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Abstract
Renal cell carcinoma accounts for over 3600 deaths per year in the UK and its
incidence is increasing. Complete surgical excision remains the only chance of cure
and other treatment modalities only provide palliation. The p53 tumour suppressor
gene is fundamental in protecting the integrity of a cell’s DNA. p53 pathway
abnormality is a virtually universal event in cancer. MDM2 is a critical negative
regulator of p53 and an essential gene for life. MDM2 is oncogenic and implicated in
an increasing number of malignancies. In renal cell carcinoma the importance of p53
inactivation has been the subject of conflicting observations, and there has been little
study into MDM2’s relevance in the disease. However in the literature there is strong
evidence of co-selection for over expression of p53 and MDM2 in renal cell
carcinoma, which is significantly associated with poor prognosis.
In this thesis, p53 and MDM2 function and regulation were studied in a panel of renal
cell carcinoma cell lines. The panel of cell lines were analysed by western, northern
and Southern blotting, which demonstrated unusually high levels of MDM2, which
was not secondary to gene amplification or to increased message levels. Further
experiments employing techniques such as plasmid transfection, siRNA studies,
luciferase reporter assays and protein detection by immunofluorescence demonstrated
that, in p53 wild-type renal cell carcinoma cells, the p53 pathway is active, regulated
normally, appropriately triggered in response to DNA damage, and in a p53 mutant
cell line none of this was seen.
Following these background studies, and in conjunction with evidence from the
literature, a logical model for renal cell carcinoma progression was hypothesised. To
recapitulate this model in a cell line required the molecular cloning and testing of a
dominant negative p53 mutant, a study of the tolerance of renal cells to p53, MDM2
and mutant p53 by colony formation assay was carried out. Finally the generation of
118 stable cell lines representing the hypothesised stages of renal cell carcinoma
tumourigenesis was investigated.
The cloned stable cell lines were examined for their protein expression levels with
respect to p53 and MDM2. Results demonstrated all four possible phenotypes, but
remarkably, the observed phenotype was often contrary to the predicted phenotype
(i.e., based upon the gene which was carried by the expression plasmid that had been
transfected). Furthermore, when all the clones were analysed together there was a
statistically significant (p<0.01) relationship to the expression of high levels of p53
and MDM2 protein.
In conclusion the data confirm the supposition that both p53 and MDM2 contribute to
tumourigenesis in renal cell carcinoma. It is hopefully within the scope of future
experiments to define how, why and to what extent this process occurs.
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Chapter 1
Introduction

1

1.0

Renal cell carcinoma

1.1.1

Background to kidney cancer

Epithelial tumours of the kidney represent nearly 3% of all adult malignancies. In the
UK 6665 new cases of renal cancer were diagnosed in 2002 (Cancer Stats, 2006).
The lifetime risk in the UK for a man is 1 in 89 and for women of 1 in 162 of being
diagnosed with kidney cancer before the age of 65.

Since the early 1970’s, the

incidence of renal cancer has been increasing. For example Chow et al., (1999)
reported a 2.5% annual increase in the USA with the highest increase occurring in
black men (3.4%) and black women (4.3%). Tate et ah, (2003) reported that overall,
age standardised incidence rates increased by 86% for renal cell carcinoma from 2.6
to 5.2 cases per 100 000 (3.8-6.8 male, 2.0-6.8 female) from the 8741 cases diagnosed
and reported to the Northern and Yorkshire cancer registry between 1978 and 1997.
This corresponds with overall UK data published by Cancer Research UK, reporting a
7.1 to 12.7 per 100 000 between 1975 and 2002. Around 85% of all kidney cancers
are renal cell carcinomas.

1.1.2

Renal Cell Carcinoma.

Renal Cell Carcinoma is a primary malignancy that is thought to arise from the
proximal convoluted tubule of the nephron within the cortex of the kidney (Wein et
ah, 2006). Although a renal cell carcinoma has never been shown to specifically arise
from this site, molecular markers suggest that renal cell carcinoma originate from the
tubular epithelium.

Tubular epithelium lines the proximal and distal convoluted

tubules within the renal cortex. There are at least 5 histological sub-groups; clear cell
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typically representing 75% of all renal cell carcinoma, type I papillary ~5%, type II
papillary —10%, chromophobic and oncocytoma ~10% (reviewed in Linehan et al.,
2005).

1.1.3

Risk factors

Age is the most common risk factor for kidney cancer and it is more common in men
than women, i.e., 74% of cases in men and 78% of cases in women occur over the age
of 60 years in the UK (Cancer Stats, 2006).

Environmental risk factors include

smoking, obesity, hypertension, analgesics, unopposed oestrogen therapy, and
exposure to petroleum products, heavy metals and asbestos (Jayson and Sanders,
1998).

Obesity is an established risk factor.

A meta-analysis of the literature

(Bergstrom et ah, 2001) attributed between 24% and 25% of cases of kidney cancer in
males and females respectively to obesity. In a study of 1204 renal cell carcinoma
patients and match controls in Los Angeles, USA, smoking statistically increased risk
of renal cell carcinoma by 35% and attributed 17% of renal cell carcinoma directly to
smoking (Yuan et ah, 1998). A recent large US prospective study, including over 150
000 nurses and health professionals, and using multivariate analysis confirmed higher
body mass index as a risk factor in women, smoking both in men and women, and a
diagnosis of hypertension was associated with a relative risk of 1.9 both in men and
women (Flaherty et ah, 2005). These aetiological factors potentially explain some of
the increases seen in the growing incidence of renal cell carcinoma.

Moreover, associations have been made with renal cell carcinoma and von Hippel
Lindau Disease, acquired cystic kidney disease, tuberous sclerosis and chronic renal
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insufficiency (Motzer et al., 1996).

Although, approximately 90% of renal cell

carcinomas are sporadic, there are four inherited types of kidney cancer: von Hippel
Lindau (VHL), hereditary papillary renal carcinoma (HPRC), hereditary leiomyoma
renal cell carcinoma (HLRCC), and Birt-Hogg-Dube syndrome (BHD).

VHL is

associated with clear cell renal cell carcinoma. HPCR are type I papillary tumours,
whilst HLRCC are type II papillary renal cell carcinoma. BHD syndrome patients are
at risk of developing several types of renal cancer including chromophobe and
oncocytoma (reviewed in Linehan et al., 2005).

1.1.4

Mortality

In the UK, 3611 people died of renal cancer in 2004. Renal cancer is the 11th and 12th
most common cause of death from cancer in males and females respectively. Renal
cancer is one of the few common cancers that has an increasing mortality rate,
showing an increase of 4% in males and 11% increase in females in the agestandardised mortality rate between 1995-2004 (Cancer Stats, 2006).

1.1.5

Clinical features and diagnosis

Renal cell carcinoma is characterised by its lack of “warning” signs. The classic triad
of pain, haematuria, and a flank mass is seen in less than 10% of cases (Jayson and
Sanders, 1998). Most patients presenting with symptoms have advanced disease. The
kidney resides in a protected environment and its only external expression is the
production of urine. Pain is usually an indication of invasion. At first presentation
41% of patients experience pain, 38% haematuria, 24% a mass, 36% weight loss, 18%
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fever, 22% hypertension and 6% hypercalcaemia. In addition 40-60% of patients are
diagnosed with renal cell carcinoma as an incidental finding (Jayson and Saunders
1998; Mejean et al., 2003). Incidental diagnosis is mainly made during computerised
tomography (CT) scanning and ultrasound scanning (USS) when performed for other
suspected pathologies. Analysis of American data demonstrated a 73% increase in
the use of abdominal or pelvic CT and magnetic resonance imagine scanning (MRI)
between 1986 and 1994 (Chow et al., 1999) and in 2008 the increase is most certainly
greater. As imaging becomes increasingly common in medical practice so is the
proportion of renal cell carcinoma detected in this way.

1.1.6

Staging and prognosis

The stage of the disease is the most reliable prognostic indicator for a patient group.
The stage is derived from the TNM classification; revised in 2002, see Tables 1.1.6a
and 1.1.6b (Sobin and Wittekind, 2002).
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Table 1.1.6a

Tumour Node Metastasis Classification for Renal cell carcinoma

(Sobin and Wittekind, 2002).
T -PRIMARY TUMOUR
T1

Tumour 7cm or less in greatest dimension, limited to kidney
Tla

Tumour 4 cm or less

Tib

Tumour more than 4cm but not more than 7cm

T2

>7.Ocm in greatest dimension; limited to kidney

T3

Tumour extends into major veins or directly invades adrenal gland
perinephric tissues but not beyond Gerota fascia
T3a Tumour directly invades adrenal gland or perinephric tissues
but not beyond Gerota fascia
T3b Tumour grossly extends into renal vein(s) or vena cava or its
wall below diaphragm
T3c

Tumour grossly extends into vena cava or its wall above
diaphragm

T4

Tumour directly invades beyond Gerota fascia

N- REGIONAL LYMPH NODES
NO

No regional lymph node metastasis

N1

Metastasis in a single regional lymph node

N2

Metastasis in more than one regional lymph node

M - DISTANT METASTASIS
MO

None

Ml

Distant Metastasis
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Table 1.1.6b

Stage Groupings o f the TNM classification o f renal cell carcinoma

(Sobin and Wittekind, 2002).

STAGE I

T1

NO

M0

STAGE II

T2

NO

M0

STAGE III

T3

NO

M0

T1,T2, T3

N1

M0

T4

NO, N1

M0

Any T

N2

M0

Any T

Any N

Ml

STAGE IV

Fuhrman et al., 1982 described a nuclear grade classification of the morphological
parameters in renal cell carcinoma.

This established the Furhman grade now

routinely used. The Fuhrman grade categories cells from grade 1 to 4. The higher the
Furhman grade the more abnormal the nuclei of the tumour cells, which predicts a
worse prognosis for the patient.

In a large-scale study (n= 643) the five-year cancer specific survival rate was 91%,
74%, 67% and 34% for TNM stages I, II, III, and IV respectively (p<0.001) (Tsui et
al., 2000). However, these values are better than those found in other studies as the
populations were referred to a tertiary referral centre. Studies of patients accepted by
tertiary referral centre’s, especially those with stage IV disease, are often biased to
include those with better functional status and lower volume disease, as in Tsui et al.,
(2000), and thus these populations have the potential for an increased chance of
survival. The generally accepted figures for 5-year survival are: stage I 60-75%, stage
II 47%- 65%, stage III 25%-50%, and stage IV 12-5% (as summarised in Table
1.1.6b).
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Table 1.1.6c

Five-year survival in renal cell carcinoma for each stage o f disease.

Source reference and number o f patients studied (n) is shown. (Table taken from
(Wein et al., 2006).
Number o f Patients (% 5 year survival)
Author

n

Stage I

Stage II

Stage III

Stage IV

Robson et al.,

80

32 (66)

14 (42)

24 (42)

9(11)

309

91 (65)

77(47)

100 (51)

77(8)

506

177(67)

57(51)

209 (34)

56 (14)

Selli et al., 1983.

115

(93)

(63)

(30)

(13)

Golimbu et al.,

326

52 (88)

39 (67)

73 (40)

88 (2)

872

278 (92)

165 (77)

296 (47)

133 (12)

312

(73)

(68)

(51)

(20)

1048 (75)

473 (63)

511 (38)

441 (11)

1969.
Skinner et al.,
1971.
McNichols et al.,
1981.

1986.
Hermanek and
Schrott, 1990.
Dinney et al.,
1992.
Guinan et al.,

2473

1995.

1.1.7

Management and treatment

The mainstay treatment for patients with renal cell carcinoma is surgery. Even with
the relatively recent advancement of immunotherapy (see below), the only established
chance of cure remains nephrectomy, and in some rare cases nephrectomy together
with excision of locally advanced disease or low volume metastasis disease.
Unfortunately, despite aggressive surgical therapy, 30% of patients with no evidence

8

of métastasés at the time of surgery subsequently develop renal cell carcinoma
métastasés (Motzer et al., 1996).

Renal cell carcinoma is a radio-resistant tumour and the only role of radiotherapy is in
the palliation of patients with brain or bone métastasés (Ljungberg et al., 2006).
Renal

cell

carcinoma

is

also

relatively

chemo-resistant.

Single

agent

chemotherapeutics should not be considered effective even in patients with metastatic
disease, where 5-flurouracil combined with immunotherapeutic agents is the only
chemotherapy that has shown any effect against renal cell carcinoma (Ljungberg et
al., 2006). Although rare, spontaneous regression of metastatic renal cell carcinoma is
well documented. In one study of 73 untreated patients with measurable metastatic
disease, there was a complete remission in 4 % of patients (which equates to 3
patients). For these three patients the remission lasted between 4 and 120 months
(Oliver et al., 1989). This phenomenon led to considerable interest in research into
immunological therapies

for renal

cell carcinoma.

A wide

variety of

immunomodulaters have been used: interferon, interleukins, dendritic cells,
lymphokine activated killer cells, tumour infiltrating lymphocytes, allogenic stem cell
transplantation and gene therapy (reviewed in Martel et al., 2003). Immunotherapy is
used routinely in the treatment of patients with metastatic renal cell carcinoma, but
benefit to the patient is modest. The Cochrane review of immunotherapy in renal cell
carcinoma (Coppin et al., 2005) identified 4 studies using interferon-alpha (IFN-a)
treatment in patients with metastatic renal cell carcinoma (n= 644 patients). Meta
analysis of the 644 patients treated with IFN-a demonstrated a median improvement
in survival of 3.8 months (Coppin et al., 2005). A further 2-month survival could be
achieved in fit patients with ‘debulking’ nephectomy in combination with IFN-a
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versus using IFN-a alone (Flanigan and Yonover, 2001). High dose interleukin-2
(IL-2) is used in the treatment of metastatic renal cell carcinoma, but its benefit is
difficult to evaluate as no appropriate trials have been performed. IL-2 is a highly
toxic drug and should only be given in an intensive care setting. In the USA, IL-2’s
drug approval was granted because of phase II trial data showing that 7% of patients
achieved durable, complete remission. Prior to this there had been no ‘cure’ for
metastatic renal cell carcinoma (reviewed in Coppin et al., 2005). Following the
publication of the phase II trial data, widespread use of high dose IL-2 ensued in the
USA making trial recruitment difficult as clinicians were unwilling to accept placebo
randomisation for their patients (Coppin et al., 2005). In Europe on the contrary high
dose IL-2 is rarely used because of the lack of any benefit versus harm given its high
toxicity (Coppin et al., 2005).

New angiogenesis inhibitor drugs have been shown to have some effect in metastatic
renal cell carcinoma.

Somatic inactivation of the von Hippel-Lindau tumour

suppressor gene (abnormal in around 90% renal tumours - see section 1.2.2) leads to
induction of hypoxia related genes (see figure 1.2.2), including those encoding
vascular endothelial growth factor (VEGF) and platelet-derived growth factor
(PDGF). These hypoxia related genes have become molecular targets for drugs such
as sunitinib (tyrosine kinases inhibitor with action against VEGF and PDGF) (Motzer
et al., 2006), bevacizumab (VEGF antibody) (Yang et al., 2003) and sorafenib
(tyrosine kinases inhibitor with action against VEGF and PDGF) (Escudier et al.,
2007), but their overall impact on survival is questionable as these drugs are yet to be
fully assessed and are unlikely to represent curative treatment.

Similarly mTOR

inhibitors (the mTOR pathway leads to cell proliferation by multiple effects e.g. over
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expression of HIF-la, HIF-2a, and cyclin D l) have been shown in phase III trials to
be effective in metastatic renal cell carcinoma (Hudes et ah, 2007). In this multi
centre randomised control trial (n=626) the median survival of patients treated with
temsirolimus (a mTOR inhibitor) versus standard IFN-a was 10.9 months and 7.3
months, respectively.

Nuclear grade and tumour stage are important factors in renal cell carcinoma, but
tumours of a similar stage and grade can exhibit wide variations in biological
behaviour (Baird et ah, 2003). The established staging and grading systems can
predict behaviour of the disease in a patient group, but are less useful in predicting the
outcome of individual cases. Baird et ah, (2003) described the course of 25 patients
who all had metastatic disease (Nl, N2, M l) and received only palliative symptomatic
treatment. The survival in this group ranged from 1 to 84 months and in the Ml sub
group the range was 1 to 48 months. For individual patients, especially those with
metastatic disease, it is very difficult to predict risk versus harm benefit in deciding
who will gain real advantage from the expensive often toxic immunotherapeutics and
angiogenesis inhibitors.

1.2

Molecular basis of renal cell carcinoma

1.2.1

Cytogenetic changes in renal cell carcinoma

In order to understand the biology of tumours comparisons are made between the
chromosomes of tumour cells and those of normal cells. Cytogenetics is the study of
the structure of chromosomes. Many disease associations have been found through
the study of cytogenetics and these have lead to an understanding of the pathology.
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For example, the first disease discovered through cytogenetic examination was the
trisomy of chromosome 21, which accounts for the syndrome seen in a person with
Down’s syndrome. In the field of cancer, the translocation of chromosome 9 to 22
has been shown to cause chronic myeloid leukaemia. Cytogenetic study of renal cell
carcinoma has shown chromosome 3p deletion/ translocation, which disrupts the VHL
tumour suppressor gene, is a very common occurrence in clear cell renal cell
carcinoma, and around 56% of tumours carry this lesion (Shuin et al., 1994; Gnarra et
al., 1994). Its relevance and discovery are more fully discussed below in section
1.2.2.

In addition, many other cytogenetic changes have been observed in renal cell

carcinoma, Erlandsson, (1998) discussed a wide variety of changes involving most of
the chromosomes.

However, more importantly, ElfVing et al., (1997) compared

cytogenetic alterations with clinical outcome (n=50). Patients found to have deletion
of (8p)/-8, +12 and +20 had significantly worse prognosis. This is of special interest
as the MDM2 gene is mapped to 12q 13-14 (see section 1.5).

1.2.2

VHL tumour suppressor gene

The most common molecular change associated with all forms of renal cell carcinoma
documented in the literature is abnormalities in and deletions of the short arm of
chromosome 3. The only exception to this observation is in the case of oncocytomas,
which have not been shown to have abnormal 3p. Oncocytomas are classified as a
type of renal cell carcinoma, but exhibit only benign behaviour growing locally
without invasion or metastasis.
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In 1979 Cohen et al., observed in one family that 5 members developed renal cell
carcinoma in middle age, and all five demonstrated the translocation 3;8; whereas the
12 who remained free of the disease carried no such abnormality. The break point of
this translocation was 3pl3-14. Yoshida et al., (1986) found 3p associated deletions
and translocations in 8 out of 12 non-familial cases. These 3p aberrations have been
described to varying levels in the literature but are commonly found in sporadic renal
cell carcinomas. Kovacs et al., (1987) examined 25 primary renal cell carcinoma cell
cultures and in 22 found aberrations of chromosome 3, namely deletion or
translocation of 3p.

Later Kovacs et al., (1988) analysed 34 sporadic renal cell

carcinomas and found aberrations, mainly the loss of heterozygousity of 3p in 18 of
21 tumours. Introduction of a normal 3p into a tumourigenic renal cell carcinoma cell
line (YCR) was shown to have abolished its tumourigenicity (Shimizu et al., 1990).
Also Yoshida et al., (1994) observed in vitro growth suppression by the introduction
of normal chromosome 3, but not chromosome 7 or 11, into another renal cell
carcinoma cell line.

In the early 1980s, the National Cancer Institute, National Institute of Health (NIH),
USA, initiated the identification of “the gene for kidney cancer”. Zbar et al., (1987)
described the consistent abnormalities on chromosome 3 in tumour tissue from
patients with renal tumours. Also, Anglard et al., (1992) and Brooks et al., (1993)
determined that these abnormalities were an early event in sporadic clear cell renal
cell carcinomas. Latif et al., (1993) published the accumulation of the collective
effort of NIH, the discovery of the VHL tumour suppressor gene.
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The VHL gene, as mapped by the group at the National Cancer Institute, was located
on 3p26-25 (Shuin et al., 1994). Later work showed somatic mutations of VHL to be
present in 56% and 57% of primary renal cell carcinoma. In the same tumours 84%
and 98%, respectively displayed loss of heterozygousity of 3p, and thus the loss of the
second VHL gene allele (Shuin et al., 1994; Gnarra et al., 1994). In addition, 10-20%
of renal cell carcinomas have also been shown to exhibit VHL gene silencing via
hyperméthylation of DNA. That is, méthylation of a normally unmethylated CpG
(phosphodiesters ‘p’ bond, between a cytosine ‘C’ and guanine ‘G’ dinucleotides)
islands (clusters of CG common in promoter sites of essential gene) around the 5’
region of the VHL gene, with consequent loss of VHL gene expression (Herman et
al., 1994).

