attenuated its reporter activity. The
discovery that c-Myc and N-Myc, which are both oncogenic, can negatively regulate
PPARYy1 promoter activity ir vitro lends support to the hypothesis that PPARy
functions as a tumour suppressor. Repression of PPARy expression by Myc family
members is also supported by the observation that the expression of c-Myc and N-
Myc is opposite to PPARy levels in primary neuroblastoma cells, since PPARy
expression is high in neuroblasts with ganglionic differentiation where Myc levels are

low or undetectable.

c-Myec inhibition of PPARYy1 promoter activity in neuiroblastoma cells occurs by a
Miz-1 and HDAC independent mechanism. Furthermore, the site of c-Myc
transcriptional repression, in the PPARy1 promoter was mapped to a region close to
the start site of PPARY1 transcription. This same region also mediates activation of
the PPARy1 promoter by the Sp1 transcription factor. Therefore, c-Myc may
attenuate PPARy1 transcription by forming an inhibitory complex with Spl or by
sequestering it from its response element. However, to resolve this mechanism it will
be necessary to show whether c-Myc can interact with Spl and if it can bind to the
PPARY1 promoter in vivo. Although Myc repression and Sp1 stimulation of PPARYy]
promoter activity are potentially two mechanisms by which PPARy1 transcription is
regulated in neuroblastoma cells, analysis of the PPARy1 promoter sequence revealed
potential binding sites for many other transcription factors. Therefore, the next stage
in understanding the cellular role of PPARy will be to identify other pathways that

modulate PPARYy1 expression in neuroblastoma cells.
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Appendix

This appendix shows the Matinspector analysis of the human PPARY]1 promoter
sequence. The key included below is a guide to understanding the information it
provides.

1. Further information — This indicates the type of potential transcription factor

binding site.

2. Position — This shows where the site is in the sequence (please note this position is

relative to the Xho I site at the end of the sequence not the start site of transcription).

3. Strand — This indicates whether the site is on the positive or negative strand of the
DNA.

4. Core and Matrix similarity — Matinspector defines the consenus sequence of a
transcription factor binding site as the matrix.

e Fach position in the matrix has a Ci vector. This represents the conservation
of the individual nucleotide positions in the matrix as numerical values and is
used in the MatInspector program.

e The maximum Ci value of 100 is reached by a position with total conservation
of one nucleotide, whereas the minimum value of 0 is reached by a position
with equal distribution of all 4 nucleotides.

e The program Matld also defines a core region within the matrix which is
represented by the four consecutive nucleotides with the highest Ci sum.

¢ On the Matinspector output base pairs marked in red have a high information
content- e.g the nucleotide is highly conserved at that position.

e Bases in capitals denote the core sequence.

e The maximum core similarity of 1 is only reached when the highest conserved
bases of a matrix match exactly in the sequence.

e A good match to the matrix similarity usually has a value of greater than 0.8

e The Matinspector analysis identified a total of 481 matches (potential binding
sites) in the PPARy1 promoter sequence. The sites included below were

initially considered because of their known tissue distribution and function.
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Further Information Opt. | Position | Str. | Core sim. | Matrix sim. Sequence
MYC-MAX binding sites 092 | 3-17 + |1 0.944 gctcCACGeggtgge
NF-kappaB (p50) 0.83 | 31-45 -) 1 0.86 cgGGGGatccactag
Activator protein 2 0.89 | 38-50 (+) | 0.976 0.92 atCCCCcgggctg
MyT1 zinc finger transcription
factor involved in primary
neurogenesis 0.75 | 67-79 -) 0.75 0.757 tcaTAGTtcactg
290 -

