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ABSTRACT

Despite recent breakthroughs in targeted molecular therapy, renal cancer is still the tenth
leading cause of cancer death in British men and the twelfth in women. Cancer is a
disease arising from mutations in key growth regulatory genes including loss of function
of genes that act as tumour suppressors. The p53 gene is known to be mutated in over
50% of cancers which is not surprising given that its normal function is to be a critical
tumour suppressor gene. Unregulated p53 is lethal in mammals and MDM2 (itself a
transcriptional target of p53) is an essential negative regulator of p53 function. MDM2
has also been demonstrated to have oncogenic properties illdepende11t of p53 and
together the p53/MDM?2 pathway is one of the most studied in cancer. There have been a
number of publications that have suggested that RCCs expressing p53 may have a poor
prognosis and in addition one paper has also shown that tumours that express both p53
and MDM?2 are associated with poor patient outcome. Initially we wanted to investigate
p53 and MDM?2 expression (using a recently created tissue microarray), in a different
cohort of patients undergoing radical nephrectomy, to determine whether the
p53/MDM2 high phenotype was associated with outcome. Secondly we wanted to
discover by what means p53 and MDM2 may be up-regulated in RCC. Two possible
mechanisms for p53 and MDM?2 up-regulation were explored by a series of in vitro
studies on a panel of RCC cell lines. One hypothesis tested (using a proteasome
inhibitor) was whether failure of normal proteasomal degradation of pS3 and MDM2
was responsible for this phenotype. The second mechanism involved inhibiting the
HSP90 chaperone complex (which has been shown to stabilise mutant p53) to determine
if this led to a decrease in p53 and MDM2 steady state levels. The third part of this study
was to develop RCC cell lines that could be made to express high levels of MDM2. With
this tool it was hoped to try and understand by what means increased MDM?2 expression
may promote poorer prognosis. We have found that a subset of RCCs do express both
p53 and MDM2 with co-expression of both proteins being significantly linked
(P=0.000013). Moreover, increased co-expression of p53 and MDM?2 identifies patients

with significantly reduced disease specific survival by univariate (P=0.036) and Cox



multiple regression analysis (P=0.027, RR=3.20), despite apparent organ confined
disease at the time of their nephrectomy. Testing of the RCC cell line panel revealed no
fundamental defect in proteasomal degradation of p53 and MDM2 and therefore
proteasomal dysfunction does not appear to be causing a disruption of the p53/MDM2
autoregulatory feedback loop. Inhibition of HSP90 did result in a decrease of both p53
and MDM2 in a cell line specific manner (transient decrease in some cell lines
harbouring wild type p53 and more prolonged in one mutant p53 cell line). HSP90 may
therefore play some role in the up-regulation of p53 and MDM2 though further studies
are required to clarify this. While it was possible to generate renal cell line clones that
could inducibly express high levels of a mutated form of MDM2 no clone could be made
that would express fully functional MDM2. The reason for this appears to be due to
previously documented toxicity resulting from even small increases in MDM2
expression, again highlighting that the ability of renal cancer cells to express high levels
of MDM?2 is not trivial and worthy of further in vitro investigation especially given the

link between high MDM2/p53 expression and poor proghosis.
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CHAPTER 1 - INTRODUCTION

1.1 Renal cell carcinoma

Renal cell carcinoma (RCC) is the term used to describe malignant tumours arising from
the renal parenchyma. As will be described in section (1.1.3) there are many varieties of

this disease that can be classified histologically and cytogenetically.

Around 190,000 new cases of kidney cancer (includes RCC and transitional cell
carcinoma of the renal pelvis) are diagnosed in the world each year, accounting for just
fewer than 2% of all cancers'. Cancer of the kidney was the 7" commonest malignancy
affecting the UK adult population in 2007 and it has been estimated that the lifetime risk
of developing kidney cancer in the UK is 1 in 89 for men and 1 in 162 for women'. Data
from the UK National Office of Statistics showed 3,848 people died from kidney cancer
in 2008>. This makes kidney cancer the 12" leading cause of UK cancer death in men
and women'. In the European Union 63,000 people were diagnosed and 13,000 died of
RCC in 2006°. Despite advances in diagnosis, new surgical techniques and adjuvant

therapy, patients with metastatic RCC still have only a 10% survival rate at 5 years".

With improving understanding of cancer molecular biology, the future of
prognostication and systemic therapy is dependent on understanding important
molecular cancer pathways. The goal of this thesis is to ultimately investigate what role

the p53/MDM?2 pathway may play in RCC.






Cancer Society estimates that 58,240 people (35,370 men and 22,870 women) will have
been diagnosed with Kidney cancer in 2010°. Some of the observed geographical
differences may be in part due to differences in the frequency of the use of diagnostic

imaging techniques and autopsy rates”.

The incidence of RCC in Great Britain has risen since the mid 1970s for both men and
women’, Rates have increased in men by 79% from 7.1 per 100,000 in 1975 to 12.7 per
100,000 in 2002. In women rates have increased over the same period from 3.2 to 6.1
per 100,000, a rise of 90%. Most of the increase in males has occurred in men aged over
65. The widespread availability of new imaging methods such as ultrasound and
computed tomography has to led to an increase in detection of incidental (pre
symptomatic) kidney cancer’. However, there have also been increases in more
advanced tumours, suggesting that increase in detection of pre-symptomatic tumours by

imaging does not fully explain the increases seen for RCC overall®,

1.1.3 Pathology and histology of RCC

There are various histological and genetically distinct types of RCC. The most recent
(2004) edition of the World Healthcare Organisation lists 10 types of malignant RCC”.
Table 1.1.3 outlines the more common types which account for 90% of all RCC and

gives some information on clinical characteristics.



RCC Subtype| Incidence Clinical prognosis
(%)
Clear Cell 75 A goressiveness according to grade, stage and sarcomatoid
change. Better response to systemic therapy than PRCC
(ccRCC) land Chromophobe RCC.
Papillary 10 Type 1 and 2 are recognised. Type 1 is less aggressive
than ccRCC, type 2 more aggressive''. Aggressiveness
(PRCC) according to grade, stage and sarcomatoid change.
Chromophobe 5 Least aggressive RCC type. Reported Mortality 10%

Table 1.1.3 Three most frequent RCC subtypes according to WHO classification

2004,

The remaining types are collecting duct, multilocular cystic, medullary, Xpll

translocation, after neuroblastoma and mucinous tubular and spindle cell (MTSC - see

Noon et al for further information'?). This latest classification no longer recognises

sarcomatoid RCC as a separate type. All types of RCC can progress to sarcomatoid

change'! and RCC with sarcomatoid change is highly malignant'®. The different

expression of p53 in these various subtypes is reviewed later (see Section 1.4).

1.1.3.1 Clear cell RCC

Clear cell RCC is the most common form of RCC accounting for 75% of adult

malignant renal tumours and arising from cells of the proximal tubule®. The name “clear

cell” derives from its typical histological appearance of round cells with abundant




cytoplasm. Approximately 4% of these tumours are multi-centric and 0.5 — 3% are

bilateral at presentation''.

1.1.3.2 Papillary RCC

PRCC is the second commonest form of adult RCC. This tumour is divided into two
separate histological types. Type 1 is characterised by papillae covered by small cells
with scanty cytoplasm arranged in a single layer and Type 2 by tumour cells of higher
nuclear grade, eosinophilic cytoplasm and pseudostratified nuclei'’. Type 1 has the
propensity to be multicentric and there is evidence from univariate and multivariate

analyses to show that Type 1 PRCC has a better prognosis than Type 2.

1.1.3.3. Chromophobe RCC

These tumours represent 5% of RCC and are thought to arise from the intercalated cells
of the collecting duct. Although thought to be less aggressive than ccRCC it is
associated with a 10% mortality rate''. Chromophobe RCC should be differentiated
from oncocytoma which is a benign tumour again arising from the intercalated cells of

the collecting duct.

A recent large meta-analysis of 3,564 RCC tumours showed no prognostic difference
between the various histological types of RCC when stratified for grade, stage and

patient performance status'>. Previous studies have shown poorer prognosis with ccRCC






1.1.3.4 Staging in RCC

RCC is currently staged according to the 7" edition (2009) TNM/UICC classification'’,
analyses performed in chapter 3 of this thesis were performed using the 6™ edition
(2002) TNM/UICC classification. The two major changes in the 7 edition are; stage T2
is now split into T2a size 7 — 10cm and T2b size >10cm and spread into the adrenal

gland (considered T3a in 6" edition) is now classified as T4.

Primary tumour (T):

TX: Primary tumour cannot be assessed (information not available)

T0: No evidence of a primary tumour.

T1a: Tumour is 4 cm in diameter or smaller and is limited to the kidney.
T1b: Tumour is larger than 4 cm but smaller than 7 ¢m limited to the kidney.
T2: Tumour is larger than 7 cm but is still limited to the kidney.

T3a: Tumour has spread into the adrenal gland or into peri-renal fat.

T3b: Tumour has spread into the renal vein or sub-diaphragmatic vena cava
T3c¢: Tumour has reached the vena cava above the diaphragm

T4: Tumour has spread beyond Gerota’s fascia

Regional lymph nodes (N):

NX: Regional lymph nodes cannot be assessed.
NO: No regional lymph node metastasis.

N1: Metastasis to one regional lymph node.

N2: Metastasis to more than one regional lymph node,

Distant metastasis (M):

MX: Presence of distant metastasis cannot be assessed .

M0: No distant metastasis.

M1: Distant metastasis present; includes metastasis to nonregional lymph nodes and/or to other

organs.



Using the 2002 TNM system the five year cancer specific survival has been described as
97%, 87%, 71%, 53%., 44%, 37% and 20% in patients with pT1la, pT1b, pT2, pT3a,

pT3b, pT3c and pT4 RCC*

1.1.3.5 Tumour grade

Most urologists in Europe and USA use the Fuhrman nuclear grading system?!. The
system evaluates nuclear diameter (in microns), nuclear outline: regular or irregular and
nucleoli (visibility): present or not and at what power (low or high power). Fuhrman's
grade (I-IV) is the sum of the points for all 3 parameters (see Table 1.1.3.51). Prognosis
is worse as the grade increases. There is a strong correlation between Fuhrman grade and
5 year survival®®. Tsui and colleagues ** showed the 5 year cancer specific survival to be
89% for grade I, 65% for grade II and 46% for grades III and IV. This appears to be
independent of the tumour stage as the 5 year survival for stage T1 tumours was 91%,
83%, 60% and 0% for Fuhrman grade I — IV. Tsui showed that Grade, TNM stage
(Pathological stage - a combination of Tumour, Nodal and Metastases) and patient
performance status were independent prognostic factors in multivariate analyses.
Tumour stage alone (i.e only the T part of TNM staging) was not found to be an

independent prognostic variable (see Table 1.1.3.5.2).






1.1.4.1 Lifestyle factors

There is no convincing evidence that social class variables, alcohol consumption or diet
influence the incidence of RCC®. Cigarette smoking has been repeatedly associated
with RCC, and estimated to account for 30% of RCC in men and 10% - 20% of RCC in
women?*. Obesity has been shown to be associated with RCC?. In this meta-analysis the
authors reported a relative risk of RCC of 1.07 (95% CI 1.05-1.09) per unit of increase
in BMI (corresponding to 3 kg body weight increase for a subject of average height).
The mechanism by which obesity causes RCC has been investigated by Gago-
Dominguez *® who found lipid peroxidation of proximal renal tubules to be carcinogenic
in animal models. Other mechanisms by which obesity may contribute to cancer has
been reviewed by Calle et al *’. The increasing rate of adult obesity may be in part
responsible for the increased incidence of RCC. There is some epidemiological evidence
that hypertension, independent of associated obesity or antihypertensive medication,

leads to an increased risk of RCCZ,

1.1.4.2 Inheritable RCC syndromes

The incidence of a familial predisposition to RCC is reported to be c. 4% °. Just as there
are a number of different histological types of RCC (see Section 1.1.3), a number of
different hereditary conditions have also been reported. The identification of the genes
involved in these conditions has helped us to gain an understanding of the key molecular

events involved in RCC. To date no specific familial RCC syndrome has been associated
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with the p53/MDM2 pathway. Patients with Li Fraumeni syndrome (an inheritable
germline mutation of p53) do not have a higher incidence of RCC*®, However patients
with Li Fraumeni and a single nucleotide polymorphism of the intronic promoter of
MDM2 (See section 1.3.5.1), develop malignancies on average 8 years earlier than Li

Fraumeni patients lacking this polymorphisng.

1.1.4.2.1 Von Hippel-Lindau disease and the VHL gene

Patients with VHL disease have an inherited (germline) mutated copy of the VHL
gene®. This predisposes them to bilateral multifocal ccRCC, bilateral multifocal
phaeochromocytoma, pancreatic tumours and cysts, cerebellar and spinal
haemangiomas, retinal angiomas and endolymphatic sac tumours of the inner ear’®. VHL
mutation is important in sporadic ccRCC where VHL has been shown to be mutated in

57% of sporadic tumours®’.

The VHL gene is a tumour suppressor gene, located on the short arm of chromosome 3.
VHL protein comprises an a domain which binds a protein called Elongin C and recruits
an E3 ubiquitin ligase complex. The $ domain of VHL can bind hydroxylated HIF -1a.
(hypoxia inducible transcription factor). HIF-1o is hydroxylated by enzymes utilising
oxygen as a substrate. Therefore under normoxic conditions, VHL can ubiquitylate HIF-
lo, leading to its degradation by proteasomes32. Under hypoxic conditions HIF-1a can
accumulate and heterodimerises with HIF-1p, together they bind hypoxia-responsive

elements in target genes such as VEGF (vascular endothelial growth factor), which is a
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1.1.5 Presentation and Diagnosis of RCC

It has been estimated that 48% — 66% of RCCs are now incidentally detected following

radiological imaging *°.

Other symptoms include haematuria, loin pain, mass or
symptoms of metastatic disease. 70% of RCC present as tumours 4cm or less (stage
Tla)’® and 1 to 3% of tumours arc bilateral. 25 to 30% of patients present with
metastases. Frequent sites of metastases include the lung parenchyma (50 to 60%
patients with metastases), bone (in 30 to 40%), liver (in 30 to 40%), and brain (5%).
Paraneoplastic syndromes are seen in less than 5% of patients. These include
erythrocytosis, hypercalcaemia, hepatic dysfunction (Stauffer’s syndrome), and
amyloidosis. Their causes include tumour-produced hormone-like substances

(erythropoietin and parathyroid hormone-related protein) and the formation of immune

complexes (as in amyloidosis)*.

1.1.6 Summary of Treatment options for RCC

The gold standard treatment for all histological types of organ confined RCC (Stages 1 -
3) is radical nephrectomy. Modern surgical practice allows tumours to be removed
laparoscopically, robotically and via an open procedure depending on anatomical,
tumour, patient factors and availability of robotic or laparoscopic facilities. There is a
current vogue to try to spare nephrons and where appropriate patients may be offered a
partial or nephron sparing nephrectomy’’. Although not yet established nationwide,

some patients are undergoing minimally invasive procedures to treat (ablate) smaller
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tumours by such techniques as 01'yotherapy38, radiofrequency ablation®® and high

intensity focused ultrasound (HIFU)*.

For patients with inoperable disease, metastases and recurrent disease post nephrectomy
- effective treatment options are limited. All histological forms of renal cell carcinoma
are relatively chemo- and radio- resistant. Established therapeutic options include

cytokine therapy, with agents including interferon o and interleukin 2.

The last 8 years have heralded a new era in systemic treatment of RCC. Advances in the
understanding of the VHL, pathway and the synthesis of small molecular inhibitors have
seen new therapeutic options for patients. A recent Cochrane review highlights the
improved efficacy of these drugs over the cytokine based treatments. It also points out
the paucity of information regarding the efficacy of these drugs in non clear cell

carcinomas.

At the time of writing this thesis, courses of these drugs can cost in the region of
£30,000 (per patient per annum) and as a result the National Institute for Clinical
Excellence (NICE) has restricted their use*'. A phase III trial of first-line monotherapy
for metastatic disease, compared treatment with sunitinib (an oxindol tyrosine kinase
inhibitor) to interferon-alpha and found median survival times were 26.4 for sunitinib
versus 20.0 months for interferon-alpha*’. Although these new treatments are producing
encouraging results there is still need for further work in particular the role of kinase
inhibitors in the adjuvant setting is uncertain (currently being investigated in the
ASSURE, STAR & SORCE trial®) and in patients with metastatic disease undergoing

cytoreductive nephrectomy (currently being investigated in the CARMINA trial*").
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oncogenes amongst others’'. Some of these factors can bring about conditions which
may lead to the development of cancer if left unchecked. The dramatic effects of p53
activation have to be tightly regulated to prevent p53 mediated apoptosis or cell cycle
arrest. The half life of p53 in normal cells is very short (minutes) and this is brought
about by negative regulators such as MDM2 (see Section 1.3.3). In response to cellular
stress the p53 molecule is stabilised and prevented from undergoing normal degradation.
This mechanism has yet to be completely defined, but appears to involve ataxia
telangiectasia mutated (ATM) and other damage activated kinases, phosphorylating p53
and possibly also phosphorylating MDM2%. The consequences of p53 phosphorylation
are to reduce the affinity of p53 for MDM2 and its homologue MDM4°> . A simplified
model exists by which p53 is stabilised and accumulates under conditions of cellular
stress. This in turn leads to increased transcription of MDM2 and other p53 responsive
genes (reviewed by Robins®*). If the cell survives and the cellular stress signals decrease,
p53 is gradually destabilised by the accumulated MDM2. A decrease in p53, leads to a
decrease in MDM2 transcription and MDM2 levels fall. Thus p53 positively regulates
MDM?2 while MDM2 negatively regulates pS3 creating an autoregulatory feedback loop

(see Figure 1.2.4)*>.
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splice variants are shown in Figure 1.3.2. Splice variants may have a role in cancer and

are discussed later (see Section 1.3.5.2).

The N-terminal p53 interaction domain of MDM2 binds the N-terminus transactivation
domain of p53, reducing its ability to function as a transcription activator. The central
acidic domain of MDM2 is necessary for interaction with p300/CBP (CREB-binding
protein), this is important in p53 degradation®’. The zinc finger domain may be
important for binding ribosomal protein 11 and for the degradation of p5363 (see later).
The RING (really interesting new gene) finger domain contains the E3 ligase activity

responsible for ubiquitylation®”.

1.3.3 MDM2 Function

The principal function of MDM?2 is to negatively regulate p53 function. Transgenic mice
that are Mdm?2 null display early embryonic lethality and die at around day 5 or 6 of
embryogenesis. This lethality can be rescued by concomitant deletion of the p53 gene®.
MDM2 is clearly needed to obviate the lethal effects of p53. This has traditionally been
thought to occur through two mechanisms. Firstly by binding to the transactivation
domain of p53, Mdm2 and Mdm4 (see later) prevent p53 transcription. Binding at this
site may also prevent p53 acetylation by p300 and CREB-binding-protein (CBP) 3 .
Recent work reviewed in Clegg et al % describes a re-evaluation of this situation. These

authors have shown that Knock-in mice homozygous for an Mdm2 RING finger

mutation (ie. they are unable to ubiquitylate p53), are not able to rescue p53 embryonic
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The situation with regard to p53 ubiquitinylation is complex. MDM2 collaborates, as a
homo or heterodimer, with a related protein, MDM4 (also called MDMX) to control p53
levels®. MDM4 is not an E3 ubiquitin ligase but is ubiquitinylated and degraded by
MDM2. Gu et al ® showed that MDM4 stabilises MDM2 and at an appropriate ratio
increases MDM2’s ability to degrade p53. If MDM4 is absent, MDM?2 is not stable
enough to degrade p53. Likewise if MDM2 is absent MDM4 does not distribute into the
nucleus to be able to bind and cause p53 degradation by the proteasome. Deletion of

either MDM2 or MDM4 leads to embryonic lethality.

1.3.4 p53 independent oncogenic properties of MDM?2

The observation from histochemical studies of RCC, bladder cancer and sarcoma that
MDM?2 and p53 co-expression are associated with a poorer prognosis than either protein
alone (see section 1.4.5) may suggest oncogenic properties of MDM2 independent of
p33. In an animal model experiment in which p53 null mice were generated that “over-
expressed” Mdm?2; mice were found to have increased tumourigenesis’’. This suggests a
p33 independent oncogenic effect of Mdm?2. MDM2 has been shown to interact with a
number of other cellular proteins independent of p53 (see Figure 1.3.4). Some of these
such as NF-kf (‘nuclear factor kappa-light-chain-enhancer of activated B cells) , MTBP
(MDM2 binding protein) and TGF-B (Transforming Growth Factor-3) may mediate the

tumourigenic properties of MDM2 see review by Ganguli et al’'.

24






1.3.5.1 Single nucleotide polymorphisms

A single nucleotide polymorphism (SNP) at nucleotide 309 (a T to G change) in the first
intron of the MDM2 promoter, has been shown to increase the affinity of the promoter

for the transcriptional activator Sp1*

. This has been shown in the same study to lead to a
>3 fold increase in MDM2 levels in subjects homozygous for the polymorphism
(SNP309 G/G) compared to subjects with wild type for SNP309 (T/T). A fourfold
increase in MDM2 protein levels were seen in cancer cell lines with SNP309 (G/G)
compared to SNP309 (T/T) cell lines. The heightened levels of MDM2 lead to a
decrease in functional p53 levels. This leads to an increased risk of tumour development
in subjects carrying the SNP309. It has been shown that in RCC, differences in the
SNP309 genotype lead to different levels of MDM2 expression as detected by THC
(immunohistochemistry) and moreover the GG SNP309 genotype is an independent
predictor of poor prognosis (HR = 1.87, p = 0.03)"*. This phenotype was seen in 62/200

(31%) of patients with RCC versus 40/200 (20%) of normal age matched controls.

Clearly further analysis of this polymorphism is warranted.
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variants are oncogenic are also not known. It may be that they interact and negate full

length MDM2 (dominant negative effect) or their over-expression is oncogenic’”.

1.3.5.3 MDM2 mutants

Point mutations of MDM2, affecting the central zinc finger domain, have been reported

15 have shown that mutation of MDM2's

in some human cancers’’. Lindsrom et a
central zinc finger disrupts the interaction of MDM2 with ribosomal proteins L5 and
L11. Zinc finger mutants are impaired in undergoing nuclear export and proteasomal
degradation as well as in promoting p53 degradation. They retain however the function
of suppressing p53 transcriptional activity. Unlike wild type MDM2, where p53-

suppressive activity can be inhibited by L11, the MDM2 zinc finger mutant escapes L11

inhibition. The incidence of MDM?2 mutation in RCC has not been reported.

1.4 pS3 and MDM2 in RCC

1.4.1 p53 expression in RCC

To date over 30 studies have investigated the expression of p53 in RCC. These studies
have been critically reviewed, as part of my project, and a paper published in Cancer
Journal” (see appendix 2). These studies have used IHC staining of paraffin embedded
tumour samples. More recent studies have employed a modification of this approach in

which a number of samples are arrayed onto single slides as tissue microarray (TMA)
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that allows for more consistent direct ITHC comparisons to be made between multiple
tumour samples. The published studies to date of p53 expression in RCC, are presented
below in Table 1.4.1. Where the data is available, the percentage of the sample size that
is ccRCC is indicated, as is the stage range, and number in the sample with metastases.
The samples all contained a mixture of high and low grade tumours. The majority of
papers used the p53 DO-7 antibody that targets the amino-terminal region of the p53
molecule, where available the criteria for dichotomising p53 expression/staining are
given. The percentage of RCC specimens reported as staining positive for p53, ranges
from 0 to 60%. From the published data (excluding papers by Klatte et al*® and Kim et
al®! — where no details of P53 positivity are quoted) 2,519 tumours were stained for p53
and of these 618 were deemed positive for p53 by the authors. This gives a p53 positive
staining percentage of 24.5% however this does not reflect the heterogeneity of the
samples (see below). Such variability in percentage positive staining may be explained
by the fact that there is no universal criterion for designating a tumour positive for p53
expression. There are also differences between studies in antibody and processing
techniques. Interpretation of these results is also hindered by the variation in the
histological subtypes of RCC tumours, tumour stage and grade and the presence of
metastases, in the sample populations.

One paper 82

used two different p53 antibodies which resulted in a higher overall
positive p53 expression in 60% of specimens analysed (positivity of DO-7; 51% and
pADb240; 30%). This highlights the fact that using different antibodies can result in

apparent differences in p53 expression As for the rarer histological subtypes of RCC,
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three studies reported the incidence of p53 expression in PRCC to be 42% (5/12)%, 70%
(14/20) ** and 24% (12/50)'. Perret'* showed that p53 expression was significantly
higher in type Il PRCC compared to type 1, however there was a higher proportion of
patients with metastatic disease in this group (0 vs 32%) . For chromophobe tumours the
reported rates are as follows; 20% (1/5)®, 27.3% (6/22)* and 100% (2/2)*. Kanamaru
et al*® studied 11 RCC with sarcomatoid features and found no difference in the
immunohistochemical expression of p53 in sarcomatoid compared to non-sarcomatous
areas of the tumour. However, the small numbers employed in these series make
interpretation of the incidence of mutations in p53 in these rarer histological

classifications difficult.

There does appear to be an increased expression of p53 in studies including high stage
and patients with metastatic disease. The study by Zigeuner and colleagues ** analysed
pS3 staining in primary and in metastatic samples. These authors found a higher
incidence of p53 positive staining in metastatic compared to primary samples (51.8%
versus 22%). This together with the finding that many tumours have distinct areas of p53
staining rather than a widespread field change, suggest p53 expression is a later event in
the evolution of RCC. If this is the case one might well expect p53 expression to be

associated with a poorer prognosis.
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1.4.2 p53 and prognosis in RCC

The prognostic implications of IHC expression and mutation of p53 have been evaluated
and the results are summarised in table 1.4.1. Of the 28 studies that evaluated p53
expression as a clinical outcome predictor, 18 studies found it predicted poor outcome
and 10 did not. The ten papers that did not, had a smaller study size (mean of 62 patients
per study compared with 119 in the positive studies). The four largest studies to date, all
using TMAs, showed p53 to be a prognostic predictor. Kim et al*' evaluated 318
ccRCC-only patients with local and metastatic disease (49% i.e.155/318 had metastatic
disease). These authors found that p53 was an independent predictor of decreased
disease specific survival on univariate (»<0.001) and on multivariate Cox regression
analysis (p=0.014) with the presence of metastasis as a covariate 3. Klatte ** in a similar
study of 170 ccRCC patients again found p53 was retained in multivariate Cox
regression analysis for predicting disease free survival. In the study by Klatte®® the
percentage of tumour staining for p53 was evaluated obviating simplification
necessitated by describing a tumour as positive or negative for p53 staining. Zigeuner®
and colleagues showed that p53 was a predictor of disease progression (metastasis free
survival) on multivariate Cox regression analysis in their study of 130 ccRCC patients.
Patients were followed for a median of 26 months and 9 of 16 patients with p53 positive
staining tumours progressed versus 20/114 negative tumours (p=0.0005). In another
substantial study Shvarts et al®’ evaluated p53 staining as a predictor of 5 year

recurrence in 193 patients operated on for localized disease. They again showed a p53
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positive cut-off of 20% expression detected by IHC to be a predictor of recurrence (HR

3.28, P=0.0108) on both univariate and multivariate Cox regression analysis

Positive Number
Specimens Technique Antibody 'STHY p53 Comments
Study o criteria positive
(% ccRCC) ) ) prognostic
Kiattel®® ;ﬂosgggg M=0 TMA ? Any ? YES Decreased disease free survival
24 (48)
50 (0) All PRCC " .
Peret ™ 25 Type | HG DO-7 220 T_)Il_pe; E 12 YES :?s;cg%aéed averall survival in Type
25 Type Il, M=8 ypse =
& 119 (100) g Decreased disease specific
Phuog All stages, M=23 iHC bo-7 >10 64(54) YES survival in all cases
- 89 1171 (86) Decreased averall survival in
Kankuri Al stages, M=29 IHC Do-7 >10 15(12.8} YES patients with metastases
Kramer™ E@}fggs M2t HC ? >5 16(13.6) NO
0 35(75) Not
Langer al:ge pT1only, TMA DO-7 ? 23(24) evaluated
Cho® iﬁ ggggi M=7 IHC ? >10 11(12) YES Decreased cancer specific survival
shans” | 329 o ™A DO 20| Maa YES | 20% cutoff predicted recurrence
57 (77.1) )
Uzunlar®® Al stages & IHC ? >1 20(35) YES Decreased Disease specific
grades, M=?" survival
. 84 184 (70.7} K 42(22.8) Decreased metastasis free
Zigeuner 56 mels (34.8) TMA Do-7 >1 29(51.8) YES survival in CCRCC only
318 . ;
Kim?' All stages M = TMA DO—7 15 71 YES Decreased disease specific
155 survival
Uchida® Alataaed et e DO-7 >1 15(13.4) YES Decreased overall survival
22(51) ! o
" 43/ (100) DO-7 & . Combined antibody positivity was
Olumi®? ~ IHC >10 either 13(30) NO
All stages, M=14 PAB240 26(60) 60%
83 89/ (74} Decreased survival in non
Ljungberg All stages, M=2" IHC DO-7 >5 17(19) YES CCRCC
Girgin®® 50 (62) IHC DO-1 >20 16{20) YES Decreased disease specific death
irgin All stages, M=0
Haitel®® 97 (100) 1HC DO-1 >5 35(36) YES o eeeated disease speciic
All stages, M=15
o | s IHC D07 >20 1@ ves | Decreaseddisease speciic
All stages, M=10
Sejima™ 53 (7Y IHC RSP53 ? 1(2) NO
All stages, M=25
Vasavada® 39(71) IHC DO-7 >1 0 NO
T1 & T2 only,
M=0
Sinik'® 39 (100) IHC DO-7 >10 7(17.9) NO
All stages, M=?"
Any
Papadou™ | gq /" HC DO-1 positive 30(33) NO
T1&T2, M=14 nuclei
Zhang'® 707" IHC Ab-6 >10 16(23) Nt
All stages, M=?" evaluate
52 (100)
Gelb™ Tt & T2 only, IHC DO-7 >5 2(2) NO
M=0
Shina™ 72 (Y IHC DO-7 >10 29(40.3) YES Decreased overall survival
ina All stages, M=6
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Moch'®® 50 (100) HC DO-7 NG 8(16) YES Decreased overall survival
T3 only, M=1
Hofmokel™ | 34 (2 IHC DO-7 >1% 5(16) NO
T1-T3, M=0
Chemeris®® 82 (40), M=2" IHC DO-1 ? 43(52) Not
evaluated
Lipponen™’ 123 {?"), M=29 IHC cM1 A"‘V 41(33) YES Increased recurrence free survival
paositive
T
Kamel'®® ) e Mot 1HG oMt »1 6(11) NO
Bot'®® T hiso IHC DO-7 50 32(32) NO
o [ | W [ v | o | e | ves | Cocmmerameent
stages, M=45

Table 1.4.1 p53 expression and prognosis in renal cell carcinoma. M = Metastases,

?7=Not given

When considering such studies of biomarkers of disease outcome the possibility of
publication bias leading to fewer papers being published that demonstrate no disease
outcome correlation should be considered. Nevertheless, the trend appears to be that
more recent studies with higher numbers of cases find that p53 protein levels are
prognostically significant in renal cell carcinoma.Both Kim et al®' and Klatte et al™
devised prognostic nomograms which included p53. Neither of these two nomograms
have been validated by other groups and at present p53 is not routinely evaluated in
RCC by pathologists. Another important factor that must be taken into consideration is
that an immunohistochemical study simply tries to detect the expression of a protein and

compares it to normal tissue (or to different types/grades of tumours). It does not tell us

whether the protein is functional or mutated.
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1.4.3 p53 mutation in RCC

To date, at least fifteen papers have evaluated whether p53 is mutated in RCC (see table
1.4.3). Most studies have used a technique called Single-Strand Conformation
Polymorphism or SSCP as a first step in screening for mutations. This principle, devised
by Orita et al '"", is based on the observation that DNA single strand mobility in a
polyacrylamide gel under non-denaturing conditions, is markedly altered by single
nucleotide sequence changes because of the alternative conformations adopted by single

stranded DNAs with altered sequences.