VHL protein
VH L Gene mutation
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Figure 1.2.2 A summary o f the effects o f VHL mutation.
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A summary of the effects of VHL mutation is presented in figure 1.2.2. The normal
VHL protein binds two proteins called elongin C and B. Elongins are part of a family
of genes that are critical to transcriptional regulation (Duan et al., 1995).

This

complex of VHL protein and elongins binds Cul-2 (Pause et al., 1997), which is a
member of the Cdc53 family and can act as a ubiquitin ligase, targeting proteins for
degradation. It is this VHL protein complex that binds to the HIF-1 a, and targets it
for proteosomal degradation under normoxic conditions.

However, under hypoxic conditions this VHL complex does not degrade HIF-1 a, and
thus HIF-1 a accumulates and translocates into the nucleus. HIF-1 is a heterodimeric
transcription factor, consisting of an a and P subunit. Regulation of HIF-1 occurs
principally through the a subunit translocation to the nucleus, because the p subunit is
constitutively nuclear (reviewed by Ratcliffe et al., 2000).

HIF-1 activates the

transcription of genes, including those encoding glucose transporters, glycolytic
enzymes and vascular endothelial growth factor in order to facilitate metabolic
adaptation to hypoxia (reviewed by Semenza, 1999; Semenza 2000).

Consequently, the accumulation of HIF-1 a is therefore of potential benefit to cells
during tumourigenesis, and has been shown to be essential for tumour vascularisation
and development (Ryan et al., 1998).

Loss of normal VHL protein expression in a

cell mimics hypoxic conditions i.e., without the VHL/elongin complex, HIF-1 a is not
degraded and so amasses potentiating its downstream effects (figure 1.2.2). Thus, as
would be predicted, an increase in transcription of VEGF, GLUT-1, PDGF, TGF-a,
and erythropoietin has been associated with the loss of VHL protein function (Tyers
and Rottapel, 1999; Ohh et al., 2000).
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1.2.3

Other molecular markers in renal cell carcinoma

Renal cell carcinoma of similar stages and grades can exhibit a wide variety of
biological behaviours and clinical outcomes. As demonstrated by Baird et al., (2003)
the survival period of patients suffering stage IV disease was between 1 and 84
months without treatment. The discovery and functional understanding of molecular
tumour markers provides insight into tumour evolution and pathogenesis. Clinically,
tumour markers can aid diagnosis, provide prognostic information and direct
treatment. An understanding of the function of tumour markers can provide a basis
for novel targets for treatment. Each tumour will exhibit its own pattern of tumour
markers, which may allow tailoring of individual management. In the search for
tumour markers in renal cell carcinoma, proteins that are present in many tumours
(cancer specific) and proteins whose actions might be expected to be of importance in
renal cell carcinoma (cancer type specific) have been investigated.

The studies

discussed below are often trial and error exercises that are correlated with clinical
data, and therefore represent research into molecular markers that have been
associated with prognosis. A summary of some major molecular markers observed in
renal cell carcinoma is discussed as follows.

1.2.3.1

Ki-67

Ki-67 is a nuclear antigen present in all cycling human cells and is a marker of active
cell proliferation. It is not cancer specific, but can be used as a proliferative indicator,
as a high cycling rate is a characteristic of more aggressive cancers (Brown and
Gatter, 1990).

In the UK, many pathologists examining renal cell carcinoma

specimens use Ki-67 immunostaining assays. Although it can be a useful, it is naive
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to think that its measurement alone would provide definitive prognostic information.
Positive Ki-67 staining must be taken in the context i.e. with regards to the tumour
stage and patients performance status for it to be a useful in clinical practice.

In immunohistochemical studies, Ki-67 has been found to be increased in renal cell
carcinoma tissue compared when with normal renal tissue (Mejean et al., 2003;
Elfving et ah, 1997; Rioux-Leclercq et ah, 2000; Kim et ah, 2004; Visapaa et ah,
2003). In one study, patients with low nuclear staining for Ki-67 (<20%) had a
median survival time of 67 months and patients with a Ki-67 index >20% had a
median survival rate of 42 months (Rioux-Leclercq et ah, 2000). Renal tumours with
low levels of Ki-67 nuclear staining carry a better prognosis than those with high
levels of Ki-67 nuclear staining (Visapaa et ah, 2003).

1.2.3.2

Gelsolin

Gelsolin is the most potent protein known to function in the severing of actin
filaments during motility. Its actual role in malignancy is however ill defined. In
solid tumours such as cancers of the bladder (Tanaka et ah, 1995), prostate (Lee et ah,
1999) and breast (Winston et ah, 2001), gelsolin shows decreased expression, thus
supporting a potential function as a tumour suppressor. Gelsolin function has also
been linked with apoptosis and this may, in part, explain its role in neoplasia.
Kothakota et ah, (1997) have shown gelsolin to be the most prominent direct substrate
of caspase-3 in murine embryos. Their experiments concluded that gelsolin is a
probable in vivo target of the apoptotic caspase-initiated cascade and that gelsolin
fragments mediate, in part, the morphological changes of apoptosis. Therefore, down
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regulation of gelsolin disrupts apoptosis (Kothakota et al., 1997). Gelsolin has also
been shown to predict poor prognosis in clear cell renal cell carcinoma in clinical
samples analysed by immunohistochemistry (Kim et al., 2004; Kim et al., 2005;
Visapaa et al., 2003).

1.2.3.3

Carbonic Anhydrase 9 (CA 9)

CA 9 and CA 12 are part of a group of genes that encode for tumour-associated
transmembrane proteins. Carbonic anhydrases catalyse the reversible hydration of
carbon dioxide to carbonic acid (Sly and Hu, 1995). In 1926, Warberg demonstrated
the tumour microenvironment to be more acidic than normal tissue and in general, the
extracellular pH of human tumours is lower than of normal tissue (Griffiths, 1991). It
has been postulated that cell surface carbonic anhydrases (i.e., CA 9) regulate acidbalance to optimise conditions for tumour invasiveness (Ivanov et al., 2001).
Acidification of the extracellular matrix is also known to induce expression of
angiogenesis factors (Shi et al., 1999) and may also inhibit cellular immunity
(Giatromanolaki et al., 2001).

CA 9 is a common finding in renal cell carcinoma. Bui et al., (2004) studied 224 clear
cell renal cell carcinomas and found CA 9 staining in 93% of the tumours, 80% had
high level staining. Uemura et al., (1999) found similarly high levels of CA 9 in renal
cell carcinomas, showing that 87% of 187 clear cell renal cell carcinomas
demonstrated CA 9 expression.
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Carbonic anhydrases are down regulated by VHL transgenes (Ivanov et al., 1998), are
constitutively high in VHL-defective cells (Wykoff et al., 2000), and, in particular,
the CA 9 promoter is tightly regulated by the HIF-1 responsive element (HRE) close
to its transcription site. CA 9 is constitutively high in hypoxic environments and,
logic would dictate, a marker in increasing malignant potential.

However, in

immunohistochemical studies in clear cell renal cell carcinomas it was not the up
regulation of CA 9 that was associated with worse prognosis but, curiously, a
decrease in levels (Kim et al., 2004; Kim et al., 2005; Bui et al., 2004). The reason
for this anomaly is unclear, Bui et al., (2004) suggested CA 9 plays a functional role
in tumour progression and hypothesised that in the early stages of tumour progression
hypoxia and ischaemia induce CA 9 expression, an adaptation to confer proliferative
advantage for tumour growth and spread. Once malignant potential was attained, CA
9 expression was no longer required and so its levels decrease. Bui et al., 2004
argued evidence for this was demonstrated in the observations that metastatic lesions
less frequently had CA 9 expression than the primary tumour.

The full explanation

for the observation of low level CA 9 being associated with poor survival is unclear
and is uncommonly used in routine practice.

1.2.3.4

Epithelial Cell Adhesion Molecule (EpCAM)

Epithelial Cell Adhesion Molecule (EpCAM), is a common tumour marker. EpCAM,
also known as 17-1 antigen, is a glycosylated transmembrane cell surface epithelial
protein (reviewed in Balzar et al., 1999). EpCAM is widely expressed and found at
high levels in normal tubules of the kidney as well as in many cancers (reviewed in
Balzar et al., 1999). However, it is the low-level expression of EpCAM that is shown
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to be associated with poor prognosis, as detected by immunohistochemistry in renal
cell carcinoma (Kim et al., 2004).

1.2.3.5

Other tumour markers in renal cell carcinoma (CA125, CD 44 EMA,

pTEN, vimentin)

In a number of manuscripts, multiple molecular markers were examined together in
renal cell carcinoma. The hope of such studies would be that a series of markers in
combination could ‘profile’ an individual tumour with clinical application; either in
terms of enhanced staging, guidance for follow-up regimes or directing treatment. To
date these have failed to achieve this, however, with new research and development of
cancer-targeted drugs (see 1.1.7) the expectation is that such studies may yet yield
results.

In a study by Bamias et al., 2003, three tumour markers previously identified as useful
in the management of malignancies (CA125, CD44 and EMA) were analysed together
for their potential role in the management of renal cell carcinoma. CA 125 is a
glycoprotein elevated in the serum of patients with ovarian cancer routinely used in
the clinic, CD44 is a transmembrane glycoprotein implicated in cell-to-cell
interactions and related to aggressive tumour growth, and EMA (epithelial membrane
antigen) a molecular marker whose expression had previously been shown to correlate
with renal cell carcinoma survival by the authors. This study of 92 patients showed a
median survival for positive and negative expression for each marker was, 34.6 versus
54.3 months for CA125, 48.3 versus 51.5 with CD44, and 53.2 versus 34 months for
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EMA, respectively (Bamias et al., 2003).

These differences were statistically

significant but are likely to represent cancer specific markers only.

In another study by Shvarts et al., (2005), immunohistochemical staining with a panel
of markers was performed on 193 nephrectomy specimens, all from patients with
localised renal cell carcinoma. Samples were analysed with antibodies against CA 9,
CA 12, Ki-67, gelsolin, p53, EpCAM, pTEN (a tumour suppressor) and vimentin (a
marker routinely used to distinguish renal cell carcinoma from other renal tumour
types). All markers were examined and correlated with risk of tumour recurrence as
an end point. In a multi-variant analysis only p53 was an independent predictor and
high staining for p53 was associated with a shorter time to recurrence (p=0.00324).
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1.2.4.1

p53 and MDM2 in renal cell carcinoma

p53 is a tumour suppressor gene. The p53 protein has many functions, but its actions
have been summed up by the following description “the guardian of the genome”,
(Lane, 1992). This is fundamental to its function in protecting the integrity of cellular
DNA. Its function and regulation are more fully discussed in section 1.4. Essentially,
the p53 gene is activated when the cell “senses” genotoxic stresses, through several
different pathways. Once activated, the p53 protein potently induces cell cycle arrest
at the Gi-S and G2-M checkpoints, facilitating DNA repair or, if necessary, activating
the cell’s apoptotic machinery (Levine et al., 1991; Lane, 1992; Ashcroft and
Vousden, 1999; Balint and Vousden, 2001).

The p53 protein is present in most if not all cells and its tight regulation is vital. One
way that this is accomplished is by the actions of the MDM2 gene (Momand et al.,
1992; Woods and Vousden, 2001). MDM2 is an oncogene (Florenes et al., 1994).
MDM2’s most understood role is as a critical negative regulator of p53. Unregulated
p53 activity is fatal to the organism so there exist mechanisms to prevent this. p53 is
a transcription factor for MDM2, so activation of p53 leads to an increase in MDM2
protein, however one of the functions of the MDM2 protein is to targets itself and p53
for degradation (Woods and Vousden, 2001). Thus p53 and MDM2 act in a negative
feedback loop with one another preventing p53 lethality (Jones et al., 1995; Montes
de Oca Luna et al., 1995). The function of MDM2 is more fully discussed in section
1.5.
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There have been several studies examining the levels of p53 protein within renal cell
carcinomas, and a large number of these are summarised in Table 1.2.4.

These

studies have each examined between 50-200 tumours of mixed histology, stage and
grade. They vary slightly in their methodology but all (with the exception of the
study by Imai et al., 1994) have used immunohistochemistry as the mode of p53
detection, whereby only describing relative protein levels. The studies have used
different antibodies and a different ‘percentage positive cells’ within the tumour to
represent ‘p53 positive’, i.e., subjective. There is no consensus on what defines a p53
positive cell. The prevalence of p53 positive cells in these studies ranges from 6% to
52%. None of these studies (except Imai et al., 1994) have attempted to define the
nature of the p53 (c.f. mutant and wild-type p53 cells stain as positive) in these cells.

The normal p53 gene product has a short half-life of roughly 35 minutes (Maltzman
and Czyzyk, 1984). As a result of this, the p53 protein is usually either undetectable
or found only at low levels in unstressed normal cells. p53 activation in a cell either
leads to DNA repair along with cell cycle progression followed by p53 degradation,
or apoptosis. Therefore, if the p53 levels are sustained and high levels of p53 are
detected then the expected outcome is apoptosis. So when high levels are seen in
cycling cells, it is interpreted as abnormal p53 i.e., mutated or non-functional. Highlevel p53 in cancer cells is therefore generally interpreted as mutation. This is not an
absolute rule. It has been shown that immunohistochemically detected p53 over
expression can also be caused by non-mutational mechanisms and, conversely, not all
mutations result in p53 over-expression (Hall and Lane, 1994).

The accurate

description of a tumour’s p53 status can only be achieved following the analysis of
the DNA sequence, but this is both time consuming and labour intensive. Moreover,
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there are problems associated with both the methods of sampling and the sensitivity of
mutation detection in heterogeneous clinical samples.

Solid tumours such as renal cell carcinoma are normally heterogeneous, consisting of
a mixture of tumour cells, necrotic cells and non-neoplastic stromal cells. Also, cells
undergoing clonal evolution do so at different sites within a tumour and so may vary
in phenotype and genotype. The sensitivity and specificity of methods of analysis are
critical factors. They have the tendency to introduce bias into the p53 mutational
prevalence. Greenblatt et al., (1994) reviewed 84 studies which reported IHC and
sequencing in the same tumour set, with respect to p53 status. They found positive
staining in 44% of tumours by IHC, while 36% contained mutations by sequencing.
However, the sensitivity of IHC in these studies was only 75% (range 36%-100%)
and the positive predictive value was 63% (range 8-100%). They concluded that the
level of p53 protein determined by IHC should not be equated with wild type or
mutant genotype.

Gnarra and colleagues (1994) published work on the p53 status of renal cell
carcinoma cell lines established from primary tumours. Cell lines were used to allow
analysis of a homogenous specimen, without contamination by DNA from the
surrounding cells and tissues. In these cell lines Gnarra et ah, (1994) were able to
establish the presence of loss of heterozygousity of 17p (the p53 locus is 17pl3), and
screened them for mutations in the 5 most commonly mutated exons of p53 (see
section 1.7.1.1).

14 of the 29 (48%) cell lines analysed were positive for loss of

heterozygousity and 11 of the 33 (33%) examined had p53 mutations.
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The incidence of mutation and loss of heterozygousity of p53 in cancer was reported
by Levine (1995). Around 60% of human cancers show p53 mutations with a loss of
heterozygousity, consistent with the ‘two hit’ theory for loss of gene function
described by Knudson (1971).

Table 1.2.4.1

Summary o f p53 expression in renal cell carcinoma from the

literature.

% p53 +

Study

N=

Sub-type/ grade

Cho et al., 2005.

92

Clear Cell, 64% stage 1 & 2

38

Clear Cell, stage 3 and 4

Uzunlar et al., 2005.

57

Unknown

Zigeuner et al., 2004.

184

Most clear cell, 56% stage 1-2

22.8%

56

Stage 4

51.8%

134

Clear cell

11.9%

50

Non clear cell

Uchida et al., 2002.

112

Most clear cell 77% stage 1-2

13.4%

Lee et al., 2001.

62

Mainly clear cell, 73% stage 1& 2

45.2%

Ljungberg et al., 2001.

90

Mixed subtypes and stage

19.0%

Haitel et al., 2000

120

Clear cell, 54% stages 1 & 2

36%

Rioux-Leclercq et al.,

73

No sub typing, 49% stage 1 &2

15%

Girgin et al., 1999.

50

Mix subtypes, 54% stage 1 & 2

20%

Zhang et al., 1997.

70

Manly clear cell 57% stage 1 & 2

Moch et al., 1997

50

Non-papillary, pT3

16%

Imai et al., 1994

53

Most clear cell, 72% stage 1-2

6%

12%
21.1%
35%

52%

2000.
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22.9%

1.2.4.2

p53 expression and outcome in renal cancer.

In studies examining p53 protein expression in renal cell carcinoma, Zigeuner (2004)
and Haitel (2000) both identified a poor prognosis for patients with the presence of
high-level p53 protein compared to low-level p53 protein (p=0.0005 and p=0.00291
respectively).

Zigeuner

(2004)

reported

high-level

p53

protein

by

immunohistochemistry in papillary and chromophobe sub-types, but not in clear cell
renal cell carcinoma where he reported high-level p53 in only 11.2% of the cases.
This is contrary to result found by others authors (e.g., Haitel et al., 2000; Zhang et
ah, 1997; Lee et ah, 2001; Uzunlar et ah, 2005) summarised in Table 1.2.4, and report
much higher levels. Haitel et ah, (2000) found a high-level of p53 protein in 36% of
the 96 clear cell renal tumours examined specifically for p53 over-expression. Haitel
et ah, (2000) study also used a relatively high percentage of positivity of cells, greater
than 10%, as a definition for high-level p53. Clearly, if these authors had used a
lower value, typical of many non-renal p53 IHC studies throughout the literature, then
this frequency of p53 expression might well have been higher. The over all range of
high-level p53 positivity in clear cell carcinoma, which represents the majority of
renal cell carcinoma, was around 75% (Linehan et ah, 2005), c.f. Table 1.2.4.

1.2.4.3

Outcome in renal cancer and MDM2 expression.

There are presently only three papers in the literature that have examined MDM2
protein levels in renal cell carcinoma. Haitel and colleagues in 2000 examined 120
patients with clear cell renal cell carcinoma and tested for the presence of abnormally
high expression of p53 and MDM2 by using immunostaining of paraffin embedded
tissue (Haitel et ah, 2000). The results of this immunohistochemistry were correlated
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with clinico-pathological parameters. p53 and MDM2 expression were examined to
determine whether there was a correlation with tumour grade. High-level expression
of MDM2 was found as follows:
Stage 1 - 0.0% (0 of 6 tumours),
Stage 2 - 11.36% (5 of 44 tumours),
Stage 3 - 33.33% (9 of 27 tumours),
Stage 4- 22.22% (4 of 18 tumours).
Positive staining for MDM2 was strongly associated with tumour progression and
Kaplan-Meier analysis for disease free survival showed that MDM2 expression was
significantly correlated with poorer prognosis (p=0.0013). In this study, the worst
possible prognosis was found in the subset with high-level MDM2 and high-level p53
(MDM2+/p53+). MDM2+/p53+, the presence of distance métastasés, and tumour
grade were all independent prognostic markers. This was the case even when tumour
stage and the presence of positive lymph nodes were not independently significant.
*

Uchida and colleagues (2002) examined 112 renal tumours and found only 13.4% p53
positivity and 1.8% positivity for MDM2. However, the majority of tumours were of
localised disease, 76.8% being of either stage I or II. They found p53 to be an
independent predictor of poor survival but the number of MDM2 “positive” tumours,
were too small in number to produce significance (n=2). These authors found, by
multi-variant analysis, that expression of MDM2 produced a hazard ratio of 22.016,
with a p-value of 0.0150, for poor prognosis. In a similar vein, co-expression of
p53/MDM2 had a significant effect on prognosis (hazard ratio 6.146, p=0.0005).
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Finally, Moch et al., (1997) examined 50 non-papillary pT3 tumours and found 30%
positivity for MDM2 and 16% for p53. The MDM2 staining was always nuclear and
never accounted for more than 10% of tumour cells. Expression however, was never
present in normal tissue, suggesting that MDM2 staining was tumour specific.

By virtue of the above, the evidence is present that p53 and MDM2 are important as
prognostic indicators in renal cell carcinoma and the presence of high-level
expression of p53 and MDM2 in conjunction result in the worst out come in patients
(Haitel et al., 2000; Uchida et al., 2002). The reason for this is yet to be uncovered.
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1.3

Overview of Cancer Biology

Cancer is in essence a genetic disease. Hanahan and Weinberg (2000) published a
review, where they outlined six ’hallmarks’ of cancer. They proposed that most, if
not all cancers, acquire the same set of functional capabilities during their
development, albeit through various mechanisms. The six hallmarks were:
i. self-sufficiency in growth signals
ii. insensitivity to anti-growth signals
iii. tissue invasion and metastasis
iv. limitless potential to replicate
v. sustained angiogenesis
vi. evasion of apoptosis

1.3.1

Regulation of the cell cycle

Cancer has been described as a disease of the cell cycle (North, 1991) that occurs as a
result or a consequence of a cell acquiring a series of genetic lesions. The genetic
lesions often result from point mutation, translocation, reverse mutant, amplification
and deletion of DNA during the cell cycle. The cell cycle is a series of events through
which cells control the steps of growth, replication and division in a co-ordinated
manner to ensure that the two daughter cells from each partition are a faithful replica
of the parental cell.