c-Rel 0.91 304 (+) 1 0.915 actggcagT TCCtca

Signal transducers and 293 -

activators of transcription 0.87 | 311 -) 1 0.882 gtgttitgaGGAActgee

Cdx-2 mammalian caudal

related intestinal transcr. 357 -

factor 0.84 | 375 (-) 1 0.888 atatattTT TAittctett

MyT1 zinc finger transcription

factor involved in primary 382 -

neurogenesis 0.75 | 394 (-) 0.75 0.843 tacAAGGttactt

Octamer-binding factor 1, 411 -

POU-specific domain 0.86 | 423 (+) | 0.98 0.886 agcattATTCata

Octamer-binding factor 1, 448 -

POU-specific domain 0.86 | 460 (+) | 0.98 0.963 ctaaatATTCatc

Transcriptional repressor 452 -

CDP 0.81 | 468 (+) | 0.846 0.888 atattcATCAattcatg

Octamer-binding factor 1, 502 -

POU-specific domain 0.86 | 514 (-) 0.98 0.904 gtcaatATTCcat

Transcriptional repressor 546 -

CDP 0.81 | 562 -) 0.795 0.876 aggcicATCCatgttat
571 -

Octamer-binding factor 1 0.8 585 (+) | 0.75 0.869 actatgctAAGTgaa

Myogenic MADS factor MEF- 616 -

2 0.89 | 638 (-) 1 0.895 acaattcatataAATAgaatcat
625 -

Octamer-binding factor 1 0.8 639 + (1 0.835 tttatatgAAT Tgtc
646 -

Clox 0.81 662 (+) | 0.806 0.834 aggtaaATCTatagaga

Ban<, homeobox

transcription factor that

preferentially binds to paired 693 -

TAAT motifs 0.95 | 709 +) |1 0.98 gactgtTAATggagagg
705 -

c-Rel 091 | 719 + |1 0.922 agagaggg T TCCttt
725 -

Octamer-binding factor 1 0.84 | 739 +) | 0.771 0.87 gtgATGAaaatgttc

Drosophila hairy and

enhancer of split homologue 934 -

1 (HES-1) 0.87 | 948 -) 1 0.991 gtagCACGigectgt

Drosophila hairy and 935 -

enhancer of split homologue 0.87 | 949 (+) 1 0.987 caggCACGtgccace
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1 (HES-1)

AhR nuclear translocator 935 -

homodimers 0.89 | 949 -) 1 0.989 ggtggcaCGTGectg

Basic helix-loop-helix protein

known as Dec1, Stra13 or 1024 -

Shamp2 0.85 | 1038 (+ | 075 0.853 ggcctCAAGLgatee
1114 -

Octamer-binding factor 1 0.8 1128 (+) | 0.75 0.876 tetatggtATTTaca
1118 -

Octamer-binding factor 1 0.8 1132 -) 0.846 0.875 aaAATGtaaatacca
1135 -

Octamer-binding factor 1 0.8 1149 (+) 1 0.885 attatattAATT att

Barx2, homeobox

transcription factor that

preferentially binds to paired 1136 -

TAAT motifs 095 | 1152 + |1 0.971 ttatatTAATtattcct

Neuron-restrictive silencer 1208 -

factor 0.69 | 1228 (+) 1 0.752 cccAGCActittggaaagctga

Tumor suppressor p53 (3' 1272 -

half site) 0.92 | 1292 () |1 0.947 gactgtgtcttgaCATGtige

Barx2, homeobox

transcription factor that

preferentially binds to paired 1297 -

TAAT motifs 095 | 1313 -) 1 0.971 taatttTAATtgtttag

Homeodomain proteins MSX- 1300 -

1 and MSX-2 0.97 | 1312 () |1 0.995 aatttTAATtgtt
1300 -

Octamer-binding factor 1 0.8 1314 -) 1 0.825 ttaattttAAT Tott

AT-binding transcription 1306 -

factor 1 0.79 | 1322 (-) 1 0.8 ttittitttAAT Tita

BTB/POZ-bZIP transcription

factor BACH1 forms

heterodimers with the small 1458 -

Maf protein family 0.82 | 1482 -) 1 0.821 tticttccaT GAGacagggtgtige

Distal-less 3 homeodomain 1530 -

transcription factor 0.91 1542 (-) 1 0916 cttgtTAATtcca
1556 -

Elk-1 0.92 | 1572 O |1 0.954 tcaggcGGAAgtgctee

Nuclear factor Y (Y-box 1614 -

binding factor) 0.9 1628 +) |1 0.927 caggCCAAtaaatgg

Cut-like homeodomain 1618 -

protein 0.75 | 1634 (+) 1 0.829 ccAATAaatggtctitc
1635 -

NF-kappaB 0.82 | 1649 (-) 1 0.869 caGGGActgaccact
1648 -

GATA-binding factor 3 091 | 1660 (-) 0.812 0.918 cacGGATCcttaca

Tumor suppressor p53 (5' 1695 -

half site) 0.9t | 1715 -) 1 0.922 aaatcaacataatCATGtcct
1703 -

Octamer-binding factor 1 0.8 1717 (+) | 0.75 0.864 attatgttGAT Ttaa
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Octamer-binding factor 1, 1720 -