Having detected altered migration of conformational polymorphisms the PCR
(polymerase chain reaction) products are usually then directly sequenced to determine
the identity of the alteration. In the majority of these 15 studies, analysis was restricted
to the central or core domain of the gene (exons 4-8 or 5-8), as this is the most common

site of p53 mutation' '

. Approximately 15% of p53 mutations occur outside exons 5-8 in
exons 4, 9 & 10'" and so it is likely that there will be some under-reporting of p53
mutations in these studies. The frequency of p53 mutations reported is between 0 and
44% (excluding the study by Oda", which evaluated sarcomatoid tumours). For
comparison, in other tumours the incidence of p53 mutations has typically been reported
as; 60 - 65% for lung & colon, 40 - 45% for stomach, oesophageal and bladder cancer,

25 — 30% for breast, liver, prostate and lymphomas and 10 ~ 15% for leukaemia’s data

from the LA.R.C p53 database ''%.
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. 53 Mutation
Study reference Sample type Technique frF':aquency (% )1
(1]

48 chromophobe . 11 (23.9)
Gadetal'™ 19 ccRCC g:é::gl " 1(5.3)

9 papillary 1(11.1)

. 115 SSCP and Dir. Seq.

Kawasaki et al 5 Exons 4 — 8 1(20)

16
Zhang et al'™ (all p53 positive by SSCP only 7 (44)'

1 Exons 5 -8
IHC)
SSCP and Dir. Seq. or sub

Contractor et al''® 30 coRCC clone seq. 1)

20 chromophobe Exons 5 — 8 6 (30)
Dahiva et al'"? 40 Ef;': Z"f' 9D Ir. Seq. 14 (35)
Dijkhuizen et al'®® 14 papillary gfgg ;n_'y1 ] 0
Oda et al®® 14 sarcomatoid ::sncs"z“f :eq' 11 (79)

29 :
Chemeris et al®® (ali p53 positive by gfgfs :”_d s? Ir. Seq. o'

IHC)!
Kuczyk et al'™® 33 :i;: Zn_dstr. Seq. 2 (6)
Uchida et al'® 36 2:;’: :”f' E';’”- Seq. 2 (5.6)
Kikuchi et al?" 118 sznps Zn_d QS”b clone seq. 2(1.7)
Imai et al'* 53 Ei?nz in:iler. Seq. 5(9)
Reiter et al'?3 33 RGC cell lines 23;2 Zn_d QS”b clone seq. 12 (36)
Suzuki et al'®* 23 23;2 Z“_d SD'“ Seq. 1 (4.3)
Torigoe et al'?® 21 225:: 211 2 (10)

Table 1.4.3 p53 mutation in RCC. Dir = direct, seq = sequencing, | Where IHC
positivity has been used to pre-select samples for genetic analysis, p53 mutation

frequency only refers to the percentage of mutations found in the samples thus analysed
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One intriguing observation derives from the study by Chemeris et al** who found that
0/29 RCC samples, all positive for p53 by THC, had a p53 point mutation . However,
in another study by Zhang and colleagues it was found that 44% of tumours with p53

staining (n=16) had a p53 point mutation '*.

It is possible that contamination of
samples with normal tissue might lead to reduced detection of p53 mutations by SSCP
and thus variations in the extent of this might explain the differences between these two
studies. This conclusion is indirectly supported by the observation that 33% of RCC-
derived tumour cell lines were found to harbour p53 mutations '*. However this
assertion should be tempered by the possibility that selection of cells to adapt to growth
in vitro may have resulted in an increased p53 mutational frequency. Moreover, this data
from ccRCC cell lines contrasts with a study by Dijkhuizen et al ''® that identified no
pS3 mutations in 29 PRCC-derived tumour cell lines and thus it seems possible that
different mechanisms other than direct p53 mutation may inactivate p53 more frequently
in PRCC than in RCC and that these also might result in higher expression ***. One
other finding of particular note is the high p53 mutation rate reported in sarcomatoid
tumours''®. Sarcomatoid change is a histological finding associated with renal carcinoma
with a poor prognosis and also a high (79%) p53 mutation rate (n=14) “.
Notwithstanding these differences between individual studies and RCC sub-types, it
seems clear that in contrast to both other cancers and p53 protein detection in RCC, p53
mutational analysis has yet to demonstrate prognostic utility. Until much larger studies

are performed, the question of whether the lack of significance of pS3 mutation as a

biomarker in RCC is due to differences in p53 inactivation between RCC and other
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cancers, or is simply due to a lack of power in the studies to date is a critical question

that requires resolution.

1.4.5 MDM2 expression and prognosis in RCC

Four studies have evaluated MDM2 and its prognostic value in RCC. Imai et al ‘%

screened 53 RCC tumour samples for MDM2 gene amplifications, using dot-blot and
southern blot analysis, and found none. In another study, IHC was used and MDM2
expression was detected in 2% (2/112) of tumour samples *_In another study by Moch
et al'® 50 consecutive tumours of stage T3 and T4, were screened by IHC, the
expression of MDM2 was identified in 30% of cases, but it was found to be of no

prognostic significance in terms of overall survival. However, Moch et al’s'®

study also
found that 7 of the 8 patients that expressed p53 also expressed MDM2 (p=0.0006),
raising the possibility that MDM?2 expression may be linked to up-regulation or
activation of p53. Another study which analyzed this question was performed by Haitel
et al °°. In this ITHC study of 97 ccRCC of all stages, MDM2 expression was detected in
19% of tumours and this was significantly more frequent in high grade tumours
(p=0.01490). In addition, it was also shown that MDM2 staining was strongly
associated with tumour progression (p=0.00113). p53 expression was detected in 36% of
the samples, and was correlated with decreased progression free survival (p=0.00291).
When different p53 and MDM2 phenotypes were compared (figure 1.4.5), it was found

that tumours expressing both MDM?2 and p53 have the shortest progression free survival

time (p=0.00179). Perhaps most interesting from a mechanistic perspective and in
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accordance with the study by Moch and colleagues, these authors found a highly
significant correlation between MDM2 detection and p53 positivity (p<0.00004). Three
of these studies analysed relatively small numbers of patients and they have employed
different cut-off values for MDM2 expression. Nevertheless, the association of p53 and
MDM?2 detected by Moch et al'®® and Haitel et al’® suggests that tumour progression in
RCC may present a tissue specific pattern not seen in other (often) better documented
cancers. For example, this link between p53 and MDM2 has not been observed in soft

3, 126 . . .
3126 hor in bladder cancer '¥’, even though patients expressing mutant

tissue sarcomas,
p53 and increased MDM?2 in these tumours had a poorer prognosis similar to the

situation reported in RCC.
As will be explained later, to get cells to stably express MDM?2 in culture is very

difficult. Could the adaptive changes needed to express high p53 and MDM2 lead to

possible targets for clinical drugs in poor prognosis renal cell carcinoma?
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showing that p53 expression is an independent prognostic indicator; suggest that p53
function, or rather its loss or aberration contribute to tumour evolution in the kidney. It
has been suggested, however, that an alternative novel dominant mechanism leads to
inactivation of p53 in RCC '®. Again HW and others have provided evidence that
appears not to support this conclusion'*® '*°, Nevertheless, there remain good reasons to
continue to investigate this possibility and two arguments for this are immediately
apparent. Firstly there is evidence from several studies that pS3 is not as frequently
mutated in patient samples from RCC as it is in many other cancers. Secondly, the
strong association between p53 and MDM2 expression may suggest a functional link
between these, with one obvious possibility being that MDM2 expression may be driven
by wild-type p53. One further point that merits particular attention is the recent
discovery in vitro of a novel and potentially significant and complex interplay between
MDM?2 and several angiogenic factors in RCC'*’. MDM2 has also recently been shown
to play a role in metastasis">' and given its association with poor outcome in RCC, either
or both of these phenotypic connections (metastasis and/or angiogenesis) may have

important consequences.
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1.5 Renal cell cancer cell lines

A panel of 14 RCC cell lines has been assembled by my predecessor HW. This panel
forms the basis of a number of experiments designed to examine the mechanisms of
MDM?2 and p53 steady state levels of expression in RCC. The following section and
Figure (1.5) summarises important information about each of the cell lines. Further work
undertaken by HW has shown that the increased expression of MDM2 is not due to

increased transcription or gene amplification.

Cell Line | Histological subtype of RCC P53 Status VHL status
111 ? mt 173 T-G'* ?

115 ccCRC? mt 280 R-T"* ?

117 ? wit 3p LOH
121 “Granular”* RCC mt 275 G-A'# ?

122 ccRCC mt294 G-A"®  |?

154 Lymph Node RCC metastasis mt 248 G- A™® ?

A498 Unclassified RCC wt nuil
ACHN Pleural RCC metastasis wt wt
786-0 ? Mt 278 C-G wt
769-P ccRCC? wt ?
Caki-1 ccRCC? Metastasis to skin wt ?
Caki-2 ccRCC wt ?

A704 ccRCC ? nuil
SW156 ccRCC wt ?

Table 1.5 The RCC cell lines and p53 mutational status. The information about the

origin of the cell line, p53 status, pS3 mutation and VHL This information comes from

133
1 1 123

Anglard et al *” and Reiter et a that established the cell lines. *The term “granular”
is no longer used to describe RCC. It has previously been used to describe chromophobe

RCC, PRCC & ccRCC™*, Mt = mutant p53, wt = wild type p53, ?=not known
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these cells, just the vector containing antibiotic resistance) some were also found to
express MDM2. As a result of this cloning experiment (without a MDM2 expression

construct), 117 cells were identified that could express high MDM?2 levels.

HW next selected a clone from the previous R175H experiment with very low MDM2
expression levels, similar to normal 117 cells. This clone was designated ANp53 (please
note that the “A” is not meant to signify that p53 is truncated, the “AN” was used as an
abbreviation for “dominant negative”. A clone from the empty vector control with p53
and MDM?2 expression levels similar to normal 117 cells was selected. This clone was
designated pCEP3. These two clones (ANp53 and pCEP3) were now transfected with
MDM2 and subjected to antibiotic selection, in a repeat of the first experiment (as in

Figure 1.6.1). This time, on screening, some clones were generated that stably expressed

MDM?2 from both ANp53 and pCEP3 clones (see Figure 1.6.3).

As a result of these cloning experiments, the 117 RCC cell line that normally expresses
low p53 and low MDM2 and cannot be manipulated to stably express high MDM?2
levels, has been altered (maybe spontaneously) into progeny clones that can be made to

stably express high MDM2 levels.
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1.7 Heat Shock Protein 920 (HSP90) and p53 / MDM2 in RCC

In order to explain the high levels of p53 and MDM2 expression in RCC cell lines the
heat shock protein 90 (HSP90) complex will be investigated. As will be described later
in this section there is evidence to suggest that the HSP90 complex may interact with
p33 and MDM2 in certain conditions. This interaction of HSP90 with p53 and MDM2

may explain the higher levels of p53 and MDM?2 seen in RCC.

1.7.1 Heat Shock Protein 90 (HSP90) overview

HSP90 is a molecular chaperone. There are at least five major chaperone families
grouped and classified by their molecular weights. These include HSP27, HSP60,
HSP70, HSP90 and HSP110'%. HSP90 can bind unstable forms of other proteins (client
proteins) allowing correct folding, oligomeric assembly, intracellular transport or
disposal/degradation of the client protein'*®. During heat shock and other cellular
stresses, HSP90 functions to refold damaged proteins and prevent aggregation of mis-
folded proteins. There is also evidence that HSP90 is involved in the maintenance of the
cytoarchitecture and also in antigen presentation'*>. HSP90 has amongst its client
proteins a number of proteins important in oncogenesis e.g HER2, RAF — 1 and HIF-1a

137 see Figure 1.7.1.
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confirmation of HSP90, the client protein is no longer folded correctly and under the
influence of co-chaperones such as CHIP (carboxyl terminus of HSP70-interacting

protein) may be ubiquitinylated and targeted for proteasome destruction (see Figure

1.7.3).

Not all substrates are degraded, for example HSF1 (heat shock factor 1) is normally
bound to and sequestered by HSP90. At times of cellular stress mis-folded proteins
compete with HSF1 for HSP90 binding, leading to the liberation of HSF1. The inactive
monomeric form of HSF1 that is bound to by HSP90 can then oligomerise into the
active trimer whereupon it can bind the heat shock responsive elements in the promoter
regions of the heat shock genes leading to transcription of heat shock proteins'>> ',

Inhibitors of HSP90 (see Figure 1.7.4) also lead to liberation of HSF1 and transcription

of Heat shock proteins.

1.7.4 Drug inhibition of HSP90

HSP90 has been identified for possible cancer therapy as it has been shown to chaperone
a number of proteins important for oncogenesis. Interestingly HSP90 in cancer cells
seems to be 100 times more susceptible to inhibition than in normal cells. This is
thought to be because HSP90 exists in a high affinity conformation in cancer cells
enabling it to chaperone oncogenic proteins more readily'*®. For a full review of HSP90
inhibitors see Sharp 2006'*. For the purposes of this introduction, the bensoquinone

ansamycin antibiotics will be further discussed. Geldanamycin (GA) was the first
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1.7.5 HSP90 interactions with p53

In 1995 Blagosklonny et al'*’

reported that GA destabilised mutant p53 in breast,
prostate and leukaemic cell lines. Further work by this group revealed that it was HSP90
inhibition by GA that was responsible for mutated p53 destabilisation’*® and that the
destabilisation was mediated by the proteasome'®. Whitesell et al '*® found that mutant
and not wild type 53 is chaperoned by HSP90. Marcu et al'*’ in a different study showed
that mutant p53 is also destabilised following HSP90 inhibition with novobiocin, which

151
1" also

has a different mode of HSP90 inhibition (see section 1.7.4). Marcu et a
concluded that MDM2 was unlikely to mediate the degradation of mutant p53 upon GA
treatment, as MDM?2 levels did not increase. This fails to exclude the possibility that
MDM?2 is also chaperoned and degraded following HSP90 inhibition. Nagata et a]'4?
again showed that HSP90 prevented mutant pS3 and not wild type p53 degradation via

the ubiquitin-proteasome system. Nagata et al'*

postulated that the reason mutant and
not wild type p53 is chaperoned is because the mutant conformation, and not wild type
p53, reveals hydrophobic residues selectively recognised by HSP90 as incompletely or
misfolded. It is worth noting that these experiments, just described used transfected

mutant and wild type p53. The observed effects may be a consequence of higher

amounts of p53 and MDM2 present as a result of transfection.

These papers provide clear evidence that mutant p53 is stably bound to HSP90. After
HSP90 inhibition with GA or novobiocin, mutant p53 is ubiquitylated and degraded by

the proteasome. These results have been derived from in vitro systems or transfected cell
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lines. It is not known if the effects are tumour and or cell line specific. The question still

remains what role HSP90 has with wild type p53 in RCC.

Using nuclear magnetic resonance spectroscopy combined with cross-correlated
relaxation enhanced polarization transfer (CRIPNET-TROSY), Rudiger et al'>?
evaluated the conditions at which p53 binded to HSP90. Rudiger found that HSP90
binding was not restricted to certain mutational conformations but solely on their
stability and liability to unfold. The truncated unmutated core domain of p53 was found
to denature and bind at temperatures higher than that for four other mutant
conformations. This may mean in vivo that HSP90 is binding mutated p53 because a
higher proportion of this protein is unfolded at physiological temperatures. Evidence for

1'% and

in vivo interactions between HSP90 and wild type p53 come from Muller et a
Walerych et al™ who used a transformed human fibroblast cell line containing
functionally active p53 as an experimental model. Treatment of this cell line with GA
and radicol reduced the degree of upregulation of p53 seen after DNA damage was
induced with camptothecin. Wang & Wang'”® in a similar set of experiments

demonstrated less pS3 stabilisation after HSP90 inhibition when the cells were heat

shocked.

1.7.6 HSP90 and MDM2

As mentioned earlier in this introduction it has been observed that some cell lines with

mutated p53 sometimes have high levels of MDM2. Given that mutated p53 does not
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promote MDM2 transcription other mechanisms must be responsible for these high
MDM2 levels. The HSP90 molecule may in some instances be responsible for
maintaining high levels of MDM2. Peng et al'*® showed MDM2 co-precipitated with
HSP90, but only in the presence of mutated p53. In this study destabilisation of MDM?2

after HSP90 inhibition was blocked by proteasome inhibition.

1.8 Project aims

Our working hypothesis is that RCC specimens that express high levels of p53 and
MDM2, on histochemical staining, have a worse prognosis. The mechanisms responsible

for this phenotype are currently unknown but HSP90 may be in part responsible.

1.8.1 Investigate if there is a correlation between p53 and MDM2 expression in RCC. 1
will also investigate what if any, is the prognostic significance of p53 and MDM?2

expressing phenotypes in RCC.

1.8.2 Develop a model for investigating the mechanisms and consequences of high
expression of MDM2 in 117 cell lines. I intend to follow on from my predecessors (HW)
work on the 117 cell line. T will investigate the effects of high MDM2 expression in the
parental 117 cell line and its generated clones that can stably express high MDM?2 levels.
To achieve this I will first need to find a reproducible method of making these cells

express MDM2 in high levels.
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1.8.3 Investigate the effects of proteasome inhibition on the levels of p53 and MDM2

expression in RCC cell lines.

Previous work in the Boyd laboratory has suggested that high levels of MDM?2
expression are not due to MDM2 gene amplification or increased transcription.
Therefore, some other mechanism must exist to explain high expression. One
mechanism of up-regulation may involve loss of ubiquitinylation and degradation of
MDM2 by the proteasome. I aim to inhibit the proteasome in the RCC cell lines to see if

MDM?2 is still stabilised.

1.8.4 Investigate the effects of HSP90 inhibition in the RCC cell lines

The activities of the HSP90 chaperone complex may offer a mechanism (chaperoning

may prevent their degradation) to explain the co-upregulation MDM2 and p53 in RCC

cell lines. I will inhibit the function of HSP90 using a HSP90 inhibitor and look for

changes in MDM?2 and p53 protein expression.
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CHAPTER 2 - METHODS

2.1 Reagents, buffers and solutions

All prepared in water with a resistance >15 MQ

2.1.1 SLIP (Stuart Linn immuno-precipitation) buffer
Made up fresh each time.

50mM HEPES (pH 7.5)

10% (v/v) glycerol

0.1% (v/v) Triton X-100

150mM NaCl

2.1.2 Pepstatin (Roche Applied Science)
Stored as 1000x stock at -80°C

Img/ml in 100% methanol

2.1.3 Leupeptin (Roche Applied Science)
Stored as 1000x stock at -80°C

0.5mg/ml in H,0

2.1.4 Aprotinin (Roche Applied Science)
Stored as 1000x stock at -80°C

2mg/ml in PBS
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2.1.5 Soybean trypsin inhibitor (Roche Applied Science)
Stored as 1000x stock at -80°C

100pg/ml in H20

2.1.6 Phenyl methane sulfonyl fluoride (Sigma)
Made Fresh
100x stock

0.0174g/ml in 100% ethanol 17M

2.1.7 4x Sample buffer
0.25M Tris (pH 6.8)

8% (v/v) SDS

40% (v/v) glycerol
4mg/ml bromophenol blue

1% (v/v) B — mercaptoethanol

2.1.8 SDS Polyacrylamide stacking gel
40% acrylamide mix

IM Tris (pH 6.8)

10% (v/v) SDS

10% APS (v/v) (Made freshly)

1% (v/v) TEMED
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2.1.9 SDS Polyacrylamide separating gel (10mi)

10% 12%
H,0 4.8ml 4.3ml
40%(v/v) Acrylamide mix 2.5ml 3ml
1.5M Tris (pH 8.8) 2.5ml 2.5mi
SDS 0.1ml 0.1ml
APS 0.1ml 0.1ml
TEMED 0.08ml 0.008ml

Table 2.1.9 SDS Polyacrylamide separating Gel (10ml)

2.1.10 Tris-glycine electrophoresis buffer
25mM Tris base
250mM glycine

0.1% (v/v) SDS

2.1.11 Electrophoresis transfer buffer
25mM Tris
192mM glycine

20% (v/v) methanol
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2.1.12 Ponceau S (Sigma) 10X stock

2% (v/v) Ponceau S (3-hydroxy-4-[2-sulpho-phenylazo)phenylazo]-2,7-napthalene
disulphonic acid

30% (v/v) trichloroacetic acid

30% (v/v) sulphosalicylic acid

2.1.13 PBS / Tween
0.065 M NaHPO4

0.015 M NaH,P0O4.2H,0O
0.075 M NaCl

0.1% (v/v)Tween 20

2.1.14 p-gal fixing buffer

0.5% (v/v) glutaraldehyde in PBS

2.1.15 B-gal substrate buffer
Diluted in PBS

3mM potassium ferrocyanide
3mM potassium ferricyanide
ImM magnesium chloride

0.5mg/ml X-gal
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2.1.16 Sodium Phosphate buffer 1M (pH 7.4) 100ml
77.4ml Na;HPOy

22.6ml NaH,PO.

2.1.17 B-galactosidase reporter lysis buffer
Made up in Hy0

200mM sodium phosphate buffer

2mM MgCl,

100mM B-mercaptoethanol

1.33mg/ml o-nitrophenyl-p-D-galactopyranoside

2.1.18 MACS™ separation buffer
Made up in H,0

Img of PBS

0.5% (w/v) BSA

2mM EDTA

2.1.19 1x TAE

0.04M Tris-acetate

0.00IM EDTA (pH 8.0)
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2.2 Tissue culturing and experimental treatment of cells

2.2.1 Cell lines

The following cell lines were used for experimentation:

H1299 (non small cell lung carcinoma) from the Division of Surgery and Oncology,
Liverpool University

U20S (osteosarcoma) from the Division of Surgery and Oncology, Liverpool University
The following RCC lines were obtained from the American Type Culture Collection,
Manassas, VA 20110 — 2209 (ATCC):

A498, 786-0, 769-P, ACHN, A704, SW156, Caki — 1, Caki — 2.

The following RCC lines were kindly provided by Prof W. Marston Linehan MD, NIH.

UOK 111, 115, 117, 121, 122, 154.

2.2.2 Cell culture requirements

Cell culture was performed using a sterile technique in a class II laminar flow cabinet.
Cells were cultured as a monolayer at 37°C with 5% CO; in tissue culture flasks. Cells
were passaged when they reached a confluence of 80 — 100% depending upon the cell
line. The media requirements for 500ml are detailed in Table 2.2.2. All reagents were

obtained from Sigma-Aldrich.
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111,115,117,121,122,154

Cell Lines Media Additives
(Final Concentrations)
H1299 & U208 RPMI 1640 10% FBS
786-0, 769-P RPMI 1640 10% FBS
ImM Sodium Pyruvate
0.5% D-Glucose
1% HEPES
A498 ACHN A704 Eagle’s minimum 10% FBS (Sigma)
SW156 essential medium 2mM L-glutamine
UOK 1mM Sodium pyruvate

1% non essential amino

*117 pCEP4 & 117 acids
ANpS3 *250pg/ml of
hygromycin B
Caki-1 Caki-2 McCoy’s 5a Medium 10% FBS

2mM L-glutamine

Table 2.2.2 Culture media for experimental cell lines.

2.2.3 Cell harvesting

All cell lines were harvested in the following manner. Volumes used depended on the
culture vessel, please see Table 2.2.3. Media was removed and the cells were briefly
washed with trypsin (Sigma-Aldrich) which was then removed. Cells were then covered
in trypsin and left in the incubator for approximately two minutes until they were no

longer adherent. This was confirmed by light microscopy. The trypsin was then
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neutralised with an equal volume of culture media containing FBS (complete media).
The cell suspension was then repeatedly aspirated with a pipette to produce a single cell
suspension. To serially passage the cell line, the cell suspension was then reseeded into
the culture vessel with the appropriate volume of media. For routine passage of cells a

split ratio of 1:4 was used.

Vessel (surface area cm”) Trypsin (ml) Media (ml)
Flask (175) 6 25
10cm Dish (56) 3 10
6 well plate (9.5) 1 2

Table 2.2.3 Cell harvesting media and trypsin requirements

2.2.4 Cryogenic storage of viable cells

Routinely a 90% confluent 175cm?® flask was used. The cells were harvested as
described in section 2.2.3. The cell suspension was centrifuged at 300rcf for 5 minutes.
The media was removed and the cell pellet resuspended in 1ml of freeze media (FBS
with 10% DMSO (dimethyl sulfoxide). The cell suspension was then transferred to a
1ml polypropylene cryo-vial and placed in a controlled rate freezing apparatus at -80°C
for 24 hours, before storing in liquid nitrogen. Recovery of cells from the liquid nitrogen
involved rapid defrosting of the cells at 37°C before transferring into a pre-warmed flask

containing the appropriate volume of complete media.
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2.3 Protein analysis

2.3.1 Cellular lysate preparation

Cell pellets were harvested as described above and stored at -80°C for at least 2 hours.
Routinely 10pl of the protease inhibitors aprotinin (2.1.3), leupeptin (2.1.4), pepstatin
(2.1.2), Soybean trypsin inhibitor (2.1.5) and 100ul of PMSF (2.1.6) was added to 10ml
of SLIP buffer (2.1.1). SLIP buffer was added to each pellet and repeatedly pipetted
until the pellet was just translucent (20ul - 55ul for pellets obtained from a confluent
10cm dish). Samples were left on ice for 10 minutes before being centrifuged at
16000rcf for 10minutes at 4°c. The resulting supernatant was aspirated to a clean tube

for further analysis.

2.3.2 Protein concentration determination (Bradford assay)

A set of standard protein concentrations was made as follows, using the same SLIP used
for protein lysis. 20mg of BSA (Sigma — Aldrich) was dissolved in 1ml of SLIP
containing protease inhibitors. This was used to generate concentrations of 20, 10, 5, 2.5,
0.625, 0.3125 mg/ml (A micro Bradford calibration is calculated in the same way but
two further dilutions are used. The concentrations range from 20 down to 0.07 mg/ml).
Bradford protein assay reagent (Biorad, Hemel Hampstead UK) was diluted 1:5 with
water. 1ml of the diluted Bradford reagent was added to appropriately labelled tubes. 2pl

of each standard was added to the 1ml Bradford reagent in each labelled tube. After a
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minimum of 30 seconds each tube was then vortexed for 8 seconds. The optical density
for each sample, at 595nm, was recorded using a spectrophotometer. This enabled a
standard curve of protein concentrations to be produced and stored by the
spectrophotometer. Using the stored calibration curve, protein concentrations for each
sample, were calculated. Samples for western blotting were then adjusted to the desired
concentration (typically 50ug/20ul) using sample buffer (2.1.7). Samples were stored at

-80°C until needed.

2.3.3 Western blotting

This technique allows proteins to be separated by their apparent mass by gel
electrophoresis. Separated proteins can then be detected by immunoblotting '*’. Protean
1T (Biorad, Hemel Hampstead UK) equipment was used for the running of gels. 75mm
glass plates were cleaned with ethanol and air dried. The majority of experiments used a
10% SDS polyacrylamide separating gel (2.1.9) but for lower molecular weight proteins
such as cyclin — D1, a 12% gel was used (see table 2.1.9). The gel was poured to within
1.5cm of the top, overlaid with water and left for 20 minutes to set. The water was
removed and the stacking gel (2.1.8) was poured onto the separating gel. A 10 well
comb was inserted into the stacking gel and left for 20 minutes to set. The comb was
removed and the plates containing the gel were transferred to an electrophoresis
chamber. The chamber was filled with Tris-Glycine electrophoresis buffer (2.1.10) to
ensure the tops of the wells were covered. Protein samples were boiled for 5 minutes to

denature proteins and then centrifuged at 16000rcf for 1 minute, 20pl of sample was
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The membrane strips were then agitated for 1 hour in the presence of the appropriate
primary antibody (see Table 2.3.4) diluted in the appropriate milk solution. The
membrane strips were then washed in PBS / Tween for three 10 minute cycles. The
strips were then agitated for 1 hour in the presence of the secondary antibody diluted in

the milk solution (see Table 2.3.4).