The cell cycle is driven by the alternating activation and deactivation of the key
enzymes (cyclin-dependent protein kinases (CDKs)), and by their cofactors (cyclins).
The increasing levels of the various cyclins are employed at distinct points in the cell
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cycle. Thus progression in Gi (gap phase 1) involves the actions of cyclins C, D, and
E, while in S-phase (synthesis), G2 (gap phase 2) and M (mitosis) progression entails
the actions of cyclins A and B. The cyclin dependent kinases are activated by the
binding of the cognate cyclin, which follows after phosphorylation by the cdkactivating kinase (CAK) (Figure 1.3.1).

Highlighted in sections 1.3.1.1-1.3.1.7, are points within the cell cycle where
progression is regulated. They are highlighted because abnormality of regulation at
these points is seen in cancer cells.

It is this deregulation that enables a cells

transformation to malignancy, as described in the six hallmarks of cancer (see section
1.3).
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Figure 1.3.1

The normal cell cycle.

The normal cell cycle consists o f alternating DNA synthesis (S) and mitosis (M)
phases, separated by gap phases (G\ and G2).

Cells respond to extra cellular

antiproliferative cytokines and mitogens from the time they exit mitosis until they
reach the restriction point, after which they can complete the cell division cycle in the
absence o f extra cellular growth factors. In response to mitogenic signals a non
cycling cell in Go enters the cell cycle. Cyclin D-dependent kinases accumulate in
response to mitogenic signals and initiate the phosphorylation o f Rb, a process that is
completed by cyclin E-cdk2. Once a cell enters S-phase, cyclin E is degraded and
cyclin A enters into a complex with CDK2. The INK4 proteins oppose the activities o f
various cyclin D-dependent kinases, whereas Cip/Kip proteins specifically inhibit
cyclin E-cdk2 but are required for cyclin A-cdk2 interaction and for cyclin D-cdk 4/6,
(Sherr, 2000).
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1.3.1.1

Go

Many of the cells in the human body are not actively progressing through the cell
cycle; these cells are arrested at Go- In vivo, normal (non-cancer) cells will proliferate
only if stimulated to do so by extracellular growth factors or mitogens secreted by
other cells. In the absence of growth signals mitosis-suppressor proteins, such as the
retinoblastoma protein (Rb), impose the Go block.

The retinoblastoma protein

specifically binds to transcriptional regulatory proteins (i.e. E2F) preventing them
from stimulating the transcription of genes, such as cyclin A and E, required for cell
proliferation.

Mitogens, whether normal or inappropriate, destroy this block by

activating Gi-specifc cyclin-CDK complexes (cyclin D kinases). Cyclin D kinase
phosphorylates Rb altering its conformation and causes it to release E2F, which in
turn regulates DNA metabolism. One way in which E2F regulates DNA metabolism
is through recruiting histone deacetylases, which catalyse the ‘uncurling’ of the DNA.
This is essential for replication (reviewed in Sherr, 2000; Bringold and Serrano, 2000;
Hunter, 1993). In summary, the release of E2F from Rb initiates the cell to cycle into
Gi.

1.3.1.2

Early Gi

In early Gi, the cell can divert from division back to Go as a result of the loss or
removal

of mitogenic

stimuli

or by

cell

intrinsic

mechanisms

such

a

hypophophosporylation of Rb and the sequestration of E2F. One cyclin-dependent
kinase inhibitors (CDKI), pl6 INK4a is one of the two genes from the INK4 locus
(named for their ability to INhibit cdK4, see section 1.6.1) is active in early Gi.
Specifically, p l6 INK4a binds cyclin-D dependent kinases, releasing cyclin D and,
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therefore, halting the phosphorylation of Rb (Khleif et al., 1996). In summary, the
pl6INK4a once bound to cyclin D-dependent kinase helps maintain Rb in a
hypophosphorylated state, resulting in the suppression of mitosis. The INK4a locus
remains of interest clinically as its loss of function occurs frequently in human
cancers (Ruas and Peters, 1998). In familial melanomas, for example, one defective
copy of INK4a gene locus is inherited and the second is lost in the melanoma tumour
cells (Kamb et al., 1994); while virtually all pancreatic carcinomas exhibit INK4a
gene locus defects (Ruas and Peters, 1998).

1.3.1.3

The restriction point

Mammalian cells will normally progress into the Gi phase when stimulated to do so
by mitogens. The cell is dependent on the continued stimulus by mitogens to progress
through Gi until it reaches the restriction point (coined by Pardee, 1989), after which
the cell can undergo division in the absence of growth signals. Cyclin E, which
accumulates in late Gi, binds to and activates the kinase cyclin D-dependent kinase 2.
The cyclin E/cyclin D-dependent kinase 2 complex initiates a cascade of events that
regulate entry into S-phase. During Gi there is an accumulation of INK4 (a CDKI
which binds cyclin-D dependent kinases, releasing cyclin D and, therefore, halting the
phosphorylation of Rb) that liberates the Cip/Kip proteins, another group of CDKIs.
The Cip/Kip family act as CDKI, e.g. p21c,p, and specifically targets cyclin Edependent kinase, inhibiting progression into S-phase. Cyclin E is inappropriately
expressed in many human tumours, pushing cells beyond the restriction point in Sphase (Moroy and Geisen, 2004).
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1.3.1.4

Gi checkpoint

Regulation of the Gi checkpoint is critical in order for exact replication of cellular
DNA to occur. It is at the Gi checkpoint that if a cell does not detect cellular stressors
or DNA damage it progresses to the S-phase. If the cell is exposed to stress (e.g.,
hypoxia, irradiation or oncogene activation) or it detects the presence of damaged
DNA the level of p53 protein increases, localises to the nucleus and exerts its
transcriptional influence. The p53 protein is a transcription factor for p21cip, which is
a cyclin dependent kinase inhibitor (CKI). The CKI binds to cyclin-CDK complex
(cyclin E-CDK 2) inactivate it, and thus arrests the cell in Gi (see section 1.3.1.2).
The normal function of both the p53 tumour suppressor and the p21cip growth
regulator are found to be defective in cancerous cells (Sherr, 2000; Bringold and
Serrano, 2000; Hunter, 1993).

1.3.1.5

Synthesis, S-Phase control.

During S-phase a single faithful copy of the whole genome is generated.

The

duplication of the genome occurs in an orderly fashion with simultaneous replication
of multiple sites of different chromosomes. The specific site at which reproduction of
DNA begins is called the origin of replication (see section 1.3.7.1). To maintain the
integrity of the genome each origin of replication must fire once and only once.
During the process of replication, DNA is unwound from the histones. Histones are
proteins that attach DNA molecules winding the DNA double helix round them.
Histones are pivotal in chromosome structure and are also important in co-ordinating
gene activity.

Replication is a complex process in which DNA is especially

vulnerable to genomic instability, that is a biological process of chromosomal
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rearrangement and duplication. Genomic instability is a recognised feature of many
human tumours, as an environment rich in the acquisition of mutations, in which the
propensity for genetic change occurs (Pihan et al., 2003).

The S-phase checkpoint, activated by genotoxic insults, causes only transient
reversible delay in cell cycle progression, mainly by the inhibition of the new replicon
and thereby slowing down DNA replication. Unlike the Gi-M and G2-M checkpoints,
the intra-S phase response to DNA damage lacks the sustained maintenance of cell
cycle arrest and is independent of p53 (Lukas et al., 2004; Hollander and Fornace,
2002 ).

1.3.1.6

G2/M Checkpoint

The G2/M checkpoint can prevent cells from initiating mitosis.

Cells that have

experienced DNA damage during G2 , or cells that have entered G2 with damage
inflicted in the previous S or Gi phases can be prevented from division by the
regulators of this checkpoint. The major mitosis-promoting activity is initiated when
cyclin B complexes with CDK1. After DNA damage, several kinases inhibit the
mitosis-promoting activity of cyclinB/CDKI. An example of such a kinase is Chk-1,
which prevents the progression of a cell into M-phase by mediating sub cellular
sequestration of cyclin B/CDK1 whereby inhibiting the phosphorylation of CDK1
(Lukas et al., 2004).

p53 also contributes to the long-term silencing of cyclin

B/CDK1. The GADD45a gene is a transcriptional target of p53. The GADD45a
protein has been shown to be involved in G2 arrest (Taylor and Stark, 2001). The
deletion of GADD45a has been shown to lead to centrosome amplification and
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subsequent abnormal mitosis and aneuploidy (Hollander and Fornace, 2002).
GADD45a is present in p53 null cells, but the response of GADD45a causing G2
arrest is more robust in the presence of p53. Thus, GADD45a, by binding with cyclin
B-CDK1, facilitates cell cycle arrest and DNA repair (Hollander and Fornace, 2002;
Taylor and Stark, 2001).

1.3.1.7

Senescence

Cellular senescence is, in part, the manifestation of the loss of proliferative potential
and can be induced by the accumulation of cell doublings of a cell. In this way, the
organism uses senescence to maintain the integrity of its DNA, as with increasing
numbers of cell divisions there is an accumulative risk of errors in the copying of the
DNA.

The life span of a cell is determined by the telomere, which is a specialised sequence
of DNA at the end of a chromosome. The telomere has important DNA protecting
functions, i.e., preventing chromosome end-to-end fusion, ensuring complete
replication of the extremities of the chromosome, assisting in chromosome pairing
and maintaining nuclear internal structure during mitosis (by linking the chromosome
to the nuclear membrane). A telomere may contain thousands of six base-pair repeat
sequences, which have been shown to shorten by 50-100 base pairs with each cell
cycle. Once the telomere is shortened to a critical length, senescence occurs or cell
death is triggered as a consequence of the loss of its protective functions (Hanahan
and Weinberg, 2000).
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The structure of DNA is such that DNA polymerases (enzymes that synthesise
unwound DNA strands) are only capable of replicating a DNA template in a 5 prime
(5’) to a 3 prime (3’) direction (see Figure 1.3.7.1a). The two strands of DNA align
oppositely in the DNA double helix and replicate differently. Replication occurs
continuously from the origin of replication, along one of the DNA strings called the
leading strand; this is achieved by the actions of DNA polymerase 6. The opposite
string is called the lagging strand and replicates in short segments because of the
orientation of the deoxyribose sugar. The new segment of synthesised DNA from the
lagging end, catalysed by DNA polymerase a, is called the Okazaki fragment. The
Okazaki fragments are linked together by the actions of DNA ligase (see Figure
1.3.7.1b). Replication of the DNA at the end sections of the chromosome, namely the
telomeres, is not clear-cut.

The telomeres replicate with the assistance of a

specialised enzyme, telomerase. Telomerase attaches to the telomere using an RNA
template that is structurally part of the enzyme, which acts as a temporary extension
to the strand, allowing normal replication.

Most tumour cells show evidence of

telomere maintenance (Shay and Bachetti, 1997) and over 85% do so by the presence
of up-regulated telomerase (Bryan and Cech, 1999).

Thus, it is suggested that

telomerases can increase and prevent loss of telomere length, thus the telomere ceases
to be a limiting factor for replication (Bringold and Serrano, 2000). Bodnar et ah,
(1998) demonstrated the importance of telomerase with respect to the immortalisation
of cells, which is one of the six hallmarks of cancer. They directly expressed ectopic
telomerase in human cells, which subsequently conveyed unlimited replicative
potential to those cells (Bodnar et ah, 1998).
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Figure 1.3.1.7a

Schematic diagram o f the structure o f DNA molecule’s in a two base

pair section.
A nucleotide (represented within the dotted box) contains a sugar molecule,
deoxyribose, a phosphate group attaching to the 5 ’ carbon o f the sugar, a hydroxyl
group to the 3 ’ and a nitrogenous base or nucleotide to the 1

There are two types o f

bases purines i.e. adenine (A) and guanine (G), and pyrimdines, i.e. cytosine (C) and
thymine (T). The structure o f DNA is akin to a flexible ladder that has been twisted
like a corkscrew. The ‘upright ’ o f the ladder consists o f deoxyribose sugar molecules
linked by phosphate groups. The rungs o f the ladder are formed by nucleotides linked
by hydrogen bonds (H-bonds). A and T always bond together with two H-bonds and
C to G with 3 H-bonds. Adapted from Pritchard and Korf 2003.
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Figure 1.3.7. lb

A schematic diagram o f the replication o f a section o f DNA.

During synthesis o f DNA, the section that first unwinds is called the origin o f
replication.

The double strand is split open by an enzyme called helicase, which

exposes the base pair template at the origin o f replication. The area o f separation o f
the DNA helix is called a replication bubble, the end o f which is the replication fork.
New DNA is synthesised by DNA polymerases from

deoxyribonucleotides

triphosphates (ATP, GTP, etc), which is converted into monophosphate nucleotides
(AMP, GMP, etc).

The release and hydrolysis o f phosphate from triphosphate

provides energy for the reaction ensuring the process is virtually irreversible and
makes DNA a robust molecule. All DNA polymerases synthesis DNA in the 5 ’ to 3 ’
direction, thus the leading strand is continuously replicated and the lagging strand is
copied in fragments (the Okazaki fragments) that are linked by DNA ligase. Adapted
from Pritchard and Korf 2003.
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1.3.2

Apoptosis

Apoptosis, or programmed cell death, is vital in the protection of the organism from
the effects of potentially dangerous or abnormal cells. Apoptosis is also important in
controlling cell numbers and tissue size. Thus apoptosis is key to the homeostasis of
an organism. The process of apoptosis is a complex series of events that allows the
removal of excessive, dangerous, damaged or infected cells.

This is a dramatic

cellular event in which the cell is programmed to commit suicide in order to maintain
the integrity of the organism as a whole.

Central to the regulation and execution of apoptosis is a large group of intracellular
proteins called caspases. Caspases cleave protein substrates after aspartic acid
residues. Caspases selectively cleave target proteins, which cause protein inactivation
but may also activate proteins by the cleavage of negative regulatory sub-units or
indirectly by inactivating a regulatory subunit (reviewed by Hengartner, 2000).
Examples of caspase activity that occurs during apoptosis include the cleavage of
cytoskeleton proteins such as gelsolin by caspase-3 (Kothakota et al., 1997), and
caspase mediated activation of CAD (caspase-activated DNAse, a DNA ladder
nuclease) where caspase-3 cleaves the negatively regulated subunit of the CAD
enzyme (Uegaki et al., 2000).

Caspases exist in the cytoplasm, or are inserted into organelle membranes
(importantly in the membranes of mitochondria), or exist as enzymatically inert
zymogens or procaspases.

Some of the mechanisms of caspases activation are

described as follows. Caspases are potent activators of one another. For example, the
caspase cascade, which once was initiated, can quickly execute apoptosis and can be
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ignited by a single upstream caspase (reviewed in Hengartner, 2000; Haupt et al.,
2003). Also, caspases are able to activate themselves, e.g. pro-caspase-8, that is a key
initiator of the death receptor pathway and has low intrinsic protease activity and,
thus, is able to activate itself (Muzio et al., 1998). Finally, caspases activate when in
association with a regulatory subunit, e.g. the activation of caspase-9 occurs when in
association with Apaf-1 (Rodriguez and Lazebnik, 1999). This association is often
referred to as the apoptosome (reviewed in Haupt et al., 2003 and see Figure 1.3.2).

The Bcl-2 family of proteins are also important in understanding the regulation and
execution of apoptosis. This family of proteins includes proteins such as Bax and
Bid.

The Bcl-2 family interact and regulate one another and are largely responsible

for the release of cytochrome c from the mitochondria, which is required for
activation of the apoptosome (reviewed by Hengartner, 2000). Apoptosomes cause
protein degradation inside the cell and the accumulation of active apoptosomes
ultimately leads to gross malfunction of the cell and its death (Figure 1.3.2).

As the cytochrome c is released from the mitochondria on induction of apoptosis, so
are other proteins released including IAP (inhibitors-of apoptosis) (reviewed by Miller
et al., 1999), Smac (Du et al., 2000) and DIABLO (IAP) (Verhagen et al., 2000),
which allow regulation of apoptosis (see figure 1.3.2).

The decision of a cell to apoptose is under tight regulation and influenced by a
multitude of genes. Key to the initiation of apoptosis is the signals from within the
cell that is largely mediated by p53 (Haupt et al., 2003) and signals from outside the
cell via the death receptors. Death receptors are cell surface protein complexes, that

41

transmit apoptosis signals to the cell and are initiated by the binding specific ‘death
ligands’, for example, TNF-a binding to the TNF-a cell surface receptor is a potent
initiator of apoptosis (Ashkenazi and Dixit, 1998). Several p53-regulated genes have
been shown to enhance cytochrome c release including Bax (Miyashita and Reed,
1995), NOXA (or PMAIP1) (Oda et al., 2000) and PUMA (or BBC3) (Nakano and
Vousden, 2001). p53 also induces transcription of genes that encode death receptor
transmembrane proteins such as Fas (the cell surface receptor Fas is a member of the
TNF family of receptors which activate caspase-9, see Figure 1.3.2), DR5 (the death
domain containing receptor-related apoptosis inducing ligand) and TRAIL (Wu et ah,
1997).

More recently there has also been good evidence that the p53 protein itself

can locate to the cytoplasm and act directly upon the mitochondria or proteins in the
mitochondria (Bcl-2 and Bcl-x) to promote cytochrome c release (Moll et ah, 2005;
Chipuk et ah, 2004).

Apoptotic malfunction has deleterious effects, which are associated with cancer, as it
allows the abnormal cell to continue to proliferate by evading appropriate apoptosis.
Mutation of the Bcl-2 family of proteins is frequently seen in human cancers and Bcl2 over expression is especially important in metastasis (Cory and Adams, 2005).
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Figure 1.3.2

Summary o f the major apoptic pathways.

M, mitochondria. Adaptedfrom Hengartner, 2000.
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1.4.1

Overview of p53 function

1.4.1.1

Discovery of p53 tumour suppressor gene

p53 was originally discovered as a cellular protein that interacted with simian virus 40
(SV40), a large T antigen (Linzer and Levine, 1979; Lane and Crawford, 1979).
Originally, the p53 protein was classified as an oncogene because in transfection
experiments it had oncogenic potential. However, the original cDNA extracted from
a tumour cell line and subsequently used in these experiments was in fact a mutant
clone. Finlay et al., (1989) later proposed that p53 was in fact a tumour suppressor
gene.

They showed that the malignant transformation of cells cultured with

oncogenes could be suppressed by the cDNA of wild type p53 (Finlay et al., 1989;
Eliyahu et al., 1989). Wild-type p53 was also shown to suppress both the growth in
culture of transformed cells and, in vivo, the ability of transformed cells to form
cancers in animals (Baker et al., 1990; Diller et al., 1990; Michalovitz et al., 1990;
Mercer et al., 1990; Martinez et al., 1991). Loss of p53’s tumour suppressor activity
was also demonstrated by deletions or mutations of wild-type p53 alleles occurring in
several animal (Mowat et al., 1985) and human (Baker et al., 1989) tumours.
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A schematic representation o f the human p53 gene and protein,

encodedfor on chromosome locus 17p21.
The eleven exons o f the p53 gene are demonstrated. The greyscale coding indicate
the functional domains o f the protein that the gene exons encodes. The exons are not
to scale. Adapted from IARC TP53 database http://www-p53. iarc. fr, Hainaut and
Olivier, 2007.

1.4.1.2

Functions of the p53 tumour suppressor gene

The p53 protein has many functions but, as Lane (1992) summed up its functions up,
it is ‘the guardian of the genome’. This is an apt description as the fundamental role
of p53 is to protect the integrity of cellular DNA. The actions of p53 include cell
cycle arrest, apoptosis, senescence, differentiation and antiangiogenesis (see section
1.4.2). Essentially, the p53 gene is activated when the cell ‘senses’ stresses. Once
activated the p53 protein induces cell cycle arrest at the Gi-S and G2 -M checkpoints,
facilitating DNA repair, or, if necessary, activating the cells apoptotic machinery (see
sections 1.3.1.4- 1.3.1.6).
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Figure 1.4.1.2 An overview ofp53 activation and the effects o f its activation.

1.4.1.3

Activation of p53

The normal p53 gene is activated when the cell reacts to DNA damage or is exposed
to potentially DNA damaging stresses, e.g., radiation or abnormal growth factors. In
response to genotoxic stress p53 protein levels increase within 1 to 12 hours
(Maltzman and Czyzyk, 1984; Kastan et al., 1991; Lu and Lane, 1993).