POU-specific domain 0.86 | 1732 (-) 0.98 0.961 gaaaatATTCagc

E2F, involved in cell cycle

regulation, interacts with Rb 1747 -

p107 protein 0.84 | 1761 (+) | 0.857 0.843 tectcgcAAAACHE

MyT1 zinc finger transcription

factor involved in primary 1751 -

neurogenesis 0.88 | 1763 -) 1 0.994 gcaAAGTLitgeg

MyT1 zinc finger transcription

factor involved in primary 1753 -

neurogenesis 0.75 | 1765 (+) | 0.75 0.798 caaAACTlgctt

Runt-related transcription

factor 2 / CBFA1 (core-

binding factor, runt domain, 1762 -

alpha subunit 1) 0.84 | 1776 (-) 1 0.881 gttGTGGtigaage

Monomers of the nur

subfamily of nuclear

receptors (nur77, nurri, nor- 1772 -

1) 0.89 | 1790 (-) 1 0.947 tacagAAGGtcctegtttg

Tumor suppressor p53 (3' 2002 -

half site) 0.92 | 2022 (+) | 0.828 0.926 aacccactttggaCAGGtcac

MyT1 zinc finger transcription

factor involved in primary 2045 -

neurogenesis 0.75 | 2057 (+) | 0.75 0.756 gaaAAGGtcactg
2063 -

c-Myc/Max heterodimer 0.92 | 2077 (+) | 0.895 0.927 ccaaCACAtgagaaa

Myeloid zinc finger protein 2097 -

MZF1 0.98 | 2103 (-) 1 1 gtGGGGa

MYC-associated zinc finger

protein related transcription 2106 -

factor 0.88 | 2118 -) 1 0.895 atggotGGGGacg

Myeloid zinc finger protein 2108 -

MZF1 0.98 | 2114 () |1 1 gtGGGGa
2110 -

Yin and Yang 1 0.84 | 2128 (+) |1 0.841 cccacCCATgttgtctgag

Barx2, homeobox

transcription factor that

preferentially binds to paired 2168 -

TAAT motifs 095 | 2184 (+) 1 0.971 ttctgt TAATgagtita

Barx2, homeobox

transcription factor that

preferentially binds to paired 2190 -

TAAT motifs 0.95 | 2206 (+) 1 0.959 tottttTAATgattaaa
2219 -

Octamer-binding factor 1 0.8 2233 -) 0.75 0.8 tacatggtTATTcac

Octamer-binding factor 1, 2300 -

POU-specific domain 0.86 | 2312 (+) 1 0.907 cgaaatATGCtt
2306 -

Phox2a (ARIX) and Phox2b 0.87 | 2322 (+) 1 0.927 atgcttTAATtaaattt

MyT1 zinc finger transcription 2313 -

factor involved in primary 0.75 | 2325 (=) 0.75 0.799 agaAAATtaatt
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neurogenesis