The membrane strips were then covered with Enhanced Chemo-Luminescence (ECL)
reagent plus (Western Lightening Chemiluminescence Plus Reagent Perkin Elmer)
consisting of equal volumes of enhanced luminol reagent, and oxidizing reagent
(~0.125m]1 of chemiluminescence reagent per cm’ of membrane), for 1 minute.
Membranes were then blotted and placed between two sheets of acetate, cut to fit into a
Kodak light safe developing cassette. In a dark room, a sheet of medical x ray film
(Fugi, Bedford UK) was exposed to the membrane strips, inside the cassette. The length
of time of exposure varied depending on the protein being evaluated. The film was
developed for 2 minutes in Kodak developer fluid and then transferred to Kodak fixer
fluid for a further 2 minutes. The film was then washed in water and left to air dry.
Luminescence was occasionally detected using a Kodak IS4000MM image station. A
number of exposures over different time intervals were obtained to show the protein
bands of interest within the linear range of the film and as far as possible with the lowest

background signal.
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2.3.4 Antibodies used for western blotting

HRP Linked

Antibody
Antibody Source Manufacturer Concentration
(ug/ml)
53 - DO-1 Mouse Oncogene/Merck 0.1-3
P i Monoclonal g '
MDM?2 — [F2 Mouse Oncogene/Merck 3
Monoclonal
. Mouse .
Actin — C2 Monoclonal Insight 0.1-3
B-galactosidase Mouse
ck
(Clone 200 —- 193) Monoclonal Oncogene/Mere 3
Mouse
HSP70 Monoclonal Stressgen 0.01
HSP90a SPS-771 | Rabbit Polyclonal Stressgen 0.1
. Mouse i
CyclinD1 — A12 Monoclonal Santa Cruz 3
Mouse
GFP -B2 Santa Cruz 0.4
Monoclonal
Table 2.3.4.1 Primary antibodies
Antibody Source Manufacturer Concentration
(hg/ml)
Anti-mouse IgG sheep Amersham 0.4
HRP linked
Anti-mouse IgG sheep Jackson 0.05-01

Table 2.3.4.2 Secondary antibodies used




2.4 DNA plasmid production and quantification

2.4.1 Transformation

0.5pg of plasmid DNA was added to One Shot® E. coli competent cells (Invitrogen) then
placed on ice for 30 minutes. Heat shock was performed by placing the tube in a 42°C
water bath for 30 seconds and transferring into ice for 2 minutes. 250pl of SOC
(Invitrogen) was added to the tubes. The tube is then secured at 45° in a bacterial
incubator @ 37°C shaking at 225rpm for 1 hour. Over a Bunsen flame to ensure sterility,
5pul of cells were added to an apex microcentrifuge tube containing 45 pl of SOC. Using
a turntable Luria-Bertani (LB) agar plates were inoculated with 5 ul of bacteria. Plates
were left inverted at 37°C in a bacterial incubator overnight. Plasmids contained either
an ampicillin or kanamycin resistance gene. Throughout this study the concentration of
ampicillin (Sigma-Aldrich) used was 100pg/ml, and kanamycin (Merck) was used at
50pg/ml. For small scale purification of plasmid DNA, colonies were picked and
inoculated separately into 5ml of LB media or for large scale purification of plasmid
DNA 500ml of LB media supplemented with appropriate antibiotic was used. The

inoculated culture was then incubated with shaking at 225 rpm at 37°C overnight.

2.4.2 Small scale purification of plasmid DNA

A single transformed colony was picked from a LB agar plate and added to 5Sml of LB
medium containing the appropriate antibiotic. Following overnight incubation in an
orbital shaker incubator at 37°C at 225 rpm, plasmid DNA was purified using QIAprep

Spin Miniprep Kit (Qiagen) according to the manufacturer’s protocol. Briefly, bacteria
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were harvested by centrifugation at 3000rcf at room temperature for 10 minutes. Pelleted
bacteria were thoroughly resuspended in 250pl of resuspension buffer (P1) (50mM
Tris:Cl, pH 8.0; 10mM EDTA; 100pg/m! RNase A), the suspension was transferred to a
fresh microcentrifuge tube, then 250pl lysis buffer (P2) (200mM NaOH, 1% SDS) was
added to the suspension and the tube was inverted 46 times. Afterwards, 350ul of
buffer N3 was added and mixed immediately and thoroughly by inverting the tube 4-6
times. The suspension was cleared by centrifugation for 10 minutes at ~17000rcf. The
supernatant was applied to a QIAprep spin column, which then centrifuged for 30-60
seconds. The flow-through was discarded and the column was washed by adding 0.75 ml
buffer PE and centrifuging for 30-60 seconds. After discarding the flow-through, the
column was centrifuged for an additional 1 minute to remove residual wash buffer as it
contains ethanol which may interfere with subsequent enzymatic reactions. DNA was
eluted by adding 50ul of water to the centre of each QIAprep spin column, and
centrifuging for 1 minute. Note that glycerol stocks of cultures were prepared by adding
glycerol to 500ul of the growing culture to a final concentration of 25% (v/v) glycerol.

These stocks were stored at -80°C until required.

2.4.3 Large scale purification of plasmid DNA

500ml of LB medium containing suitable antibiotic was inoculated with a single
bacterial colony or 20ul of glycerol stock and incubated at 37°C overnight with vigorous
shaking at 225 rpm. Plasmid DNA was purified using an EndoFree Plasmid Mega Kit
(Qiagen) according to the manufacturer’s instructions. Briefly, bacterial cells were

harvested by centrifugation at 6000rcf for 15 minutes at 4°C. Pelleted bacteria were
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thoroughly resuspended in 50ml of resuspension buffer (P1) and were then resuspended
completely by vortexing or pipetting up and down until no visible cell clumps could be
seen. 50ml lysis buffer (P2) was then added to the suspension and the tube was inverted
4-6 times to mix and left to stand for 5 minutes at room temperature. Afterwards, 50ml
of pre-chilled neutralization buffer (P3) (3.0 M potassium acetate, pH 5.5) was added to

the suspension and mixed immediately and thoroughly by inverting the tube 4-6 times.

The lysate was then poured into a QIAfilter Mega Cartridge and incubated at room
temperature for 10 minutes. After all the liquid was passed through the filter under
vacuum, 50ml of buffer FWB2 (IM potassium acetate; pH 5.0) was added to the
precipitate remaining on the QIAfilter cartridge and the liquid was again passed through
the filter under vacuum. 12.5ml of buffer ER was added to the filtered lysate, and mixed
by inverting the bottle approximately 10 times, and then incubated on ice for 30 minutes.
Afterwards, the filtered lysate was applied onto a equilibrated QIAGEN-tip and allowed
to flow through the resin by gravity. The QIAGEN-tip was then washed with a total of
200ml! wash buffer QC (1M NaCl; 50mM MOPS, pH 7.0; 15% isopropanol), then 35ml
of buffer QN (1.6M NaCl; 50mM MOPS, pH 7.0; 15% isopropanol) was applied to elute
the DNA. To precipitate DNA, 24.5ml of room-temperature isopropanol was added to
the eluted DNA and the mixture was centrifuged immediately at 15000rcf for 30 minutes
at 4°C. The supernatant was carefully decanted and the DNA pellet was washed with
Tml of 70% ethanol and then centrifuged at 15000rcf for 10 minutes. Then supernatant
was carefully decanted without disturbing the pellet, and the pellet was air-dried for
approximately 10—20 minutes. The DNA was then re-dissolved in a suitable volume of

0.1x endotoxin-free TE buffer (10mM Tris-CL, pH 8.0; ImM EDTA).
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2.4.4 DNA gquantification

DNA was quantified spectrophotometrically by measurement of absorbance at 260nm
using an Eppendorf BioPhotometer (Eppendorf). The Optical density 260nm/280nm
ratio was used as an indication of the DNA purity, where a ratio of 1.8 + 0.1 was
considered acceptable for DNA. Typically DNA samples were diluted 100-fold with
0.1x endotoxin-free TE buffer and pipetted into UVette® Eppendorf® disposable cuvettes

for measurement.

2.4.5 Agarose gel electrophoresis

DNA fragments were separated by size using agarose gel electrophoresis, this technique
was also used for DNA purification. Agarose gel was prepared by dissolving 0.7% - 1%
(w/v) agarose — or GTG agarose for DNA purification purpose - in 1x TAE (2.1.19).
Ethidium bromide was added to the molten agarose to a final concentration of 0.5ug/ml.
The gel was poured into an appropriately sized casting tray containing a comb to form
wells and once solidified, the gel was placed into the gel tank and covered with 1x TAE.
Samples containing 10% by volume of gel loading buffer (orange G dye in 10%
glycerol) were then loaded into wells, and the DNA run in comparison with 1kb DNA
ladder (Invitrogen). Electrophoresis was performed at a voltage range of 20 — 90 volts

depending upon the size of the gel and the size of DNA fragment being examined.
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2.4.6 Restriction enzyme digestion

Restriction endonuclease digestion of DNA was carried out according to the
manufacturers’ recommendations. Typically 10 units of the appropriate restriction
enzyme were used to digest 1ug of the DNA of interest. The enzyme and DNA were
mixed in an aqueous solution containing 1x of suitable restriction enzyme buffer and

BSA when indicated.

2.4.7 DNA extraction from GTG-agarose gel

DNA fragments of interest were extracted from GTG-agarose gels, and purified using a
GENECLEAN® Turbo Kit (Q.Biogene) according to the manufacturer’s protocol.

Briefly, DNA fragments produced in restriction endonuclease reactions were run on a
GTG agarose gel (Seakem) until the DNA fragment of interest was clearly separated
from the others; this band was then excised from the gel and transferred to a 1.5 ml apex
microcentrifuge tube. The gel slice was melted at 55°C in 100ul of Gene clean® turbo
salt solution for every 100ug of gel. A maximum of 600ul of the solution was then
transferred to a Gene clean® turbo cartridge assembled in a cap less 2ml catch tube. This
was then spun in a microcentrifuge for approximately 5 sec. If there was more than
600ul of solution this was repeated until all of the solution had passed through the
cartridge. The cartridge was then washed twice using 500pl Gene clean® turbo wash
which contains ethanol. Following the second wash the Gene clean® turbo cartridge was
spun into an empty tube for 2min to remove the last of the wash solution as the ethanol it

contains can inhibit subsequent reactions. The DNA was eluted by adding 30pl of Gene
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clean® turbo elution solution directly onto the cartridge and allowed to soak for 5 min at
room temperature. The cartridge was then spun for 1 min to transfer the eluted DNA to

the tube. Note that all the above centrifugation was performed at 16000rcf.

2.4.8 DNA ligation

Based on agarose gel electrophoresis of representative samples of vector and/or insert,
the concentration of each of the DNA fragments was estimated by comparing the
fluorescence intensity of the band of interest to the 1.6kb band of the 1kb ladder
(Invitrogen), which contains 1/10 of the marker DNA mass. The vector: insert ratio to be
used in ligation reactions was estimated by the following equation:

ng of vector x kb of insert x molar ratio insert = ng insert
kb size vector vector

Ligation reactions were set up as shown below (Table 2.4.8) and incubated at 14°C for a
minimum of 18 hours. A ligation reaction was set up without the insert to serve as a
control for vector self ligation, and as a control for residual undigested vectors a ligation

reaction was set up without the insert or the T4 DNA ligase.

Constituent Amount

Vector 30-40ng

Insert DNA Make up to volume 10ul
10x T4 ligase buffer 1ul

+10mM ATP* 0.5pl

+100mM Hexamine cobalt chloride* 0.15pl

T4 DNA ligase (1unit) 1l

Total volume 10ul

Table 2.4.8 DNA ligation reaction
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2.5 Plasmid DNA transfection experiments

2.5.1 List of expression plasmids used

pp-galactosidase (pp-gal)
pCEP4

pCEPpS3

pp53-TA-Luc
pCMVNeoBamMDM2
pCMVNeoBam

RING finger mutant Cys464Ala:pCMVneobam3
pN1pbactin-1tTA25-M2-IRES-EGFP
pTre-Tight

pTre-Tight-Luc

MACSELECTKX

- Boyd Lab

- Boyd Lab

- Boyd Lab

- Boyd Lab

- Donated by B. Vogelstein
- Donated by B. Vogelstein
- Donated by B. Vogelstein
- Donated by B. Welman

- Clontech

- Clontech

- Mitenyi

Four different commercial methods of transient transfection were employed in this

thesis.
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2.5.2 GeneJuice™ (Novagen)

(For experiments in a 10cm dish)

The plasmid DNA was vortexed for 8 seconds. 500pl of serum free media was aliquoted
into a 2ml Apex microcentrifuge tube. The volume of GeneJuice™ required depends on
the chosen GeneJuice™ to plasmid ratio. This is normally 3:1 but different ratios were
evaluated (see results section). For example for 10pg of plasmid DNA 30pl of
GenelJuice™ would be used for a 3:1 ratio. The desired volume of GeneJuice™ was then
transferred to the serum free media and vortexed for 10 seconds. This mixture was then
left to stand for 5 minutes prior to transfer to the tube containing the DNA plasmids. The
tube was then inverted and tapped repeatedly to achieve gentle mixing and was then left
for 15 minutes at room temperature. The mixture was then added drop wise, in a circular
pattern, onto a pre-seeded 10cm dish. The dish was then left for 24 hours in the tissue

culture incubator.

2.5.3 FuGENE HD™ (Roche)

(For experiments performed in a 10cm dish)

The FuGENE HD™ containing vial was first vortexed for 1 second. The desired volume
of plasmid DNA was transferred to a 2ml Apex microcentrifuge tube. To this tube a
predetermined volume of serum free media was added (500ul for a 10cm dish).
FuGENE HD™ was then added to this tube. Care was taken to ensure that no FuGENE

HD™ contacted the sides of the tube. The tube was then inverted and tapped to mix
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gently as described above. The mixture was then left for 15 minutes and then was added
to the dish containing the cells, as described above. Again cells were incubated for 24

hours.

2.5.4 Lipofectamine 2000™ (Invitrogen)

For experiments in one well of a six well plate.

The desired amount of plasmid DNA was added to a 2ml Apex microcentrifuge tube. To
this 250pl of serum free media was added. The tube was inverted and tapped as above.
The vial containing the Lipofectamine 2000™ was gently mixed. The desired volume
(again depending on the Lipofectamine: DNA ratio), was added to 250l of serum free
media in a second 2cm Apex microcentrifuge tube. The mixture was incubated at room
temperature for 5 minutes and then the contents of the two tubes were mixed together by
inverting and gentle tapping. This mixture was left for a further 20 minutes after which
the contents were then added drop-wise to the pre-seeded well. The cells were incubated

for 24 hours.

2.5.5 Polymag™ (OZbiosciences)

For experiments in one well of a six well plate.
The desired amount of plasmid DNA was added to a 2ml Apex microcentrifuge tube. To
this 500ul of serum free media was added. The desired volume of polymag™ was added

to a new 2ml Apex microcentrifuge tube. The contents of one tube were then added to
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the other tube. The mixture was repeatedly pipetted to mix. The mixture was then left at
room temperature for 25 minutes. The media covering a pre-seeded well of a six well
plate was removed then DNA/polymag mixture was then added to the well. The six well
plate was then placed on a magnetic mat (Ozbiosciences) for 20 minutes. 2ml of the
cells’ culture media was added to the well and the cells were then incubated for 24

hours.

2.5.6 Magnetic cell separation (Mitenyi Biotech)

These experiments were performed in 10cm dishes, using 117 cells and clones of cells
derived from 117 cells in a tissue culture hood. Prior to transfection 10 cm dishes were
seeded 24 hours before transfection. Great care was taken to prevent clumping of the
cells in the dishes since this affects transfection efficiency and makes magnetic cell
separation impossible. To prevent clumping the cell suspensions were vigorously
pipetted and the dishes were thoroughly agitated in a figure of eight motion that
optimised the even spreading of cells. Cells to be separated were co-transfected with
10ug of the plasmids of interest in this case pPCMV-Neo-Bam-MDM?2 +/- pp-Gal and the
MacSelectK* , using FuGene HD™ (see section 2.4.2). Control dishes were co-
transfected with 10 pg of the plasmids of interest and empty vector pCMV-Neo-Bam. 24
hours post transfection, the dishes were harvested and the cell suspension centrifuged for
5 minutes at 1300rcf. The supernatant was removed and discarded. The pellets were
resuspended in 80ul of degassed MACS buffer (2.2.18), and repeatedly pipetted to

obtain a single cell suspension. The cell suspension was then transferred to a 1ml Apex
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The MS column was removed from the MiniMACS™ separator unit and positioned over
a 2ml Apex microcentrifuge vial, labelled “positive” fraction. 2000ul of MACS buffer
was placed into the column. The supplied plunger was used to force out the buffer and
cells. The fractions were recentrifuged and the supernatant discarded. When performing
a B-gal assay, the cells were resuspended in 1ml of media and seeded into a 10 cm dish.

The cells were left until they become adherent,

2.6 Specific methodologies

2.6.1 Proteasome inhibition using MG115

These experiments were carried out in 10cm dishes, on cells at a confluency of 70 -80%.
One dish was designated the control and the cells had their media removed and replaced
with 5ml of fresh media containing Sul of DMSO. The second dish was designated
treatment and cells had their media replaced with S5ml of fresh media containing MG115
(Biomol, Exeter UK) at a concentration of 1pug/ml. Dishes were incubated for 3 hours at

37°C. Cells were then harvested as described in section 2.2.3.

2.6.2 Inhibition of Heat Shock Protein 90 using geldanamycin

These experiments were carried out in 10cm dishes, on cells at a confluency of 70 -80%.
For each time point, one dish was treated as follows. The cells were covered with 5ml of

media containing the concentration of GA (Biomol, Exeter UK) being tested. GA was
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diluted in DMSO. Concentrations used were routinely 2uM, 8uM or 20uM. The control
cells were covered in 5ml of fresh media containing an equal volume of DMSO to the
volume of GA used. Dishes were incubated for various time points at 37°C. Cells were

then harvested as described in section 2.2.3.

2.6.3 Inhibition of de novo protein synthesis using cycloheximide

These experiments were carried out in 10cm dishes, on cells at a confluency of 70 -80%.
For each time point, one dish was treated as follows. The cells were covered with 5ml of
media containing cycloheximide (Biomol) at a concentration of 50ug/ml. Dishes were
incubated for various times at 37°C and then harvested as described in section 2.1.3. One

dish was not treated and used as a time 0 hrs control.

2.6.4 In sity B-galactosidase assay

Cells were transfected with the pp-Gal plasmid and incubated for 24 hours at 37°C. The
media was removed and the cells were then washed twice with PBS (Sigma). Next the
cells were covered with B-gal fixing buffer (2.1.14) (see Table 2.6.4 for volumes) and
left at room temperature for 15 minutes. The buffer was removed and the cells then
washed twice with PBS. The cells were then covered with -gal substrate buffer (2.2.15)
(see Table 2.6.4 for volumes) and incubated at 37°C for 8 — 24 hours. The substrate was

then removed and the plates washed gently with water. The plates were left to dry and
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visualised using light microscopy. The percentage of blue (transfected) cells was

estimated. A photo record was taken using a digital camera.

Culture Vessel Volume of fixing buffer Volume of substrate buffer
(ml) (ml)
10cm dish 3 4
6 well plate 1 1

Table 2.6.4 Volumes of buffers used for in situ p-gal assay.

2.6.5 B-galactosidase enzyme assay (Promega)

Cells transfected with the B-gal plasmid and incubated for 24 hours at 37°C. The cells
were then harvested and protein was extracted from the cells as previously described in
section 2.3.1. To determine the amount of protein a Bradford assay was performed as
described in section 2.3.2. The amount of cellular lysate containing 100ug of protein
was determined. 100ug of protein was added to a test tube and 50l of the SLIP buffer
(2.2.1) used for lysis was added. 150pl of B-gal reporter lysis buffer (2.2.17) was added
to the lysate/SLIP mixture. This mixture was then incubated at 37°C in a water bath for 3
hours. The chemical reaction was arrested by the addition of 500ul of 1M sodium
carbonate. The mixture was then vortexed and the absorbance measured at 420nm using

a spectrophotometer was determined.
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2.7 Generation of inducible MDM?2 expressing clones

2.7.1 Antibiotic response assay

In order to find the lowest concentration of antibiotic that caused total cell lethality
following 5 days of incubation in media containing the antibiotic, the following
technique was employed. Cells to be tested were seeded into 6cm dishes at a
concentration low enough to give a confluency of around 10 — 20% after 24 hours
incubation. Media was removed and replaced with media containing various
concentrations of antibiotic. Two dishes were not treated with antibiotic and acted as
controls. The cells had their media replenished (containing the appropriate concentration
of antibiotic) every two days. The appearance of the cells and their confluency within

the dish was recorded daily.

2.7.2 1™ round cloning — Generation of 117 and 117-derived clones stably expressing

rtTA2S-M2-IRES-EGFP

For each of three cell lines (117, pCEP3 & ANp53) the following was carried out. Two
50% confluent 10cm were transfected with 10pul 1tTA2S-M2-IRES-EGFP plasmid using
FuGene HD™ in a 2:1 reagent to DNA ratio as described in section (2.5.3). The second
dish was used as an untransfected control. The cells were incubated for 24 hours at 37°C.
The 10cm dishes were then trypsinised as previously described. The 6ml of suspended
cells were then reseeded into 10 x 10cm dishes with two dishes for the following

fractions of the resuspended cells 30%, 10%, 3%, 1% and 0.3%. This was repeated for
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the untransfected cells. In addition to the normal culture media 800ug/ml of G418 was
added. Fresh media with G418 was replenished every 2 days and the cells observed for
signs of cell death. When no viable cells were visible in the control dishes, colonies

were harvested from the transfected dishes.

2.7.3 Harvesting Colonies

10cm dishes containing isolated colonies of cells were taken and had their media
carefully aspirated. 3ml of sterile warmed PBS was pipetted onto the dish. Isolated
colonies were used that did not have multiple layers of cells giving them a “crowded” or
“clumped” appearance. Using a microscope within the tissue culture hood to aid
visualisation a 20ul pipette was used to place a “drop” of warmed 37° trypsin onto the
colony to be picked. Once the colony began to lose adherence with the dish surface
(“lift™) it was pipetted. The cells were then transferred to a single well of a 96well plate
containing 80pl of warmed 37°C trypsin. This was then repeatedly pipetted to create a
single cell suspension. A 200ul pipette was then used to transfer this mixture into a well
of a 24 well plate containing 0.9ml of media containing the appropriate antibiotic. This
was repeated until a minimum of 60 colonies were selected. This process took place over

a two week period as colonies expanded at different rates.
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2.7.4 Colony expansion

Throughout this process individual colonies grew at different rates, when a colony
reached a confluency of 80 — 90% it was promoted to a larger dish. Until confluency was
reached media was replenished every 2 days. For each step of promotion cells were
washed with sterile warmed 37°C PBS. The cells were trypsinised and then an equal
volume of treated media was added to the mixture. This was repeatedly pipetted to
decrease cell clumping. The cells were then added to the larger receptacle containing
media with appropriate concentration of antibiotic. The requirements for each step are

displayed in the below table.

24 to 12 12 to 6 6 well to 10cm 10cm dish to
well well dish T175 flask
PBS wash 100 250 500 3000
()
Trypsin (ul) 100 250 500 3000
Treated 800 2500 9000 19000
media (pl)

Table 2.7.4 Requirements for colony expansion

Once a colony was established in a T175 flask, flasks were split to generate frozen

stocks of the clones and to allow further testing.
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2.7.5 Luciferase reporter assay

The Dual-Luciferase® reporter assay system (Promega Corporation; USA) was used.
The activity of firefly luciferase under rtTA control (pTre-Tight-Luc) was utilised to
measure the clonal response to doxycline induced transcription of pTre-Tight—Luc.
These experiments were carried out in 6 well plates seeded with cells. Briefly, Media
was removed and each well washed with PBS twice. Each well was covered with 500ul
of 1x Passive lysis buffer (PLB, Promega). Plates were placed on a rocker (Compact
Rocker CR300, FINE PCR) at speed 9 for 15 minutes. The cell lysates were collected
into pre-chilled 1.5ml microcentrifuge tubes; afterwards, the lysates were cleared by
centrifugation for 1 minute at 16,000rcf at 4°C. The supernatants were kept on ice until
needed. To measure the reporter activity, the supernatant and Luciferase Assay Reagent
II (LAR 1I) and the Luciferase Assay Reagent II (LAR II) and Stop & Glo® Reagent (all
three solutions provided by Promega) were thawed at 37°C in a water bath and then left
to reach room temperature and just before use all components were vigorously vortexed.
20l of the supernatant was transferred into the Juminometer tube containing 100pl LAR
I, after mixing by pipetting the tube was placed in a GloMax 20/20 Luminometer,
which been programmed to perform a 2 second pre-measurement delay, followed by a
10 second measurement period. The protein concentration of the supernatant was
calculated using a micro Bradford calculation (see section 2.3.2). The luminometer

readings were normalised to the protein concentration for each sample.
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CHAPTER 3 - IMMUNOHISTOCHEMICAL ANALYSIS OF

PS3 AND MDM2 EXPRESSION IN RENAL CELL

CARCINOMA SAMPLES

3.1 Introduction

Little can be said for certain about the role of MDM2 in RCC as only four papers have
reported this previously, whereas there have been over 30 papers examining p53 in
RCC. What is known is that p53 and MDM2 co-expression in tumour samples is highly
significantly associated”® '°°. The main aim of this chapter is to further examine p53 and
MDM2 expression in RCC and to test the significance of p53 / MDM2 expression as a
putative determinant of outcome in RCC. In order to do this we constructed a tissue

microarray of 90 RCC tumours to facilitate analysis.

3.2 Specific methodology

The Tissue Microarray (TMA) experiments were carried out in collaboration with the
University of Liverpool’s Cancer Tissue Bank Research Centre (LTB) and the
Department of Pathology. Between 1992 and 2007 the LTB prospectively collected 94
nephrectomy specimens from patients undergoing radical nephrectomy for RCC with

consent as described below.
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3.2.1 Design and construction

94 formalin-fixed paraffin-embedded primary tumour specimens were collected by the
LTB. These patients had consented for the storage and use of their tissue for research
between 1993 and 2007 and study-specific ethical approval was obtained from the
Liverpool Adult Research Ethics Committee. Data on the stage and grade of the tumours
were collected prospectively by the LTB. All H&E-stained slides from the formalin
fixed paraffin embedded (FFPE) material were evaluated by a pathologist for the
presence of tissue regions optimally representative of the RCC. An appropriate slide was
selected and representative regions of tumour were identified from each case. This was
also performed for a slide containing adjacent non involved (non-tumour) renal tissue
from each case. From each corresponding FFPE tumour block, at least duplicate cores
(0.6mm in diameter) were taken from the marked area and mounted into a recipient
paraffin block using a manual arrayer (Beecher Instruments Inc). Duplicate tumour cores
were not placed next to each other in the recipient paraffin block to eliminate both
scoring and staining biases. A single core of non-involved renal tissue was also mounted
into the recipient block. Cores of normal colon, liver and testis were also included for
orientation and as controls during immunohistochemistry (IHC). Serial 5um sections
were cut from the tissue microarray (TMA) and collected onto X-tra™ adhesive slides

(Surgipath).
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3.2.3 Preparation and staining of slides

The preparation and staining of slides was carried out by Mr Andrew Dodson
(Department of Pathology, Royal Liverpool University Hospital). Sections Sum thick
were deparaffinised and pretreated in a microwave oven (25 min, 850 W) in citrate
buffer [0.01 M (pH 6)]. For detection of MDM2 protein, a mouse monoclonal antibody
against MDM2 (SMP-14, cat # sc-965; Santa Cruz, California, US; dilution 1:50, stock
antibody concentration = 4 micrograms/ml) was used with an overnight incubation at
4°C. p53 protein was detected using monoclonal antibody DO — 7 cat # M7001 (DAKO
Corp, Glostrup, Denmark; dilution, 1:2000, stock antibody concentration = 0.195
micrograms/ml) with 60 min of incubation at room temperature. The labelled-
polymer/HRP detection method was used for visualization of the signal (DAKO, cat #
K5007). The nuclei were finally counterstained lightly with haematoxylin, sections were

dehydrated through alcohol and xylene and mounted in resinous mountant,

3.2.4 Scoring of slides

Slides of stained specimens were reviewed by two consultant histopathologists (blinded
to clinical outcome) and a scoring system was determined as follows. The intensity of
staining was graded 1 (weakly stained) to 3 (highly stained). The percentage of cells
showing positive staining was graded as follows 1 = 0 -2%, 2 =3 -10%, 3 = 11 -50%
and 4 >50%. The TMA sections were then independently scored and results analysed. In

the event of any discrepancy these specimens were jointly reviewed by the
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histopathologists and a score agreed upon. For each tumour there are two samples on the
TMA to be scored. For p53 and MDM2 staining tumours there were a number of
specimens which stained more profoundly (intensity score 3 and percentage score 4) —
for the purposes of statistical evaluation this criteria was deemed as the positive criteria

for MDM2 and p53.

3.2.5 Determination of clinical outcome

Data on the stage and grade of the tumours were collected by the LTB. Periodically the
LTB update their database with patient status, only death and cause of death was

recorded. Evidence of disease progression was not recorded.