The

activation of p53 is most widely understood and demonstrated in the literature through
protein stabilisation and enzymatic activation.

Activation of p53 via post-

translational modification, leads to processes such as phosphorylation and acetylation
that predominantly increase the quantity and efficiency of protein available for
activity (reviewed by Lavin and Gueven, 2006).
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Figure 1.4.1.3

A schematic diagram o f the p53 protein, including a few o f the

modification sites that lead to p53 stabilisation and activation.
The functional domains o f the p53 protein are adapted from Appelle and Anderson,
(2001), and the sites o f modification are a summary o f the text in section 1.4.1.3.
TETRA = tetramerisation domain. S = serine residue, K = lysine residue, Thr =
Threonine residue. (See Bushmann et al, 200l l; Bulavin et al., 19992; Hirao et al,
20003; Canman et al, 1998, and Tibbetts et al, 19994; Avantaggiati et al., 1997, and
LUI et al., 19975; Sakaguchi et al, 19986; Gostissa et al., 1999, and Rodriguez et al.,
19997.)

The phosphorylations of different amino acid residues are mediated by various protein
kinases in order to co-ordinate the specific response and to stabilise the p53 protein.
Likewise, at specific sites acetylation and sumoylation of p53, has been demonstrated
to have activating effects, (figure 1.4.1.3). Different kinases are activated by diverse
stresses and the significance of these modifications is not yet fully understood.
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Ionising radiation can cause breaks in the double strands of DNA. In response to the
DNA damaging effect of ionising radiation, kinases e.g. ATM (Canman et al., 1998)
and Chk-2 (Hirao et al, 2000), communicate with p53, which results in its
stabilisation due to the phosphorylation of serines 15 and 20. The ATM gene was
discovered in ataxia telangiectasia, a disorder in which photosensitised skin is
predisposed to cancer (Meyn, 1999), highlighting a potential protective effect of ATM
in phosphorylating of p53. The Chk-2 gene is mutated in some patients with LiFraumeni syndrome, a disorder associated with tumour development at a young age,
linking the malfunction of an important p53 regulating kinase with malignancy. It has
been demonstrated that cells deficient in ATM and Chk-2 are unable to stabilise p53
following ionising radiation. This inability to stabilise p53 strongly support a role for
these protein kinases in the DNA damage response mediated by p53 following
carcinogenic stressor (Kastan et al., 1992; Hirao et al., 2000).

Ultra violet light DNA damage differs to that of ionising radiation and activates
different protein kinases. Ultra violet photons damage DNA in several ways that
include producing covalent bonds in neighbouring pyrimidine bases in DNA molecule
(Sauerbier and Hercule, 1978; Mayne and Lehmann, 1982). The protein kinase that
has that been shown to phosphorylate p53 following UV irradiation is kinase ATR
(A-T related kinase) (Tibbetts et al., 1999). The ATR kinase phosphorylation of p53
occurs at the same site as that induced by ATM kinase following ionising radiation.
This indicates that these are kinases with different activators that result in the same
effect.

Following UV irradiation the expression of MAP kinase (p38 mitogen-

activated protein kinase) and JNK kinase (jun N-terminal kinase) has also been shown
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to prolong the half-life of wild-type p53, when compared with the p53 mutants
substitutions at S38, S46 and Thr81. The result of these mutations suggests that in
response to UV light phosphorylation, these sites may independently lead to p53
stabilisation (Bushmann et al, 2001; Bulavin et al., 1999).

The functional consequences of p53 acetylation are diverse and include increased
DNA binding, enhanced stabilisation and changes in protein-protein interactions
(reviewed in Brooks and Gu, 2003). CBP/p300 is a co-activator of p53, it potentiates
p53’s transcriptional activity as well as its biological function in vivo (Avantaggiati et
al., 1997; Gu et al., 1997; Lill et al., 1997). CBP/p300 is also a protein that possesses
histone acetyl transferase activity. Note: as acetylation of histones correlates with
general increased transcriptional activity (Kouzarides, 2000), the precise role of this
event is not completely understood. Both p300 and CBP mutations are found in
cancer (Goodman and Smolik, 2000) and arguably, emphasising their importance in
the regulation of p53. p53 is specifically acetylated at multiple lysine residues of the
C-terminus regulatory domain by p300/CBP (Avantaggiati et al., 1997; Lill et al.,
1997) and to a lesser extend lysine 320 by PCAF (Sakaguchi et al., 1998).
Acetylation of p53 lysines 373 and 382 by a variety of stresses was demonstrated by
Ito et al., (2001), including in response to adriamycin treatment, hypoxia,
antimetabolites, RNA polymerase II and nuclear export inhibitors.

This suggests

common modifications from different stressors, and, interestingly, p53’s acetylation
following these stresses was inhibited by MDM2. Conversely, histone deacetylases
down regulate p53 during interaction by removing acetyl groups, suggesting that
deacetylation of p53 is one of the mechanisms controlling its activity (Juan et al.,
2000).
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Sumolyation of p53 lysine 386 by SUMO-1 (so called by virtue of being a small
ubiquitin like protein) over expression and following exposure to UV irradiation has
been demonstrated to increase the transactivation ability of p53 (Gostissa et al., 1999;
Rodriguez et al., 1999). The effect of this was shown when SUMO-1 was over
expressed in U2-OS and Sa02 cells, which, are both p53 wild type, and in a p53
lysine 386 mutant of these cells. p53 activity increases in the p53 wild type cells
above the control, but this was not shown in the lysine 386 mutant (Gostissa et al.,
1999; Rodriguez et al., 1999). This demonstrates that SUMO-1 modification of p53
up-regulates p53 mediated transactivation.

Stabilisation of p53 occurs as a result of post-translational modification, but can also
occur through a decrease in p53 degradation. Stabilisation of p53 occurs through
stress-induced inhibition of p53 degradation by MDM2.

Inhibition of MDM2 is

mediated mainly by multi-site phosphorylation of the protein (see section 1.5). The
momentary interaction of protein kinases and p53, within or close to the N-terminal
(p53 binding domain) causes both phosphorylation and acetylation of MDM2. It is
such modifications that interfere with MDM2’s ability to bind to p53 and thus
MDM2’s ability to target p53 for degradation (Ashcroft and Vousden, 1999; Lane et
al., 1992; Meek et al., 2004; Prives and Hall, 1999).
E3 ligase for p53.

MDM2 acts specifically as an

Following MDM2’s binding to p53, MDM2 links the E2-

conjugated ubiquitin molecule to p53, leading to p53 degradation by the proteosome
(see section 1.5).

The process of p53 ubiquitylation by MDM2 is negatively regulated by HAUSP
(herpes virus associated ubiquitin-specific protease), which has been shown to
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stabilise p53 by deubiquitylation of p53 in the presence of MDM2 over expression.
This suggests that HAUSP may function as a tumour suppressor gene (Li et al., 2002).
The actions of HAUSP and other inhibitors of ubiquitylation (e.g. TSG 101, Li et al.,
2001) are molecules suggested in mechanisms to halt p53 ubiquitylation following
DNA damage.

1.4.2

The p53 Pathway

The p53 pathway is composed of a network of genes and their products that are
targeted by and respond to a variety of intrinsic and extrinsic stress signals. The p53
network of genes has a variety of functions including cellular homeostatic
mechanisms that monitor DNA replication chromosome segregation and cell division
(Vogelstein et al., 2000). Activated p53 is a transcription factor that can initiate
different transcriptional programmes, which vary depending on the environment of
activation.
hypoxia,

The environment of p53 activation is influenced by stressors (e.g.
UV

light,

abnormal

growth

factor),

protein

modifications

(e.g.

phosphorlyation, acetylation) and proteins in association with p53 (reviewed in Harris
and Levine, 2005). The p53 network of genes is vast (see figure 1.4.2). It is very
likely that many more genes are actually involved in the p53 network and this is the
subject of much ongoing research. The effort to identify p53-associated genes is
demonstrated by the work of Hoh et al., (2002) who designed an algorithm to identify
the p53-responsive element (a short sequence of a gene to which p53 has been shown
to bind) in sequences of DNA.
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Figure 1.4.2

A summary o f the p53 core regulation, downstream effectors and

effects.
p53 core regulation is shown within the shaded box in the upper part o f the diagram.
Core regulation is defined here as the regulation o f p53 by its major negative
regulators MDM2 and MDMX.

Many genes may regulate p53 but only p53

regulation by MDM2 and MDMX has been shown to be essential for life (Montes de
Oca Luna et al., 1995; Parant et al., 2001).

Some o f the downstream p53

transcriptional target genes are shown in the middle part o f the diagram in ovals.
The effects o f the different transcriptonal programmes are described in the shaded
boxes in the lower part. Adapted from Levine et al., 2006.
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Below is discussed three of the major effects of p53 activation: cell cycle arrest, DNA
repair and apoptosis (1.4.2.1- 1.4.2.3). Finally p53 transcriptional target genes whose
products are involved in p53’s negative regulation are discussed (1.4.3).

1.4.2.1

p53 and Cell cycle arrest

p5 3-mediated Gi arrest is principally through the actions of the p21c,p gene (also
known as CDKN1A or p21WAF/CIP1) product. p21cip is a transcriptional target of p53.
p21cip binds to and inhibits cyclin E-cdk2 and thus halts the progression of the cell
through Gi (see 1.3.1.4).

The G2 checkpoint arrest is p53-mediated, in part, by

transcription of 14-3-3-sigma protein.

14-3-3 sigma is a protein that binds to

CDC25C, and prevents CDC25C from entering the nucleus.

When CDC25C is

excluded from the nucleus, it prevents the activation of cyclin B-CDC2. Cyclin BCDC2 is a kinase essential for G2 to M-phase transition (reviewed in Iliakis et al.,
2003).

1.4.2.2

p53 and DNA repair

Some of the proteins transcribed as a result of p53 transactivation participate in the
response that facilitates repair of damaged DNA, e.g. GADD45, which binds
proliferating cell nuclear antigen protein (PCNA). The binding of GADD45 to PCNA
inhibits replicative DNA synthesis, thus allowing DNA repair to proceed (Smith et ah,
1994). Likewise, p53R2 (a ribonucleotide reductase gene) was identified as a p53
transcriptional target that supported a direct role for p53 in DNA repair (Nakano et ah,
2000). Ribonucleotide reductases assemble deoxyribonucleotides for the synthesis of
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DNA from the reduction of ribonucleotides. Tanaka et al., (2000) isolated the p53R2
gene and showed that inhibition of endogenous p53R2 expression in p53 wild-type
cells reduced ribonucleotide reductase activity, DNA repair and cell survival,
following various genotoxic stresses.

This observation further supports p53R2

importance in p53 mediated DNA repair.

1.4.2.3

p53 and apoptosis

Several p53-regulated genes enhance the release of cytochrome c from the
mitochondria (more fully explained in section 1.3.2). These include: Bax, NOXA,
and PUMA from the intrinsic pathway and killer/DR5 and TRAIL from the extrinsic.
Cytochrome c interacts. with APAF-1 (also a p53 up-regulated gene) to initiate a
protease cascade, leading to the activation of caspase 9, followed by caspase-3 and,
finally, by apoptosis (Harris and Levine, 2005). More recently, there has also been
good evidence that the p53 protein itself can locate to the cytoplasm and act directly
upon the mitochondria or on proteins in the mitochondria (Bcl-2 and Bcl-x) to
promote cytochrome c release (Moll et al., 2005; Chipuk et al., 2004).

1.4.3

Negative regulation of p53

p53 is a proficient inhibitor of cell growth (Levine et al., 1991). The restraint of p53
activity during normal cellular life is vital.

Transcription factors such as NFkB,

(Webster and Perkins, 1999) and HOXA5, (Raman et al., 2000), along with
translation control mechanisms contribute to overall p53 activity. However, it is the
level of protein stabilisation, cellular localisation, post-translational modification, and
conformational change activating DNA binding that principally governs p53 activity
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(1.4.1.3). These changes can allow rapid activation following stress but keep a strong
check on cellular activity in normal conditions.

Protein interactions play a critical regulatory role either the up or down regulation of
p53. The MDM2 protein is the most studied p53 regulator (see section 1.5). MDM2
is an important negative regulator of p53, but many other negative regulators have
also been identified and some are discussed below.

MDMX is a protein structurally related to MDM2. The area of the MDMX protein,
displaying the greatest similarity to MDM2, is in the N-terminal p53 binding domain
and the RING finger domain located near the C-terminus. The RING finger domain is
essential in the proteins’ (MDM2 and MDMX) dimerisation with either themselves or
with one another (reviewed in Marine and Jochemsen, 2004).

When bound as a

heterodimer MDMX stabilises MDM2 to a greater extent, as opposed to the MDM2
being in a homodimer, thus modulating MDM2 function (Tanimura et al., 1999).
That MDMX is as important as MDM2 in regulating p53 has been proven. MDMX,
like MDM2, is an essential gene in embryological development which was
demonstrated following the knockout of the MDMX gene in mice resulting in
lethality around day 7.5 of embryogenesis (Parant et ah, 2001). Similarly, MDMX’s
negative regulation of p53 was shown when the double MDMX and p53 knockout
resulted in a viable mouse (Parant et ah, 2001). MDMX, unlike MDM2, is not a
transcriptional target of p53, which was demonstrated by the lack of p5 3-responsive
element in the MDMX gene locus, nor does it show p53-dependent induction after
DNA damage (Shvarts et ah, 1996).

MDMX has been shown to inhibit p53

transactivation (Ghosh et ah, 2003), and one mechanism for this is through the
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inhibition of p300/CBP-mediated acetylation (Sabbatini and McCormick, 2002).
MDMX protein levels fall following treatment with UV, ionising radiation and
adriamycin as would be expected of a negative p53 regulator (reviewed in Marine and
Jochemsen, 2004). MDMX differs in some of its actions from MDM2 because it
lacks the ability to act as an ubiquitin ligase due to an absence of the critical cytosine
residue in the RING linger domain of the protein (Marine and Jochemsen, 2005). In
their own regulation, as well as in the regulation p53, the precise significance of
interactions between MDM2 and MDMX is still to be resolved, but MDMX s role as
a negative p53 regulator has been determined (Levine et al., 2006). Other up-stream
regulators of p53, which are not transcriptional targets of p53, include, pl4arf (see
section 1.6.1) and Rb (see section 1.3.1).

The p53 protein transactivates at least 3 ubiquitin ligases that promote its
ubiquitylation and subsequent proteasomal degradation (Figure 1.5.2), thus acting in
an autoregulatory feedback loop, i.e., MDM2 (Levine et ah, 1991), COP 1 (Doman et
ah, 2004) and Pirh-2 (Leng et ah, 2003).

Another p53 negative feedback loop

involves a member of the p53 family, p73 delta N (splice variant of p73) that arises
from the second p73 promoter, producing a protein that lacks the N-terminal
transactivation domain. The p73 delta N splice variant is produced during the p53
stress response and can bind many of the p53-regulated genes but in the absence of a
transactivation domain it acts as a repressor of p53 transcriptional targets (Grob et ah,
2001; Kartasheva et ah, 2002). One of the most active p53 regulating genes, a p53
responsive gene, is Cyclin G. Cyclin G protein complexes with PP2A phosphatase by
removing phosphate from MDM2 and, thus, enhancing the activity of MDM2 activity
and inhibiting the activity of p53 (Okamoto et ah, 2002). Finally, Wip-1 (Takekawa
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et al., 2000) (a p53 regulated protein connecting p53 and ras) and Siah-1 (connecting
the Wnt pathway to p53) also act in a negative feedback loop with p53 (Harris and
Levine, 2005).

1.5

An Overview of MDM2

1.5.1

Discovery of MDM2

Cahilly-Snyder and colleagues originally discovered MDM2 or mouse double minute
2 in 1987.

Their studies were performed to examine the origin and function of

amplified DNA in the double minutes of the spontaneously transformed derivatives of
the mouse cell line 3T3. Double minutes are chromatin circles consisting of multiple
copies of short, rearranged DNA segments that have undergone amplification. They
reported two genes MDM1 and MDM2 from their studies and noted that they were
present in the genomes of several species, including man. Fakharzadeh et al., (1991)
performed an analysis to determine if the presence of cellular transforming activity
was correlated with the elevated expression of these amplified genes. They showed
that the MDM2 gene did induce tumourigenicity when over-expressed in rodent cells
and then injected into nude mice, predicting that MDM2 had a role in the mechanism
of cellular growth control. The further importance of MDM2 was demonstrated when
Oliner et al., (1992) observed that recombinant-derived human MDM2 was a 90kDa
protein that binds to human p53 in vitro and mapped the human homologue of MDM2
to 12ql3-14. In the same paper Oliner and co-workers showed human MDM2 to be
amplified in around 30% of osteosarcomas and soft tissue tumours studied (n=47),
while p53 was not mutated in those samples that harboured MDM2 gene
amplification. The paper concluded that MDM2 amplification leads to the escape
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from p53 regulated growth control.

These studies established that MDM2

amplification as oncogenic.

1.5.2

The function and regulation of MDM2

MDM2 is an essential gene for life. MDM2 knock out mice that are wild type for p53
die at approximately day 6 of embryogenesis (Montes de Oca Luna et al., 1995; Jones
et al., 1995). The critical regulation of p53 by MDM2 during embryogenesis is
demonstrated by the rescue of MDM2 lethality in MDM2 knock out mice that are also
p53 null (Montes de Oca Luna et al., 1995; Jones et al., 1995).

MDM2 is an

evolutionarily conserved gene found in the same species as p53. Examples of species
with both p53 and MDM2 include mouse, frog and human. Whereas species that
contain neither p53 or MDM2 include Saccharomyces cerevisiae and Escherichia Coli
(GenBank, reviewed in Momand et al., 2000).

Figure 1.5.2a A schematic diagram to represent the MDM2 gene and protein.
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The upper part o f the diagram demonstrates the 12 exons o f the MDM2 gene, the sites
o f the PI constitutive promoter, the P2 p53-inducible promoter and the p53 RE
(responsive element).

The lower part o f the diagram represents the functional

domains o f the MDM2 protein. The N-terminus contains the p53-bind site. Other
regions o f the MDM2 protein include the NLS (nuclear localisation sequence), NES
(nuclear export sequence), acidic region, ZF domain (zinc finger), RF domain (RING
finger) and the NoLS (nucleolar localisation sequence). The arrow shows the first
codon for methionine, representing the start sequence for the MDM2 protein.
Adaptedfrom Barak et ah, 1994 and Oren, 2003.

Initially, in the studies of MDM2 it was demonstrated that an increase in wild type
p53 leads to an increase in MDM2 protein levels.

It was shown that p53 over

expression roughly correlated with MDM2 protein up-regulation (Barak et al., 1992).
Further studies demonstrated that the up-regulation of MDM2 by p53 occurred at the
regulatory level of transcription (Wu et al., 1993; Barak et al., 1993).

At the

beginning of the MDM2 gene there are two promoters (see Figure 1.5.2a). The first,
PI or constitutive promoter accounts for low levels of MDM2 and is not regulated by
p53. The second, P2 promoter or p53-inducible promoter is regulated by p53 (Barak
et al., 1993). The p53 protein is able to up-regulate MDM2 due the presence of a p53responsive element in the first intron (Wu et al., 1993; Barak et al., 1994; Zauberman
et al., 1995).

Thus p53 binds to the MDM2 P2 promoter and activates MDM2

transcription. MDM2 transcripts differ from the PI and P2 gene promoters and have
markedly different efficiency in their translation ability (Barak et al., 1993; Landers et
al., 1994). Landers et al., (1997) showed that the P2 promoter transcript translated
MDM2 protein approximately 8-fold more efficiently than the transcript produced by
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the constitutive MDM2 promoter in tumour cells that over expressed MDM2.
Likewise, Brown et al., (1998) showed mRNA containing the L-MDM2 (longMDM2, i.e. constitutively expressed) 5’ leading uORF (upstream open reading
frames) were >10 times less efficiently translated than S-MDM2 (short-MDM2, i.e.
the transcript that is produced following p53 activation) (reviewed in Jin et al., 2003).
In summary, an increase in MDM2 levels principally occurs through transcription,
which occurs most effectively following the activation of p53 by a cell.

Figure 1.5.2b

Structure o f the MDM2 gene (not to scale).

Full length MDM2, p90, is translated from the first start codon, ATG in exon 3. The
short length MDM2, p76, is translated from the second ATG in exon 4. Two major
alterative splice variants in the human gene MDM2-A and MDM2-B are shown.
Adapted from Iwakuma and Lozano, 2003.

Two MDM2 proteins are generated from the PI and P2 promoter; the full-length p90
and shorter p76 (Olson et al., 1993; Perry et al., 1993). The p76 MDM2 protein
initiates from the second ATG (see Figure 1.5.2b). The p76 protein is deficient in the
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p53 binding domain (see figure 1.5.2a) and has been shown to act as a dominant
negative inhibitor of p90 MDM2, thus indirectly activating p53 (Perry et al., 1993).