Meis1b and Hoxa9 form

heterodimeric binding 2323 -

complexes on target DNA 0.78 | 2337 -) 1 0.901 TGACattttaaaaga

Tumor suppressor p53 (5’ 2384 -

half site) 0.91 | 2404 -) 0.885 0.912 tcggccagagtggCT I Geect

Ras-responsive element 2428 -

binding protein 1 0.79 | 2442 (+) 1 0.825 cCCCAgaccggccect

Sp2, member of the Sp/XKLF

transcription factors with

three C2H2 zinc fingers in a

conserved carboxyl-terminat 2431 -

domain 0.8 2445 -) 0.772 0.803 gccagggecGGTClg
2446 -

NF-kappaB 0.88 | 2460 (+) | 0.904 0.912 cgGGGGeatcoecct
2446 -

NF-kappaB (p50) 0.83 | 2460 -) 1 0.969 agGGGGatgeeceeg

MyT1 zinc finger transcription

factor involved in primary 2457 -

neurogenesis 0.88 | 2469 -) 1 0.889 ccgAAGTltaggg

EGR1, early growth response 2510 -

1 0.86 | 2526 (+) | 0.7889 0.884 agegatggTGGCgagga

Myc associated zinc finger 2518 -

protein (MAZ) 0.9 2530 (+) 1 0.909 tggcGAGGagcaa

E2F, invoived in cell cycle

regulation, interacts with Rb 2565 -

p107 protein 0.84 | 2579 +) |1 0.927 gacgcggGAAAgeeg

Zinc finger / POZ domain 2602 -

transcription factor 0.95 | 2612 + |1 0.963 ctgtGCGCggg

Zinc finger / POZ domain 2604 -

transcription factor 095 | 2614 (+) 0.875 0.952 gtgcGCGGgceg

Stimulating protein 1 SP1,

ubiquitous zinc finger 2606 -

transcription factor 0.89 | 2620 +) |1 0.894 gcgcgGGCGgeggee

Core promoter-binding

protein (CPBP) with 3 2623 -

Krueppel-type zinc fingers 0.87 | 2645 +) |1 0.895 gcecegggCCGCteccteccagtg

Transcriptional repressor,

binds to elements found

predominantly in genes that 2672 -

participate in lipid metabolism | 0.73 | 2694 (+) 1 0.991 cctgeccCCCAcceccaccececcac

MYC-associated zinc finger

protein related transcription 2674 -

factor 0.88 | 2686 (-) 1 0.92 g999atGGGGgea

Stimulating protein 1 SP1,

ubiquitous zinc finger 2674 -

transcription factor 0.89 | 2688 -) 0.819 0.913 gtgggGGTGagggea

Ras-responsive element 2677 -

binding protein 1 0.79 | 2691 (+) 1 0.853 cCCCAcccecaceee

247




MYC-associated zinc finger

protein related transcription 2680 -

factor 0.88 | 2692 ) 1 0.898 0g9g90atGGGGgtg
2680 -

GC box elements 0.88 | 2694 -) 0.872 0.922 gtggaGGTGgggaty

Ras-responsive element 2683 -

binding protein 1 0.79 | 2697 +) 1 0.853 cCCCAcceccaccee

MY C-associated zinc finger

protein related transcription 2686 -

factor 0.88 | 2698 ) 1 0.898 gggogtGGGGgtg
2686 -

GC box elements 0.88 | 2700 ) 0.872 0.922 gtgggGGTGagagtg

Ras-responsive element 2689 -

binding protein 1 0.79 | 2703 (+) 1 0.853 cCCCAcccccaceec

Zinc finger transcription factor 2690 -

ZBP-89 093 | 2712 + (1 0.968 cccacceccaCCCCeagecggeg

MYC-associated zinc finger

protein related transcription 2692 -

factor 0.88 | 2704 -) 1 0.898 9g999atGGGGgtg
2692 -

GC box elements 0.88 | 2706 ) 0.872 0.922 ctgggGGTGgggatg
2698 -

Activator protein 2 0.89 | 2710 (+) | 0.976 0.914 caCCCCcagcegg

Core promoter-binding

protein (CPBP) with 3 2707 -

Krueppel-type zinc fingers 0.87 | 2729 (+) 1 0.909 ccggegeCCGCgecegeceeege

Zinc finger / POZ domain 2707 -

transcription factor 0.95 | 2717 (=) 1 0.954 gcggGCGCcegg

Core promoter-binding

protein (CPBP) with 3 2713 -

Krueppel-type zinc fingers 0.87 | 2735 +) |1 0.957 cccgegeCCGCeccegegecggg

Zinc finger / POZ domain 2713 -

transcription factor 0.95 | 2723 ) 1 0.957 gcggGCGCgag

Stimulating protein 1 SP1,

ubiquitous zinc finger 2715 -

transcription factor 0.89 | 2729 ) 1 0.938 gcgggGGCGggegeg

EGR1, early growth response 2717 -

1 0.86 | 2733 -) 1 0.934 cggegcgaGGGCgggeg

Drosophila hairy and

enhancer of split homologue 2758 -

1 (HES-1) 092 | 2772 (+) | 0.833 0.943 ccgecgeGGGCagge

Stimulating protein 1 SP1,

ubiquitous zinc finger 2765 -

transcription factor 0.89 | 2779 +) |1 0.89 gggcaGGCGaggece

MYC-associated zinc finger

protein related transcription 2767 -

factor 0.88 | 2779 (+) 1 0.884 gcaggeGGGGeee

Ras-responsive element 2818 -

binding protein 1 0.79 | 2832 -) 1 0.82 aCCCAagcgccccag
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