3.2.6__ Statistical analysis

All data was entered into a database using Microsoft Office Excel 2007. Statistical
analysis was performed using SPSS version 16. The association between p53 and
MDM2 expression with patient and tumour factors was analysed using a two sided
Fisher’s exact test. Disease-specific and overall survival curves of the nephrectomy
patients were estimated according to the Kaplan-Meier method. Statistical analyses of
the differences between curves were performed using the log-rank test. Variables that
significantly influenced survival (P < 0.05) in the univariate analyses were entered into

a multivariate Cox regression model. In all of the analyses, the significance level was set

at 0.05.
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3.3 Results

3.3.1 Immunohistochemical determination of p53 expression in RCC

90 Tumours (180 separate samples) were available for scoring as detailed in section
3.2.4. A proportion of tumours (14) showed high intensity staining (graded as 3) of at
least 50% of the specimen, in at least one of the two samples analysed. This pattern
seemed distinct from the remainder of the samples and was therefore used to define p33
positivity. 3 separate tumours showed high intensity (grade 3) staining that only
involved <2% of the specimen and these were assigned to the p53 low group for the
purposes of the present analyses. Our p53 positivity rate was 14/90 (15.6%). From Table
1.4.1 the calculated mean positivity rate from published studies was 24.5%. The slightly
lower positivity rate seen in these results may reflect our higher p53 cut-off criteria of
50% to assign the sample as “positive”. As stated a sub-set of p53 positive tumours
seemed to be distinctive due to the degree of positive staining. As discussed in section
1.4.1 differences in percentage of positive tumours may reflect differences in THC
processing and heterogeneity in the samples. For example none of our patients had
metastatic disease at the time of their nephrectomy. Higher p53 positive rates in RCC
have been reported with metastases or indeed where metastases themselves have been

stained (please refer to section 1.4.1 and in particular the paper by Zigeuner et a184).
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3.3.2 Immunohistochemical determination of MDM?2 expression in RCC

90 Tumours (180 duplicate samples) were available for scoring as detailed in section
3.2.4. A proportion of tumours (24) showed high intensity staining (graded as 3) of at
least 50% of the specimen, in at least one of the two samples stained. This pattern again
appeared to distinguish a sub-set of the samples and therefore was used to define MDM2
positivity. 5 separate tumours showed high intensity (grade 3) staining but this only
involved <10% of the specimen. Our MDM2 positivity was 24/90 (26.7%). IHC
expression of MDM2 has been evaluated in three previous papers (see section 1.4.5)
with positive percentages of 2%°%, 30%'® & 19%°. All three studies used the same
monoclonal antibody - IF2 that recognises an epitope in the amino-terminal portion of
the human MDM2 protein. In this study, the MDM2 antibody used was SMP — 14 which
recognizes residues 154-167 of MDM2. These three studies and ours all had similar
mixtures of stage and grade so the differences in expression can only be explained in
terms of antibody differences, IHC processing (assay sensitivity) or intra-observer

variations in interpretation.
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3.3.3 Patient and tumour characteristics

90 Tumour samples were analysed. The proportion of positive samples for p53 and
MDM2 is indicated in Table 3.3.3.1. 11 tumours were dual positive for p53 and MDM2.
All but three tumours were ccRCC. All of the patients underwent an attempted curative
surgical procedure and not surprisingly all the tumours were Stage 3 or less with no
patient having metastatic disease at the time of operation. This cohort is therefore from a

potentially good prognostic group.

As stated earlier 11 patients (12.2%) were dual positive for p53 and MDM?2. The
association between p53 positive and MDM?2 positive tumours (dual positivity) is highly
significant p < 0.0005 using a two sided Fisher’s exact test (see Table 3.3.3.3). This
association of p53 and MDM2 is in keeping with the only published results examining

105
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this association - Haitel et al’® and Moch et al'®® who found the association to be highly

significant with p = 0.0006 and p < 0.00004 respectively.
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Number of patients in each category by IHC phenotype

(percentage)
All 53 + s3- |Mpm2+|mMpM2-| P2*

P p>3 - M MDM2 -+

Number of Tumours 90 14 (15.6) | 76 (84.4) | 24 (26.7) | 66 (73.3) | 11 (12.2)
Male 60 (66.7) 8 52 12 48 6
Female 30 (33.3) 6 24 12 18 5

Mean Age
(24— 82) 60.6 55.2 61.5 58.2 61.4 59.8
Died all causes 32 27 10 22
Died of RCC 19 14 7 12
Histological subtype

Clear cell 87 (96.7) | 14 (100) | 73 (96.1) | 24 (100) | 63 (95.5) | 11(100)
Papillary 2(2.2) 0 2 (2.6) 0 2(3) 0
Chromophobe 1(1.D) 0 1(1.3) 0 1(1.5) 0

Fuhrman Grade
1 20 (22.2) 3 17 7 13 2
2 37 (41.1) 3 34 10 27 3
3 29 (32.2) 7 22 6 23 5
4 4 (4.4) 1 3 1 3 1
Tumour Stage

1 44 (48.4) 8 36 15 29 6
1a 6 0 6 1 5 0
1b 38 8 30 14 24 6
2 25 (29.6) 5 20 6 19 4
3 21(22) 1 20 3 18 1
3a 17 1 16 3 14 1
3b 4 0 4 0 4 0
3c 0 0 0 0 0 0
4 0 0 0 0 0 0
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MDM2
Negative Positive Total
Negative 63 13 76
pS3 Positive 3 11 14
Total 66 24 90

Table 3.3.3.2 Distribution of p53 and MDM2 staining in the TMA

Chi — square testing revealed no significant difference in the association between p53,
MDM?2 and dual positivity with gender, grade (low vs high) or stage (1 & 2 vs 3) (see
Table 3.3.3.3). The decision to compare between high and low grades and stage was felt
to be clinically justifiable as poor prognosis has been shown to be correlated with
increasing grade and stage (see 1.1.3.4 & 5). Haitel and colleagues’® found a statistically
significant higher incidence of MDM2 in high grade as compared with low grade
tumours and no significant difference when MDM2 staining was compared between
high and low stage tumours. The study by Haitel et al had 18 Grade 4 patients, in this
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study there were only 4. Moc also found no correlation with MDM2 positivity and

stage or grade.
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p53 + MDM2 + p33 + MDM2 +
- - P
Mal(e}ffnl(j:lrnale 0.545 0.054 0.502
1 &grsie& 4 0.129 0.462 0.202
1 ssct;gfs 3 0.174 0.170 0.447

Table 3.3.3.3 Association of patient and tumour characteristics with pS3/MDM2

phenotypes

3.3.4 Survival analysis of p53 and MDM2 expression phenotypes

Kaplan — Meier survival analysis was performed to analyse differences in survival
(overall and disease specific) for various p53 and MDM2 expressing phenotypes. The
log rank test was used to test for differences between groups with p values less than 0.05
being considered significant. Disease specific survival (DSS) may be argued as a better
outcome measure than overall survival (OS). This is because OS cannot distinguish
between patients that have died because of the disease itself or from an unrelated cause
(e.g. being hit by a bus). On the other hand, statistically speaking, an unrelated cause of
death clinically may be due to an unknown effect of the disease or its treatment on other
organs (e.g. systemic treatment for RCC may affect the ability to avoid car accidents).
The results are summarised in Table 3.3.4, Only dual positivity (tumours positive for
p53 and MDM?2) was significantly associated with DSS. The plot of this Kaplan Meier

curve is displayed in Figure 3.3.4. On their own p53 and MDM2 were not prognostic i.e.
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no association was detected with decreased survival (disease specific or overall
survival). There are two limitations in the present analyses which must be taken into
consideration; firstly some patients have been lost to follow up and are “censored” by
the Kaplan Meier method. Censored patients are considered to have the same prospect of
survival as those continued to be followed up thus leading to potential bias. Secondly not
all patients have been followed up for an equal amount of time. Some tumours were
resected in the late 1990’s and therefore these patients have had 10 years plus of follow
up. A minority of patients have only had three years of follow up. Two patients died of
metastatic RCC at around the ten year mark highlighting this point. Late presentation of
metastases following nephrectomy is a well recognised phenomenon'®. Another
consideration is that papers which show that p53 expression is associated with poor
prognosis tend to have some patients with metastases in their cohort. It may be that as
this study’s cohort contains no patients with metastases or T4 stage disease, the link

between p53 expression and prognosis is not seen

Disease Specific Survival Overall Survival
pP= p=
p53 + 0.088 0.599
MDM2 + 0.537 0.822
p53 + MDM2+ 0.027 0.323

Table 3.3.4 Kaplan-Meier survival analysis for p53 / MDM2 phenotypes
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3.3.5 Survival analysis of patient and tumour characteristics

Further Kaplan-Meier analyses were performed to test if survival (both disease specific
and overall survival) was affected by various patient or tumour factors (e.g. tumour
stage). The results of the log rank tests for the various characteristics analysed are
displayed in Table 3.3.5. It is reassuring, given the limitations of the follow-up outlined
earlier, to see that higher stage is shown to be associated with both decreased disease
specific and overall survival. The Kaplan-Meier curve of stage versus specific survival is
seen in Figure 3.3.5.The stage of the tumour is the most widely used clinical guide to
prognosis and is found to be retained in all the published prognostic nomograms (see

Rouviere et al'®

, Where this is reviewed). None of the other tumour or patient factors
were found to be significantly associated with adverse survival. Just as higher stage
showed an association with prognosis, it would have been anticipated that the same
would have been found for higher Furhman grades (see section 1.1.3.5). It is possible

that with a larger cohort size, as seen in the 643 nephrectomy specimens analysed by

Tsui et al*?, this association would have been demonstrated.

Disease Specific Survival Overall Survival
p value p value
Stage3vs 1 & 2 0.024 0.030
Fuhrman3 & 4vs 1 & 2 0.061 0.266
Gender Male v Female 0.288 0.406

Table 3.3.5 Survival analysis of patient and tumour characteristics
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predictor. Multivariate analysis statistically examines whether each covariate
individually contributes to the prediction of the tested event. Table 3.3.6.1 shows the
results of Cox regression analysis of the following tumour and patient characteristics.
Only p values less than 0.05 were considered significant. For significant univariate

factors the relative risks are also shown in table 3.3.6.1.

All Patients N = 90 Death Events = 20

Univariate Analysis Relative risk (95% C.I) p value
p53 N/A 0.088
MDM2 N/A 0.537
p53 + & MDM2 + 2.989 (1.075 - 8.310) 0.036
Stage 3 2.757 (1.103— 6.889) 0.030
Fuhrman grade 3 & 4 N/A 0.161
Gender N/A 0.288

Table 3.3.6.1 Cox regression analysis of the tumour and patient characteristics

As predicted by the Kaplan-Meier analyses only dual positivity and stage 3 tumours
were found to be univariate predictors of disease specific mortality. Both of these factors

were then modelled using multivariate analysis and the results of this are displayed in

Table 3.3.6.2.

105



Multiple Analysis All Patients N = 90 Death Events = 20

Relative Risk (95% C.I) p value
p33 + MDM2 + 3.203 (1.143 - 8.980) 0.027
Stage 3 2.897 (1.155 -7.270) 0.023

Table 3.3.6.2 Multivariate cox regression analysis of dual positive and stage 3
tumours

Both of these factors were retained in the model. The relative risk demonstrates that
patients with dual positive tumours are on average 3.2 times more likely to die of their
disease than other p53/MDM2 phenotypes. As expected patients with stage 3 disease
are on average 2.9 times more likely to die than lower stage patients. Only Haitel et al®®
have included this dual positive phenotype in multivariate cox regression analysis. They
also found it to be retained as an independent prognostic factor even when metastases

were included in the model with a hazard ratio of 2.34 (C.I not given)

3.3.7 Assesment of p53 positive tumour samples for wild type or mutated pS3

A Boyd laboratory co worker (Dr R Polanski) has analysed selected tumour samples
from the TMA and performed a FASAY assay to assess the p53 status (wild type or
mutant). A description of the methodology can be read in Noon et al'”® (see appendix
A2.3.2). This analysis has revealed that 9 of the 11 tumour samples that were positive by

IHC for p53 and MDM2 contained wild type p53.
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s3 MDM?2 p53 status by Died

P

Specimen | [HC IHC FASAY/DNA sequence of Died
Positive Positive analysis RCC

1 YES | YES Wild-type' NO |NO

2 YES [YES Wild-type' NO NO

3 YES YES Wild-type' INO |NO

4 YES i YES Wild-type' 'NO INO

5 YES YES Mutant/G245C" 'YES |YES

6 YES 'YES Wild-type' ~ NO [NO

7 YES | YES Wild-type' YES | YES

8 YES |YES Wild-type' YES |YES

9 YES (YES Mutant/Q136E' N0 INO

10 YES | YES Wild-type' YES |YES |

11 YES YES Wild-type' 'YES |YES

12 NO ' YES N NO  NO

13 INO  YES ND ~ NO NO

14 INO | YES ND 'YES |YES

15 'NO | YES - ND . JYES YES |

16 'NO 'YES ND 'NO 'NO

17 INO  YES Wild-type' 'NO 'NO

18 NO  YES ND NO NO

19 'NO | YES ND  INO |YES

20 NO 'YES ND INO  |YES

21 NO | YES Wild-type' i INO | YES

22 NO | YES ND _INO  'NO

23 NO  YES Wild-type' INO  'NO

24 NO ' YES ND N0 NO

25 YES INO Wild-type' INO INO

26 YES NO Wild-type' INO INO

27 YES ‘NO Wildtype' ~  INO NO

28 NO NO Wild-type' NO INO

Table 3.3.7 Analysis of p53 status in selected tumour samples using FASAY / p53
genotyping. IHC, immunohistochemistry, FASAY, functional assay of separated alleles
in yeast, ND = not done.' Sequence confirmed for at least three clones or by direct

sequencing of PCR products. Sequences were compared to the Homo sapiens
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chromosome 17 contig NT 010718.15, positions 7189581-7169068 bp, using

Sequencher v 4.9 software (Gene Codes Corporation).

This finding is contrary to the popular theory that tumours express p53 as a result of p53
mutation. The underlying mechanism as to why tumours express high level (unmutated)
p53 and MDM2 is unknown but intriguing and raises the same questions posed by RCC
cell lines that also express high p53 and MDM2 - what mechanism exists to prevent p53
from being degraded by MDM2 which appears to be expressed in high amounts.
Secondly if MDM?2 is being expressed is this p53 driven? If p53 is transcriptionally

active then why are its normal anti-oncogenic functions being bypassed?

3.4 Discussion

There has been a substantial body of published work demonstrating that p53 is
associated with poor prognosis in RCC. However, the present study has not been able to
confirm this. This difference may be due to a number of factors, not least of which is
that many studies including the present one, are relatively small with n<500. Other
factors that differ between the present study and those in the literature include the
inclusion in the latter of patients with metastases in their study cohort, the incomplete
follow-up for some patients in the present study as well as differences in
interpretation/dichotomisation of p53 positivity/negativity. However the finding that
tumours dual positive for p53 and MDM2 are associated with poor prognosis is in
agreement with the only other study that has looked at both of these markers in RCC

(Haitel et al°®). Also in our study there is a highly significant association between p53
y
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and MDM?2 positivity again confirming previous studies by Haitel et al’® and Moch et
al'®. The finding that in the majority of cases (9/11 see Table 3.3.7) p53 is wild type
and not mutated (as in a number of RCC cell lines see 1.7.1) is novel and further
supports our hypothesis that understanding the mechanism of this phenotype may allow
for therapeutic intervention if wild type p53 function can be restored. The underlying
mechanism of this dual expression is investigated further in this thesis. If dual
p53/MDM2 positivity is a true marker of poor prognosis then it can only be speculated
as to what the mechanisms leading to this association between the phenotype and
outcome are. It is possible that the expression of this phenotype is coincidental and a
mere marker of extreme de-differentiation from normal tissue, but given these proteins
are known to be important in the prevention of and causing oncogenesis, this seems

unlikely.
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CHAPTER 4 — INVESTIGATING THE EFFECTS OF HIGH

MDM2 EXPRESSION IN RCC CELL LINES

4.1. Introduction

As shown in the previous chapter there is evidence that RCCs that express MDM2 and
p53 are associated with decreased disease specific survival compared with RCCs that do
not have this phenotype. As described in section (1.3.4) MDM2 is thought to possess
oncogenic properties in its own right (independent of p53) but it is not known whether
MDM?2 expression is directly responsible for the poor prognosis seen in patients with
tumours that express p53 and MDM2. To try and answer this question a laboratory co-
worker (HW) attempted, through cloning experiments, to manipulate a RCC cell line
with low p53 and MDM2 (UOK-117 herein referred to as 117) to express high p53 and
MDM2 (the putative poor prognosis phenotype in RCC tumours). These experiments are
detailed in section (1.6). It was found to be impossible to obtain stable MDM2
expressing clones from simply transfecting MDM2 into cells and performing clonal
selection. MDM2 clones could be generated after the cell line had undergone some
unknown permissive change during other clonal experiments (please refer to section 1.6.
where this is explained in more detail). Two 117-derived clones were established from
which MDM?2 expressing clones could be generated through further cloning (pCEP4
Clone 3 and ANp53 clone 3). These two clones are herein referred to as pCEP3 and
ANp53and are thought to have acquired unknown molecular changes that make them

permissive for high MDM2 expression.
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The experiments detailed in this chapter were designed to investigate the effects of high
MDM2 expression in the 117 parental cell line and the two derived clones that are
permissive to high MDM?2 expression pCEP3 and ANp53. It was hoped to make these
cells express high levels of MDM2 and use a DNA microarray to evaluate changes in
gene expression. By comparing the differences in gene expression between the three
different cell lines and their normal MDM2 expression controls (i.e. without high
MDM2 expression), groups of genes may be identified for further evaluation that would
enable identification of pathways responsible for the more aggressive phenotype which

we hypothesise is elicited by MDM2 expression.

There were two strategics sclected as possible means for achieving high MDM2
expression in these 117 cell lines —one was to employ a commercially available transient
transfection technique. Another method was to try and generate inducible (expression of
gene interest after cells are treated e.g. with an antibiotic) MDM2 expressing clones
using the Tet-On® Advanced inducible gene expression system (ClonTech™). In the
Tet-On® Advanced system the gene of interest (GOI) expression (MDM2 in this case) is
induced upon the addition of doxycycline (DOX) to the culture medium. There were
pros and cons to both strategies. With transient transfection the major concern was to
ensure a sufficient percentage (transfection efficiency) of cells were reliably transfected
with MDM2 to enable the detection of alterations in gene expression when MDM2 was
expressed. This is particularly important for detection of decreases in gene expression.
Another potential problem was the detection of altered gene expression secondary to the

effects (toxicity) of the transient transfection process. The major drawback of the
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inducible gene system was the amount of time taken to perform this protocol compared
to transient transfection. Although, if successful, a suitable MDM2 inducible clonal cell
line, expressing MDM2, should allow detection of altered gene expression as a
consequence of MDM2 expression. There were concerns that the further cloning needed
to generate inducible MDM2 expression clones, may lead to unknown genetic
alterations which would prejudice the results of gene analysis. There was also a risk of a
small amount of the GOI (MDM2) still being expressed in the absence of the inducing
agent (DOX). Small levels of additional MDM2 expression may be sufficient to lead to
changes in the expression of other genes, obviously again affecting interpretation of the
gene expression profiling. In the first instance transient transfection was employed to

obtain high MDM2 expression, as discussed earlier.

4.2 Results of Transient Transfection

4.2.1 Transient Transfection of 117 and derived clones

The 117 cell line was transiently transfected with four commercially available
transfection reagents - GeneJuice™ (Novagen), FuGENE HD™ (Roche),
Lipofectamine™ 2000 (Invitrogen) and Magnetofection™ (Polymag) to investigate
which product resulted in the highest transfection efficiency. Assessment of transfection
efficiency was made using an in situ p-galactosidase (B-gal) assay. Details of these

experiments can be found in Appendix (1). It was found that FuGENE HD™ at a
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To try and increase the transfection efficiency a magnetic transfection enrichment
technique (MACSelect™) was investigated. The MACSelect™ system requires cells to
-be co-transfected with the plasmid of interest and a plasmid (MACSelect KX
responsible for the expression of a cell surface molecule (antigen) that can bind a
specific antibody coupled to a magnetic particle. The transfected cells are then mixed
with magnetic particles and passed through a magnetic column. This causes separation
of the cell suspension into a magnetic and non magnetic fraction. The magnetic fraction
is then eluted from the column and as a result of this enrichment process should contain
a higher percentage of cells expressing the plasmid of interest. This is because cells
successfully transfected with the MACSelect K* plasmid are more likely to have been

co-transfected with the plasmid of interest.

The MACSelect™ system was evaluated using the 117 cell line and FuGENE HD™
transfection reagent which had previously given the highest transfection efficiency. Cells
were transfected with pCMVNeoBamMDM2 and the MACSelect KX plasmid. A control
group of cells were transfected with pCMVNeoBamMDM?2 and pCMVNeoBam. The
enrichment of MDM2 was assessed using western blot analysis. The results are shown in
figure 4.2.2. As can be seen in figure 4.2.2, in the positive column fraction (cells
retained on the magnetic column) there was a considerably higher expression of MDM2,
compared to the negative fraction and the MDM2 transfected control. The results show
that the MACSelect™ system can be used to enrich the transfected cell population but
the resultant transfection efficiency still needs to be determined to ensure it is superior to

existing methods tested.
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risk altering the p53/MDM2 levels. For each 117 line (117, pCEP3 and ANp53), cells
were transfected as in 4.2.2 except that pp-gal replaced the pPCMVNeoBamMDM?2. The
cells transfected with the MACSelect k* plasmid were harvested and the cell suspension
transferred to the magnetic column. Cells that passed through the column (“non-
magnetic””) were collected and designated as the negative fraction. The column was
washed with elution buffer to collect cells held in the magnetic field of the column; these
were designated as the positive fraction (these are cells transfected with MACSelect K~
plasmid). The control cells (not transfected with the MACSelect k* plasmid were treated
in the same manner, however very few cells were recovered in the positive fraction as
expected. The cells were then resuspended in media and seeded into 10cm dishes. 12
hours later, a B-gal assay was performed. Figure 4.2.2.2 shows the three cell lines and
representative photographs for each condition. Marked cell death was observed and the
viable cells available to be assessed only demonstrated a transfection efficiency of 10 —
20%. This result suggests that there is a significant reduction in cell viability as a result
of this process which appears to particularly affect the transfected cells and therefore we
did not pursue this approach further. It was therefore decided to try the second approach,

namely to generate MDM?2 inducible clones.
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system is the Tetracycline —response element (TRE) containing seven direct repeats of a
42bp sequence containing fetO, located just upstream of a minimal CMV promoter
(Pmincmv). The rTetR DNA binding domain has been fused to minimal herpes simplex
virus (HSV) VP16 protein. Therefore rtTA-A activates transcription of the GOI upon
addition of DOX. The GOI is controlled by the TRE-Tight control system. Welman et
al'® have developed a modification of the pTet-on plasmid in order to try and combat
problems associated with epigenetic silencing of the cassette containing the
transcriptional transactivator gene. This newly developed pN1pactin-rtTA2S-M2-
IRES-EGFP plasmid, combines the strong and less ‘silencing-prone’ chicken [B-actin
promoter with the advantages of an IRES (internal ribosome entry site)-based selection
principle and an EGFP (red shifted variant of wild type green fluorescent protein (GFP)
optimized for better fluorescence and expression in mammalian cells) for selecting
clones. These authors have shown that using this vector leads to a higher number of

positive clones and increased inducibility'®.

The generation of Tet-On inducible clones is a multiple step procedure illustrated in
figure (4.3.2). Firstly the concentration of selection antibiotic (lowest concentration
required to Kkill all cells not transfected with antibiotic resistance gene) G418 has to be
determined (antibiotic sensitivity assay). The cell lines are then transfected with the
N1pPactin-rtTA2S-M2-IRES-EGFP plasmid. G418 resistant colonies are then selected
and cultured. The selected colonies are then screened by transiently transfecting them
with pTRE-Tight-Luciferase and selecting clones with maximum expression of

luciferase on addition of DOX and minimal expression in its absence. Following this, the
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4.3.2 Determination of G418 concentration for 1% round clonal selection — G418

antibiotic sensitivity assay

G418 is an aminoglycoside antibiotic that selects for mammalian cells expressing
neomycin phosphotransferase, from the neo gene (contained within the pNlppactin-
rtTA2S-M2-IRES-EGFP vector). A dose of 800 pg/ml was found to cause cell death in
all three cell lines after 5 days and therefore we selected this dose for selection of

transfected cells (see table A1.1.7 in Appendix 1).

4.3.3 Generation and selection of rtTA2S-M2 expressing clones

Each cell line was transfected with N1pfactin-rtTA2S-M2-IRES-EGFP and underwent
antibiotic selection, as described in section 2.7.2. After 7 days none of the control
transfected cells (no neo gene transfected) were viable and after 11 days for 117 cells
and 13 days for 117-derived clones, colonies were of sufficient size to be expanded.
Before proceeding to colony expansion, one 117 colony was harvested and the cell
suspension subjected to ultra-violet light to evaluate whether the cells fluoresced as a
consequence of EGFP expression. EGFP expression would signify that the cells had
been successfully transfected as planned. As can be seen in figure 4.3.2.2 a high

percentage of cells were found to express EGFP.
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being tested at different times as they grew at different rates. As a result protein
extraction was undertaken using different stocks of SLIP buffer and protein was
electrophoresed on SDS gels made at different times. The presence of a p53 doublet can
be seen in figures 4.3.3.2 and 4.3.3.3, this is thought to arise due to a p53 polymorphism
at codon72 giving distinct alleles encoding both proline and arginine'®'. From these
results the following clones were selected for second round cloning 117 — clone 9, 117
ANp53 — clone 2 and 117 pCEP4 — clone 9 (indicated in figures 4.3.3.1 to 4.3.3.3 with a
black arrow). An interesting observation was that a number of DOX-inducible clones
were found not to express EGFP probed for using an anti GFP antibody in the western
blots. This suggests that in these cell lines only the neo and rtTA gene sequences have
been incorporated into the cell lines’ DNA and are transcriptionally active. Selection of
clones only on the basis of EGFP expression would have led to identification of cells
that may have lacked the key feature of DOX inducibility and even if the pTre-Tight-

MDM2 was then cloned into these cells, MDM2 would not be induced.
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(incorrect 18, 462 and 3989); for HindIIl: 750, 884 and 2835 (incorrect 751, 884 and
2834) and for BamHI: 1869 & 2600 (incorrect 1869 & 2600). Both clone 4 and clone 11

plasmids match this indicating successful cloning of pTre-Tight-MDM?2.

4.3 .5 Testing the newly generated pTre-Tight-MDM2 plasmid’s function

Before proceeding to perform the second stage of the cloning procedure, it was
important to check that the newly generated pTre-Tight-MDM2 plasmid expressed
functional MDM2 in the presence of rtTA2S-M2 and DOX. A p53 luciferase reporter
assay was used to determine if the MDM2 was functional (it is expected that there would
be lower p53 levels in response to increased MDM2 levels leading to a reduction in
luciferase reporter activity). The 117 rTTA2S-M2 stably expressing clone 9 (see 4.3.3.1)
was selected for this experiment. Cells were exposed to DOX for 24 hours and the p53 —
luciferase reporter assay was used to determine the activity of the induced MDM2. As
can be seen in figure 4.3.5.2 for both concentrations of transfected pTre-Tight-MDM2,
the addition of DOX resulted in a significant reduction of p53 reporter signal (3ug/pl p =
0.0076 & 10ug/ul p = 0.0287 using a paired t-test). This is because MDM2 causes
proteasomal degradation of p53 therefore reducing the amount of p53 available for
transcription. The reduction in p53 signal is not as great compared to
pCMVNeoBamMDM?2; this may be explained by the fact that the cells in the latter are
exposed to MDM2 for longer as no induction is required. The western blot (figure
4.3.5.2) shows that DOX treatment results in increased MDM2 signal and a reduction in

pS3 signal.
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4.3.6 Second round cloning

Having identified clones that demonstrate inducibility in response to Dox, the second
round of cloning required the rtTA stable clones be co-transfected with the pTre-Tight-
MDM2 plasmid (See figure 4.2.x) together with a linear antibiotic selection marker to
allow for selection of stably expressing clones. The 117 derived clones used at the
beginning of this series of experiments pCEP4 clone 3 and ANp53 clone 3 have both
previously been generated through selection using hygromycin. Therefore hygromycin
could not be used again for clonal selection in the two cell lines. ClonTech™, the
suppliers of this system, supplied a puromycin linear marker however due to production
problems there was a worldwide shortage and it was not possible to obtain this.
Therefore the experimental plan was revised. The main goal was always to study the
consequences of MDM2 expression in a RCC cell line, therefore the experiment
proceeded but only with the 117 cell line which was still hygromycin sensitive. The 117
rtTA clone 9 would also be stably transfected with a pTre-Tight construct containing a
RING-finger mutant of MDM2 (pTre-Tight-RING). In the same way that the
consequences of MDM2 expression were going to be compared between the 117 cell
line and the now discarded pCEP3 and ANp53, the RING-finger mutant of MDM2
(MDM2RFM) would now be used for comparison as well. This experiment would also
potentially help distinguish between genes being expressed as a consequence of the E3
ligase activity (RING finger dependent) of MDM2 and those altered through MDM2

protein-protein interactions.
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The pTre-Tight-RING was generated and tested in the Boyd laboratory by a co-worker
Dr M Maguire, using the same technique and strategy detailed earlier. The MDM2-
RING-finger-mutant was extracted from the human RING finger mutant Cys464Ala

pCMVNeoBam3plasmid.

117 rtTA clone 9 cells were transiently transfected with pTre-Tight-MDM2 and pTre-
Tight-RING along with the linear hygromycin selection marker. Control dishes without
the linear hygromycin selection marker were similarly transfected. The cells were
cultured in media containing both G418 and Hygromycin to provide selection. After 6
days none of the control transfected dishes contained viable cells. Colonies on the
experimental or test dishes were however ready to be picked after 12 days for both sets

of clones. A minimum of 40 colonies were picked for each cell line.