Other forms of the MDM2 protein have also been identified. Alternative splicing of
pre-mRNA can give rise to proteins with different functions. More than 40 splice
variants of MDM2 transcripts have been identified in normal and tumour tissues
(Bartel et al., 2002). In humans, MDM2-A and MDM2-B are major splice variants
that delete exons 4-9 and 4-11 respectively (see figure 1.5.2b) (reviewed by Iwakuma
and Lozano, 2003). Neither MDM2-A nor MDM2-B contain the p53-binding motif
and, consequently, may function as dominant negatives inhibiting full length MDM2
function.

MDM2-B has been shown to interact with full length MDM2 and

sequesters it into the cytoplasm (Evans et al., 2001).

The transcription of MDM2 is enhanced in response to p53. MDM2 binds to p53
close to p53’s N-terminus. The N-terminus of the p53 protein contains the p53
transcriptional domain. Thus when MDM2 binds to the N-terminus of p53, p53mediated transactivation is reduced (Chen et al., 1993; Oliner et al., 1993; Picksley et
al., 1994). Along with inhibition of p53’s transcriptional activity, MDM2 also acts as
an E3 ubiquitin ligase for p53 (Haupt et al., 1997; Honda et al., 1997; Kubbutat et al.,
1997). Ubiquitin is a protein that can be covalently linked to substrate proteins in
chains, marking those proteins for rapid proteolysis by the proteosome (Maki et al.,
1996) (figure 1.5.b).

When bound to p53, MDM2’s E3 ubiquitin ligase activity

causes the mono-ubiquitylation of p53 (Lai et al., 2001). Likewise, MDM2 also acts
as an E3 ubiquitin ligase for itself (Fang et al., 2000; Honda and Yasuda, 2000).
Mono-ubiquitylation of p53 has been implicated in DNA repair and caspase
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recruitment in apoptosis (Lee and Peter, 2003; Yang and Yu, 2003). A chain of at
least four ubiquitin molecules is thought to be necessary for efficient proteosomal
degradation (Thrower et al., 2000), therefore other proteins must aid the polyubiquitylation of p53.

One such protein is the p300 ‘transcriptional co-activator’

protein. It was shown to cooperate with MDM2 to mediate the poly-ubiquitylation of
p53 following MDM2 mediated mono-ubiquitylation. This leads to more efficient
marking of p53 proteasome-dependent degradation (Grossman et al., 2003).

Figure 1.5.2c A schematic summary o f the ubiquitin (ub) cascade.
The ubiquitin cascade facilitates the transfer o f multiple ubiquitin molecules to a
substrate, thus marking the substrate for destruction by the proteosome.
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Enzymes El (ubiquitin activating enzyme) and E2 (ubiquitin conjugating enzyme)
transfer the ubiquitin molecule, which is then attached to a protein by the E3 enzyme
(a ligating enzyme for a specific substrate group, i. e., MDM2 acts on MDM2 and
p53). Poly-ubiquitin modification marks a protein for destruction and directs it to the
proteosome complex for degradation. Adapted from Maki et al., 1996.

Post-translational modifications of MDM2 regulate the response of MDM2 within the
cell, e.g., governing sub-cellular localisation, or in the differentiation between
MDM2-mediated ubiquitylation of p53 and auto-ubiquitylation. Some of the most
studied post-translational modifications of MDM2 are discussed below.

Sumoylation sites of MDM2 have been proposed between amino acids 134-212,
which span the nuclear localisation sequence, and sumoylation in this area confining
MDM2 to the cytoplasm (Miyauchi., et al 2002). The factors or signals that direct
MDM2 sumoylation are not fully understood but there have been observations that
ARF (a negative regulator of MDM2 translated from the INK4a gene locus)
stimulates MDM2 sumoylation in the nuclear localisation sequence (Xirodimas et al.,
2002). This is of particular significance as ARP also blocks the ubiquitylation of p53
by MDM2, demonstrating two negative effects of ARF on MDM2 (see section 1.6.1).
MDM2 can be sumoylated (SUMO-1) by SUMO E3 ligases, e.g. Ubc9.

The

interaction of MDM2 with Ubc9 occurs between amino acids 40-59, which could
block MDM2’s p53-binding domain (Buschmann et al., 2001). Although not fully
elucidated, sumoylation of MDM2 favours accumulation of p53 (Meek and
Knippschild, 2003).
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Figure 1.5.2d

A schematic diagram illustrating some o f the major events that occur

following site-specific phosphorylations o f the MDM2 protein.
The functional domains o f the MDM2 protein are described in figure 1.5.2a.
Phosphorylation sites are indicated with an oval containing the letter P.

Their

locations with respect to functional domains are schematically demonstrated. Protein
kinases and their resultant specific phosphorylations are shown in rounded boxes,
with the target residue(s) above. The effects o f the individual phosphorylations events
are indicated with a vertical arrow. S = serine residue, Y = tyrosine residue, Thr =
threonine. Adaptedfrom Meek and Knippschild, 2003.

Around a quarter of the amino acids that constitute the MDM2 protein are either
serine or threonine residues and thus potential sites of phosphorylation. The MDM2
protein has been shown to undergo phosphorylation at multiple sites in vivo (Hay and
Meek, 2000). Protein kinases facilitate phosphorylation and are activated by a diverse
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range of stimuli (see Figure 1.5.2b).

An example of a protein kinase that

phosphorylâtes MDM2 is the DNA-activated protein kinase (DNA-PK). DNA-PK
has been shown to phosphorylate serine 17 in vivo that leads to an increase in p53
activation by inhibiting MDM2/p53 binding (Mayo et al., 1997). Similarly, the direct
phosphorylation of MDM2 by ATM, in response to stress inhibits the MDM2 protein
from activating the degradation of p53 (Maya et al., 2001).

Another protein kinase, Akt (also known as protein kinase B) also phosphorylâtes
MDM2 (Mayo and Dormer, 2001). The PI3-K/Akt pathway is stimulated in a cell by
extrinsic growth factors and cytokines to promote cell proliferation and maintain cell
viability. The binding of growth factors to cell surface receptors initiates a signalling
cascade, causing the activation of the lipid kinase PI3-K and the second messenger
PIP3 (phosphatidylinositol (3,4,5)-triphosphate).

PIP3 recruits protein kinases,

including Akt, which interact with a number of cytoplasmic and nuclear substrates
coordinating an integrated response that discourages apoptosis and promotes survival
(reviewed by Meek and Knippschild, 2003).

MDM2 and Akt have been shown to

associate after Akt activation or following ectopic expression of constitutively active
Akt. This interaction results in the phosphorylation of serine 166 and 186. Serine
166 and 186 of MDM2 lie in the nuclear localisation and export sequence and
evidence suggests that Akt dependent phosphorylation at these sites stimulates entry
into the nucleus (Mayo and Donner, 2001; Zhou et al., 2001). The phosphorylation of
serine 166 and 186 of MDM2 has also been shown to inhibit the interaction of MDM2
with ARF - a critical MDM2 negative regulator (Zhou and Elledge, 2000).

Akt

associated phosphorylation of MDM2 leads to MDM2 nuclear localisation and freeing
of MDM2 from ARF, thus allowing negative regulation of p53.
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The c-Abl tyrosine kinase is a proto-oncogene.

C-Abl is involved in mediating

growth and survival signals in the cytoplasm and the nucleus, and is pivotal in
mediating apoptosis (reviewed by Wang, 2000). The c-Abl protein has been shown to
activate after phosphorylation by ATM in response to stress (reviewed by Meek and
Knippschild, 2003).

A direct link with c-Abl and p53 was suggested by the

observation that c-Abl can block ubiquitylation and nuclear export of p53 (Sionov et
al., 1999; Goldberg et al., 2002).

Moreover, c-Abl-MDM2-null cells fail to

accumulate p53 efficiently after DNA damage (Sionov et ah, 1999; Goldberg et ah,
2002). Goldberg et ah, (2002) showed that the MDM2 394 tyrosine mutant was not
phosphorylated in a c-Abl dependent manner, and that it did not lead to p53
degradation, demonstrating one of the specific sites of c-Abl MDM2 phosphorylation
(Figure 1.5.2d).

The regulation of MDM2 at specific points in the cell cycle is important. It has been
shown that, at the Gi-S boundary (see figure 1.3.1) in the cell cycle, the threonine 216
residue of MDM2 becomes phosphorylated. This appears to weaken the MDM2-p53
interaction and strengthen the association of MDM2 and ARF, thus stabilising p53 at
this critical stage in the cycle (reviewed in Meek and Knippschild, 2003). Zhang and
Prives (2001) showed that phosphorylation of MDM2 threonine 216 was stimulated
by cyclin A-CDK2. Thus cyclin A-CDK2 phosphorylation of MDM2 is proposed as
a mechanism to allow p53 mediated transcription of cell cycle repair proteins such as
p2 1 wafi/cipi at the restriction point (reviewed in Meek and Knippschild, 2003).

In summary, after DNA damage/stress, the normal p53/MDM2 feedback loop works
as follows. A cell sustains DNA damage or is exposed to stress that activates p53. A
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specific p53 response ensues (see figure 1.4.2), e.g. p53 mediates growth arrest and
DNA repair by up-regulation of genes such as p2iWAH/clP1 and GADD45a, or p53
mediates apoptosis through transcription of fas, Bax and PUMA, etc (see section
1.3.2). The exact mechanisms behind the p53 response favouring either apoptosis, or
growth arrest and repair is not fully understood but is an area of ongoing studies
(discussed by Meek, 2004).

Parallel to the specific p53 response, p53 negative

regulation activates, e.g. the p53 responsive-element of the MDM2 gene is bound by
p53 leading to MDM2 up-regulation.

The binding of p53 to the MDM2 gene

transactivates the P2 promoter, resulting in an increase in MDM2 mRNA, and in
enhanced translation capacity. However, in the presence of ongoing p53 activating
stress/ DNA damage, the increased levels of MDM2 protein fail to interact with p53.
This failure of MDM2 and other p53 negative regulators (e.g. COP-1) is in part due to
post-translation modifications (e.g. N-terminus phosphorylation of MDM2) (see
sections 1.4.2.1 - 1.4.2.3) and events such as localisation to the cytoplasm. Once the
p53 response is complete, the cell may have moved irreversibly towards apoptosis or,
in the instance of DNA repair, the previously p53-activating stressor ceases and the
elevated levels of MDM2 interact with p53, leading to degradation and down
regulation p53. Consequently normal cell function resumes.
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1.5.3

MDM2 functions independent of the complex formation with p53

The role of MDM2 as a major negative regulator of p53 is well established.
However, MDM2 has many other functions. The possible p53 independent effects of
MDM2 is an area of much discussion and study within recent literature. Some of the
evidence and/or observations that indicate MDM2 has p5 3-independent activities are
discussed below.

The MDM2 gene can produce differing MDM2 protein splice variants. More than 40
MDM2 transcript splice variants have been identified (Bartel et al., 2002). Most of
the MDM2 transcript splice variants do not contain the sequence that encodes the
p53-binding site, suggesting that they do not have direct p53-dependent functions. It
is, however, argued that it is unlikely for a gene to produce a protein without function
and so some of these splice variants may have p5 3-independent effects.

When quiescent cells are stimulated to enter the cell cycle MDM2 protein levels have
been seen to up-regulate (Olson et al., 1993; Mosner and Deppert, 1994). At the
beginning of the cell cycle, Rb (a potent tumour suppressor and mitosis-suppressor
protein), must be overcome in the cell entering the cell cycle (section 1.3.1.1).
Immunoprécipitation experiments in a leukaemia cell line identified MDM2 as an Rbbinding protein (Xiao et al., 1995). MDM2 was shown to reduce the ability of Rb to
restrain E2F function, which inhibits the arrest of the cell cycle (Xiao et al., 1995;
Hsieh et al., 1999), see section 1.3.1.1-1.3.1.2. Furthermore, MDM2 has been shown
to confer growth advantage in cells lacking p53 and Rb by inhibiting Gi growth arrest
induced by pi 07 (a member of the Rb family) (Dubs-Poterszman et al., 1995).
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Further in the cell cycle, it is suggested that MDM2 functions independently of p53
through interaction with E2F1. The E2F1 transcription factor forms a heterodimer
with DPI to activate genes required for progression into S-phase, i.e. cyclin A and E
(section 1.3.1.5).

MDM2 binds E2F1/DP1, stimulating DNA synthesis and

E2F1/DP1 transcription, namely the E2F promoter (Martin et al., 1995). However,
E2F1 activation has dual functions, so as well as promoting cell cycle progression
when over expressed E2F1 is also involved in apoptosis (Shan et ah, 1996; reviewed
in Rogoff and Kowalik, 2004). Independently of p53, MDM2 blocks the apoptotic
activity of E2F1 and the rescued cells show a decrease in their E2F1 level but an
increase in DNA synthesis (Loughran and La Thangue, 2000). Thus, MDM2 may in
part mediate the cell cycle by an antiapoptic activity. This activity converts E2F from
a negative to positive regulator of cell cycle progression and thereby retains E2F at a
level that contributes to a continual state of growth stimulation.

Following a demonstration in animal models, an additional p53-independent role of
MDM2 in S-phase is the over expression of MDM2 in both p53 wild type and p53
null transgenic mouse that resulted in defective development of mammary glands
during lactation and pregnancy (Lundgren et ah, 1997). Multiple rounds of S-phase
without the completion of mitosis triggered this defective mammary development.
Thus MDM2 was shown to uncouple S-phase from mitosis.

An additional MDM2 protein interaction was demonstrated in the discovery of MTBP
(MDM2 binding protein). The MTBP protein was shown to induce Gi arrest in a p53independent manner and this arrest is, in turn, inhibited by MDM2 (Boyd et ah,
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2000). Further studies are on going to establish whether the interaction of MDM2 and
MTBP is involved in the regulation of the cell cycle.

A p5 3-independent role of MDM2 has also been suggested in cell differentiation.
Numb was isolated in a screen of factors that interact with MDM2 (Juven-Gershon et
al., 1998). Numb is a cell fate regulator that is most studied in neural precursor cells
in Drosophilia (Knoblich et al., 1997).

MDM2 functions as an ubiquitin ligase

towards Numb, leading to its degradation in neural precursor cells (Yogosawa et al.,
2003).

Vlatkovic et al., (2000) discovered an interaction between human DNA polymerase s
and MDM2 in a yeast two-hybrid screen, an in vitro binding assay, and in vivo coimmunoprecipitation.

This is important as proposed roles of DNA polymerase 8

include DNA repair, recombination, replication, damage sensing and chromatin
remodelling. When MDM2 was expressed in either Escherichia Coli (p53-null) or
insect cells (p53 wild type) DNA polymerase s activity was stimulated (Asahara et al.,
2003). This study proposed that MDM2 might mediate a reconfiguration process that
allows DNA polymerase s to associate with repair/recombination proteins following
DNA damage. The fact that these observations occur in both p53 and p53-null is
interesting and could suggest a p53-indepentent action of MDM2.

Many proteins interact with MDM2 and dependence on p53 in these interactions has
not be confirmed, including: ribosomal protein L5 and 5S rRNA (suggesting a role in
ribosome biosynthesis (Marechal et al., 1994; Elenbaas et al., 1996), PML (a tumour
suppressor which following MDM2 binding leads to nuclear exclusion of PML,
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inhibiting PML-dependent transactivation (Wei and Yu, 2003), and AR (Androgen
Receptor) transcription factor (Akt/MDM2 targets the AR for ubiquitylation and
degradation, Lin et al., 2002). The possible p53 independent functions of MDM2 are
the foci of many on going studies.

1.6.1

ARF (pl4*rf), Myc and Ras

ARF (pl4ARF) is a tumour suppressor (Lowe and Sherr, 2003). ARF is an alternate
reading frame protein expressed from the INK4a gene locus (Quelle et al., 1995, c.f.
pl6INKa) (see figure 1.6.1a and section 1.3.1.2). ARF serves to connect the Rb
pathway with MDM2 and p53 (see section 1.5.2). ARF expression increases in the
presence of inappropriate mitogenic signals flowing through the cyclin D-cdk -Rb E2F circuit, inducing p53 in circumstances of potentially abnormal proliferation
(Bringold and Serrano, 2000; Hunter, 2003).
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Figure 1.6.1a

The INK4a/ARF locus: products and downstream effect.

The open reading frames o f p!4ARF (light grey) and p l6 INK4a (dark grey) are shown.
Each gene product has a unique first exon that then splices to a common second exon,
but in alternate reading frames.

p l6 ,NK4a inhibits CDK4/6 activity producing Rb

phosphorylation, which induces the cycle cell arrest.

p l4 ARF inhibits MDM2

mediated degradation ofp53. Adaptedfrom Sharpless, 2005.

ARF expression is activated by abnormal mitogenic signals induced by over
expression of Myc, El A, E2F, and by oncogenic mutations of Ras. Ras is a G-protein
involved in the transmission of growth signals.

In normal conditions Ras is

stimulated by external extracellular growth factors initiating the cell cycle. Abnormal
activation or mutation of Ras can abnormally drive the cell cycle - independence of
growth factor is one of the hallmarks of cancer (Hanahan and Weinberg, 2000). Ras
mutation has been observed in 25% of human cancers (Medema and Bos, 1993),
especially in colorectal carcinoma (Kinzler and Vogelstein, 1996). Ras can also lead
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to increased expression of MDM2 from activation of the P2 promoter, which, in turn
leads to degradation of p53 via a Ras down stream effector Raf kinase (Ries et al,
2000). Myc is a nuclear transcription factor, which activates genes in a time
dependent sequence leading to the synthesis of DNA and to the progression of cells in
the cell cycle (Sherr, 2000).

Figure 1.6.1b

Induction o f ARF (pi 4arf) transcription to trigger a p53 response.

p53 activates MDM2, whereas ARF inhibits it. p53 also negatively regulates the
transcription o f both ARF and Myc. Mitogenic signalling by Ras can activate p53
through ARF, but in normal cells this protective response is dampened by
concomitant activation o f MDM2 a summary o f section 1.6.1.
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1.7.1

p53 in cancer

1.7.1.1

p53 mutations

p53 is mutated in around 50% of all human tumours (Hollstein et al., 1991), and loss
of function is a virtually universal event in the development of cancer. A cell without
the protection of p53 is unable to respond normally to stress, this leaves the cell
exposed to potential DNA damage (see section 1.4).

The loss of p53 in a cell

typically occurs from mutation of one allele and loss of heterozygousity (LOH) of the
second (Hollstein et al., 1991). Loss of effective p53 allows damaged cells to survive,
facilitating the accumulation of mutations and the opportunity for malignant
transformation.

The majority of p53 mutations are missense substitutions (75%), which may be
preferentially selected because they carry some specific pro-oncogenic role, e.g. gain
of function (reviewed by Petitjean et al., 2007). Less common p53 mutations include:
frame shift insertions and deletions (9%), nonsense or stop mutations (7%), silent
mutations (5%) and other infrequent alterations (Olivier et al., 2002).

In human

cancer, missense mutations of p53 result from single-nucleotide substitutions (SNS)
that cluster within the DNA-binding domain of the protein (Levine et al., 1991).

It

has been calculated that within exons 5-8 (encoding p53’s DNA-binding domain)
there are a possible 1567 SNS, 1333 of which have actually been demonstrated in
cancer. This accounts for 87.9% of all documented p53 mutations (Petitjean et al.,
2007). However, the eight most common SNS account for around 30% of all the 999
demonstrated p53 missense mutations (Olivier et al., 2002). This suggests that certain
SNS are more oncogenic or more easily acquired than others.

The eight most

common mutations of p53 are shown in figure 1.7.1.1a. Ory and colleagues studied
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fourteen common mutations of p53, and the three most common mutations in detail
(codons 175, 248 and 273).

They demonstrated that these mutations result in a

significant loss of DNA binding and transactivation capacity of p53 (Ory et al., 1994).

175

248
273
* 282

C-terminus

N-terminus

Transactivation
aa1-97

Figure 1.7.1.1a

DNA binding
aa102-292

Oligomerisation
& Regulation
aa323-398

The eight most common p53 mutations.

The sites o f the eight most common p53 mutation are demonstrated by location on the
p53 protein with arrows. The height o f arrows represents an order, with the tallest
being the most common (175) and the smallest the least (176). O f note these are all
single-nucleotide substitutions creating missense mutations within the DNA-binding
domain o f the protein. Adapted from IARC TP53 database http://www-p53. iarc. fr;
Hainaut and Olivier, 2007.