As these cells were expanded it was noted that a number of pTight-MDM2 colonies
grew poorly and a number eventually died despite attempts at promoting growth by cell
passage. Of the 40 colonies that were selected for expansion from 96 wells to 24 well

plates only 11 were eventually able to be tested for functionality.

4.3.7 Screening for inducible pTre-Tight-MDM2 expressing clones

The following experiment was carried out to test whether the selected clones expressed
MDM2 after treatment with DOX. Clones were incubated at 37°C in media containing
lug/ml of DOX for 24 hours, untreated controls were also cultured. The cells then

underwent protein extraction and western blot analysis. Clones showing increased
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4.3.8 Testing of potential inducible pTre-Tight-MDM2 expressing clones

The candidate inducible MDM2 clones selected from 4.3.7 (clones 2, 16 & 21) then
underwent further testing. To test whether inducible and functional human MDM?2 was
being induced upon DOX treatment, the clones were transiently transfected with p53
(pCEPp53) and a p53 luciferase reporter (pp53-TA-Luc). A range of increasing DOX
concentrations was used to increase the chances of detecting induction of MDM2. It was
expected that following induction of MDM?2 expression there would be a decrease in
p53 function. As can be seen from figure 4.3.8.1 panel A, there is no evidence of a
reduction in p53 signal after DOX treatment. In the western blot analysis of this
experiment (panels B & C in same figure) there was no change in MDM2 signal or p53
signal after DOX treatment, again signifying that functional MDM2 expression has not
been induced. To ensure that the DOX response element of the system was still working
after the second round of cloning, the three clonal cell lines were transfected with the
pTre-tight-MDM2 plasmid (used for the second round of cloning) and
pCMVNeoBamMDM2 (see panel D) along with p53 and a p53 luciferase reporter. As
can be seen, treatment with DOX resulted in a decrease in p53 reporter activity proving
that the clones retain their rtTA function. A control for the p53 reporter assay is
demonstrated in Panel E in figure 4.3.8.1. Here the three cell lines were transfected with
p53, the p53 luciferase reporter and either pPCMVNeoBamMDM?2 (expresses functional
MDM2 — pCMVNBMDM2 in figure)) or pPCMVNeoBam (pCMVNB in figure) plasmid.

After 24 hours, all cell lines transfected with pPCMVNeoBamMDM?2 demonstrate a
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reduction in p53 reporter signal compared to the control (pCMVNeoBam) indicating that

the p53 reporter signal changes in the presence of functional MDM?2.

To ensure that the cells were not transiently or slowly expressing MDM2 after DOX
treatment, the experiments were repeated using a shorter and longer time courses for
clone 2 and clone 16 (see figure 4.3.8.2 & 4.3.8.3). These tests show that both clones 2
and 16 retain DOX responsive expression of rtTA but no evidence of MDM2 induction
in response to DOX treatment. This suggests that for some unknown reason the plasmid
that should produce MDM2 expression is either unresponsive or is not present or
disrupted and thus there is no DOX induced MDM?2 expression. We can only speculate
as to why this situation may have arisen. One possibility is that there is still an increase
in expression of MDM?2 as a result of transfection with pTre-Tight-MDM?2 which is not
tolerated by the cells. Whatever the exact reason, there was no evidence of MDM2

inducibility in any of the tested clones.
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rtTA clone 9 were transiently transfected with p53 and the p53 luciferase reporter. After
treatment with differing concentrations of DOX for 24 hours p53 reporter activity was
estimated using the luciferase reporter assay. B&C, western blot analysis of the same
experiment probed for the indicated proteins LE = long exposure, SE = short exposure.
D, transient transfection of the same cell lines with pTre-Tight-MDM2, p53 and the p53
luciferase reporter. After treatment with the indicated concentration of DOX for 24
hours, p53 reporter activity was estimated using the luciferase reporter assay E, transient
transfection of the same cell lines with pcmvNEOBAMMDM?2, p53 and the p53
luciferase reporter. After 24 hours, p53 reporter activity was estimated using the

luciferase reporter assay.
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transient transfection with p53, p53 reporter plasmid and either pTre-Tight-MDM?2
(plus or minus DOX 1Ipg/ml) or pcmvNeoBam (pCMVNB in figure) or

pcmvNeoBamMDM?2 (pCMVNBMDM?2 in figure).

4.3.9 Screening of inducible pTre-Tight-RING expressing clones

The following experiment was carried out to test whether the selected clones expressed
MDM2RFM after treatment with DOX. Clones were incubated at 37°C in media
containing 1pg/ml of DOX for 24 hours, untreated controls were also cultured. The cells
then underwent protein extraction and western blot analysis. Clones showing increased
MDM2 signal with DOX treatment underwent further evaluation. From Fig 4.3.9, clones
1, 2, 4, 16 and 25 were selected to undergo more detailed testing as they showed some
induction of MDM2. Clone 25 could not be recovered from frozen stocks and was not

available to undergo further testing.

Four clones 1, 2, 4 and 16 underwent further analysis to determine if they were indeed
stable DOX-inducible MDM2RFM expressing clones. Clones were transiently
transfected with p53 and a p53 luciferase reporter. The clones were then treated with
increasing concentrations of DOX containing media for 24 hours. Controls included

transfection with the pTre-Tight-RING plasmid and pCMVNeoBamMDM?2.
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To try and detect if a clone does inducibly express MDM2RFM in response to DOX one
would expect to see an increase in MDM2 levels when probed for on western blotting. It
may also be possible to detect changes in p53 transcriptional activity as a result of
increasing expression of MDM2RFM, however this latter effect would be due to MDM?2
inhibiting p53 transcription, as MDM2RFM is unable to ubiquitinylate and therefore

bring about p53 degradation.

Figures 4.3.9.2 shows the results of testing candidate clone 1. Panel A of this figure
shows a p53 luciferase reporter assay of clone 1 cells exposed to different concentrations
of DOX. There is evidence of a very small decrease in p53 reporter signal upon DOX
treatment (bars 2, 3 & 4) as compared to the control (Opg DOX — bar 1). However the
last two bars of the chart show the change in p53 signal when the clone is transfected
with and in the last bar, also exposed to DOX. As can be seen there is a much more
dramatic decrease in p53 signal when DOX is added causing inducible expression of
MDM2RFM from transfected pTre-Tight-RING. This suggests that the clone 1 cells at
least retain their DOX inducibility but does not provide conclusive evidence that the
clone is inducible These last two bars of the graph were calculated using a different
batch of luciferase reagents (performed at a different time), for this reason bars 5 and 6
can only be compared to each other and not the bars 1 — 4. Panel C shows the control
experiment for the p53 luciferase reporter assay — a reduction in p53 signal is observed

in clone 1 cells transfected with an MDM2 expression plasmid (pCMVNeoBamMDM?2)
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compared to those transfected with the empty vector control (pCMVNeoBam)
demonstrating that the p53 reporter assay is able to detect changes in p53 signal as a
result of MDM2 expression. Panel B shows the western blot of p53 reporter assay
experiment shown in panel A. There is no obvious increase in MDM?2 signal in lanes 2,
3 and 4 compared to lane 1 (no DOX treatment) however there is a marked increase in
MDM?2 signal in the lane 6 (transfected pTre-Tight-RING and DOX treatment)
compared to lane 5 transfected pTre-Tight-RING (note also there is no appreciable
change in the p53 signal as expected). These results, especially the lack of appreciable
increase in MDM2 levels on western blotting, suggest that clone 1 is not suitable for use
as an inducible clone. Testing of clone 16 in exactly the same way (Figure 4.3.9.3)
revealed the same pattern as that described for clone 1 and therefore clone 16 was also

discarded for further experimentation.
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transiently transfected as a control for DOX inducibility. Panel B, western blot analysis
of same experiment proteins probed for as indicated in figure (LE = long exposure, ME
= medium exposure , SE = short exposure). Panel C, luciferase reporter assay control -
transient transfection of the clone 1 with pp53TALuc, pCEPp53 and -either

pCMVNeoBam or pPCMVNeoBamMDM?2.

Figure 4.3.9.4 shows the same experimental tests this time performed on candidate clone
2. This time, as can be seen in the western blot (panel B), there is a marked increase in
MDM2 signal in lanes 2 — 4 (Dox treatment) compared to lane 1 (control i.e. no DOX).
The level of MDM2 signal in the DOX treatment lanes is almost the same as that seen in
lane 6 (cells have been transfected with pTre-Tight-Ring and treated with DOX). This
finding demonstrates that clone 2 is a DOX inducible MDM2RFM expressing clone. As
expected the marked increase in MDM2RFM levels has not altered the p53 levels on the
western blot for reasons mentioned earlier. In the p53 luciferase reporter assay (panel
A), allowing for increased protein loading into lanes 3 & 4 (evidenced by uneven Actin
signal), there is a slight reduction in p53 reporter signal in all DOX treated lanes.
However as this pattern was also seen in clone 2 (Figure 4.3.9.2 panel A) where there
was no evidence of increased MDM2RFM levels on western blot (Figure 4.3.9.2 panel
B) it must be concluded that the p53 luciferase reporter assay is not capable of detecting
changes in MDM2RFM levels. Testing of clone 4 in the same manner as just described
(figure 4.3.9.5), shows the same pattern of results as clone 2 suggesting it is also an

inducible MDM2RFM expressing clone.
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4.4 Discussion

The main aim of this chapter was to produce a model for examining the effects of high
MDM2 expression in RCC cell line UOK 117, using gene expression profiling. In
simplistic terms the model must be able to contrast a low MDM?2 expression state (seen
in UOK 117) with a high MDM2 expression state (achieved through transient
transfection or inducible expressing 117 clones). The first series of experiments detailed
in this chapter were designed to evaluate and select a commercially available transient
transfection system that could reliably achieve high transfection efficiency, in the 117
and 117 derived clones (pCEP3 & ANp53), for the planned microarray gene expression
profiling experiment. Optimised conditions for Lipofectamine™ 2000 and FuGENE
HD™ achieved the highest transfection efficiency of around 40 - 45%. This transfection
efficiency was far below that desired and therefore a new approach was taken — to try
and produce inducibly expressing MDM2 clones using the Tet-On® Advanced inducible

gene expression system (ClonTech™).

In order to produce MDM2 inducible expressing clones, the Tet-On® Advanced
inducible gene expression system requires two rounds of cloning. The first round aims to
produce clones that stably express rtTA. The second round of cloning allows the gene of
interest (MDM2 or MDM2RFM) to be expressed in response to rtTA and DOX; it is
probable that a relatively small amount of GOI is expressed in the absence of DOX. The
three cell lines (117, ANp53 & pCEP3) all underwent the first round of cloning

producing a number of new rtTA clones that could be evaluated. A new rtTA clone from
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each of the parental cell lines was selected that demonstrated a high level of DOX
inducible expression, minimum expression (of the test plasmid pTre-Tight-Luc) in the
absence of DOX (“background expression™) and levels of p53 & MDM2 expression on

western blotting as similar as possible to the parental cell lines.

The second round cloning of these three clones could not be performed as planned due
to the unavailability of the puromycin antibiotic selection marker. The 117 rtTA clone
could still undergo second round cloning with an alternative and available antibiotic
selection marker (hygromycin). Using the 117 rtTA clone 9, second round cloning took
place with the aim of producing two inducible expressing clones (MDM2 and
MDM2RFM), to allow the consequences of high MDM2 expression to be contrasted
with that of the MDM2RFM (which cannot act as a E3 ligase) by gene expression
profiling. The second round cloning initially resulted initially in a similar number of
candidate clones to be tested as seen after cloning round 1. It was observed that the
second round clones seemed to grow less well with fewer colonies being able to survive
colony expansion. Testing of the pTightMDM?2 clones failed to show any that
demonstrated inducible MDM2 expression whereas two pTightRING clones were found

that inducibly expressed MDM2RFM.

It can only be speculated as to why the second round of cloning produced so few desired
clones compared to the first round of cloning. It is possible that small amounts of
background expression of MDM?2 may be causing cell death. Colonies surviving may

have silenced MDM2 expression or were only successfully transfected with the
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hygromycin selection marker alone and not the MDM2 sequence. Some support is leant
to the first hypothesis by the fact that two mutant MDM2 clones were generated, where
it is possible the effects of MDM2RFM are less deleterious for the cells. It would have
been very interesting to see if more clones were generated from the pCEP3 and ANp53
117 clones, which previously have produced high MDM2 expressing clones as a result
of cloning experiments. To fully test whether the pTre-Tight results in lethal MDM2
background expression a larger scale repeat of the experiment would be needed which
would include the 117 derived clones from which stable MDM2 expressing clones can

be made (ANp53 & pCEP3).
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CHAPTER 5 - INVESTIGATING THE ROLE OF

PROTEASOMAL DEGRADATION AND HEAT SHOCK

PROTEIN 90 IN THE “HIGH” STEADY STATE LEVELS

OF P53 AND MDM2 SEEN IN RCC CELL LINES

5.1 Introduction

It has been shown that some RCC cells in culture express relatively high levels of p53
and MDM2 with intact p53 function'”® (see also section 1.6.5). As described earlier in
chapter 1, and demonstrated in chapter 3, there is evidence that this phenotype (i.e. high
expression of p53 & MDM2 determined by tumour immunohistochemistry) is associated

with poor prognosis in patients with RCC.

The mechanism responsible for high levels of p53 and MDM2 protein levels seen in
some of the RCC cell lines is still to be discovered. In very simple terms the levels of
p53 and MDM2 within the cell depend upon the rates of protein expression and
degradation. p53 and MDM2 undergo proteasomal degradation as a result of
ubiquitylation (see section 1.3.3), by inhibiting the function of the proteasome with an
inhibitor, one would expect to see an increase in pS3 and MDM2 protein levels.
Comparison between the different RCC cell lines in their degree of p53 and MDM2
stabilisation upon proteasome inhibition may reveal differences brought about by a

variation in the susceptibility of p53 and MDM2 to proteasomal degradation (although
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there are of course other reasons that may explain any observed differences), for
example if within a given cell line a proportion of p53 and MDM2 is shielded from
undergoing proteasomal degradation, one would expect less p53 and MDM?2
stabilisation (upon proteasome inhibition) compared to a cell line where all of the
available p53 and MDM2 undergo proteasomal degradation. Such cell lines in which a
proportion of p53 and MDM?2 is resistant to proteasomal degradation could also be
expected to have increased levels of these proteins compared to cell lines with “normal”
p33 and MDM2 proteasomal degradation. One process that allows cells to stabilise a
protein, by preventing proteasomal degradation, is through interaction with the HSP90
chaperone complex (see section 1.7). As detailed in section 1.7.5 there is evidence that
p53 may be a client protein of the HSP90 chaperone complex'®>. This raises the
possibility that some of the RCC cell lines may exhibit high p53 and MDM2 protein
levels due to a reduction in proteasomal degradation through the action of the HSP90
chaperone complex. This hypothesis can be tested by inhibiting the function of the

HSP90 to see if this does result in any reduction in p53 and MDM2 steady state levels.

5.2 Results

5.2.1 Effects of proteasome inhibition on p53/MDM?2 steady state levels in RCC cell

lines.

To examine the effects of proteasome inhibition on p53 and MDM2 protein levels in

RCC cell lines, the following experiment was carried out. The panel of RCC cell lines
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(see section 1.7.1), the osteosarcoma cell line U208, and the p53 null - non small cell
lung carcinoma cell line H1299 were treated for three hours with either a DMSO control
or the proteasome inhibitor MG115. Cellular lysate was then subjected to western blot
analysis and the proteins p53 and MDM2 were detected. Actin was used as a loading
control. Cyclin D1, a member of the cyclin family of CDK (Cyclin dependent kinase)
regulators, known to be degraded by the proteasome'®, was used as an internal control
of proteasome inhibition. In all figures, comparison can only be made between the
DMSO control and the adjacent treatment lane. For comparisons of relative levels of
MDM?2 or p53 in each cell line please refer to figure 1.7.1 in the introduction. Results of
the western blots are shown in figure 5.2.1. A summary of the effects on p53 and MDM2

stabilisation are shown in table 5.2.1
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Cell | Panel | P53 p53 MDM2 Cyelin D1 Relative
line status | Stabilised | Stabilised | stabilised expression®
111 A MT NO NO YES High p53
moderate MDM2
115 A MT NO YES YES High p53
Moderate MDM2
117 A WT YES NO YES Low p33
Low MDM?2
121 D MT YES YES YES High p53
Moderate MDM2
154 A MT NO NO YES High p53
Low MDM2
A704 B MT YES YES YES Low p53
Moderate MDM?2
A498 B WT YES YES YES Moderate p53
High MDM?2
ACHN B WT YES YES YES High p53
Moderate MDM2
Cakil C WT YES YES YES Moderate p53
High MDM2
Caki2 D WT YES YES YES Moderate p53
High MDM2
786-0O C MT NO NO NO High p53
High MDM2
769-P C ? YES YES YES Low p53
Moderate MDM?2
SW156 D WT YES YES YES Moderate p53
Moderate MDM2
U208 D WT YES YES YES Moderate p53
Moderate MDM?2
1299 C pS3 N/A YES YES P53 null
null Moderate MDM2

Table 5.2.1 Analysis of changes in p53 and MDM2 protein levels (stabilisation)
after inhibition of the proteasome. WT = wild type p53, MT = mutant p53. *Relative
expression refers to the levels of p53 or MDM2 protein expression by western blot

figure 1.7.1.
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As can be seen from table 5.2.1, treatment of RCC cell lines with MG115 resulted in the
anticipated increase in cyclin D1 expression in all cell lines except 786-O. The 786-O
cell line showed no increase in p53 or MDM2 expression either. Since none of these
three proteins (p53, MDM2 & Cyclin D1) were stabilised in 786-O this might either
represent increased resistance to MG115 or reduced proteasomal degradation in this cell
line. To further investigate this, the experiment should be repeated using increasing
concentrations of MG115 and/or an alternative proteasome inhibitor in the first instance.
The A498 cell line showed stabilisation of p53 and MDM2 (implying MG115 was
inhibiting the proteasome) but no appreciable stabilisation of cyclin D1. The reasons for
this effect are not clear but cyclin D1 has been reported to be mutated in human cancers
resulting in post translational stabilisation'® It is possible that a cell line specific effect

is responsible for the failure of MG115 to stabilise cyclin D1.

With the exception of H1299 (p53 null), 111, 115, 117 and 154 the remaining cell lines
tested demonstrated stabilisation of p53 and MDM2 suggesting the ubiquitylation /
proteasome degradation pathway is actively degrading p53 and MDM2 in these cell
lines. The 111, 115 and 154 cell lines showed stabilisation of cyclin D1 but no
appreciable stabilisation of p53, the reasons for this can only be speculated upon but
may be due to a consequence of p53 mutation, for example a mutation resulting in an
inability to up-regulate MDM2 thus causing an imbalance in the autoregulatory loop.
This would prevent p53 from undergoing proteasomal degradation after ubiquitylation
brought about by the action of MDM2. Cell line 154, has a p53 mutation (248 R — Q),

111 (173 V-Q) and 115 (280 R — T) a search of the IARC database of p53 mutations
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does not show published evidence of these mutations preventing MDM2 interaction or
ubiquitylation. The R248Q mutation does result in complete loss of p53 function in
yeast p53 reporter gene assays'>? this finding may explain the cell lines very low MDM2
levels (MDM?2 is not being transcribed by the mutant p53) and no stabilisation upon
proteasome inhibition as MDM2 is not present in sufficient quantities to lead to
ubiquitylation and degradation by the proteasome. No specific consequences of the
V173G p53 mutation, present in the 111 cell line, have been reported. However 111 has
a higher steady state level of MDM2 on WB (figure 1.5) compared to 154 which
suggests MDM2 may still be upregulated by p53. The 115 mutation (R280T) is a
missense core domain mutation which has shown complete loss of wt p53 function and
dominant p53 inhibition in a yeast assay'*. Unlike 154 and 111 cell line 115 shows a
very impressive stabilisation of MDM2 upon inhibition of the proteasome. It is hard to
explain the differences in MDM2 stabilisation upon proteasome inhibition between 115
and 111. Both cell lines have similar steady state levels of p53 and MDM2, neither show
p53 stabilisation upon proteasome inhibition however 115 shows marked stabilisation of
MDM2. If the R280T p53 mutation present in 115 is transcriptionally inactive and also
dominant negative, the MDM?2 present in the cell must be constitutively expressed. It is
possible that in 115 and not 111, MDM2 undergoes a higher rate of proteasomal
degradation making its stabilisation more obvious after proteasome inhibition. The exact
mechanism underlying the observed differences in MDM?2 stabilisation in 111 and 115

will require further investigation.
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The cell line 117 (wild type p53) showed stabilisation of p53 but not of MDM2.
Interestingly along with 117, both 111 and 154 also failed to demonstrate stabilisation of
MDM2 upon proteasome inhibition. The 117 and 154 cell lines both have a very low
steady state level of MDM2 as demonstrated in figure 1.7.1. The lack of stabilisation of
MDM2 in these cell lines may be explained by a hypothesis described in Clegg et al%. In
this paper it is proposed that MDM2 does not autoubiquitylate unless it is present in high
concentrations, such as those seen following transient transfection. The low levels of
MDM2 expression in 117 and 154 may allow an unknown protein (such as HSP90 as
hypothesised earlier) to prevent ubiquitylation that can be overcome when MDM?2 is
present at higher levels. The second mechanism proposed by these authors is that
MDM?2 trans-ubiquitylates another molecule of MDM?2 rather than one molecule
causing self or cis-autoubiquitylation. Within cells with very low levels of MDM2 the
molecules may rarely interact to bring about ubiquitylation. Although lower rates of
MDM?2 degradation by the proteasome may be due to low relative concentrations of
MDM2 in these cell lines, one may expect lower p53 degradation as well given MDM2
ubiquitylates p53. In the 117 cell line there is less expressed MDM2 relative to the other
RCC cell lines (see figure 1.5.1) and yet there is still an impressive stabilisation of p53
but not of MDM2 on proteasomal inhibition. Low MDM?2 concentrations may explain
what is occurring with MDM2 however unless p53 is being ubiquitinylated by another

protein (which is unlikely from the work by Itahama et al'®*

where it was shown that
fully functional MDM2 was needed to rescue p53 embryonal lethality) - further studies

are needed to explain the observations in the 117 cell upon proteasome inhibition.
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Whitesell et al'* showed that wild type, but not mutant, p53 cell lines showed
stabilisation of p53 in response to proteasome inhibition however only 4 non-RCC cell
lines were studied. These authors pre-treated the cell lines with the transcription
inhibitor cycloheximide — demonstrating that increased p53 signal seen, was not due to
an increase in pS53 transcription as a result of cellular stress / stabilisation of other
proteins in response to proteasomal inhibition. Furthermore these studies demonstrated
that p53 was stabilised in the mutant p53 cell lines when these cells were treated with
the HSP90 inhibitor GA and a proteasome inhibitor MG115. These authors’ last
observation supports the hypothesis that p53 can be “shielded” from degradation by the
proteasome by interaction with other proteins in this case HSP90. Our finding that two
mutant p53 cell lines show stabilisation of p53 upon proteasome inhibition in the
absence of GA, suggest that the majority of p53 must be free to undergo degradation by
the proteasome in these lines and that Whitsell et al’s observations do not extend to all

pS3 mutant RCC cells.

5.2.2 Inhibition of de novo protein synthesis in 121 and ACHN cell lines using

cycloheximide

As discussed earlier high MDM2 expression in RCC seems to be due to post
translational stabilisation, as opposed to enhanced protein synthesis. In order to test this
hypothesis, the following experiment was undertaken. RCC cell lines ACHN and 121
were selected as they both have similar expression of MDM2 and p53 (see figure 1.7.1),

and demonstrate p53 and MDM?2 stabilisation after inhibition of proteasomal
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degradation. They differ in regards to their p53 status; 121 harbours mutant p53 and
ACHN has functional wild type p53. Both cells were treated with 50ug/ml of
cycloheximide, for time points spanning 0 to 8 hours. Figure 5.2.2 shows a western blot
analysis of expression of p53 and MDM2 at the indicated time points. The half life of
p53 in non-cancerous (normal) cells is typically approximately 15 to 30 minutes; the half
life of MDM2 is similarly short at around 20 minutes’®. In the ACHN and 121 cell lines,
p53 is shown to be stable with a half-life (assessed semi-quantitatively) in excess of 8
hours. MDM2 is shown to have a half-life (assessed semi-quantitatively) of
approximately 30 minutes in 121 and 1 hour in ACHN. Given that both of these cell
lines have p53 and MDM2 that are degraded by the proteasome the question remains as
to why these cells lines have such an extended p53 and MDM2 half life. Could it be that
the HSP90 chaperone or another unknown mechanism is preventing a large amount of
cellular p5S3 and MDM?2 from coming into contact with the ubiquitylation / proteasome
pathway? The increase in p53 levels following proteasomal degradation may represent

stabilisation of the p53 not in complex with HSP90 for example.
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were altered after inhibition of the HSP90 complex with GA. Before the effects of GA
could be evaluated in the RCC cell lines a suitable control of HSP90 inhibition was
needed. As discussed in the introduction, inhibition of the HSP90 chaperone complex by
GA results in release of HSF1 and subsequent transcription of Heat shock proteins,
including HSP70. HSP70 was selected as a control with increased levels expected if
HSP90 has been inhibited. The required concentration of GA needed to bring about this
increased transcription of HSP70 in the RCC cell lines was unknown, as was the
optimum amount of time taken to leave the cells exposed to GA. The expression of
HSP70 in the RCC cell lines and therefore the optimum concentration of primary
antibody for western blotting were also unknown. The 121 cell line was chosen to be
initially investigated as it has high (mutant) p53 and MDM2 expression and undergoes
proteasomal degradation. It was felt that once the control was optimised this would be a
good cell line to use to evaluate the effects of GA on p53 and MDM2. Figure 5.2.3
shows the effects of incubating 121 cells for 2 and 8 hours in the presence of 2umol/L or
8umol/L concentrations of GA. A 2 hour DMSO treatment was used as a control. The
Stressgen™ anti HSP70 antibody was used at 1, 0.1 and 0.01pg/ml concentrations. The
results shown are using 0.01 ug/ml, as other concentrations resulted in gel burn out at
very low exposures. Actin was detected as a loading control. Both concentrations of GA

caused an increase in HSP70 levels.
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reduction in the steady state level of MDM2 at 2 hours which has recovered at 8 hours.
This is a new finding as previously GA has only been shown to reduce the steady state
levels of MDM2, in the presence of mutant p53'%. The 121 mutant p53 line in panel E
shows a small reduction in the steady state level of p53 at 2 hours and further at 8 hours.
This is in contrast to the other 4 cell lines where any change in p53 steady state levels
are only seen at 2 hours. The RCC cell lines tested here have high steady state levels of
MDM?2 (relative to other cell RCC cell lines see Figure 1.5) approaching those seen after
transfection of MDM2 (see figure 4.3.5.2). This relative high abundance of MDM2 may
be a factor for the reduction in p53 steady state levels seen when HSP90 is inhibited
with GA, as Burch et al'® reported MDM2/HSP90 complexes can unfold p53 and
degrade it in the presence of GA, with transfected MDM2. Caki-1 cell line
demonstrated a decrease in MDM2 but an increase in p53 steady state levels at 2 hours
and no change in either protein after 8 hours. The effect seen in this experiment seem to
be an anomaly as repeat testing (Figure 5.2.5) shows Caki-1 to fit with the earlier model
proposed. In summary this experiment shows cell line specific effects of GA on p53 and

MDM2 levels.
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To further evaluate the effects of HSP90 inhibition with GA treatment, cell lines were
treated with GA at a concentration of 8umol/L for various time points ranging from 0 to
8 hours. A498 was treated with GA at a concentration of 20umol/L to see if a higher
dose would have more of an effect. Figure 5.2.4.2 shows cell lines 121, ACHN, A498
and Céki-l treated with GA over a time course. From this experiment it can be seen that
the mutant pS3 line, 121, shows a reduction in p53 steady state levels starting at 1 hour
and maximising at 6 hours. In the other three (wild type) cell lines, p53 levels are
reduced maximally at 2 hours and are returned to base line levels at 6 hours. In all cell
lines the decreases in MDM2 levels mirror the changes in p53. There does appear to be a
clear difference between the 121 and the three “wild type p53” cell lines. 121 shows a
continual reduction in p53 and MDM2 steady state levels over the time course 1 hour to
6 hour time points, whereas the three wild type lines do not show further reductions in
protein levels after the initial decrease seen at 2 hours. Although only one mutant p53
cell line had been evaluated, these results led us to ask the following questions - was the
p53 and MDM?2 reductions in steady state levels due to degradation by the proteasome?
Secondly is the reduction in steady state levels maintained if protein synthesis is
inhibited with the translation inhibitor cycloheximide? Could the transient down
regulation be due to loss of GA efficacy over time? These points are addressed in the

next section.
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5.2.5 MDM2 and p53 levels after treatment with Geldanamycin and MG115 in UOK —

121

If the decrease in pS3 and MDM?2 protein levels seen after HSP90 inhibition with GA is
due to degradation by the proteasome then it would be expected that this effect would be
reduced by proteasome inhibition using MG115. To test this hypothesis 121 cells were
treated with GA at a concentration of 2umol/L, MG115 at a concentration of 10umol/L
or both. The cells were harvested after 2, 4, 6 and 8 hours of treatment and underwent
protein extraction and western blotting to assess the levels of p53 and MDM?2 (see figure
5.2.5). For each time point the levels of p53 in the double treated (GA and MG115) are
intermediate to those in the GA (lowest) and MG115 (highest) and approaching the
untreated levels (Time O in figure 5.2.5). The same trend was also observed for MDM?2
and in exactly the same way as experiment 5.2.4.2, the maximum reduction of MDM2
steady state levels was seen at 2 and 4 hours with GA treatment. It would have been
expected that if pS3 and MDM2 are chaperoned by HSP90 and the decrease in their
steady state levels upon HSP90 inhibition is due to proteasomal degradation, then
treatment with both GA and MG115 would lead to the same levels of protein
stabilisation as treatment with MG115 alone. The fact that dual treatment MG115 &
GA) led to an intermediate level (i.e. between the lowest - GA alone and highest MG115
alone) is intriguing. One possible explanation is that some of the chaperoned p53 or

MDM?2 is being degraded by a non proteasomal mechanism, for example caplain'®®,
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5.2.6 Analysis of potential in vitro interactions between MDM2 and HSP90 by affinity

chromatography

It has been observed that steady state levels of p53 and MDM2 decrease after HSP90
inhibition with GA. This suggests that these molecules are chaperoned by HSP90
however it is possible that the effects seen on p53 and MDM2 levels may be indirect,
possibly due to the action of another HSP90 client protein being liberated from its
interaction with the chaperone for example. Therefore it was decided to investigate
whether HSP90 does form a complex with MDM2. A laboratory co-worker (MM) had
previously constructed and tested a His6-tagged recombinant human MDM?2 (His6-
rMDM?2) column to investigate possible MDM2 binding partners'®’. In this experiment
the His6-tMDM?2 column was first washed with 20 column volumes of SLIP buffer and
blocked with 1 mg/ml bovine serum albumin (BSA) in 12 ml of SLIP buffer for 16 h
before application of 15 mg of filtered human embryonal kidney (HEK) 293 cell cleared
lysate also for 16 h. The column was washed with 50 column volumes of SLIP buffer
and exposed to a 0 to Imol/L imidazole gradient, and the eluate was collected in 3-mL
fractions. Proteins associated with MDM?2 would be eluted in the same fraction as the
histidine tagged recombinant MDM2. This is because as the imidazole gradient
increases, imidazole (histidine analogue) competes with the histidine tagged MDM2 for
column binding causing displacement of the latter from the column. A second (BSA
control) column (using BSA as both binding and blocking agent) was treated in the same
way. The various eluates from this experiment were probed for HSP90 and HSP70 using

the primary antibodies anti HSP90a 1:250 and anti HSP70 1pg/ml.
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HSP90 was detected strongest in eluate fractions 5 & 6 along with MDM2 and known
MDM2 interacting proteins MDMX and p53. In the same way — western blotting of the
cluates from the BSA control column reveals HSP90 in fractions 2 & 3 again the same
as for MDM2, MDMX and p53. In contrast HSP70 (not part of the HSP90 chaperone
complex) is detected in most of the eluate fractions from the MDM2 column suggesting
is does not co-purify. This experiment suggests that from this cell line MDM?2 and
HSP90 can form an in vitro complex and may interact directly. To test if there is an in

vivo association co-immunoprecipitation experiments would need to be conducted.
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5.3 Discussion

In order to try and explain the high levels of p53 and MDM2 expressed in our RCC cell
line panel the role of proteasomal degradation and the heat shock 90 chaperone complex
have been investigated. As has been shown, inhibition of the proteasome leads to
stabilisation of p53 and MDM?2 in the majority of cell lines tested and thus it seems that
reduced degradation is an unlikely explanation for increased expressed levels of p53 and
MDM?2. All p53 wild type cell lines showed p53 stabilisation. It can be seen from
experiment 5.2.1 it can be seen that 121 and A704 cell lines harbour mutant p53 that is
degraded by the proteasome and therefore the mechanism of their high p53 levels remain
unknown but in the case of 121 there is evidence that the HSP90 chaperone may act to

stabilise p53 and MDM2 (see below).

The HSP90 chaperone complex was known to “chaperone” / stabilise mutant p53 and
transfected i.e. over-expressed MDM2'®. It has been demonstrated that in some RCC
cell lines p53 and MDM2 protein levels decrease following HSP90 inhibition and
undergo proteasomal degradation. In one mutant p53 line (121) the decrease in p53
steady state levels is more pronounced lasting up to 8 hours. If high levels of p53 or
MDM2 or both are responsible (directly or indirectly) for the oncogenic properties of the
cell, HSP90 inhibition may be useful therapeutically, particularly in cancers with a

dominant negative mutant p53.

174



This series of experiments has shown the degree of variation that exists between cancer
cell lines in culture even when they are propagated from clinically “similar” tumours.
Potential therapeutic options may have to be tailored to individual patient tumours rather

than based traditionally on histological typing and stage.
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CHAPTER 6 — DISCUSSION

6.1 Summary of findings

The original hypothesis for this study was that p53 and MDM2 up-regulation in RCC
predicates poor prognosis. Since this idea is based upon only one clinical study and
some in vitro data we therefore set out to investigate this question in a.local cohort of
patients and if confirmed, to perform in vitro studies to investigate this at the cell and

molecular level. The list below summarises the findings:

1) In the first instance this study has confirmed that p53 and MDM?2 are up-regulated in
a subset of RCCs. Interestingly, there is a highly significant correlation between RCC

tumours that express pS3 and MDM2

2) It has been demonstrated that patients with tumours that express both p53 and MDM2

have a poorer prognosis compared to those tumours that do not express both p53 and

MDM?2.

3) The mechanisms underlying the observed up-regulation of p53 and MDM2 in RCC
were investigated. The up-regulation of p53 and MDM2 is not due to a complete failure
of proteasome-mediated degradation, since inhibition of proteasomal function in RCC
cell lines in culture leads to an appropriate increase in p53 and MDM?2 levels in the
majority of cases. Similarly inhibition of the HSP90 chaperone complex with GA, leads

to a transient reduction in steady state levels of wild type and mutant p53 and MDM2, in
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certain RCC cell lines. The HSP90 chaperone complex may therefore have a role in the

up-regulation of p53 and MDM?2 in RCC

4) In an attempt to understand the role MDM2 up-regulation may play in the poor
prognosis seen in RCC that express it in high levels, the UOK-117 RCC was
manipulated in a series of experiments in order to generate clones that express high
levels of MDM2, It was not possible to generate these clones. Further work is needed to
understand the physiological reasons why these cells are will not tolerate high MDM2

levels.

6.2 General discussion

In order for further progress to be made into treating renal cell carcinoma, it 1s desirable
to understand the molecular mechanisms predisposing to poor prognosis and why some
patients with tumours of small size and therefore lower stage, still develop metastases
despite apparent complete surgical excision? It seems likely that such tumours must
have acquired metastatic capability at a very early stage in their development, before
surgical treatment. Clearly this is not the case for all RCC tumours, so one must
conclude that either the time at which tumours develop metastatic potential is variable
(dependent on when specific mutations in key regulatory pathways occur) or, and this
seems less likely, there are other unknown patient factors (for example host/tumour
immune system interaction) which exist to suppress metastases until the tumour is
mutated in further ways to promote metastases. Some patients may lack this putative

“patient factor” and could be more susceptible to metastases from lower stage tumours.
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As detailed in section (1.1.4.2.1) the VHL molecule and its associated pathways are
known to play an important role in RCC. Despite the use of new molecular therapies
inhibiting VHL downstream targets e.g. kinases, patients with metastatic RCC are still
not cured. This fact supports the need for further research into other oncological
molecular pathways in RCC for additional potential therapeutic possibilities. Our study
was designed to evaluate what role the p53/MDM2 pathway played in RCC. The
p53/MDM2 pathway was chosen as it has oncological importance in other malignancies
(see section 1.2), observations that p53 expression in RCC may be prognostically useful
(see section 1.4.1) and the paper by Haitel et al°® which had evaluated RCC tumours
expressing both p53 and MDM2 and found this to confer a poorer prognosis. p53
positive staining occurred in 15.6% of the RCC specimens evaluated in our cohort
(Haitel et al’® reported 36%) , which is slightly lower than the majority of published
large series looking at p53 staining in RCC (see section & Table ). However, our
cohort of patients all had low stage disease (T1 — T3) since only specimens taken when
surgery with curative intent was performed were included. Thus, no samples were
analysed from tumours in which metastases were present at the time of nephrectomy.
Based purely on those studies summarised in section (3), it could be hypothesised that

P53 positivity is higher in tumours from patients with metastatic disease.

The MDM2 positive staining tumours represented 26.7% of the samples analysed
(18.6% of samples were MDM2 positive in the Haitel paper’®). There was a highly

statistically significant correlation between RCC specimens that expressed p53 and
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MDM2. This correlation was also reported by Haitel’® and Moch'® suggesting a subset

of RCCs can be defined by this [HC description.

The RCC specimens that expressed both p53 and MDM2 came from patients with a
statistically significant poorer disease specific survival than those that did not express
both these proteins. In fact in our analysis patients with tumours that were p53 and
MDM?2 positive were 3 times more likely to die compared to the rest of the cohort.
Haitel et al’® also showed patients with tumours that were “dual p53 and MDM2
positive”, were associated with poorer prognosis on multivariate analyses. In another
HC study of only 50 patients, Moch et al'® did not find p53 and MDM2 positive

staining RCC tumours to be associated with poorer patient prognosis.

The major drawback of studies (including that described in this thesis) evaluating p53
immunohistochemical expression arises from uncertainty in interpreting what is meant
by negative or normal p53 staining. For example tumours expressing low or normal p53
levels cannot be differentiated from tumours that may have deleted p53 or be possibly
inhibiting normal p53 expression by a hitherto unknown mechanism. Tumours with
deleted or inhibited p53 function could also result in poorer patient prognosis'®® but will
not be differentiated from “normal” p53 expressing RCC. As with most
immunohistochemical analysis of protein expression only the finding of high, low or
absent expression can be cliniéally correlated. It is impossible to infer the protein’s
function or structure unless specific antibodies are used that target mutated p53 or

downstream targets of functional p53 for example.
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Having confirmed that p53 and MDM2 expression occurs in a subset of RCC tumours, it
was important to try and understand the consequence of up-regulation of these proteins
in RCC. Previous attempts (From HW and the Boyd laboratory) to “manipulate *
(through cloning) RCC cell lines with low steady state levels of p53 and MDM2
expression (e.g. UOK 117) into clones that stably express high p53 and MDM2 were not
successful. The reasons for this failure may be because RCC cells require some
permissive mutational event to occur (during disease progression) in order to acquire co-
up-regulated p53 and MDM2, this event is not trivial and is absent when cells are forced
to express p53 and MDM2 through cloning. Nevertheless, we found to our surprise that
even though the UOK- 117 RCC cell line displays low levels of p53 and MDM2 and
could not be made to stably express high levels of MDM2, when these cells were re-
cloned , we obtained stable cell clones that spontaneously acquired up-regulated p53 and
MDM2 (no MDM2 was transfected - please refer to section 4.xx). In order to try and
discover what changes had taken place to allow this up-regulation of p53 and MDM2,
seen in these two types of clones - the changes in gene expression between “parental”
UOK — 117 and in the newly generated 117 clones that were “permissive” to the
generation of high MDM2 stably expressing clones were to be investigated.
Comparisons in gene expression between the three cell lines may reveal candidate genes
responsible for allowing stable high MDM2 expression. If each of the three cell lines
was manipulated to first express high levels of MDM2 and then undergo gene
expression analysis — consequences of high MDM2 expression could also be evaluated
by analysing changes in gene expression. It was hoped, as a result of this investigation

that genes may be identified that, upon further research, could explain either the
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consequences of high MDM2 expression or the mechanisms allowing RCC cell lines to
acquire the poor prognostic features of high pS3 and MDM2 up-regulation. For this
experiment, a reproducible method of manipulating the experimental 117 cell lines to
express high MDM2 had to be discovered. The cells only had to express high MDM2
levels transiently for the gene expression analysis experiment. Stable expression of
MDM?2 in these cells has not been possible therefore transient transfection was
employed. RCC cell lines are notoriously hard to transfect to the same efficiency as
other cancer cell lines. Unfortunately despite trying different commercially available
methods of transient transfection, a reliable means of achieving high level transfection
efficiency, could not be found. A new strategy for obtaining transient high MDM?2
expression was therefore required. Clones could not be made that would stably express
high MDM2 levels - however it may be possible to generate clones that will inducibly
express high MDM?2 levels. The commercially available Tet-on inducible expression
system from ClonTech™ was employed with the substitution of a modified rtTA
plasmid which encodes a mutated form of the reverse transcriptional transactivator that
is more sensitive to doxyxcycline, more stable and displays a lower background
expression of the gene of interest (kindly supplied by, P Welman of the Paterson
Institute, Manchester (see section 4.3.1 for explanation). To generate clones using this
system which would inducibly express MDM2, two rounds of cell cloning are required.
The first stage involves generating clones expressing the doxycycline responsive
element “modified rtTA”. This process was successfully carried out for each of the three
experimental cell lines (determined functionally using a transient assay to show that

doxycycline treatment did indeed lead to rtTA activation of a pTight reporter construct).
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The second round of cloning involved generating clones that had incorporated the pTre-
Tight-MDM2 plasmid. The pTre-Tight-MDM2 plasmid does not contain an antibiotic
resistance sequence. Instead a linear antibiotic resistance marker is co-transfected with
pTre-Tight-MDM2 to allow clonal selection to take place when cells are cultured in an
antibiotic treated medium. The derived 117 clones were already resistant to Hygromycin
and G418 — therefore the only other available linear antibiotic marker produced from the
manufacturer (Clontech™) that could be used on the cell lines of interest was
puromycin. Unfortunately no puromycin selection marker could be obtained from
ClonTech™ due to a manufacturing problem. Due to time constraints rather than waiting
for the marker to become available or attempting to clone a puromycin resistance
sequence into the pTre-Tight-MDM?2 plasmid the experiment was modified. The
parental UOK-117 cell line could still undergo the second round cloning to become
MDM?2 inducible because unlike the other two 117 derived clones, it was not resistant to
Hygromycin (from previous cloning) and a linear Hygromycin selection marker was
available from ClonTech™., Therefore comparison between gene expression profiling in
the UOK-117 cell line upon induction of MDM2 would be undertaken, if an inducible
MDM?2 expressing 117 clone could be made. A pTre-Tight-RING (inducible
MDM2RFM) plasmid had been cloned previously. The opportunity was taken to attempt
to generate 117 clones that would also inducibly express MDM2RFM. It was hoped
that by comparing gene expression before and after induction of high MDM2 levels in
the 117 cell line - a subset of genes would be identified, some of which would be a
consequence of MDM2 expression. When 117 cells were made to express high levels of

MDM2RFM another set of genes would be identified. By comparing this set of genes
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with those upon unmutated MDM2 expression it may be easier to identify those genes
expressed as a consequence of MDM2 and perhaps identify genes that require the

ubiquitin ligase function of MDM2 (absent in the ring finger mutant).

Stably expressing inducible ring finger mutant MDM2 clones were successfully
generated, the “normal” MDM?2 inducible counterparts were not. Why this is occurred is
not clear but there are two possible explanations; firstly there were simply not enough
candidate colonies selected for testing. It is possible that if a greater number of colonies
were selected a MDM2 inducible clone may have been identified. The second
explanation may be that even under “pTight” control, enough additional MDM?2 is still
constitutively expressed and this results in cell death (from an unproven mechanism
(likely to depend upon the ubiquitin ligase activity of MDM2) and prevents stable
colonies from being generated. This is in keeping with HW’s original finding that 117
cells could not be made to stably express MDM?2. Were it possible to have used the
MDM2 tolerant 117 derived clones, some positive clones may have been generated. This
intriguingly leads back to one of the original questions as to why some RCC can tolerate

and express such high MDM2 levels.

Our hypothesis is that p53 and MDM?2 expression is associated with poor prognosis in
RCC and therefore how this event occurs was also investigated. Experiments were
carried out in RCC cell lines to try and explain how some RCC cell lines in culture
demonstrate high steady state levels of p53 and MDM2 expression (see section 1.5), the

hope being the same mechanism applies to RCC cell lines in culture to that occurring in

183



RCC tumours. Previous work in the Boyd laboratory has shown that high steady state
levels of p53 and MDM2 are not explained by p53 mutation or by amplification of the
MDM?2 gene which has been identified as a cause of high MDM2 expression in other
types of tumours’>. One possible explanation for the observed high levels of p53 and
MDM2 seen in some RCC cell lines is that in these cell lines both proteins are not
undergoing “normal” degradation by the proteasome. RCC cell lines were treated with a
proteasome inhibitor if p53 and MDM2 were not undergoing proteasomal degradation, it
would be expected that their steady state levels would be unchanged. As demonstrated
in chapter 5 (section 5.2.1) the majority of cell lines exhibited an increase in expressed
levels of p53 and MDM2 after proteasome inhibition, indicating that p53 and MDM2 are
degraded by the proteasome. Therefore another explanation for high levels of p53 and

MDM2 steady state levels was needed.

It was hypothesised that the HSP90 chaperone complex was responsible for the high
steady state levels of p53 and MDM2. HSP90 has been shown to have a mutated p53 as
a client protein (please refer to section 1.7.3) for an overview of HSP90 function. Could
HSP90 interaction with p53 and MDM?2 result prevent degradation of these proteins and
lead to higher steady state levels? To test this hypothesis the HSP90 chaperone was
inhibited in a series of experiments and changes in p53 and MDM2 steady state levels
were observed. Inhibition of HSP90 by geldanamycin resulted in cell-line dependent
effects on p53 and MDM2 steady state levels. A number of cell lines showed a transient
reduction in p53 and MDM2 steady state levels and this effect was seen in both wild

type and mutated p53 lines. From these experiments it is not possible to say whether the
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changes seen in p53 steady state levels are due directly to the effects of “chaperoning”
by HSP90 or indirectly from other (unknown) HSP90 client protein interactions with
p53/MDM2 after inhibition of HSP90 Further experimentation is needed to establish the
exact mechanisms of the effect seen on p53 and MDM2 when HSP90 is inhibited.
Despite our ignorance of the exact mechanisms responsible to the reductions in p53 and
MDM?2 levels upon HSP9Q inhibition, it may still be of clinical interest if it can be
shown that restoring normal p53 levels in RCC cells is therapeutic. HSP90 is known to
chaperone other proteins important in oncogenesis, therefore inhibiting its action in RCC
may have other beneficial anti-cancer effects and HSP90 should be further researched.

One observation from this thesis and from that of my predecessor (HW) is the
heterogeneity of RCC cell lines in culture. Cell lines not only look very different when
viewed under the microscope but show marked variations in expression of proteins
(MDM2 and p53) and respond in different ways to HSP90 and 26S proteasome
inhibition although the cell lines were established from the same histological types of
RCC (ccRCC in most cases). When one considers that clinically RCC tumours are
grouped on histological type (e.g. ccRCC, chromophobe etc) alone, it is obvious that this
may be an oversimplification as it does not inform us as to what is happening at the
molecular level. This may have important clinical implications as we do not know all the
molecular changes that are important in responding to currently available systemic
treatments. As a result of this we may be exposing patients to the side effects of systemic
therapy when they are unlikely to achieve a survival benefit, because they do not have
the necessary molecular “signature” for them to respond. In the UK healthcare system,

where access to these drugs is limited, it is desirable for economic reasons to target
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appropriate patients. There might be real benefits for using targeted therapies even if the
target population is small, providing we can identify it with some confidence. What is
needed, as is often the case in medicine, is for a prospective clinical trial to “molecularly
characterise” tumours and follow these patients up to investigate if certain molecular
traits do predict altered outcome and response to systemic treatment. It is hoped that any

such trial would include p53 and MDM2.

6.3 Clinical implications

6.3.1 Inhibiting HSP90

HSP90 is known to have a number of client proteins, thought to be important in
promoting malignancy (see section 1.7.1). The findings presented in this thesis, that
HSP90 inhibition can lead to a decrease in p53 and MDM2 levels, may have potential
for clinical benefit. Ronnen et al'® found no clinical effect in treating 20 RCC patients
using 17-AAG (an analogue of GA); this is the only published study evaluating HSP90
in RCC, but these authors did not examine the pS3/MDM?2 status of the patients. Our
findings would suggest that the effects of HSP90 inhibition might be specific to certain
tumours. Grouping patients by the molecular characterisation of their tumours (e.g.
identifying tumours that expressing high levels of p53/MDM2 or HSP90), may allow

better identification of therapeutic drug benefit in clinical trials.
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6.3.2 MDM?2 and p53 in RCC prognostication

At least 10% of patients undergoing nephrectomy for apparently localised RCC will
unfortunately develop metastases during their follow up'”’. The results of the data
presented in this thesis suggest that patients with tumours staining positive for p53 and
MDM?2 may be at higher risk of death from metastatic RCC. Immunostaining
nephrectomy specimens for these markers may help target high risk tumour patients

suitable for adjuvant treatment.

6.4 Conclusions

The results of this study demonstrate that:-

1) Nephrectomy specimens with positive immunohistochemical staining for both
p53 and MDM2 — identify a sub group of patients with poor prognosts. This is
independent of other clinical factors such as tumour stage. There is an extremely
high association of tumours staining for both p53 and MDM2.

2) RCC cell lines in culture differ in response to treatment with substances that
inhibit the 26S proteasome and the HSP90 chaperone. Some RCC cell lines
appear to have wild type p53 that is chaperoned by HSP90, this is a new
observation and may be of clinical implication.

In addition, we have also attempted to investigate the consequences of MDM2

expression in RCC cells and to this end have generated cells that could potentially be

used to generate inducible MDM2 expressing cells. However an initial attempt at
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this latter was unsuccessful and thus further work will be required to determine

whether this can be accomplished.

6.5 Future research

A larger, prospective and appropriately powered study to evaluate whether
immunohistochemical staining for p53 and MDM2 does predict poor prognosis post
nephrectomy would be valuable. This study would need to be designed with a clear
definition for what constitutes p53 and MDM2 positivity with validated intraobserver
reliability. If p53 and MDM2 are confirmed to provide prognostic information for
patients, then this “marker” should be evaluated alongside existing RCC prognostic
nomograms to determine if this description adds further prognostic information. It is
important to demonstrate that the poor prognosis seen in patients with tumours that
express p53 and MDM2 is a direct effect of these proteins. It is possible that high p53
and MDM2 expression in RCC is a consequence of some other molecular pathway
change that is responsible for poor prognosis. This is obviously important if a molecular

therapy is to be developed for patients with tumours expressing p53 and MDM2.

If an inducible MDM?2 expressing UOK-117 cell line clone can be generated and also in
the MDM2 tolerant clones, then a gene expression profiling experiment could be
performed (as originally intended at the beginning of this study) that may detect changes
in gene expression when MDM?2 is expressed. Specific genes or pathways may be

identified that can explain how tolerance to MDM2 can arise. Experiments could be
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performed to see if the acquisition of high MDM2 expression conferred a tumour
advantage such as invasion or motility. The acquired high MDM2 UOK - 117 clones
would be suitable for such an experiment with low MDM?2 expressing parental cell line

acting as a control.

HSP90 should be further researched in the setting of RCC. It would be desirable to
confirm if p53 and MDM2 are HSp90 client proteins. Existing or novel drugs targeting

HSP90 may be able to restore normal levels of p53 and MDM2 which may be of

therapeutic potential.
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APPENDIX -1 - ADDITIONAL DATA

Detailed in this appendix are a number of additional experiments the results of which

have been summarised but not displayed in results chapter 4.

Al.1l Results

Al.1.1 Optimisation of in situ (3 —gal assay for the 117 cell line

To determine the efficiency of transfection of a variety of measurements or assays are
available. A basic and reproducible method is the in-situ P-galactosidase ($-gal) assay.
In this method a recombinant DNA plasmid containing the gene for bacterial f-gal, is
transfected into the cells. Expression of B-gal can be detected histochemically through
hydrolysis of X-Gal (5-bromo-4-chloro-3-indoyl-B-D-galactopyranoside), which yields a
blue precipitate. A comparison was made between the stained cells and unstained cells,
and transfection efficiency was calculated as a percentage of stained /total cells. The
amount of B-gal plasmid transfected and the affect on transfection efficiency was
evaluated in the H1299 cell line using an in situ B-gal assay. H1299 cells were used as
these can be readily transfected. GenelJuice™ (a liposomal transfection reagent) was
used as the transfection reagent again due to prior experience within our laboratory. The
experiment was designed to calculate the optimum weight of ppgal DNA plasmid to be
used for the in situ B-gal assay. Four conditions were tested; 2.5ug of ppgal, 2.5ug of

pPBgal and 7.5 ug of the empty backbone plasmid pCEP4, 5pg of ppgal and 5pg of ppgal
207






A1.1.2 Transfection efficiency of the 117 cells and 117 derived clones using

GeneJuice™

Using the optimized B-gal assay, the transfection efficiency in the 117 cell lines (117,
pCEP3 and ANp53) was assessed, using GeneJuice™ (Novagen). The Cell lines were
transfected with pp-Gal (Sug) and pCEP4 (5ug) using GeneJuice™ transfection reagent.
Figure A1.1.2 shows the results of the assay at a low and high power magnification. The
117 parent cell line had a superior transfection efficiency compared to the two derived
clones. This may be in part due to the fact that the clones were the results of previous
transfections, (see section 1.6). This may render the cells more resistant to further
transfection. This hypothesis was not further tested. All cell lines had transfection

efficiency less than 10%.
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A1.1.3 Comparison of transfection efficiency in 117 cells using Genejuice™ and

FuGENE HD™ transfection reagents

A new non-liposomal transfection reagent, FuGENE HD™ (Roche), had recently
become commercially available. Using the previously described amount of DNA
plasmids, transfection efficiency using Genejuice™ was compared to FuGENE HD™ in
the 117 cell line only. Comparison was made using transfection reagent volume (ul) to
DNA weight (ug) ratios of 3:1 and 6:1 to investigate if differing ratios also altered the
transfection efficiency. Transfection efficiency was estimated using, in situ B-gal assay,
western blotting and B-gal enzyme assay. The B-gal enzyme assay used a non-biological
substrate for the enzyme, Ortho-nitrophenyl--galactoside (ONPG). In the presence of B-
gal, ONPG was converted to galactose and Ortho-nitrophenyl (ONP). ONP is colourless
at neutral or acid pH, but in an alkaline solution it is bright yellow. The amount of colour
change was measured in a spectrophotometer, results were referenced to a non-
transfected 117 control. It was hoped that the B-gal enzyme assay would be more
quantitative than the in situ -gal assay. The results are displayed in Figure A1.1.3.

These three experiments clearly show that FuGENE HD™ at a transfection reagent
volume (pl) to DNA weight (j1g) ratio of 3:1, is the optimum transfection condition. The
transfection efficiency was approximately 30 — 40% with FuGENE HD™. This was also
reflected in the western blot and the enzyme assay. FuGENE HD™ was so dramatically
superior to GeneJuice™ that further optimisation focused on FaGENE HD™., Although

quantitative the B-gal enzyme assay did not add sufficiently to the in situ $-gal assay to
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(5pg) using the Lipofectamine transfection reagent, at transfection reagent volume (ul)
to DNA weight (ug) ratios indicated in the Figure. Cells were incubated for 24 hours at
37°C before performing the in situ B-gal assay. A representative photograph was taken at
50x magnifications. The highest transfection efficiency is seen in cells transfected using

Lipofectamine 2000™ at a reagent volume (pl) to DNA weight (pg) ratio of 5:1.

Al.1.6 Transfection efficiency of 117 cells using Magnetofection™ - Polymag

Another transient transfection system was evaluated. This method associated DNA with
magnetic nanoparticles coated with cationic molecules. The resulting molecular
complexes were then transported into cells supported by an appropriate magnetic field.
The magnetofection™ system, exploited magnetip forces exerted upon gene plasmid
towards, possibly even into, the target cells. In theory, the complete applied plasmid
dose gets concentrated onto the cells within a few minutes. This experiment was
conducted in six well plates, pp-Gal (2ng) was transfected. Six different ratios of reagent
volume (ul) to DNA weight (ug) ratio were assessed (1:0.5, 1:1, 1:2, 1:3, 1:4, & 1:5)
using an in situ B-gal assay. Of the six conditions evaluated, only the 1:1 ratio (Figure

A2.2.6), showed any evidence of transfection. This method was therefore discounted.
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A1.1.7 Determination of G418 concentration for 1* round clonal selection of 117 and

derivived clones — G418 response assay

G418 is an aminoglycoside antibiotic that selects for mammalian cells expressing

neomycin phosphotransferase, from the neo gene (contained within the pN1ppactin-

rtTA2S-M2-IRES-EGFP vector). As can be seen from table A1.1.7, 800 ug/ml causes

cell death in all three cell lines after 5 days. This dose of G418 would be used for clonal

selection.
Cell Line 117 pCep 3 ANpS3

Day 0134|5603 |4]5]6[0]3|4]5]6
Dosage (ug/ml) [ 15175 [ 7575175120 |75 | 75757512075 75]75]75
0 IS5175 (75175175120 75|75 75| 75{20|75|75|75]75

50 15 (7517575175120 | 757575 |75|20}75175 75|75

100 15 |75 75|75 75120 |75 |75 75752017575 |75|75
200 15145145 (45[30120 4514545130 ]20|45]45[45]|30

400 15145145130 |D (20}145}45(30|D [20]45|45|30|D

800 15/45[30|D |[D [20]|45|30|D |D [20]45|30}D |{D

Table Al1.1.7 G418 response assay. Numbers refer to an estimation of the percentage of

the area of the tissue culture dish occupied with viable cells. D = no viable cells visible.
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APPENDIX 2 — PRESENTATIONS AND PUBLICATIONS

A2.1 Summary of presentations and publications

A2.1.1 British Association of Urological Surgeons Annual Meeting June 2008

MDM?2 and p53 coexpression is associated with poor prognosis in renal cell carcinoma
in patients undergoing radical nephrectomy. Podium presentation

Noon AP, Warburton HE, Shawki H, Campbell F, Parsons K & Boyd MT

Abstract published in British Journal of Urology International, June 2008, Vol 101,

Supplement 5, page 2.