Besides somatic mutations of p53, germline mutations also exist. For instance, LiFraumeni syndrome is a hereditary cancer syndrome in which there is a germ line
mutation of p53. Kleihues in 1997 presented a study of 91 families with a p53 gene
germ line mutation. These individuals developed multiple tumours at an earlier age
than was usual for the cancer type. 475 tumours were observed. Breast carcinoma

75

occurred in 24% of the cases, with an average age of presentation of 37 years, bone
sarcomas presented in 12.6% occurring at an average age of 16 and brain tumours
were found in 12% of the cases with the average age of tumour onset being 25 years
old.

Different p53 mutations are caused by various modes of mutagenesis and dependent
on many variables including the cell type (e.g. lymphoma, carcinoma) and tissue type
(e.g. bladder, colon, lung) in which the p53 mutation arises. Greenblatt et al., (1994)
demonstrated diversity in p53 mutagenesis in their study of lung cancer.

Lung

cancers occur in four common cancer types (adenocarcinoma, squamous cell
carcinoma, small cell and large cell) with established aetiologies (most notably
cigarette smoking). p53 mutation is implicated in the tumourigenesis of all four types
of lung cancer, yet their p53 mutation pattern and frequency differ. Likewise, the
mutational pattern varied between those patients who smoked and who did not
(Greenblatt et al., 1994).

As previously discussed p53 protein over expression in renal cell carcinoma is
described with varying frequency; from 6 to 52% (see Table 1.2.4).

Linehan et al.,

(1993), examined p53 gene mutation in renal cell carcinoma cell lines cultured from
30 primary renal cell carcinomas (a mixture of cell types but most commonly clear
cell), and found mutations in exons 4 to 9 as well as LOH of the p53 gene, and point
mutations in exon 5, 7, 8 and 9. They demonstrated a LOH rate of 48% and a
mutation rate of 33% in the p53 gene in renal cell carcinoma.
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Figure 1.7.1.1b

The biological activities o f p53 mutants.

Mutation o f p53 inhibits the p53 protein transactivational activities (loss o f function),
e.g. its ability to tetramerise, its ability to elicit a dominant negative effect over the
wild type protein, and mutant p53’s ability to gain o f function activities. Adapted
from IARC TP53 database http://www-p53. iarc. fr. Hainaut and Olivier, 2007.

It is the ‘loss of function’ effects of p53 that are most clearly understood in cancer.
For example, in a stressed cell p53 can cause cell cycle arrest, thus with loss of p53
the cell cycle can progress into S-phase unchecked. However, cells also seem to gain
functions from the loss of wild type p53 function, especially in the context of
mutation. This is less well understood. Oliver et ah, (2004) discussed the ‘gain of
function’ effects from abnormal p53 function. They examined the difference between
mice with a mutated p53 allele and those with either a wild type or null p53 second
allele (Olive et ah, 2004). The two abnormal p53 genotypes resulted in different
spectra of malignancies in mice. The average life span of mice with the two abnormal
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p53 genotypes was the same. However, the mutant-p53 allele produced different
tumours and with greater frequency than p53 null mice, including carcinomas, a
previously rare tumour in mice.

In the mutant p53 mice, many of the tumours

displayed a predictable loss of the wild type allele. Regardless it was remarkable
about cells studied in these mouse models that they followed RNA silencing against
the mutant p53 protein. When the mutant p53 was knocked down cell growth slowed
significantly. This further demonstrates a gain of function effect of mutant p53 when
compared to the p53 null cells in that the mutant increases the proliferative rate of
cells.

1.7.1.2

Non-mutational inactivation of p53 in cancer

p53 mutation is common in human cancers (over 50%), along with LOH. However,
other modes of p53 silencing are also present in cancer.

Non-mutational events

resulting in a diminished p53 response in cancer are specifically aimed at the p53
protein and include increased degradation, direct negative regulation of the protein,
decreased activation and removal from the site of many of p53 activities (i.e. the
nucleus).

Various DNA viruses, e.g. SV40, HPV family viruses and adenovirus species, encode
proteins that can target p53. Infection by specific subtypes of HPV is the major
causal aetiology in the development of cervical carcinoma and p53 mutations in this
cancer are rare (Crook et al., 1992).

This is because HPV produces E6, a viral

protein, which specifically bind to p53 and induces p53 degradation (Scheffner et al.,
1990).
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Functional rather than mutational inactivation of p53 has been demonstrated in human
cancer. In inflammatory breast cancers and neuroblastomas nuclear exclusion of the
p 5 3 protein was demonstrated and this was suggested as an important factor in the
tumourigenesis of these cancers. Although the p53 protein in these tumours was
normal, its function as a tumour suppressor was impaired and, thus, had no interaction
with DNA (Moll et al., 1992; 1995; 1996).

Further examples of loss of p53 function without mutation in cancer can be achieved
by over expression of the negative regulators of p53. When MDM2 is amplified,
over-expressed or over translated p53 can be down regulated (see section 1.7.2).
Similarly, down regulation of p53 activity can occur from mutation of stress-induced
kinases, e.g. Chk-2 in Li-Fraumeni type syndrome and ATM in ataxia telangiectasia.
Loss of both of these stress cancers has been associated with cancer (see section
1.4.1.3).

1.7.2

MDM2 and cancer

MDM2 is an oncogene implicated in many tumour types, especially, in sarcomas
where MDM2 is amplified in 25-30% of cases (Leach et al., 1993). As a negative
regulator of p53, it is predicted that MDM2 is oncogenic when over expressed,
because it prevents the accumulation of activated p53.

The evidence from the

literature to support this is a discussed below.

Jones and colleagues (1998) who created mice that over expressed MDM2 by using
the entire MDM2 gene as a trans-gene which demonstrated evidence of MDM2’s
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positive impact in tumourigenesis. These mice expressed an average four-fold more
MDM2 protein in various tissues than the non-transgenic mice. Notably, all the
MDM2 transgenic mice developed tumours in their lifetime (Jones et al., 1998). In
this mouse model, elevated MDM2 levels lead to a propensity for the development of
cancer.

In the humans a single nucleotide polymorphism of the MDM2 gene has been shown
to be associated with accelerated tumour formation in both sporadic (soft tissue
sarcoma’s) and hereditary (Li-Fraumeni patients) cancers (Bond et al., 2004).
single nucleotide polymorphism described was SNP309.

The

SNP309 is the 309th

nucleotide in the first intron of the MDM2 gene and as such is part of the P2 MDM2
promoter. The P2 promoter utilised by both the p53 and Raf kinase (Ras mediated) to
activate MDM2 transcription (Zauberman et al., 1995; Ries et al., 2000) was shown
by Bond et al., (2004) to be activated by the Spl transcription factor.

In cell line

experiments Bond et al., (2004) showed that the SNP309 significantly impaired the
stabilisation of p53 following DNA damage. They also highlighted how the naturally
occurring variant MDM2 SNP309 trait may lead to an individual’s susceptibility to
cancer (Bond et al., 2004).

Momand et al., (1998) performed a meta-analysis of MDM2 gene amplification in
cancer.

They provided a summary of a large number of tumours from different

investigating groups (n=3889) with respect to MDM2 and p53. Analysis provided
evidence of the oncogenicity of MDM2 via repression of p53. Sub-set analysis of a
collection of 229 tumours (osteosarcomas, soft tissue tumours, liposarcomas,
oesophageal and urothelial), which were categorised with respect to their p53 and
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MDM2 genotype was performed. In this sub-group of 229 tumours, 60 had p53
mutation, 33 cases had MDM2 gene amplification, and only 4 had both p53 mutation
and MDM2 gene amplification. Thus a conclusion of the meta-analysis was that p53
mutation and MDM2 amplification were mutually exclusive (p=0.038) (Momand et
al., 1998).

As discussed human MDM2 is amplified in around 30% of the osteosarcomas and
soft tissue (p53 wild type) tumours studied (n=47) (Oliner et al., 1992). However,
increased expression of MDM2 protein is not only apparent as a consequence of gene
amplification, but also of increased transcription (Landers et al., 1994) or enhanced
translation (Watanabe et al., 1994).

MDM2 gene amplification and p53 gene

mutation rarely occur together, but over-expression of both MDM2 and p53 proteins
is commonly seen together (Cordon-Cardo et al., 1994; Picksley et al., 1996; Onel and
Cordon-Cardo, 2004).

In bladder cancer, high-level expression of MDM2 occurs

together with p53 mutation in 30% (42/140) of tumours (Lu et al., 2002) and this
phenotype produces a significantly worse outcome. A similar phenotype for high
level protein (gene status not examined) and up-regulated MDM2 protein has also
been found in renal cancer and again this produced a poor prognosis (Haitel et al.,
2000).

The repression of p53 when MDM2 is over expressed is an established oncogenic
event. However, it is argued that MDM2 may also have p53-independent oncogenic
effects. The central argument to this hypothesis is discussed above but essentially is
based on the observation of an increased frequency of tumours seen earlier in life in
mouse models and humans and the difference in outcomes in specific cancers with
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dual p53 and MDM2 dysfunction. Essentially, if p53 mutation and MDM2 over
expression result only in the repression of p53 why would there be additional
‘benefits’ in tumourigenesis if both occur in the same cell/tumour. Definite MDM2
p53-independent oncogenic effects are yet to be established.

1.8

Conclusion

Renal cell carcinoma is a significant health problem (section 1.1.4) with an increasing
incidence (section 1 . 1 . 1 ) and no cure unless detected early enough to enable complete
surgical excision.

Even with rapid progress in new therapeutic agents, regarding

chemoradioresistant cancer, a short increase in quality of life (-4 months) in the
terminal stages of the disease is all that can be achieved.

Therefore, understanding

the key molecular processes in the development of renal cell carcinoma is vital in
order to achieved the ultimate aim of studying of disease; a cure.

Regulation of the cell cycle is complex. The controlling mechanisms to preventing
abnormal growth and malignant transformation are poorly understood (section 1.3.1).
Malignant transformations are diverse and require the acquisition of multiple defects.
p 5 3 , the guardian of the genome, is pivotal in the defence of the cell from malignant
transformation (section 1.4.1.2). The function of p53 is compromised in virtually all
cancers, either through mutation (-50% of human tumours) or repression of the p53
proteins’ tumour suppressing activities (section 1.7.1). Abnormal p53 status has been
reported at varying frequency in renal cell carcinoma (section 1.2.4) and when
demonstrated it is associated with poor clinical outcome.

Similarly, MDM2 is a

negative regulator of p53 function (section 1.5.2). Over expression of MDM2 is
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oncogenic and has been shown in renal cell carcinoma to lead to an adverse
prognosis.

The role of p53 and MDM2 in renal cell carcinoma is little understood or examined,
but dysfunction of both appears to contribute to the worst prognosis of the disease
(section 1.2.4.2-1.2.4.3). The finding of high levels of both p53 and MDM2 protein
in tumour cells is not uncommon (section 1.7.2). Likewise, a poor clinical outcome in
tumours with high levels of both MDM2 and p53 is common, although not universal
(Onel and Cardon-Cardo, 2004). In renal cancer there is evidence that not only does a
high level of p53 and MDM2 protein in the tumour lead to shorter survival for the
patient of the disease, but also to co-selection of the two proteins. Table 1.8 presents
the number of renal tumours with high-level p53 and MDM2 protein (Haitel et al.,
2000) and compares that to the levels of mutated p53 and high-level expression of
MDM2 in bladder cancer (Lu et al., 2002). In renal cell carcinoma high levels of
MDM2 are not commonly seen without concomitant high levels of p53. Statistically,
there is an association, a co-selection, of MDM2 in tumours with elevated p53
proteins levels. This is not seen in bladder cancer. This suggests that in renal cancer
there maybe advantage to the tumour from MDM2 over expression after p53 mutation
has occurred, and could possibly be the key factor in the aggressive tumour
phenotype.
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Table 1.8 Evidence o f co-selection by renal cell carcinoma o f MDM2 and p53 over
expression versus co-incidental over expression o f MDM2 and p53 mutation by
transitional cell carcinoma o f the bladder.
From Haitel et al., (2000)
High (+) and low (-) level protein expression in 97 renal cell carcinoma
MDM2-

MDM2 +

% MDM2 +

Totals

p53 -

58

4

62

6.45%

p53 +

21

14

35

40.00%

Total

79

18

97

18.56%

=16.66, P = 0.00004
Adapted from Lu et al., (2002)
High (+) a and low (-) level protein in 140 transitional cell carcinomas of the bladder
Totals

% MDM2 +

MDM2-

MDM2 +

Wild type p53

41

39

80

48.75%

Mutant p53

35

25

60

41.67%

Total

76

64

140

45.71%

This thesis is designed to explore the function of both p53 and MDM2 in renal cell
carcinoma and attempts this by adopting the following structure. Chapter 2 details the
material and method of experimentation. Chapter 3 presents a panel of renal cell
carcinoma cell lines and characterises them with regard to MDM2. Chapter 4 shows
experiments designed to examine the regulation and function of the p53 and MDM2
in renal cell carcinoma cell lines. Finally, in chapter 5 a tumour progression model in
renal cell carcinoma is proposed and experimentally demonstrated in cell lines.
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Chapter 2
Methods
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2 . 1.1

Cells

HI299 (non small cell lung carcinoma), and U2-OS (osteosarcoma) were from the
cell collection in the Division of Surgery and Oncology, in the University of
Liverpool.

A498, 786-0, 796-P, ACHN, A704, SW156, Caki-1, and Caki-2 were renal cell
carcinoma cell lines. SV7-tert was a renal angiolipoma cell immortalised with SV40
large T antigen, these were all purchased from the American Type Culture Collection
(ATCC), Manassas, VA 20110-2209.

UOK 111, 115, 117, 121, 122, and 154 cell lines were generously provided by Prof.
W. Marston Linehan M.D., National Institute of Health, Bethesda, USA.

2.1.2

Growth media

Tissue culture was carried out in Class II safety cabinet using aseptic technique. Cells
were grown at 37°C with 5% CO2 in air and tissue culture was media changed twice
weekly, unless stated otherwise.
Growth media was prepared 48 hours before use to allow observation of a tester
aliquot. The tester aliquot was watched for signs of infection prior to use on cells.
This tester aliquot was kept under sterile conditions and incubated at 37°C with 5%
CO2 in air. The individual cell lines culture media are described below.

86

H1299 and U2-OS; RPMI 1640 (Sigma-Aldrich Company Ltd, Dorset, UK),
supplemented with

10%

foetal bovine serum, 1 % streptomycin and penicillin.

786-0 and 769-P; RPMI 1640 (Sigma-Aldrich Company Ltd, Dorset, UK) with 2mM
L-glutamine modified to contain lOmM HEPES, ImM sodium pyruvate, 4.5g/1
glucose and 1 .5 g/1 sodium bicarbonate, supplemented with
1%

10%

foetal bovine serum,

streptomycin and penicillin.

A498, ACHN, A704, SW156 and all UOK lines; Minimum Essential Medium Eagle
(Sigma-Aldrich Company Ltd, Dorset, UK) with 2mM L-glutamine, 1.5g/L sodium
bicarbonate, O.lmM non essential amino acids, and LOmM sodium pyruvate
supplemented with

10%

foetal bovine serum 1 % streptomycin and penicillin.

Caki-1 and Caki-2; McCoy’s 5a Medium (Sigma-Aldrich Company Ltd, Dorset,
UK) with 1.5mM L-glutamine and 2.2g/l sodium bicarbonate supplemented with 10%
foetal bovine serum, 1 % streptomycin and penicillin.

SV7-tert; Dulbecco’s Modified Eagle’s Medium (Sigma-Aldrich Company Ltd,
Dorset, UK) with 4mM L-glutamine, 4.5g/l glucose, 1.5g/l sodium bicarbonate
supplemented with

10%

foetal bovine serum, 1 % streptomycin and penicillin.
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2.1.3

Sub-culture of cell lines

Sub-culture allows the expansion or maintenance of cells in culture. Once the cellular
monolayer reaches 70-100% corifluency in the tissue culture vessel, cells become
stressed from over crowding and cellular loss ensues unless sub-culture is performed.
UOK 117 cells are sensitive to over crowding and cell death occurred before 70%
confluency. Therefore passage for UOK 117 was performed once the monolayer was
50% confluent. Speed of proliferation varied between cell lines, as did the minimum
number of cells in a colony required for survival of the population. This was reflected
in the sub-culture ratio below.

Once cells reach maximum confluence sub culture was performed.

Media were

removed and cells briefly washed with small amount of tryspin-EDTA, typically 3ml
in a 175cm2 flask, to remove all traces of serum. When cells were freed from the
adherent monolayer using trypsin-EDTA, 6 ml for 175cm2 flask, they were observed
until cells had loosened. Trypsin neutralisation was achieved by gentle pippetting in
an equal volume of complete growth media. An appropriate aliquot of harvested cell
suspension was then transferred into culture vessels and complete growth media was
added, 20ml for a 175cm2tissue culture flask.
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Sub-culture ratio for all cell lines grown.

Table 2.1.3

The sub-culture ratio was defined as the proportion o f harvested cells that should be
reseeded into an equal-sized tissue culture vessel.

Minimum and maximum

confluency to allow healthy growth is shown.
Sub-culture

Maximum

Minimum

Ratio

Confluency

Confluency

H1299

1 :1 0

100%

5%

U20S

1 :6

100%

5%

A498

1 :6

100%

5%

786-0

1:4

100%

10%

769-P

1:4

100%

10%

ACHN

1:3

80%

20%

A704

1 :2

100%

10%

SW 156

1:3

90%

10%

Caki-1

1:2

80%

20%

Caki-2

1:3

100%

20%

UOK 111

1 :6

100%

5%

UOK 115

1:4

100%

10%

UOK 117

1:4

50%

10%

UOK 121

1:2

80%

20%

UOK 122

1 :2

80%

20%

UOK 154

1 :2

80%

20%

SV7-tert

1 :2

100%

20%

Cell Line

2.1.3.1

Stable cell lines from single colonies

Expansion of single colonies to produce stable cell line populations following plasmid
transfection and colony formation assay was performed follows. Culture dishes were
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examined under the microscopic to identify single colonies of cells not over lapping
with neighbouring colonies. Such discrete colonies were marked on the under surface
of the culture dish with marker pen. Within a class II safety cabinet using aseptic
technique, all media is removed and lOOpl of trypsin-EDTA, in a blue tip (100lOOOp.1) pipette (using a sterilised pipette), is gently agitated (so not to damage the
cells) over the colony. The tip was held pressed down over the colony to create a seal
to prevent contamination by other cells from the assay. Once the adherent colony
were suspended, the cells were transferred into a pre-prepared (complete growth
media) well of 32-well plate (1cm diameter). Once cells were confluent in the 32well plate standard sub culture was performed. After each passage the cells were
transferred into a large culture vessel. Confluent cells in a 32-well plate were seeded
into 6 -well plate (3cm diameter), then into 25cm flask, then into 75 cm flask and
finally into a 175 cm tissue culture flask.

2.1.4.1

Cell storage

Cells were frozen in liquid nitrogen at -210°C to allow for long-term storage. A
175cm2 tissue culture flask of the chosen cell line was harvested (2.1.3) and spun at
100 x g for 5 minutes. The growth media was removed and the resulting pellet was
re-suspended in 1ml of freezing media (10% dimethyl sulphoxide (DMSO), 90%
foetal bovine serum). The freezing media and cell pellet were then transferred to a
cryotube, which was placed in a polystyrene box and frozen slowly to -80°C for 24
hours, after this initial freezing cells were moved into liquid nitrogen for long-term
storage.
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2.1.4.2

Cell thawing

To re-establish a frozen cell line, a tissue culture flask (75cm2 tissue culture flask with
10ml of complete media) was prepared and incubated for 15 minutes at 37 °C with 5%
CO2 in air. The cryotube containing the frozen cell line was removed from the liquid
nitrogen, and agitated in a water bath at 37 °C, allowing the 1 ml aliquot to thaw just
until the ice melted. The cryotube was dried, rinsed in 100% alcohol and with sterile
technique the cell suspension was pipetted from the cryotube into the pre-prepared
tissue culture flask. The tissue culture flask containing the thawed cell line was then
incubated at 37 °C in 5% CO2 for 24-48 hours until they attached to the tissue culture
surface.
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2.1.5

Chemicals and Reagents

Unless stated otherwise all reagents were purchased from Sigma-Aldrich Company
Ltd, Dorset, UK.
Unless stated otherwise all buffers and solutions were made in dH20 (deionised
water).