A2.1.2 National Cancer Research Institute Conference October 2007

Investigating the consequences of high MDM2 expression in renal cell carcinoma using

an inducible gene expression system. Poster presentation

1
Aidan Paul Noon, H Warburton, K Parsons, M T Boyd

A2.1.3 Review Paper

p53 and MDM2 in renal cell carcinoma: biomarkers for disease progression and future
therapeutic targets? Noon AP, Vlatkovi¢ N, Polafiski R, Maguire M, Shawki H, Parsons
K, Boyd MT. Cancer. 2010 Feb 15;116(4):780-90.

A2.1.4 Published Paper

Combined p53 & MDM2 biomarker analysis demonstrates a unique pattern of

expression associated with poor prognosis in renal cell carcinoma patients undergoing
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radical nephrectomy Noon AP, Polanski R, El-Fert AY, et al. BJU Int 2011 (article in
press accepted April 2011).

A2.2 Abstracts and Posters

A2.2.1 British Association of Urological Surgeons Annual Meeting June 2008

MDM2 and pS3 coexpression is associated with poor prognosis in renal cell
carcinoma patients undergoing radical nephrectomy.
Noon AP, Warburton HE, Shawki H, Campbell F, Parsons K & Boyd MT

Introduction:

Compromise of the p53 tumour suppressor pathway has been shown to be an important
event in the progression of a number of human cancers. Studies have shown that renal
cell carcinomas (RCC) with high expression of p53 have a poorer prognosis. RCC’s that
over express p53 retain its normal wild type function. We wanted to investigate the role
of the p53 counter-regulatory protein and oncogene MDM?2 in patients with RCC.

Materials and Methods:

A recently created tissue microarray of 91 RCC nephrectomy samples was used to detect
the presence of p53 and MDM2 expression by immunohistochemical analysis. A scoring
system was devised and two consultant histopathologists independently scored the
tumour samples for p53 and MDM?2 staining.

Results:

Analysis of 91 patient samples revealed that p53 was expressed in 14 (15.4%) and
MDM2 was expressed in 24 (26.4%). 11 tumours (12%) expressed both MDM2 and p53
and this association was highly significant p<0.0005. Five year analysis of patients with
tumours that coexpressed pS3 and MDM2 showed a significant decreased disease
specific survival (p<0.05).

Conclusion:

Our results show an intriguing phenotype whereby two normally counter-regulatory
proteins are both over expressed in poor prognosis RCC.
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A2.2.2 National Cancer Research Institute Conference 2007

Investigating the consequences of high MDM2 expression in renal cell carcinoma
using an inducible gene expression system

1 2 1
AP Noon', H Warburton , K Parsons », M T Boyd

1
Division of Surgery and Oncology, University of Liverpool, Liverpool, UK;

2
Department of Urology, Royal Liverpool and Broadgreen University Hospital,
Liverpool, UK

High level co-expression of MDM2 and p53 occur in renal cell carcinomas (RCC) with
the poorest prognosis. To study the consequences of MDM2 expression in renal cells we
attempted to generate stable MDM2 expressing RCC cells. RCC cell lines frequently
display high levels of MDM2 but our studies suggested that specific cellular events are
required to permit increased MDM2 expression. Since a strong link (P<0.0004) between
p33 expression and MDM?2 up-regulation has been observed in RCC, we hypothesised
that introducing a dominant negative mutant of p53 (R175H) might render cells
susceptible to MDM2 expression. Stable clones that expressed MDM2 were indeed
generated, but we also observed that some clones in which only empty vector had been
transfected also spontaneously acquired increased p53 and/or MDM2. These
observations suggest that events other than alterations in p53 function can permit
increased MDM?2 expression. We have created sub-clones of the parental cell line that
are tolerant to MDM2 expression and we propose to use these to define events that
contribute to tolerance to MDM2 expression in renal cells. We have generated cells in
which we can inducibly express MDM2, that are then analysed by performing gene
expression profiling using DNA microarrays. Our goal is to identify clusters of genes
whose expression is altered upon MDM2 expression and which differ in permissive and
non-permissive cells. Identifying such genes may provide important information
regarding events that contribute to MDM2 oncogenicity and through this to tumour
progression in RCC.
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The p53 and MDM2 Pathway
In 509 of human cancess, p33 is muned, and it has
breome 1 of the mox smudied moleculss in seience® The
p53 protein accumulates at dmes of cdlular or genocoxic
siress, when it funarions primardy as a tanscriprion fascar
to pramore el epdearceseand DNA mepair, to initisce and
nuintin a senescent phenorype, arto promote apoprosis it
the normal cellubir conditiens are not restored (Fig. 1),
"This latter function helps prevent conditions arising within
the cdl that can lead to the esablishment of murations with
the consaquent inareased sk of malignane disease, The im-
pomance of the nimor suppresor fanction of p53 also is
highlighwed by the high frequency of mmars char eceur in
individuals with a monoallelic germline muaition of p33,
a5 ohserved in padenswith 1i-Fraumeni syndrome,

The pacenrially lethal activicies of p53 are regulated
by the proto-oncagenc Mdm2 (mutine double minute 2)
ar MIDDM2 in humans. Transgenic mice that are Mdm2
null display early embryonie lechality and die ac around
Day 5 ar 6 of embryopgenesis. This lechality ean he vescued
by conmmirant deletion of the pS3 gene,” thus demon-
steacing thar loss of Mdm2 is lechal because of the lethal
offeees of unregulated p33. Then, as levels of p33 rise,
manscription of MIDM2 is induced; thus p53 and MDM2
exist in an awsorcgulatory feedback loop.® Binding of
Mdm2 w p53 and can block p53 manscriprional acriviy
hy preventing, ic from interaaing with the manscriprional
muchinary.® MDM2 also causes p§3 degradarion by mr-
geting ie for desteuerion by the 268 proveaseme. The latter
dfece is caused by the ability of MIDM2 to ace asan E3
ubiquitin Higase with spacifidty for p33 (among odser tar-
gem)." MDM2 also ain targer fself for ubiquitylirion
and, thus, can regulate is own smbility, although how

these comperng activities {ubiquityladon wich cmncomi-
aant degradadon of p53 andfor MIPM2) are regulared
remains undear.'? Thus, increwed tevels of MDM2 an
lead m a reduceion in pS3 levels as a resule of this ubiqui-
tin ligase acdviey, which, in muirn, results in decreased p53-
dependent MIDM2 weansceipeion, restoring the narmal
ccdlular smnus quo.

Wich respect to cancer, MDM2 over expresion has
hzen assaciared with incresed merastasis and advanced
disease in several cancers, induding hreast carcinoma, ' It
is nowworthy thar the ancogenic dieers of MDM2 are
not caused simply by the inhibition of p33 funcdon,
beeause they ofien are detectable in mimors that harbor
P33 mumtions,” as indicared by further evidence pro-
vided Fram in vivo studies.™ How MIM2 clicits p53-in-
dependant ancogenic d¥ects is unclear, although Yang e
al’ demonstrared thar MDIM2 expression fed 1o a
decreass in B-cadherin levels and asuhsequent inereaw in
cdl maxilicy in braast carcinama Thase authors also dem-
onseraced dhae high expresdan of MEXM2 with low E-cad-
herin expression was mare froquens in merarade tumor
samples.

The halance beoween MDM?2 and p53 is modufared
in several ways, depending on che nanise of cellubar sress,
Tor example, in response to lonizing radiation, p53 is
phospharylared by the amxda rlangiectasin mumted
(ATM)  kinase, which inhibis MDM2  binding'%
whereas, after exprsure to ultravioler radiadon, p53 is
madified by the related ATM and Rad3-relaced (ATR) ki-
nase.” The complex inrerplay berween p53 and MDDM2
presumably has evalved m ensure dhar edls are able e
respond rapidly and appropriacly toa wide range of gen-
otaxic saessss. One consequence of this sophisdcation in
the regpuladon of p53 is thar it can lead to unreliable con-
clusions when attempting ro determine pS3 stams from
simplz asays such as immunohistochemial (IHC)
analyses, 1617

Inadditen to the vadable outcomes inditced by p53
in response o different types or amounts of stresfdam-
age, there is also a high degree of spatial (e, dssue) vari-
ability in response to genotoxic stress, far example, within
an organism (for review, seeSlez o al™). Studies of rrans-
genle mice exposed to tonizing radiation have revealed
broadly 3 classes of p53 response'™ In the firse class of eis-
sues, pI3 is up-regulaced and clicits a dramatic apoproric
response, a5 typified by tissues like the small intesdine,
spleen, and thymus. In the sccond dass of dssues, which
includes the kidney, p53 is up-regulared, but litde or no
apoprare responss is dereaed, Inthe third elass of rissues,
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there is lide ar no apparent induction of p33. Thac ae
alw clear differences within tissues. Bven when p53 is
activated, cellular responses are determined by boch
dssue-spedfic and cell-intrinsic famars, which may vary
aceording to the status of the individuat cell. ¢

Therefore, in cthe kidney, it appears thar chere al-
ready may he facears at work that compromise she abilicy
of p33 o acrivate an apoprotic response to genpmxic
stress. " This suggests that p33 tumar suppression may
bz less effecrive in the kidney than in some ather tissues,
and the reason far this renains 2 major, unanswered ques-
don. Morcover, the idearification of such a disare-specific
mechanism mighe provide an opportunity for therapeude
“reactivation” of P53 in thes cdls, Nevertheless, sudics
in vitro have questioned rhis incerprenrion, demanstrae
inp, that $53 is normally functional in renal cancer cdls
and is regulated by MIDM2 in 2 manner chat is cypical of
cells from ather cisares, Gndings thar require further
im'csxigarinn.::‘ﬁ

The majority of studics of p53 and MIDM2 in clini-
al material from renal ancers have heen based anIHC of
these proteins, This approach is rechnielly simple but is
not quantitaive and relies on the ohservatdon thar munne
153 often is prosent athigher levds in aells than the wild-
wpe prmein.m"? The smndard explanadon for this gena-
tpefphenatype correlaion is that mun p33 lacks the
capacity to up-regulare MDM2; thus an imbalance in
p33/MIDM2 homeasesis develops and leads m excess
p53. In a smdy of the we of IFIC to interropate p53 st~
rus, Nenutler al'® observed charcombining highly sznsi-
tdve THC for p53 (with the ability to detoct low lovds of
wild-rype expression and, thus, distinguish chis from an
absence of expresdan) with HIC for downstram markers
(MDM2 and p21[CDKN 1A increased the reliabilicy of
predicting p53 status. In that study, high levels of p53
almost always were indicative of p53 mumtion when
MDM?2 expression was low, thus according with dhe
standard modd for mutant p53 up-reguladon. This isnot
the aise in renal cancer, asderailed below.

p53 and MDM2 in Renal Cell Carcinoma
Relatively linle is known with cortainty about the sraws
and role of p53 ar MDM2 in RCC, in sriking conrrast o
sorne other, albeit more common cancers. Ta date, acleast
31 studics have investigated the expresdon of p53 in RCC
{Table 1),

M of these studies used HC smining of formalin-
fixed, pamfﬁn-emhnrldul nmaor s.lmplcs, ‘When they
were  available, she percenmpes of samples from
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CCRCC, the range of disease stages, and the number of
merasmsic samples are indicad. Al samples contined
a mixture of high-grade and low-grade tumors, Several
different andhodies were used, althaugh the majoricy of
studies used the p33 DO-7 manoclonal andhody.
When avalable, the criterion for dichatomizing p53
smining has heen indicated. Aconrding to publishad
dara (excluding ardeles by Klame e o™ and Kim
ot al,™ in which no details of P53 status were pravided),
2519 wmors were sminal for pS3, and 618 tumars
were deemed pasitive for p53 for p53-positive Froquency
of 245%: however the heterogensity of the simples
must he mken into consideradon (see bdow). Variahiliny

eoween studies may he aweibured in pare to the Iack of a
consznsus on p53 dichnromizatan {see Murra o al™)
compoundad by differences in antibady choice and also
by processing rechniques. One snedy™ reporced the nse of
2 different p53 anvibadies, which led ta a higher overall
P53 derecion levelfexpresdon raxe of 600 (DO-7, 5196
pasitive; p53 antibady 240, 30% positive), This high-
lights the finding chacusing differenc antibadics can resule
in apparent diffcrences in p53 expression. Interpreradion
of these resuls also is hindered by variadons in the num-
hers of different histalogic subtypes of RCC tumors, ru-
mor stages, and grades and the vaciable presence of
merastasesin the sample pepulations,

Analysis of p53 expression in primary and nietastatie
samples has demonserared aninaeased froquency of smin-
ing of 51.8%5 in memstate simples versus 2296 in primary
samples.®® This suggests that pS3 expresdon may be a rel-
atively late cvent in the evolution of RCC and may he
assndared with metstade capabilides. 1F chis is correce,
thenr scems rensonable to expear that p53 expression will
he associated with a poorer propnosis regardless ofa fune-
tional ar cusal mnncction. In che rarer histolagic sub-
types of RCC. considerably more heterogenciy s
apparenry and, inzvitably, the smaller number of simples
analyzed makes interprecation more difficule,

P53 and MDM2 Expression and Prognostic
implications /n Renal Call Carcinoma

The progrostic implicatons of p53 cxpression were eval-
uated, and rhe results are summarized in Table 1. Of the
27 studies that evaluared p53 expression as a elinical our-
come predicar, 18 studics indicatad thar it predicred a
poorourcome, and 10 scudies did nar, The 10 arddes thar
did nat had a smalier sudy size (men, 62 patients per
smdy compared with 1319 parients per study in the pasi-
tive artides). The 4 largest smdies w dare, all of which
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p53 and MDM2 I Renal Cell Carcinoma/Naon et al

tsad nimor microarcays, indicared thar p53 isa prognostic
predictor. Kim et al evaluared 318 padens wich CCRCC
who had lncd and mecasaric disease (49%; ic, 155af 318
patients had metastaric disease). Those authors observed
thar p53 was an independent predicror of decreased dis
aase-spedfic survival on univariate (P2 001) and on mul-
rvariate Cox repression analysis (7 = ,014) in which the
presence of matastisis was included asa covariare.® Klatre
et al** in asimilar sudy of 170 pacients wich CCRCC,
also reported thae p$ 3 was rerained in a mulivariate Cox
regression analysis for predicting discase-free sunival. In
the study by Klatee et al, the percentage of mmars thar
smined for pS3 was evaluatad, obviating rthe need w
describe mmeors 3 dther posidve or nepative for p53
smining, Zigeuner and calleagres™ demonstrared thar
P53 was a predicror of dismse progression (menstas s-free
sitvival) on multivariate Cox regression analyss in dheir
study of 130 patients with CCRCC, Those pariznts were
followed for a madian of 26 months, and 9 of 16 patienss
with p$3-posicive tumors progresed versis 20 of 114
padents with pS3-negadve mmors (P = 0005). In
another substndal sudy, Shvares er al’? evaluarad p53
staining asa pradicrorof S-year recurcence in 193 patients
wite underwent swrpery for lecalized diserse. Those
authars also reparted that a pS3-posidve cutoff of 20%
axpression derecred by HIC was a predicror of recurrence
(hazard ratio, 3.28; P = .0108) on univariawe and mudd-
varlare Cox regression analysis. When cansidering such
studices of biomarkers of disease outcome, the possthilicy
of publicacion bias leading to the pablication of fower
ardcles thar demonsteare no disease outcome coredation
should not be neglecied. Nevercheess, the trend appzars
m be that mare recent studies with higher numbers of
patents indicare that p33 protein kvels are pragnostically
significant in RCC

P53 Mutational Analysis in Renal Celf
Carcinoma

When cxamining the significna of p53 involvement in
aincer in general and in RCCin particular, it is dear that
FHC detecdion of p53 alone cannot reliably inform us
wheher the proxin is funcrional or mutaed. > How-
ever, p53 mutational stans often has been inferced in
such smdies, bacause high-levd expression of p§3 is wsed
asa sutrogate indicator af mntatdon. This inwerprettion
certainly is not anrrect for renal cancer edls in culeure, in
which reladvely high levds of p53 protein frequently are
derected in theabsenee of p33 muradon.™ In addition, in
some 1095 to 2095 of @ses that harhor p53 muraciens,

Cancer  Month QO, 2010

tumors may harhor nonsense {(wuncatdng) murations,
which can lead ro less stable muanr proreins thar are
unlikely ro be detecied hy #1C bue thar would he inferred
to passess wild-type p33 according to typical HIC anay-
ses naralt cruncared forms of P53 are unstable althaugh
thefe eepression seill may be suppressad by nonsense-
modiated deey™. In any event, these protsins will be
expressed at low levels, and such cases would he groupad
tagether with samples char have low-level wild-ope p53
expression. Because recent studies in osher cancers, sudh
assquamous cell cancerof the head and neck.? bave indi-
cared thar delerion of p§3 define a group of padens with
thewaerst ourcome, such a grouping together of wild-ryps
with deledons/nonsense murarions will ahscure the sipnif-
icance of pS3 in progoostication. To dare, ac least 14
acrides have heen published in which the p53 mutadonal
rate was evaluated in RCC (Table 2.

In mnst of these smudics, single-strand conformation
palymaorphism (S8SCP) was ured 2¢ an inidal serecen o
derect mutations, The majority of studies analyzed the
cenmal core damain of die pene (cons 4-8 or 5-8),
because this is the most common site of p53 mucaden.”
Approximarely 15% of p53 mumrions ecur ouwside
exons 3 through §, in exons 4, 9, and 107 therefare, it is
likely that there will be some underrepordngof p53 awura-
tions in these studies. The frequency of pS3 mutatdons
repared is baeween 090 and 4496 (excluding the scudy by
Odaerat,® inwhich sircomaraid rumaors were evaluated).
For comparison, in other rumars the reported incidence
of p53 muntiens typically has been hetween 60% and
65% for lung and colon cancers beavesn 40% and 45%
for stomach, csophagel, and bladder cancers: hervieen
25% and 309 For hreast, liver, and prestate cancers and
fymphomas; and heween 108 and 1595 for leukemias
{further information available ar hopeffwvav-pSiiare frf
aceessed June 15, 2009).7 One incriguing observadon
derives from the study by Chemeris and ableagues, wha
abserved thar 0 of 29 RCC samples, all posicive for p53 by
THIC, had a p53 point muntion®® However, in anather
stud)\ Zh.mgnndcollc.\_’;ucsobscn'cd that 4495 of tumors
with p53 smining (n== 16) had a p53 point mutation. ¥ it
is pasdble thar the convamination of samples with normal
tisaue mighr lead ro reduced derection of p53 mutatons
by S8CP; ehus, variadons in the extent of this may explain
the differences brrween these 2 smdies. This conclusion is
supported indirectly by the abwnadon thar 33% of
RCC-derivad mmor edl lines harhored p33 mucations,™
Flowever, this asseron dieuld be emperad by the poss-
bilicy that che selecton of cells ro adapt m grawth in vitro
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Table 2. Studios Evaluating the p53 Mutational Rate in Renzl Celt Cacinama

Study Sample Type
Gat 208 48 Oravaiiba’s
. dowr el pupilicy
Fotaasid 199 5
Zhung 19979 16; A pS3 positve by BIC*

Cantractar 19970 A0 Qoo cd¥2D dronophobo

Dutiya 1920 40

£hizen 19935 15 Papitiury

Oy 195 14 Sooonbk!
Chunurls 199570 29; NI pSY pasiive by HIC
oy 1338 a3

Uehida 19925 as

Yructi 1234°° 118

rad 19957 53

foitar 193512 1 REC cuilinas
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Tarkgaa 199270 3
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S80P frdexios diglo-svad confamnaton peymorphen: HG, mmomtizechomity: ROC rod cal cramama.
Paziiva HEC mmits woro unad to precoct mnnles for gonatie andyfs, Mak hat pdd masten bequandy rolxz ardy to hopcecantage af mutnions dore

fod in ha senplas $at wam analyzed in $Hs omner,

may have resulted in an increased froquency of p53 mumn-
don, It is norewarthy that dara from CCRCC cell lines
nmast with dara front the seudy by Dijkhuizen et 21 in
which no p53 muntions were identifiad in 22 PRCC-
derived tumor cell lines; thus, irseems passible that differ-
ene mechanisnis ather than direa p$3 mumrion mayinac
tivate p$3 more frequendy in PRCC than in RCC and
thar these also may result in higher expression. ™™ One
ather finding of note is the high pS3 mundon rawe
seported in sarcomaroid wmors. Sarcomaraid change s
a hiszalogic Ainding assaclard with a poar pragnesis in re-
nal carcinoma in which a high p53 mutatden rate (79%:
n = 14)%% was dewsered, Norwithsunding these differen-
s herween individual seudies and RCC subgpes, it
seemslear thar, in conwast to bach other cancers and p53
prorein deteedan in RCC, p53 mutational analysis has yer
w© demonsrate prognosde ulicy,

MDM2 Expression and Prognosis in
Renal Celf Carcinoma

Four smdics have evaluared MIDM2 and irs prognosde
valuz in RCC. Toai et ol saeened 53 ROC umor sam-
ples for MDM2 amplifimstions and identified none In
anather study, THC was used, and MIM2 expression
was detecred in 2 of 112 rumor samples (206)3* When
50 consecurive T3 and T4 rumors were screened by
G, MIDM2 cxpression was identifind in 3096, but it
teportedly had no prognostc significince in rerms of

averall survivab** 1lowever, it was ehserved that 7 of §
patienss who expressed p53 also expressed MDM2, rais-
inp che passibiliny thar MIDM2 expression may be linked
1o the up-reguiation or acdvarian of p53. This idea, thar
p53 and MID?M2 expression may be linked in RCC, was
supprrted by sradstical analysis in dhar snuly 7 =
.0006). Another smdy that analyzed this question from
Halbel and colleagues™ ecamined 97 CCRCCs of all
smpges MDM2 expression was derecred in 19% of
tumors and was signifiendy more fiequent in high-
prade mmars (2 = .0149), In addition, MDM2 staining
was songly assodated with wnor progresston (P =
A0113), and p53 expresdon was deeaed in 3696 of the
samples and was corredated with decreased progresden-
free survival (P = .00291). When different pS3 and
MDM2 phenotyps were compared (Fig. 2), it was
ohserved thar patients who had mmers with both
MIDM2 exprassinn aitd pS3 expression had the shorrese
progression-free suevival (# = .00179). Pohaps mnst
intereging from a mechanistic perspeaive and inaccord-
ance with the smdy by Moch and calleagues, the authars
abservad  a highly sipnificant corrcladon  baween
MDM2 opression and pS53 cxpression (P < .00004).
These studies of MDM2 in RCC examined relativdy
sonall numhers of parients wsing differene cutoff valuss
for MDDM2 exprassion. Nevercheless, the assodarion of
P53 and MIDM2 derecred by Moch er al and Hairel eral
suigprests thae cumoe propression in RCC nuay presene a
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Figure 2 Kaplan-Meier disease-fiee survival cuaves gre shown
for patiants with muina doubls minute 2 mdm2ynegative/
PEINegative tumors (Group AY wersus patients with mdmz-
negative53-positive or man2-positive/pSi-nagative tumss
(Group B) versus patlents with mdm2-positive/ns3-pasitive
tumors {Group C; P - 00179). Reproduted with permission
from ilaltal A, Wisner HG, Basthge U, Marberger M, Susenl M.
mdm2 Expression as 3 proagnostie indicator in dear eell renal
cell carcinoma: canpa isan with pS3 overexsression end clinl-

cxgathuiogs.al paramstars, G Cancer Ros. 2000; 61840-
Baa?

dssue-specific pactern thar has nor been ohserved in
wany other aincers. For example, dhis link has not been
observed in soft dssuc sarcomas” or in bladder cneer,'®
although, in the lager, patents who had tumors that
exprassed murane p53 and incresed MDM2 had a
poorer propnosis similar o that reported for pariens
with RCC.

Regarding MDM2 in RCC, an additional norewor-
thy point is the recently deseribed single mucloaride poly-
morphism at codon 309 (SNP309 thymine/puanine [T/
G)). This polymarphism lics in the inonic promarer
region of the MDM2 gene and repartedly alrers binding
of the 8p1 transaipion factar, with the G/G variane dis-
playing incressed binding and increased transeription of
MIDM2. Iralsa has been reparted that, in RCC, differen-
ces in the SNP309 penotype laad to dxﬁcrent levels of
MDM2 expression, as derecred by IHC™ and that the

G/G SNP309 genotype is an independent predictor of
poat prognesis. Clearly, farther analysis of this polymor-
phisn is warranted.

In Vitro Studics of p53% and MDMZ2 Function

in Renal Cell Carcinoma

Several groups, induding our own, have used in viro
anzlyses to im'csrig:lrcdm funcional rdation between P53
and MIDM2 in RCC edls, We previously investigated a
parcl of RCC edl lines and concluded thar p53 is requ-
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laced by MIDM2, several of which remin reladvely high
fevels of bath wild-tpe p53 and MDM2.™ pS3 muca-
tions have bren derecred in appraxinmarely 30% of RCC-
derived dl lines, asdiscussed previeusly.™ This, together
withother smdies demonsrradng that p33 expresion isan
independent prognesticindicator. suggests thae p§3 func-
tion {or, rather, s loss or absreation) cenmibutes to
tumor avolurion in die kidney. It has been suggestad,

however, thatan alrernarive, novd, dominant mechanism
leads ro the inacrivatdon of p33 in RCC. Althaugh our
own studies and those of others have provided evidenze
thar dags net appear ta support this conclusion,”™™ gaod
reasnns renuin m continue investigaring the posibilisy.
Twao arguments for diis are immediarly apparent. Ficst,
there is evidence from soveral smidies thae pS3 is nor
mutated as frequently in RCC as ivis in many ather cn-
cers, Seamd, the smang assaciadan benween p53 oxpres-
sion antd MDM2 expression may suggest a funerdonal link
herween them, with 1 chvieus possibili: char MIDA2
expression may he deiven by wild-type p53. Ieisinwiguing
1o nnte thar in viro studics have conneceed MIDM2 vith
2 erivical ph:nnwpﬂv theability 1 promate hoth moiliy
and invasiveness’™ and the regulation of mglapenic fic-
tors, such as hypoxia-inducible factar 1 (HIF1).2% Ei-

ther ar borh of these phenorypic connections (MDM2
expression with metastasis andfor angiogencsis) may have
imparcne cansequences

Manipulating the g53 and MDM2 Pathway

Given the link beoween p33 and MDM2 expression with
paor autcome, a key question hecomes whether chis isan
assadation ara causal reladon, In theevent of the former,
sereening for pS3 andfor MDM2 becomes jusifial for
prognowic purposes and, in the future, mighe be vsad o
stratify therapy according to an individual padent's rick,
In the event of the lamer, therapies that targer the pS3/
MDM2 axis also became desirable, The basccharacrerized
drug that targess this pathway ar the preszor fime is nut-
lin-3,7% which acts hy competing with p53 for binding to
the hydrophabic eleft in MIDM2 and, thus up-regulates
wildstype p33, Other conaprually similar compounds
that prevent MDM2-p33  iInteracions have hzen
described recently duat up-repulare wild-gype p53.7¢ Alier-
natively, drugs like the HLI9S family of compounds,
which inhibir dic E3 Hgase acdvig of MDM2, may play a
role in RCC, becanse high levels of MIDM2 are linked to
tumor pragresden, However, the asociated co-aip-regula-
tion of MDM2 with p53 raises quesions reparding the
actvity of MDM2 in these eells™ with nplictions for
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the utility of MDM2 enzymatic inhibitors. Therefore. it
will be importane to dewrmine whecher dhe rale of
MIDDM2 in discase pragressian in RCC dependson itsen-
zymade actvity as an B3 ligase ar whether this relates
snme other funcion of MDM2. An alrernative swategy
waould be ro focus an the wild-typz pS3 present in these
lls, which, clearly, is nat fully active; acherwise, the edls
waould undergo a dassic antiproliferative response. Mores
aver, we have demonsceared drae dhe inteaduedan of wild-
gpe p53 tnto ROC cells dass eliciv a reponse, ar least
with respece 1o a limired ser of ourpurs.™ Thus, a paren-
Hally potent theraprut coprion would be to reacrvae the
atecady high levels of p53 in these cells. RCC is nowmri-
ausly insensitive w rraditional chemorherapeutic and
radintherapentic regimens that normally might activare
p53.7 passibly indicadng thar signaling o p53 is defec
tive in these cdls. However, p53 coexists with high loves
of MDM2, suggesdng thas there is a breakdown in the
interaction of those prowins. Foe funire identifieation of
dfective theeapy. it wonld beadvanageous roidentity the
actual mechanism that prevents p53 activity in these edls,
Nowvithseanding chis, several compounds aimed at p33
have demonstrated effeaiveness in viteo in activating pS3
in renal cancer eells. Examples include RITA (reactivacion
of p53 and induction of tumor cdl apoprosis) and deriva-
tves af %-aminpacriding (including quinaceing).™ Ir has
heen reporred thar RITA induas predominandy growth
arvest vather than an apaprotic response in A498 RCC
aells in viwo and chat 9-amineacridine and irs devivatives,
including quinacrine, indirecdy inhibic MDM2 in RCC
alls tn viero. ™ v remains unclear whether these com.
pounds specifially mrger the pathway(s) char regulares
PS3MDM2 coup-regulaton in RCC cells and, to dae,
none of these compounds or their derivarives have been
evaluared in elinical erials for RCC,

In condusion, for many years, the role of the p53
pathway in renal cineer has heen the subjecr of seemingly
conficring resules, Mowever, rocent saudies appear o be
generating a consensus, which sugpests a el link
hetween p53 exprossion and discase progression, pardcu.
larly in CCRCC, Icis norewordhy thar this pS3 pasicivicy
and link with prognesis is not corraborared by smdies of
P33 muntion indeed, there aredata sugpesting thacmuta-
don of p53 may nor he linked to ontcome or progression
in renal cancer and, thus, thar the defectin p$3 leading
is up-regulation lies elsewhere in the pathway. To aur
knowledge, only 2 studies of pS3 in RCC have evamined
both pS3 procein ecpression and p53 gens murtions, ¢
and those resules were conflicing. Given the disparicy

henveen the restiles frons studics of pS3 muration and che
mare frequent ohservadons of pS3 up-reguladon, it
appears likely thar p53 up-regulacion is not @used by
mutition in most ases of RCC. I this Anding is carrect,
then ie has impertant implicadons for understanding, the
nature of the defects in this pathvay in RCC. Par example,
the up-regulation afvild-gpe p53 is linked to the npereg-
ularion of MIDM2, and it appears probable thar this is
becanse of p53 eranseriprional acdvarion of MDM2.
Aldiough it has been smdicd less dan p53, MDM2
expressionappeacs to he linked with discaseprogresdon. It
remuains unclear why this should bz so when, dearly, it
acaues in the conrexe of high levels of p33 (e, MDM2 is
nor peeforming is nornual funcdon w degrade p53).

The expression of pS3 identifies a popularion of
paticnts with RCC whe are more likely to perform poarly.
flawever, pathologists do nor rourinely maenicar p33 in
patients with RCC degpire an increasing hody of evidence
supgesting thae posidve p33 starus can pradio recurrence
and decreased supvival, The ability w predice which
patienss will follow a peor disease course clearly would
henefic clinidans, heawise mare rigoraus follav-up maybe
indimted. Because small cumors (<4 emy T1a) can pres-
cnt with merassases, more prognosic informadon clearly
is required.” The limitations of curcent fallow-up prac-
tice and the porential for molecular markees re improve
this situadon are reviewed excellently by Rouviere et al. 5
Morcover, 2 studies tharinduded p53 smtus in their pre-
dictive nomagrams demonsrawed thae ir contribured o
hemer predicion of survival.*7* Aldiough the tumor
micasavironmznt and other host facrors will have an
impac on oureame intrinsic rtumor mutions predami-
nantly determine mimor growth, invadaon, and memstasis.
Tollowing the exisdng paradigm éwhich lod to the discov-
ety of the role of VHL murxions; the mnsequences of
thes: for HIF-1a and HIF-2a expression and for anco-
genic mediators, such as vascular endachelial growth fac-
tor; and reeent developmenes in cherapadc targedng of
such tumior determinans) should lead w the idendfica-
tion of these persanalized indicators. Lass of p53 fanction
is a key event in aarcinogencsis; and the evidence suggests
thar p33and MIDM?2 not anly may provids 2 cmponents
of such improved progaestication bur, ar the same dme,
also may provide for novd, potentially dssue-spedfic ther-
apeutic airger{s) to improve rraitment,
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Abstract (240 words)
Objectives:

The role of p53 in RCC has been much debated. To resolve issues surrounding p53
function, expression and mutation we have performed the first study to simultaneously
determine p53/MDM2 expression, TP53 mutational status (in p53-positive patients) and

outcomes in RCC.
Patients and Methods:

90 specimens from patients with RCC, treated by radical nephrectomy, were analysed
by immunohistochemistry for p53 and MDM2 on a tissue microarray and p53 was
functionally and genetically analysed in p53 positive samples. Outcomes analysis was
by Kaplan-Meier method and univariate analysis was used to identify variables for
subsequent multivariate analysis of correlations between clinical parameters and

biomarker expression.
Results:

Up-regulation of p53 in RCC is strongly linked with MDM2 up-regulation (P=0.000013).
Increased co-expression of p53 and MDM2 identifies patients with significantly reduced
DSS by univariate (P=0.036) and Cox multiple regression analysis (P=0.027, RR=3.20).
Functional (FASAY) and genetic analysis of tumours with increased p53 expression

demonstrates that the majority (86%) retain wild-type p53.
Conclusions:
Co-expression of p53/MDM2 identifies a sub-set of patients with poor prognosis despite

all having organ confined disease. Up-regulated p53 is typically wild-type and thus
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provides a mechanistic explanation for the association between p53 and MDM2
expression. Our results suggest that the p53 pathway is altered in a tissue/disease-
specific manner and that up-regulated wild-type p53 likely promotes the observed
MDMZ2 co-expression. Therapeutic strategies targeting this pathway should be
investigated to determine whether the tumour suppressive function of p53 can be

rescued in RCC.

Keywords: p53, MDM2, renal cell carcinoma, clear cell renal cell carcinoma,

prognosis, survival,
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Introduction

The incidence of cancer of the kidney is increasing rapidly in the developed world, for
example in the USA, the age-adjusted incidence has risen from 8 to approximately
14/100,000 in 30 years [1]. It has been estimated that in the USA in 2010, 58,240
people will have been diagnosed with kidney cancers and that 13,040 people will have
died from the disease [2]. The present study focuses primarily on the most common
histological sub-type of kidney cancer; clear cell renal cell carcinoma (RCC; 2004, WHO

classification system) [3] which typically accounts for 75% of all kidney cancers [4].

Despite advances in our understanding of the molecular biology of renal cell carcinoma
which have led to the development of a number of new targeted molecular drug
treatments (targeting consequences of VHL mutations (increased VEGF), or mTOR
dependence), patients with metastatic disease still have an extremely short life
expectancy [5]. Identifying other pathways, that determine for example tumour
metastatic potential, is a high priority not only for prognostication, but also for defining

novel therapeutic targets.

The role of the p53 pathway in RCC remains unclear and in part this stems from the
literature on p53 and the p53 pathway in RCC which appears to be ambiguous.
However, in a recent review of his literature, we found that that information on the
status of the p53/MDM2 pathway may nevertheless provide significant prognostic
information, though this requires careful interpretation due to peculiarities of this
pathway in kidney [6]. The present study is therefore aimed at an examination of p53
expression as a biomarker and combining this information with data on MDM2, one of
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the essential negative regulators of p53. Our objective being to determine whether the
combined use of these potential biomarkers can provide further insights into the
functional status of the p53 pathway in clinical samples, as has previously been
proposed for other solid tumours [7]. Since the reason for analysing the combination of
p53 and MDM2 in other cancers has been to provide a surrogate indication of p53
mutational status, in cancers where p53 mutations are rare, such as RCC, this kind of
analysis would be expected to be either uninformative, or informative only in rare cases
where p53 is mutatated. However, in settings where p53 mutations are rare, as occurs
in RCC for example, patterns of expression of p53 and MDM2 would be expected either
to be uninformative, or at least to only to be so in rare cases since the reason for
analysing MDM2 and p53 in other cancers has been to provide a surrogate indication of
the likelihood of p53 mutations to be inferred [7]. From this it follows that in cancers with
rare p53 mutations, if p53/MDM2 expression patterns were found to be associated with
disease progression/outcomes then this would require new biological explanations for
the defects in this pathway since the association is not due to mutations in p53. That
the kidney behaves in an atypical way wrt p53 function is not without precedent and
there is evidence biologically of unique characteristics regarding p53 and p53-function
in the kidney [6, 8, 9], as well as evidence of other distinct mechanisms involved in
renal carcinogenesis such as loss of VHL function. Thus, unlike many other cancers
where p53 and/or MDM2 expression or genetic analysis is well understood, the role of

these in RCC remains enigmatic [6].

Accordingly, we set out to investigate the expression of p53 and MDM2 in a cohort of

90 RCC patients treated by radical nephrectomy at the Royal Liverpool University
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Hospital and to determine TP53 mutational status both functionally using the yeast
functional assay (FASAY) [10] and by genotyping for all p53 positive/expressing
samples to determine whether these potential biomarkers correlate with patient

outcomes.

Patients and methods

Patient samples and Tissue Micro-Array (TMA) construction

Between 1992 and 2007 the Liverpool Tissue Bank (LTB) collected specimens from 97
patients undergoing radical nephrectomy for RCC and for this study data was obtained
from 90 cases of pathologically confirmed renal carcinoma (haematoxylin and eosin
(H&E) stained slides and formalin fixed paraffin embedded (FFPE) blocks) which were
retrieved from the archives of the LTB. These patients had consented for the storage
and use of their tissue for research between 1993 and 2007 and study-specific ethical
approval was obtained from the Liverpool Adult Research Ethics Committee. Data on
the stage and grade of the tumours were collected prospectively by the LTB. The cases
analysed were of the following sub-types: clear cell type (n=87), papillary cell type (n=2)
and chromophobe cell type (n=1). All H&E-stained slides from the FFPE material were
evaluated by a Pathologist for the presence of tissue regions optimally representative of
the renal cell carcinoma. An appropriate slide was selected and representative regions
of tumour were circled from each case. This was also performed for a slide containing
adjacent non involved renal tissue from each case. From each corresponding FFPE
tumour block, at least duplicate cores (0.6mm in diameter) were taken from the marked
area and mounted into a recipient paraffin block using the Manual Arrayer (Beecher

Instruments Inc). Duplicate tumour cores were not placed next to each other in the
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recipient paraffin block to eliminate both scoring and staining biases. A single core of
non-involved renal tissue was also mounted into the recipient block. Cores of normal
colon, liver and testis were also included for orientation and as controls during
immunohistochemistry (IHC). Serial 5um sections were cut from the tissue microarray

(TMA) and collected onto X-tra™ adhesive slides (Surgipath).

Antibodies

Murine monoclonal antibodies for MDM2 (clone SMP14, used at 1/100) and for p53
(clone DO-7) used at 1/200 for IHC were obtained from Santa Cruz Biotechnology and
DAKO respectively. For immunofluorescence, rabbit polyclonal anti-p53 antiserum
(CM1, Leica Microsystems) and mouse Mab anti-MDM2 (sc-965, Santa Cruz

Biotechnology) were used.

Immunohistochemistry

Samples prepared as described above were de-waxed, re-hydrated and endogenous
peroxidase was blocked with H,O, in methanol prior to high temp antigen retrieval
(pressure cooker with 10mM EDTA pH7.0), and all were stained on a Dako Autostainer
using labelled polymer detection ADVANCE™ (Dako). Sections were counterstained
with Mayer’'s haematoxylin. Slides of stained specimens were reviewed by two
consultant histopathologists (blinded to clinical outcome) and a scoring system was
determined empirically as follows. The intensity of staining was graded 0 (no staining)
through 1 (weakly stained) and 2 (moderately stained) to 3 (highly stained). The

percentage of cells showing positive staining was graded as follows 1 =0 -2%,2 =3 -
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10%, 3 = 11 - 50% and 4 > 50%. The TMA sections were then independently scored
and results analysed. In the event of any discrepancy these specimens were reviewed
by the histopathologists together and a score agreed upon. For each tumour there were
two cores on the TMA thus 180 cores were scored. For assessment and statistical
analyses of p53 and MDM2 staining there were a number of specimens which were
found to clearly stain more profoundly than the remainder (intensity score 3 and
percentage score 4) and thus these parameters were used to dichotomize p53 and/or

MDM2 staining into positive and negative groups.

Dual Fluorescence Staining

For dual staining and detection by immunofluorescence, serially sectioned 4um paraffin
sections were de-waxed in xylene and re-hydrated in graded ethanol to distilled water.
Heat mediated antigen retrieval was performed in a pressure cooker filled with 10mM
EDTA (pH 7.0) in which sections were treated at full pressure for 3 minutes. Following
this, manual staining was undertaken in a flat-bed incubation tray. Primary antibodies
were applied as required to serial sections. Negative controls were performed using
antibody diluent in place of antibody. Primary antibodies diluted in commercial diluent
solution (Dako) were applied for 60 minutes following which sections were washed in
TBS and incubated for 60 minutes with a mixture of two fluorescently labeled secondary
antibodies: FITC labeled horse anti-mouse IgG (Vector Laboratories), and TRITC
labeled swine anti-rabbit Ig's (Dako). Sections were washed in TBS and mounted in

aqueous mounting medium containing DAPI (Vector Laboratories).

FASAY and genotyping
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FASAY was performed essentially as described [10]. pRDI-22 was a Kind gift of Richard
Iggo. For genetic analysis of FASAY products PCR was performed on at least three
independent red (i.e. mutant) clones. For some samples PCR amplified p53 exons 1 to
10 (plus the coding part of exon 11) including the exon — intron junctions of the TP53
gene were subject to direct DNA sequence analysis. PCR primers are summarised in
supplementary data Table 1. DNA sequencing reactions were performed using
DYEnamic ET Dye Terminators (GE Healthcare) and capillary electrophoresis
(Megabace 1000— GE Healthcare). Sequence variants were scored if present in both

the sense and anti-sense strand of all three triplicates.

Statistical analysis

All data was entered into a database using Microsoft Office Excel 2007. Statistical
analysis was performed using SPSS version 16. The association between p53 and
MDM2 expression with patient and tumour factors was analysed using a two-sided
Fisher's exact test. Disease-free and overall survival curves of the nephrectomy
patients were estimated according to the Kaplan-Meier method. Statistical analyses of
the differences between curves were performed using the log-rank test. Variables that
significantly influenced survival (P < 0.05) in the univariate analysis were entered into a
multivariate Cox regression model. In all of the analyses, the significance level was set

at 0.05.

Results
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Only two studies have previously examined p53 and MDM2 expression in RCC and
neither of these determined the genetic status of the expressed TP53 [12, 13]. We
therefore examined p53 and MDM2 expression and the status of 7P53 in the p53
positive/expressing samples from a cohort of 90 renal cell carcinomas. Figure 1 shows
examples of typical staining observed for p53 and MDM2 and also Figure 1C shows
that in an individual p53/MDM2 co-expressing sample, the same cells express both p53
and MDM2 protein at relatively high levels. A proportion of the tumours (14/90)
displayed high intensity staining for p53 (scored as grade =3) of at least 50% of the
specimen. Since this staining pattern was distinct from the remainder of the samples it
was therefore used to dichotomise the samples into p53 positive and negative groups.
As for pb3, the same criteria when applied to MDM2 also identified a clearly distinct
sub-set of the RCC specimens (24/90) and therefore this was used to dichotomise
samples as MDM2 positive and negative.. Table 1 summarises the clinical parameters
of the cohort used for this study and the results of immunohistochemical anaiyses for
p53 and MDM2. As has been observed previously [12, 13], and as illustrated in Table
2.i there is a very strong association in renal cell carcinomas between p53 and MDM2

expression (P=0.000013).

To investigate the expressed p53 further, we performed a yeast functional assay
(FASAY) for p53 and genetic analysis of the TP53 gene in samples displaying p53
expression to determine whether p53 was wild type or mutant. The results of these
analyses are shown in Table 3 which demonstrates that 12/14 (86%) of p53 expressing
RCCs retained wild-type TP53. We next investigated whether p53 or MDM2 expression
was linked with disease specific survival (DSS) and generated Kaplan-Meier plots

which indicate that increased co-expression of p53 with MDM2 is associated (P=0.027)
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with reduced DSS during the full follow-up period (median follow up 4.99 years, range
0.79 - 13.27 years) for this cohort of patients as shown in Figure 2. Note that only the
combination of dual positivity is significant; plots dichotomizing for p63 or MDMZ2
individually were not significantly associated with DSS (not shown). In addition, as
Table 2.ii shows, co-expression of p53 and MDM2 is significantly linked with reduced

DSS in early disease.

On univariate analysis only tumour stage (pT1-2 vs pT3, 2002 TNM classification) and
the combination of p53 positive co-expressing MDM2 were significant predictors of
outcome as Table 2.iii illustrates. Finally, Table 2.iv shows the results of Cox multiple
regression analysis which demonstrates that the combination of p53 and concomitant
MDM2 expression was significantly linked in both univariate (P=0.036) and multivariate
(P=0.027) analyses. It is noteworthy that the relative risk of death from disease was
comparable for concomitant p53/MDM2 positivity (RR 3.203 95% CI 1.143 - 8.98) to
that observed when comparing pT1-2 tumours with pT3 (RR 2.897 95% CI 1.155 -
7.27). In addition, whilst pT1-2 and pT3 were significant indicators of outcome in
univariate analyses, Fuhrman grade was not and therefore grade was not included as a
parameter in multiple regression analyses. This may partly be due to the fact that this
cohort is predominantly of low stage disease, all N=0 and M=0 at diagnosis/pre-
operatively and with predominantly T1/2 disease (stage T1 (n=44), stage T2 (n=25))
and with only 4 cases of Fuhrman grade 4 (see Table 1). Note that none of the patients
from whom samples were collected had evidence of metastatic disease at the time of
nephrectomy and thus neither metastasis nor nodal involvement were analysed as

parameters in this cohort.
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Discussion

The p53 pathway, with its associated regulators is one of the most studied of all
biclogical pathways that have been examined in human cancers. However, there are
tissue-specific issues in the kidney which appear to complicate our understanding of the
several analyses performed to date of p53 in RCC (and to a lesser extent of MDM2) [6].
In addition, since p53 mutations are rare in RCC [6] and as we show here, p53 is rarely
mutated in the p53 expressing RCC samples, it has been necessary to devise an

empirical approach to scoring p53 and MDM2 for RCCs.

Nevertheless, from the analysis presented here we draw three potentially important
conclusions which have significant implications for our understanding of underlying
molecular events in RCC: firstly, p53 and MDM2 co-expression is very strongly linked in
RCC (P=0.000013). Secondly, that this co-expression defines a sub-set of patients with
significantly reduced DSS (P=0.027, RR=3.20 95% CI| 1.143 — 8.98) and this is
particularly apparent for early (stage 1) disease as Table 2.ii shows. Thirdly, our
analysis indicates that when p53 is expressed in RCC it is typically wild-type (12/14
cases) which immediately suggests a mechanism to explain the co-expression
observed in RCC in which wild-type p53 promotes up-regulation of MDM2. This accords
with our previous in vitro studies suggesting that wild-type p53 is at least partially
functional in RCC cells [14, 15] and has implications for potential therapeutic targeting

of the p53/MDM2 pathway in RCC (discussed below).
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Our cohort was selected based on records from a larger archive of recorded RCCs
stored at the Liverpool Tissue Bank and is biased towards the most common sub-type
of RCC; clear cell RCC (ccRCC). There are a number of possible reasons for this bias.
Firstly in such a small number of samples there may arise a sampling bias due to the
nature of samples archived and the quality of these. In addition, samples were selected
for inclusion on the TMA based upon histological condition and pathological criteria as
determined by two histopathologists and this has also contributed to the observed bias
in the TMA towards ccRCC. Whilst several of our observations are significant, there is
clearly a need for a follow-up study which includes more samples and particularly of a
cohort that has more samples from later disease stages, including node positive and
metastatic cancers, to evaluate whether analysis of p53 and MDM2 expression is
informative for other RCC cohorts. It would be interesting in future studies to examine
whether patients with RCC staining positive for p53 and MDM2 show a different
response to kinase inhibitors targeting consequences of VHL mutations. Five studies of
larger cohorts (n>170) appear to have resolved the long-standing lack of clarity
regarding p53 expression in RCC with all of them finding that up-regulation of p53 is
associated with more advanced or aggressive disease (the studies determined
variously: decreased disease-specific  survival/disease recurrence/decreased
metastasis-fee survival/ decreased disease free survival) [16-20]. However, to date,
MDM2 expression and the mutational status of the expressed p53 have not been

analysed in a large cohort study.

248



Regarding p53/MDM2 co-expression: The low frequency of p53 mutation in RCCs
suggests that the strong association between p53 positivity and MDMZ2 positivity
reported here and elsewhere in renal cancers [12, 13], is likely a consequence of pS3-
mediated up-regulation of MDM2 and this conclusion is supported by our functional and
genetic analysis of p53 which demonstrates that the majority of cases with p53 up-
regulation retain wild-type p53 (86%, 12/14 cases). In normal cells p53 is maintained at
very low levels through the action of MDM2, an essential negative regulator of p53 [21].
MDM2 negatively regulates p53 in several ways by binding to it [22] and by acting as an
E3 ubiquitin ligase promoting nuclear export and degradation of p53 [23]. MDM2 is also
a transcriptional target of p53 and thus an auto-regulatory feedback loop exists between
p53 and MDM2 [15]. The notion that MDM2 is transcriptionally up-regulated by p53 in
this sub-set of RCCs accords with our earlier studies in which we showed that wild-type
p53 can up-regulate MDM2 in RCC cells [14], and with data from others [24, 28]. In
addition, we have recently shown that p53 and MDM2 can become spontaneously up-
regulated in RCC cells in vitro and the up-regulation of MDM2 is a direct consequence
of p53 up-regulation [26]. We have also found that p53 retains some specific
transcriptional activity in RCC cells and it appears that this enables the selective
activation of a sub-set of p53 target genes, for example we have found that p21
(CDKN1A) and MDM2 are up-regulated by p53 in RCC cells in vitro whereas Bax is
less so. Taking the literature for p53 in RCC as a whole and including the data
presented here, we propose a model (see Figure 3) for the p53 pathway in RCC cells in
which p53 up-regulation results from a partial break in the p53/MDM2 loop where p53
retains the ability to up-regulate some targets including MDM2, but that up-regulated
MDM2 appears to be unable to fully complete the loop and promote degradation of p53

effectively enough to return it to normal levels.
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Why the up-regulated MDM2 fails to promote effective degradation of p53 in this setting
and in so doing, return expression of both p53 and MDM2 to their normal low levels,
remains unclear. Regardiess, since the observed strong association between p53 and
MDM2 co-expression in RCC has not been observed in most other cancers, this
indicates that there must exist kidney-specific (perhaps unique) aspects to the
function/regulation of the pb3/MDM2 axis, and hence to renal carcinogenesis which

future investigations must take into account.

Regarding the association between co-expression and outcome: up-regulation of
mutant p53 has frequently been linked with poorer outcome measures in many solid
tumours which is not surprising since p53 is a tumour suppressor implicated in a wide
range of cancers [27]. Mutations in the p53 gene (TP53) occur in approximately 50% of
all human cancers and are the most commonly observed genetic lesion detected to

date [28].

However, in RCC p53 mutation is rare so the problem becomes how can up-regulation
of normal (wild-type) p53 promote cancer? By itself, this seems incongruous, so it
appears more likely that since up-regulation of wild-type p53 leads to increased
expression (and reduced expression in some cases) of a sub-set of p53 target genes,
then it seems probable that the target genes themselves must be responsible for
promoting disease progression with the MDM2 proto-oncogene being a front runner for

consideration in the first instance.
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Although best understood for its critical role as a negative regulator of p&3 [21], MDM2
can also promote cancer through as yet unidentified p53-independent mechanisms [29],
that may be associated with invasion and/or metastasis [30, 31]. Two studies of MDM2
and p53 in renal cancer have been performed previously and in both a correlation was
observed between p53 and MDM2 expression [12, 13]. There is good evidence that
relatively minor changes in the balance between p53 and MDM2 may have pathological
consequences. For example, a roughly two-fold increase in MDM2 levels associated
with the G/G haplotype at SNP309 can result in an increased risk of cancer
development [32]. In addition our own recent studies have shown that MDM2 can
promote increased motility and invasion in RCC cells [26] and this might provide an

explanation for the observed association between MDM2 expression and reduced DSS.

Our findings add further support for kidney-specific events in carcinogenesis since the
combination of linked co-expression of p53 and MDM2 in more aggressive cases has
not been observed in other cancers. With respect to p53 in kidney, there is additional
gvidence supporting this conclusion, since p53 is up-regulated in response to DNA
damage in this tissue, as in many others, but unusually up-regulation of p53 does not
result in apoptosis [8]. Notwithstanding these tissue-specific issues, there is also good
evidence that loss of p53 function can contribute to renal carcinogenesis. For example,
loss of p53 function through mutation accelerates renal carcinogenesis in a murine

model of cancer [9].
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A Key question that arises is the interaction of the p53/MDM2 pathway with other critical
pathways in the kidney such as VHL/HIF [33]. Mutations in VHL are the most frequent
genetic event reported in renal cancer with a reported incidence in sporadic clear cell
RCC of around 70% [34]. Although VHL mutations also occur in sporadic
haemangioblastomas, it is clear that loss of VHL function is an event that is of most
significance in the kidney and clearly further investigations of the p53 pathway should

incorporate analyses of VHL and the pathways regulated by it.

In conclusion, one of the most exciting prospects to arise from these studies is the
potential that exists for therapeutic targeting of the up-regulated wild-type p53 and/or
MDM2 in a sub-set of patients with reduced DSS. This opportunity appears likely to be
particularly applicable to RCC as a consequence of the unusual association we have
detected between co-expression and outcome. Thus these studies may lead, not only
to the identification of biomarker-defined sub-sets of patients displaying altered survival,
but also to the development of personalised therapeutic strategies, including the use of
MDM2 inhibitors currently being developed (such as Nutlin-3 and the MI- series of

compounds [35, 36]) for selected patients with RCC.
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Figure legends

Figure 1. p53 and MDM2 expression in RCC cells from samples on the TMA. A.
and B. Typical examples of negative and positive immunohistochemical samples of A.
MDM2 and B. p53 are shown on the upper and lower panels respectively. C. Dual
immunofluorescence detection of p53 (red) and MDM2 (green) demonstrating that

individual RCC tumour cells express both proteins.

Figure 2. p53 and MDM2 up-regulation is linked with reduced disease specific
survival. A and B. Kaplan-Meier plots for A. stage pT1-2 versus stage pT3. and B. for
disease specific survival for patients dichotomized according to p53/MDM2 dual positive
cancers versus p53 and/or MDM2 negative cancers (i.e. p53/MDM2 (+/+ vs +/-, -/+ or -

/-)). Statistical analysis by log-rank test.

Figure 3. A model of p53/MDM2 homeostasis in different settings and for RCC
based upon the literature and on the present study. In normal cells p53 and MDM2
co-exist at relatively low levels and this is regulated by MDM2 produced constitutively
(from the p53-independent P1 promoter) promoting degradation of p53. Following
stress, MDM2 no longer interacts with p53 leading to a rapid increase in p53 levels and
subsequently p53 target genes are induced. MDM2 is also up-regulated from the p53
responsive P2 promoter and thus p53/MDM2 homeostasis is regulated by an auto-
regulatory feedback loop. If the stress signal is removed, in surviving cells, the up-

regulated MDM2 binds to p53 returning the cell to the normal steady state of low levels
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of p53 and MDM2. In most cancer cells that harbour mutant p53 (p53*), p53 exists in
excess due an imbalance in p53/MDM2 homeostasis which arises because of failure of
mutant p53 to induce MDM2 expression. In normal kidney p53 is up-regulated in
response to stress e.g. DNA damage but this fails to elicit an apoptotic response due to
unknown mechanisms. There is clearly a block to MDM2-mediated degradation of p53
in RCC, but the nature of this remains to be elucidated. Text in bold indicates increased

protein abundance.
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Table 1. Patient cohort summary and IHG data summary

Number of patients in each category by IHC phenotype
{percentage)!
All P53 + p53 - | MDM2 + | MDM2 - |p53 +/ MDM2 +

No. of Tumours 90 14 (15.6) | 76 (84.4) | 24 (26.7) | 66 (73.3) 11 (12.2)
Male 60 (66.7) 8 52 12 48 6
Female 30 {33.3) 6 24 12 18 5
Mean Age (24 — 82} 60.6 B5.2 61.5 58.2 61.4 59.8
Histological subtype
Clear cell 87 (96.7)] 14 (100) | 73 (96.1) | 24 (100) | 63 (95.5) 11 (100)
Papillary 2(2.2) 0 2(2.6) 0 2(3) 0
Chromaphobe 1(1.1) 0 1(1.3) 0 1(1.5) 0
Fuhrman Grade
1 20 (22.2) 3 17 7 13 2
2 37 (41.1) 3 34 10 27 3
3 29 (32.2) 7 22 8 23 5
4 4(4.4) 1 3 1 3 1
Tumour Stage?
1 44 (48.4) 8 36 15 29 6

ta 6 0 6 1 5 0

1b 38 8 30 14 24 B
2 25 (29.8) 5 20 6 19 4
3 21 (22) 1 20 3 18 1

3a 17 1 16 3 14 1

3b 4 0 4 0 4 0

3¢ 0 0 0 0 0 0
4 0 (0) 0 0 0 0 0

' No patients had evidence of metastatic disease at the time of nephrectomy

Noon et al Tabhle 1
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Table 3. Analysis of selected tumour samples

1
2

3

4

5

6 Specimen | p53 Poslitive by | MDM2 Positlve by | p53 status by FASAY/DNA | Dled of Died
g D HC HC seq. analysis RCC

9

10 1 YES YES Wild-type! NO NO
:‘I:’IZ 2 YES YES Wild-type! NO NO
13 3 YES YES Wild-type! NO NO
g 4 YES YES Wild-type! NO NO
186 5 YES YES Mutant/G245C! YES YES
17 6 YES YES Wild-type! NO NO
}g 7 YES YES Wild-type! YES YES
20 8 YES YES Witd-type! YES YES
Y 0 YES YES Mutant/Q136E! NO NO
23 10 YES YES Wild-type! YES YES
p 11 YES YES Wild-lype! YES | YES
26 12 NO YES ND NO NO
% 13 NO YES ND NO NO
29 14 NO YES ND YES YES
g? 15 NO YES ND YES YES
32 16 NO YES ND NO NQ
gz 17 NO YES Wild-type! NO NO
35 18 NO YES ND NO NO
36 19 NO YES ND NO YES
- 20 NO VES ND NO | VES
39 21 NO YES Wild-type! NO YES
P 22 NO YES ND NO NO
42 23 NO YES Witd-type? NO NO
o 24 NO YES ND NO NO
46 25 YES NO Wild-type! NO NO
jg 26 YES NO Wild-type! NO NO
48 27 YES NO Wild-type? NO NO
gg 28 NO NO Wild-type! NO NO
2?3 IHC, immunohistochemistry, FASAY, functional assay of separated alleles in yeast,
53 ND= not done.

54

gg 1 Sequence confirmed for at least three clones or by direct sequencing of PCR products.
57 Sequences were compared to the Homo sapiens chremosome 17 contig
58 NT_010718.15, positions 7189581-7169068 bp, using Sequencher v 4.9 software
gg (Gene Codes Corporation).

Noon et al Table 3
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