Protein extraction

S L IP b u ffe r

50mM HEPES pH 7.5
150mM Sodium Chloride
10% Glycerol
0.1% Triton X-100
0.5mg/ml BSA
P ro te a se in h ib ito rs

Aprotinin l-2pg/ml
Leupeptin l-2pg/ml
PepstatinA l-2pg/ml
Soy Trypsin Inhibitor lpg/ml
Phenylmethylsulphonylfluride lOOpg/ml (lOOmM freshly
prepared 0.0174g/ml in 100% ethanol)
4 x p r o te in s a m p le b u ffe r

0.25M Tris pH 6 . 8
8 % SDS
40% Glycerol
4mg/ml Bromophenol Blue
1% Beta metcarpo ethanol
Western blotting

S D S p o ly a c ry la m id e s ta c k in g g e l (1 0m l)

7.225ml H20
1.275ml 40% Acrylamide (ratio of
1.25ml 1M Tris pH 6 . 8
0.1ml SDS
0.1ml APS
TEMED 0.010ml
S D S p o ly a c r y la m id e s e p a r a tin g g e l

See Table 2.1.10a
T ris-g ly c in e e le c tr o p h o r e s is b u ffe r (ru n n in g b u ffer)

25mM Tris
250mM Glycine
0.1% SDS
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T ra n sfe r b u ffe r

25mM Tris
192mM Glycine
20% Methanol
P B S /T w e e n

0.065M Na2HP0 4
0.015M Sodium Chloride
0.1% Tween 20
0.015MNa2H2P 04 x2 H20
P onceau S
0 .1%

ponceau
5% acetic acid

B lo c k in g b u ffe r

5% non-milk fat (dissolved in PBS/Tween)

DNA extraction

D N A e x tra c tio n ly sis b u ffe r

50mM Tris pH 8
lOOmM EDTA
0.5% SDS
P r o te in a s e K

(lOmg/ml)

T E b u ffe r

lOmM Tris pH 8
ImM EDTA
RNAase (1:1000)
Southern blotting

2 Ox S S C (o n e litre - p H 7.0)

175.3g Sodium chloride
Sodium Citrate

8 8 .2g

P re -H y b m ix

1M NaCl
10% Dextran sulphate
1% SDS
5 Ox T A E b u ffe r

2M Tris base
2M glacial acetic acid
50mM EDTA
O ra n g e G (g el e le c tro p h o re sis)
2 % orange G

50% glycerol
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O ra n g e G - f o r c D N A p r o b e p r e p a r e d

blotting)
0.2% orange G
D e x tra n B lu e
2 % Dextran Blue

Northern blotting

l O x E b u ffe r

0.18M Na2HP0 4
0.02M NaH2P 0 4
pH 7.0
B u ffe r m ix

30pi 37% formaldehyde
9pl formamide
18 pi lOx E Buffer
2 Ox S S P E (1 0 0 m l)

17.53g NaCl
2.76g Na2HP0 4
0.74g EDTA
P re -H y b m ix

50% formamide
5x SSPE
2x Denhardts
0.1% SDS
10% Dextran Sulphate
pH 7.0
Others

In situ ß -G a l a s sa y su b stra te

3mM Potassium Ferrocynide
3mM Potassium Ferricynide
ImM Magnesium Chloride
X-Gal 0.5mg/ml
Made up in PBS.
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(also used in northern

Plasmids

2 . 1.6

pC EP4

(Invitrogen Ltd, Paisley, UK).

p C E P 4 :h u m a n p 5 3

(kindly donated by Dr Dale Haines, Fels Institute for Cancer

Research, Philadelphia, USA).
p B e ta -g a l

as described by Boyd M et al., 2000.

p P C R 2.1 G A P D H ,

(produced by Dr Mark Brady and described in Brady et al., 2005).

p C B 6 + p 5 3 1 75 H is

(kindly provided by Dr Karen Vousden, Beatson Institute of

Cancer Research, Glasgow).
p C E P :p 5 3 1 75 H is
p C M V -n e o -b a m

see section 5.1.5.

(Invitrogen Ltd, Paisley, UK).

p C M V -n e o -b a m -h M D M 2 ,

(kindly donated by Dr Bert Vogelstein, The John Hopkins

Oncology Centre, Maryland, USA).
p p 5 3 -T A -L u c

(BD Clontech, CA 94043, USA).
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Antibodies

2.1.7

All the antibodies used in the experiments were made and stored in 5% non-milk fat
block buffer in PBS/Tween, unless stated otherwise. The antibodies were stored at 80°C.

Primary mouse monoclonal antibodies (mouse mAb) used secondary antibody anti
mouse IgG horseradish peroxidase linked whole antibody (sheep) at a concentration
of 1:2500 (Amersham Biosciences, GE Healthcare UK Ltd, Buckinghamshire, UK).

A n ti-p 5 3 (a b -6 )

DO-1

m o u se m A b

was used at lpg/ml (Oncogene Research Products,

Merck Chemicals, Nottingham, UK).

A n ti-p 5 3

ab-7 s h e e p

p o ly c lo n a l

was used for immunoblotting at 1:1000 (Calbiochem,

Merck Chemicals, Nottingham, UK) with secondary antibody anti-sheep IgG
horseradish peroxidase linked whole antibody (from rabbit) at a concentration of
1:5000 (Amersham Biosciences, GE Healthcare UK Ltd, Buckinghamshire, UK).

A n ti-M D M 2

(a b -1 )

IF2

m o u se

mAb

was used at 3pg/ml for immunoblotting

(Oncogene Research Products, Merck Chemicals, Nottingham, UK).

A n ti-a c tin

c-2

m o u se m A b

was used at 3pg/ml of immunoblotting (Santa Cruz

Biotechnology, Inc, CA 95060, USA).
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A n t i- p l4 ARF (a b -2 )

14P02

m o u se

m A b,

used at 1j-ig/ml for immunoblotting

(Calbiochem, Merck Chemicals, Nottingham, UK).

A n t i- p l4 ARF (a b -3 )

14P03

m o u se m A b ,

used at lpg/ml for immunoblotting (Santa

Cruz Biotechnology, Inc, CA 95060, USA).

A n ti-p 2 1 CIP,/WAF1

F-5 m o u se

mAb

was used for immunoblotting at 3 pg/ml (Santa Cruz

Biotechnology, Inc, CA 95060, USA).

A n ti-p 2 1 C!PI/WAFI

ab - 1

m o u se

mAb

was used for immunoblotting at 1|_ig/ml,

(Calbiochem, Merck Chemicals, Nottingham, UK).

A n t i- ß G a la c to sid a se (2 0 0 -1 8 3 ) m o u se m A b

was used for immunoblotting at 3pg/ml,

(Calbiochem, Merck Chemicals, Nottingham, UK).

A ffm iP u r e d o n k e y a n ti-m o u se F IT C a n d a n ti-sh e e p T exa s r e d c o n ju g a te s

were the

secondary

(Jackson

antibodies

used

in

immunofluorescence

ImmunoResearch Europe Ltd, Newmarket, UK), see 2.1.25.
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experiments

2 . 1.8

si RNA

Short interring RNA (siRNA), designed by either Dr Mark T Boyd, or as cited and
generated by Dharmacon, Layayette, CO 80026, USA, was used in the experiments to
degrade a specific mRNA target in a cell, thus knocking down the level of encoded
protein (see methods 2.1.23). A description of siRNA can be found in section 4.1.3

p53 (Martinez et al., 2002)
Target sequence: 5’- AAGCAUGAACCGGAGGCCCAU -3’
Antisense:

5’- AUGGGCGUCCGGUUCAUGCdTdT -3’

MDM2
Target sequence: 5’- AAGCCACAAAUCUGAUAGUAU -3’
Antisense:

5’- AUACUAUCAGAUUUGUGGCdTdT - 3 ’

p 14ARF
Target sequence: 5’- AAGAACAUGGUGCGCAGGUUC —3’
Antisense:

5 ’- GAACCUGCGCACCAUGUUCdTdT -3 ’

Scrambled
Target sequence: 5’- AAGGACGCAUCCUUCUUAAUU - 3 ’
Antisense:

5’- AAUUAAGAAGGAUGCGUCCdTdT —3’
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2.1.9

Protein extraction from mammalian cells, and protein concentration

determination (Bradford assay)

Following the expansion and sub-culture of a cell line (section 2.1.3), cells were
harvested, protein extracted and the protein concentration measured. Once all the
media was removed, the cell pellet was immediately transferred to a freezer at -80°C
causing lysis of cells. The cells were then subsequently thawed on ice to protect them
against endogenous protease activity. Further lysis of the cell pellet was achieved by
mixing the cell pellet with SLIP Buffer (20-200pl), containing protease inhibitors
(section 2.1.5) and then by storing on ice (0°C) for 10 further minutes. The resulting
lysate was clarified by centrifugation at 12000 x g for 10 minutes at 4°C.
Immediately following centrifugation the supernatant was transferred into a fresh
1.8ml Eppendorf tube. The concentration of the total cell protein was determined by
comparison to protein standards in a Bradford assay. The standards were made from
bovine serum albumin (BSA) in the SLIP Buffer. The standard concentrations were
20mg/l, 10 mg/1, 5 mg/1, 2.5 mg/1, 1.25 mg/1, 0.625 mg/1, 0.3125 mg/1 and 0.0 mg/1.
Whole cell protein samples’ concentrations were adjusted to 50pg/20pl in protein
sample buffer for use in western blot. The Bradford assay was performed using a
biophotometer (Eppendorf, BioPhotometer). For the purposes of the luciferase assay,
the protein standards were made in a luciferase cell lysis buffer rather than SLIP
buffer.

99

2.1.10

SDS-PAGE and western blotting

A western blot was used to identify specific proteins by separating them according to
molecular weight and then immunoblotting of the separated proteins with specific
protein antibodies. The protein, typically 50pg in 20pl of sample buffer, was run
through an SDS polyacrylamide separating gel.

The percentage concentration of

acrylamide gel used depended on the molecular weight of the proteins to be identified.
High molecular weight proteins such as P-galactosidase (120kDa) achieved best
resolution on a low SDS polyacrylamide percentage gel (7%), and low molecular
weight proteins such a pl4arf (14kDa) were better identified on a high SDS
polyacrylamide percentage gel ( 1 2 %).

Table 2.1.10a

C o n c e n tr a tio n s o f re a g e n ts r e q u ir e d to m a k e d iffe r e n t c o n c e n tra tio n s

o f S D S p o ly a c r y la m id e g e ls (se p a r a tin g g e l).

6%

7.5%

10%

12%

15%

h 2o

5.8ml

5.42ml

4.8ml

4.3ml

3.55ml

40% Acrylamide mix

1.5ml

1.87ml

2.5ml

3ml

3.75ml

1.5M Tris pH8.8

2.5ml

2.5ml

2.5ml

2.5ml

2.5ml

10% SDS

0 . 1 ml

0 . 1 ml

0 . 1 ml

0 . 1 ml

0 . 1 ml

10% APS

0 . 1 ml

0 . 1 ml

0 . 1 ml

0 . 1 ml

0 . 1 ml

0.008ml

0.008ml

0.008ml

0.008ml

0.008ml

TEMED
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Proteins were separated by gel electrophoresis in an SDS polyacrylamide gel. The
separating gel was prepared as per Table 2.1.10a and pippetted between two glass
plates using Protean 3 kits (Bio-Rad, Richmond, CA, USA). Once set the stacking gel
was poured on top of the separating gel between the glass plates. Wells were created
in the stacking gel, to facilitate the loading of protein samples, with a comb provided
in the Protean 3 kits, Bio-Rad. The protein samples to be assayed were boiled in a hot
block at 98°C for 5 minutes to completely denature. The boiled protein samples were
spun at 14 000 rpm at 4°C for 2 minutes in a centrifuge (Eppendorf 5804R, Hamburg,
Germany). Typically 50pg of protein was loaded into each well with a pipette.

Applying 200 V between the anode and cathode separated the proteins in the gel. The
time taken to run the proteins varied according to the degree of separation required.
Typically 63 minutes in a 10% gel allows the lower markers on the protein ladder
(6 kDa and 16kDa) to run out of the gel allowing good resolution of MDM2 (90kDa),
p53 (53kDa) and P-actin (42kDa). A running buffer (Tris-Glycine electrophoresis
buffer - see 2.1.5) was used to conduct the electrical current. The protein ladder used
gave markers at 175, 82, 63, 47.2, 32, 26, 16 and

6

kDa (Pre-stained Protein Marker,

Broad range, New England BioLabs Ltd, Herts., UK).

The proteins on the gel were transferred to a nitrocellulose membrane (Hybond XL,
GE Healthcare Bio-Sciences Corp, Piscataway NJ 08855-1327, USA).

The

nitrocellulose membrane was prepared for transfer by cutting to the same size as the
gel (7cm x 9cm) and was then soaked first in water, followed by transfer buffer. The
transfer of the proteins from the polyacrylamide gel to the nitrocellulose membrane
occurred in the tank (Protean 3 kits (Bio-Rad, Richmond, CA, USA)) filled with
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transfer buffer (see 2.1.5) within a cassette (figure 2.1.10) followed by the application
of 100V across the tank for one hour. An ice block is added to the tank to prevent
overheating.

Direction o f transfer

_

.

CATHODE(+)

Order in which to set up
transfer of proteins
from gel to membrane
6. Sponge
5. Two sheets 3MM Whatman paper
4. Membrane
3. Gel
2. Two sheets 3MM Whatman paper
1. Sponge

Cassette

Figure 2.1.10

W e ste rn b lo t tra n sfer, o rd e r in the c a sse tte to a llo w p r o te in tra n sfe r

fr o m g e l to m e m b ra n e .

Once the protein transfer was complete, the membrane was stained in Ponceau S to
confirm the transfer. The whole membrane, or part of interest of the membrane, was
de-stained in several PBS/Tween washes and placed in a 5% blocking buffer for one
hour at room temperature, with agitation on an orbital shaking platform.

The

blocking buffer was removed and a primary antibody added for one hour. The non
specific binding of the primary antibody was stripped from the membrane removed by
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three 15-minute washes in PBS/Tween. The secondary antibody was then added for
one hour and the non-specific binding of secondary antibodies stripped from the
membrane by three additional 15-minute washes, as above, in PBS/Tween.

Enhanced chemoiluminescence (ECL) reagent (Western Lightening, Perkin-Elmer
Life Sciences Inc. Boston, MA, USA) was added to the blot (typically 1ml for a
64cm2 blot). The ECL reaction was complete after one minute and the excess ECL
was poured away. The blot was then aligned, wrapped in clingfilm and the membrane
exposed to film (Fujifilm Super RX, Sigma-Aldrich Company Ltd, Dorset, UK). The
initial exposure on film was typically for 20 minutes. Further films were developed,
depending on the intensity of bands, in order to clarify/distinguish the levels of
protein.
Table 2.1.10b

T he a p p a r e n t m o le c u la r w e ig h t (M W ) o n a S D S -P A G E g e l o f

p ro te in s.
P ro te in s ru n to a p r e d ic ta b le M W o n a S D S -P A G E gel, th is c a n b e d iffe r e n t fr o m its
a c tu a l m o le c u la r w eig h t, e.g. M D M 2 m o le c u la r w e ig h t ~ 5 0 k D a b u t o n a n S D S -P A G E
g e l it r u n s a t a b o u t 9 0kD a.

Protein
P - Gal

Approximate MW on SDS-PAGE gel (kDa).
-116

MDM2

-90

p53

53

Actin

42

-------------- p 2 i WAF1/CIP1

21

14

P14art
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2.1.10.1

Developing film

The film (Fujifilm Super RX for western blot, BioMax MS, Kodak for northern and
Southern blotting, Sigma-Aldrich Company Ltd, Dorset, UK) was developed by
immersing it in developer for two minutes, followed by a further two minutes
submersion in fixer. The film was then rinsed thoroughly in water and left to dip dry
in air. The x-ray film was light sensitive, therefore until fixed all aspects of the
developing procedure were executed in a dark room.

2.1.11

Extraction of DNA from mammalian cells.

In order to extract DNA from cells, cells were harvested using EDTA-trypsin, spun
down to a pellet and the media removed (section 2.1.3). The pellet of cells was then
resuspended in DNA lysis buffer. Digestion of the cells was carried out overnight in a
water bath at 55°C by proteinase K (ratio of proteinase K to DNA lysis buffer used
was 1:20, typically 20pl proteinase K in 400pl of lysis buffer). Following digestion
of the lysed cell, a volume of phenol, equal to the cell volume, was added. The
mixture was shaken for 3 minutes, and spun at maximum speed in a desktop
microfuge for 3 minutes. The upper aqueous phase of the resulting solution was
removed with a pipette and an equal volume of P:C:I (phenol-chloroformisoamylalcohol at ratio 25:24:1) was added. The P:C:I and aspirated aqueous phase
mix was manually shaken for 3 minutes in microfuge tube racks and spun at
maximum speed in a desktop microfuge for 3 minutes. The upper aqueous phase was
again carefully removed and transferred to a 1.8ml Eppendorf. A tenth volume of 3M
sodium acetate (pH 6 ) and twice the volume 100% ethanol were added to the upper
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aqueous phase. The resulting solution was left on ice for 30 minutes to allow the
DNA to precipitate.

DNA was obtained by spinning the mixture for 5 minutes at maximum speed in a
desktop microfuge. The supernatant was then discarded and the DNA pellet was
washed in 70% ethanol to dissolve any residual salt. The ethanol was removed from
the DNA by spinning the resulting solution at maximum speed in a desktop microfuge
for 3 minutes and aspirating the supernatant with a pipette. The resulting DNA pellet
was allowed to air dry, resulting in the evaporation of any residual ethanol and finally
suspended in TE Buffer (section 2.1.5). The DNA concentration was determined by
using an Eppendorf Biophotometer (Hamburg, Germany).

The biophotometer

reported the optical absorbance of DNA in solution, giving a DNA concentration and
A260/A280 ratio, which is a marker of the purity of the DNA. Pure DNA has an
A260/A280 of 1.8. The DNA, although stable at room temperature, was stored at -20°C
to prevent degradation.

2.1.12

Southern blotting

2.1.12.1

Gel electrophoresis and transfer

Southern blots were used to identify specific sequences in DNA.

A restriction

enzyme digest (section 2.1.16) was performed on genomic DNA isolated from cell
lines. Restriction endonucleases or enzymes are bacterial enzymes that cut double
stranded DNA at specific sequences. Such DNA specific sequences occur throughout
the genome. The sections of DNA that result from this cleavage are referred to as
restriction fragments. For example, a digest of cell line genomic DNA with HindIII
was performed. The HindlU digest produces around one million fragments, which
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were separated into unresolved DNA smear on gel electrophoresis.

Subsequent

probing with specific consensus sequences provides a way of detecting highly specific
fragments of the smear.

Generally, the process of digesting 5pg of the selected cell line DNA with Hindlll
was set and left over night to digest. DNA from the DNA digest was then separated
by electrophoresis. An agarose gel was used for electrophoresis that was prepared by
adding agarose (Seakem GTG quality agarose) dissolved in TAE buffer, typical
concentration of 0.7%, melted in a microwave oven.

To allow the visualisation of

DNA loaded into each lane of in the gel and its progress through the gel, ethidium
bromide was added to the cooling gel. Thus the DNA smear was stained with this
intercalating dye (ethidium bromide) as it passes through the gel, which could then be
detected as visible fluorescence when the gel was illuminated with ultra violet light.
The gel could then be photographed, and loading thus demonstrated. The gel was
poured into a 10cm x 10cm mould and wells were made with a comb in the gel
(typically a 10-well comb). Orange G (2% by volume) was added to the DNA digest
product just before loading. The Orange G contains 50% glycerol to increase the
density and viscosity of the sample to aid loading. Being orange allowed visualisation
of the leading edge of the digest as it progressed through the gel. The DNA digestion
product was loaded into the wells of the gel, which rest in an electrophoresis tank
filled with TAE buffer to cover the gel. Then an electrical current was applied.
Initially, 40 V was applied but once the DNA migrated from the well this was
increased to 60 V. Once the DNA was separated in the gel, it was photographed
during UV trans-illumination to confirm loading.

Very uneven loading hinders

analysis and digest should be repeated rather than continuing with Southern blotting.
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The DNA fragments were resolved by length during gel electrophoresis through the
full length of the gel. The DNA fragments were then denatured into a single strand
state to ensure accessibility of specific sequence during probing. The DNA was
denatured in the gel by washing three times for 15 minutes, in 1.5M NaCl, 0.5N
NaOH. The DNA within the gel was then depurinated. This aids the process of
transfer of DNA from gel to membrane by shortening the DNA fragments as large
DNA fragments require longer transfer times.

Depurination was performed by

washing the gel by gentle agitation for 15 minutes on an orbital table after submerging
in 0.2M HC1. The gel was then briefly washed in water before neutralising it in a
solution of 1M Tris pH 7.4, 1.5M NaCl (three times for 15 minutes to equilibrate the
gel).

Hybond XL membrane (GE Healthcare Bio-Sciences Corp, Piscataway NJ

08855-1327, USA) was used for the DNA transfer. The binding capacity of this
membrane is about 500 pg DNA/cm . The Hybond XL membrane was prepared by
cutting it to the size of the gel and then by soaking it in lOx SSC for 20 minutes.
Transfer was set up as illustrated by Figure 2.1.12. The process of transfer occurred
because DNA molecules were carried out of the gel by the buffer flow and
immobilised on the membrane.
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Figure 2.1.12a

S c h e m a tic d ia g ra m o f th e tr a n s fe r o f D N A fr o m a g a r o se g e l to

H y b o n d X L m e m b ra n e .

The transfer of DNA to the Hybond XL membrane was allowed to proceed for 16
hours. Once transfer was complete the membrane was removed and allowed to air
dry before cross-linking (via covalent bonding) the DNA to the membrane in a UV
Stratalinker (120mJ/cm , model 1800 Stratalinker UV crosslinker). The membrane
was then probed for the restriction fragment of interest. By stripping the membrane
of probe the same membrane can be used to detect other restriction fragments.
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2.1.12.2

Specific restriction fragments used for probes in Southern and

northern blotting

Preparation of a MDM2 cDNA probe for Southern and northern blotting: the MDM2
gene from the pCMV-neo-hMDM2 plasmid (section 2.1.6) was used.

The pCMV-

neobam-hMDM2 was subjected to Hindlll restriction enzyme digest (section
2.1.16.1). The Hindlll plasmid digest produced a fragment of DNA that corresponds
to codon 267 to 1151 of the MDM2 gene.

The DNA was separated into two

fragments by gel electrophoresis; the smaller fragment corresponded to MDM2
cDNA. Purification was then performed as described in sections 2.1.17-2.1.17.1

GAPDH cDNA probed used in Southern blotting: a 233 base pair fragment of the
glyceraldehyde-3-phosphate dehydrogenase (GAPDH) gene generated from U2-OS
cells was provided Dr Mark Brady, the University of Liverpool.

2.1.12.3

Probe production and hybridisation to membrane

The dried cross-linked membrane was prepared for probing by pre-wetting in 1M
NaCl for 30 minutes. The wet membrane was then placed into a hybridisation cylinder
with the DNA side of the membrane facing inwards.

The pre-hybridisation mix

(section 2.1.5) was added (25ml) to the cylinder and the membrane was pre
hybridised at 65 °C in the rotating oven for at least 4 hours. Pre-hybridisation blocks
non-specific sites on the membrane.
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The DNA sequence specific probe was prepared using the commercially available
Amersham Multiprime DNA labelling system kit (Amersham Biosciences, GE
Healthcare UK Ltd, Buckinghamshire, UK). A sequence of cDNA, specific to the
gene of interest, was used as the probe template (section 2.1.12.1.1). The radioactive
dCTP-labelled DNA probe was generated as follows: A 50ng sample of DNA was
added to the primer mix (Amersham Multiprime kit) and boiled for 5 minutes. The
DNA in the primer mix was allowed too cool to room temperature. Four microlitres
of dATP, dGTP, and dTTP was added to the cooled DNA and primer mix along with
5pl of reaction buffer. Five microlitres of 32P labelled dCTP was added to the DNA
and primer mix solution, followed by 2pl of Klenow enzyme.

The primers and

enzyme were mixed in a pipette and incubated at 37°C for 45 minutes. The mixture
of reaction products and MDM2 cDNA probe was mixed with 20pl orange G (0.2%)
and with high molecular weight dextran blue (2%) to enable separation via molecular
weight. The resulting brown mixture was purified through a sephadex G-50 column
(figure 2.1.12b). The higher molecular weight blue fraction (the probe) was collected
through the column first allowing the orange low molecular weight waste to be
discarded safely.
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Figure 2.1.12b.

Schematic representation o f a sephadex bead-separating column

used in Southern and northern blotting.

The hybridisation of the probe to the single stranded DNA on the membrane was
performed.

The appropriate volume of probe (the radioactive emission from the

probe was determined in a scintillation counter), to give a final concentration of 106
counts/ml, was calculated and added to 250pl of salmon sperm DNA (lOmg/pl) and
boiled for 10 minutes. The probe and salmon sperm was then left on ice for 5 minutes
(to prevent specific reannealing) before adding it to the hybridisation cylinder at 65°C
in a rotating oven over night (~16 hours). Hybridisation or annealing is the process of
the probe binding to the specific sequence of DNA on the membrane, e.g. MDM2.

2.1.12.4

Post-hybridisation and developing

Non-specific binding of the radioactive label from the membrane was removed by
washing the membrane. The first sets of washes were two 15 minutes in 2x SSC at
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room temperature. The membrane was washed two more times for 20 minutes in 2x
SSC, 0.1% SDS at 65 °C.

The membrane was checked with a Geiger counter

following the washes to ensure that the process was complete.

A cold blot, as

demonstrated by a low or silent reading from the Geiger counter suggested that the
‘washing’ process was sufficient and that all the non-specific binding of probe to the
membrane had been removed. Washes were repeated if the blot remained radioactive.
Finally, a 0.1% SDS wash was preformed.

To prevent membrane drying the membrane was placed on wet 3MM Whatman
paper, which had been pre-soaked in 0.1% SDS and wrapped in cling film. The
Southern blot was then developed on Kodak BioMax MS film (Sigma-Aldrich
Company Ltd, Dorset, UK) in a light safe cassette with a transcreen (Kodak BioMax
transcreen, Sigma-Aldrich Company Ltd, Dorset, UK) at -80 °C. The initial exposure
was performed for 24 hours and developed in accordance with section 2.1.10. Further
exposures were performed, e.g. 7 days, if the bands on the film were faint.

2.1.12.5

Stripping nylon membrane to allow re-probing of Southern/northern

blot membrane

Re-probing the DNA/RNA transferred onto nylon was achieved by stripping the
radioactive probe from the blot. Re-probing was desirable to allow probing with
GAPDH used in experiments as a loading control. Successful stripping was achieved
only when the membrane had been kept moist. Initially, the membrane was boiled in
0.1% SDS for 30 minutes, followed by a double rinse in 2x SSC (Southern) or 5x
SSPE (Northern) each for 15 minutes. The stripped blot was then placed on moist
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3MM Whatman paper and then it was wrapped in clingfilm to prevent drying before
confirming stripping by exposing the blot to a Kodak Biomax MS film (SigmaAldrich Company Ltd, Dorset, UK) in a light safe cassette with a transcreen (Kodak
Biomax transcreen, Sigma-Aldrich Company Ltd, Dorset, UK) at -80°C for over 24
hours.

2.1.13

RNA extraction from cells

All RNA work was carried out under conditions ensuring minimal exposure to the
RNAases normally present in the environment. In particular, surfaces were washed
with water and/or untouched by human hand. Fresh gloves were worn and all pipettes
used were RNase free. Tube racks were washed in dilute HC1 to inactivate RNase.
Experimental reagents and cellular RNA were kept on ice to reduce any RNAases
activity.

RNA extraction was performed on the cell lines grown in 6cm2 tissue culture dishes at
70% confluency. The RNA extraction was initiated by washing the cells with PBS
solution to remove the growth media, whereby ensuring that the monolayer remained
adherent to the culture dish. The PBS was then removed from dish with a pipette.
The cells were then lifted from the culture dish and lysed by gentle pipetting with 3ml
of RNAzol (Sigma-Aldrich Company Ltd, Dorset, UK) and transferred to a 10ml
2059 falcon tube.

Three hundred microlitres of chloroform (a tenth volume of

RNAzol) was added and the mixture was shaken vigorously for 15 seconds and then
was immediately divided into two 2.2ml screw top Eppendorf tubes.

The RNA

mixture was separated by centrifugation 12000 x g for 15 minutes at 4 °C. The
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supernatant of the centrifuged sample was removed with a pipette into a fresh tube
and the lower portion discarded. An equal volume of isopropanol (approximately
750pl) was added to the upper aqueous phase to precipitate the RNA. The RNA
isopropanol solution was mixed vigorously and left on ice for 15 minutes and was
then centrifuged at 12000 x g for 15 minutes at 4 °C. The supernatant was removed
with a pipette. The remaining isopropanol was removed from the RNA pellet by
washing with 75% ethanol and centrifugation at 12000 x g for 15 minutes at 4 °C.
The ethanol supernatant was removed from the RNA pellet by pipetting and the final
traces of ethanol were left to evaporate. The pellet of RNA was resuspended in 50pl
of RO H2O (reverse osmosis water) to aid purity.

Concentration of RNA was

determined with spectrophotometer and the purity of the sample determined by an
A260/A280 of greater than 1.8. Pure RNA has an OD ratio of ^ 2.

2.1.14

Northern blotting

2.1.14.1

Gel electrophoresis and transfer

Northern blotting is a technique used to separate and identify a specific piece of RNA.
In order to ensure that there was no cross-contamination or degradation of the samples
during the experiment, all the vessels and instruments used for handling the RNA
were cleaned by either soaking them in 1M HC1 solution or washing with 70%
ethanol. A Seakem agarose gel (100ml) required for RNA separation was prepared.
The gel was prepared by dissolving 1.2g of agarose in 10ml of lOx E buffer (see
section 2.1.5) and 73.3ml water. The solution was boiled in a microwave oven until
agarose dissolved and cooled to 37°C. Once cooled, 16.7ml of formaldehyde was
added and the gel was poured into a 10cm x 10cm tray and set.
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sample of RNA was combined with 9.2pl of buffer mix (see

2 .1 .5 )

and heated

to 65°C for 5 minutes, cooled for 5 minutes on ice and briefly spun. A 6pl sample of
dye, prepared from equal proportion of formamide to 80% glycerol/bromophenol blue
mix, was added.

The samples of RNA were loaded onto the gel and submerged in lx E buffer (section
2.1.5). Over a period of 16 hours, a low current of 20mA was applied to the gel.
Since RNA is hydrolysed in alkali, to prevent one end of the gel tank from becoming
alkali a pump to circulate the lx E buffer was set up. Once the RNA had run through
the gel it was stained by washing it several times with water containing ethidium
bromide. The staining process was considered to be complete when the RNA bands
on the gel were sharp on UV trans-illumination. A photograph of the gel under UV
trans-illumination was taken to allow comparison of RNA loading between lanes
during the analysis of the northern blot. To equilibrate the gel, it was soaked in lOx
SSC (section 2.1.5) for a minimum of 30 minutes. A nylon membrane (Hybond XL,
Amersham Biosciences, GE Healthcare UK Ltd, Buckinghamshire, UK) was cut to
the size of the gel and soaked by submersion in water and then in lOx SSC for 20
minutes. Transfer of the RNA from the agarose gel to the Hybond XL membrane was
performed in accordance with the standard procedures of a Southern blot (see section
2.1.12.1a, diagram 2.1.12.1a). Once the transfer of the RNA to the Hybond XL
membrane was completed, the membrane was cross-linked in a UV Stratalinker
120mJ/cm2 (Model 1800 Stratalinker UV crosslinker). Cross-linking fixed the RNA
via covalent bonds to the membrane.
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2.1.14.2

Probe production and hybridisation to membrane

The Hybond membrane containing the RNA was transferred to a hybridisation
cylinder containing 30ml of pre-hybridisation mix (section 2.1.5) for eight hours at
42°C. The probe was made using the Amersham Multiprime DNA labelling System
(Amersham Biosciences, GE Healthcare UK Ltd, Buckinghamshire, UK) in
accordance with the methods used for the Southern blot (section 2.1.12.3).

The

volume of probe required the production of 106 counts/ml in 30ml of hybridisation
mix which was added to 300pl of sheared denatured salmon sperm (lOmg/pl) and
boiled in a 1.5ml screw capped Eppendorf tube for 5 minutes. The sample of probe
and salmon sperm were transferred onto ice for 5 minutes before being added to the
pre-hybridisation mix and membrane in the hybridisation cylinder for 16 hours.

2.1.14.3

Post hybridisation and developing

Once the hybridisation process had been completed the membrane was then washed in
2x SSC at room temperature for 20 minutes. Following the two washes in 2x SSC,
the membrane was washed in 2x SSC, 0.1% SDS at 65°C for 20 minutes. Finally, the
membrane was washed in 0.1% SSC at room temperature for 20 minutes. The
membrane was wrapped in clingfilm on moist 3MM Whatman paper and exposed to
Kodak Biomax MS film (Sigma-Aldrich Company Ltd, Dorset, UK) with Kodak
Biomax transcreen at -80°C for 24 hours. The film is developed as explained in
section 2.1.10.
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2.1.15.1

Restriction enzyme digest of DNA

Restriction enzyme digest of DNA was used during plasmid cloning and to identify
fragments of double stranded DNA from genomic and plasmid DNA. Restriction
enzymes, or restriction endonucleases, are bacterial enzymes that cut double stranded
DNA at specific sequences. Such sites occur throughout the genome and the sections
of DNA that result from enzyme cutting are termed restriction fragments.

If a

sequence of DNA is known, the restriction fragments can be predicted and separated
on an agarose gel, allowing discrete fragments from the DNA to be identified.

In the restriction enzyme digest, generally 1 unit of enzyme ‘cuts’ lpg of DNA in one
hour. The digest was carried out with a specific quantity of DNA, as this defines the
amount of the reagents added. The enzyme itself should be no more than 10% of the
final reaction volume, as it is suspended in 50% glycerol, which inhibits the
enzymatic reaction. The appropriate buffer for each enzyme (section 2.1.16.2) and
accompanying BSA, if required (section 2.1.16.2), was added and water added to
equal the final reaction volume. Once the DNA, enzyme and accompanying reagents
were mixed, the sample was incubated at the appropriate temperature, which was
different for each enzyme (section 2.1.16.2) and digestion was allowed to occur for 14 hours.
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2.1.15.2

Restriction enzymes

The following restriction enzymes were used in experimentation along with their
specific additions and conditions.

Hindlll (New England BioLabs Ltd, Herts, UK), buffer 3 and BSA at 37°C.
Smal (New England BioLabs Ltd, Herts Ltd, UK), buffer 2 at 25°C.
BamHl (New England BioLabs Ltd, Herts, UK), BamHl buffer and BSA at 37°C.

2.1.16

Plasmid purification from gel electrophoresis

In order to create the cDNA template used to manufacture the probes in Southern and
northern blotting (section 2.1.14 and 2.1.15), a specific restriction fragment from a
DNA restriction enzyme digest was separated, by gel electrophoresis, and then
purified. Also, plasmid purification from gel electrophoresis was performed to purify
plasmid from expression vector cloning (section 2.1.17).

The linearised plasmid

vector (for sub-cloning), or the product of restriction enzyme digest (for sub-cloning
or probe template) was run on a 1% agarose gel containing ethidium bromide with a
DNA molecular weight marker.

The fragment was then excised, under UV

visualisation, and purified. The excised fragment was purified using a GENECLEAN
Turbo kit (see section 2.1.16.1).
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2.1.16.1

GENECLEAN Turbo kit

The GENECLEAN turbo kit was used to purify DNA from agarose gel. The
manufacturer’s (GENECLEAN, Q-Bio Gene, CA 92618, USA) protocol as adhered to
as follows:

This kit is designed to purify DNA fragments between 0.1-300kb. To achieve this
DNA was separated in an agarose gel and the DNA band of interest was first cut from
the agarose gel. Then the gel slice was weighed in an Eppendorf tube. A volume of
GENECLEAN turbo salt solution equal to the weight of the gel slice was placed in
the Eppendorf tube. The gel and salt solution was place in a water bath at 55°C for 5
minutes until the gel melted. The melted gel slice and GENECLEAN turbo salt
solution was transferred into a GENECLEAN turbo cartridge and was spun through
the cartridge into a catch tube in a desktop centrifuge at 14,000 rpm for 5 seconds, the
effluent was then discarded. GENECLEAN turbo wash (500pl) was added to the
filter of the GENECLEAN turbo cartridge, which was spun at 14000 rpm for a further
5 seconds (in a desktop centrifuge) resulting in the removal of any contaminants in the
flow through. The GENECLEAN turbo wash was twice repeated. The collection
tube was emptied and spun at 14,000 rpm for a further 2 minutes to dry the
GENECLEAN turbo cartridge. The DNA purification was completed by the elution
of the DNA sample. This was performed by adding, 30pl of GENECLEAN turbo
elution fluid to the cartridge, incubating for 5 minutes at room temperature and then
spinning it at 14000 rpm in a catch tube for 30 seconds.
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The volume (30jal) and concentration (typically 10-lOOng/pl) of DNA eluted and the
concentration of DNA was determined thus; 2pl of eluted DNA was run on a 1%
agarose gel and the intensity of the ethidium bromide band was compared to the
intensity of the brightest band of the lkb DNA ladder (New England BioLabs Ltd,
Herts, UK). The brightest band in the lkb DNA ladder is manufactured in such away
that it corresponds to approximately 25% of the mass of DNA marker loaded (e.g.
manufacturer’s data sheet assumes that a 0.5pg/lane is loaded, so the intensity of the
3kb band roughly equate to 125ng). Therefore, the intensity of the DNA band is
compared to the 3kb band and a rough concentration derived.

2.1.17

Ligation of restriction fragment insert into an expression plasmid and

dephosphorylation of linearised plasmid DNA

Plasmids are capable of replication independently from chromosomal DNA. Plasmid
growth is dependent on the presence of a relatively small piece of DNA known as the
origin of replication within the plasmid, that is recognised by the cellular synthetic
machinery (see section 1.3.7.1). Once recognised by the cell, plasmid replication
occurs.

Therefore, by inserting a gene (cDNA) of the correct orientation into a

plasmid vector will result in the transcription of the gene as the plasmid replicates.
This process is call molecular cloning.

Before a cDNA or part of a gene restriction fragment can be ligated into a plasmid
(see Figure 2.1.17, steps 1-3), the plasmid and the gene restriction fragment or cDNA
must be prepared so that they join together, i.e. produced from compatible restriction
enzyme digests.

Furthermore, the plasmid and restriction fragment must first be
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linearised (creating free ends) and then dephosphorylated.

Dephosphorylation of

linearised plasmid DNA prevents the plasmid returning back to its original form
(small circular DNA) until the gene or a part of the gene of interest is inserted.

Figure 2.1.17 Molecular cloning.
Steps 1 and 2; Restriction enzyme digest is performed on the gene (producing the
restriction fragment) and plasmid vector is cut (restriction enzyme leaves consensus
sequence at the ‘ends’ o f DNA). Step 3; Recombinant plasmid is formed following
ligation o f restriction fragment into vector. Step 4; Bacterial transformation, and
recombinant plasmids are introduction into competent bacteria (see 2.1.18). Step 5;
Clonal selection o f bacteria is achieved by thinly spreading transformed bacteria onto
agar plate allowing the formation o f single pure colonies (see section 2.1.18).
Adaptedfrom page 8, Macleod and Sikora, 1984.
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Dephosphorylation of DNA, gained from the restriction enzyme digests (steps 1 and 2
Figure 2.1.17) of the DNA to be used in plasmid cloning, was initiated by adding 2pl
of calf intestinal alkaline phosphatase (CIAP, Calbiochem, Merck Chemicals,
Nottingham, UK) and incubated at 37°C for 30 minutes. A further 2pi of CIAP was
then added and incubated for a further 30 minutes at 55°C. One unit of CIAP is
sufficient to remove 50pmol of 5’ terminal phosphate group. This equates roughly
0.5units/ lpg DNA (CIAP lOOOOunit/ml).

Once the DNA had been dephosphorylated, the plasmid and restriction fragment were
ligated (step 3 Figure 2.1.17). T4 DNA ligase was used in ligation reactions. This is
a commonly used ATP-dependent ligase. lpl of lOx reaction buffer was added to lpl
of T4 ligase (5u/pl) (New England BioLabs Ltd, Herts, UK), 2pl insert, lpl vector
and 5pl of water in a 1.5ml Eppendorf.

These were mixed with a pipette. The

solution was left for 16 hours at 14°C. A 10:1 molar ratio of insert to vector and a 2:1
mass ratio were used. The resulting plasmid was replicated in competence bacteria
transformed by the plasmid (2.1.18). Plasmid purified from individual colonies of
transformed bacteria was run through an agarose gel and as screened using restriction
enzyme digests (section 2.1.15) to identify successful ligation and correct orientation
of the restriction fragment.

The restriction fragment pattern from the screening

digest(s) was predicted from the restriction sites on the plasmid maps.
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2.1.18

Transforming bacteria

As discussed above (Figure 2.1.17), bacteria are able to maintain plasmid DNA.
Almost all bacteria have the ability to take up DNA from their environment and this
ability is known as bacteria competence. The introduction of plasmids into bacteria is
a process called bacteria transformation and was performed with the use of bacteria
that had been treated to effectively take up plasmids (competent bacteria, e.g. Top 10
E. coli (Invitrogen Ltd, Paisley, UK). Transformed bacteria replicate rapidly allowing
the purification of plasmid stocks. The bacteria maintain plasmid DNA because the
bacteria are maintained in growth media containing antibiotics, to which the plasmid
encodes resistance gene/s (e.g. ampicillin).

Bacterial transformation was performed as follows: Luria Broth-Agar (LB-Agar) was
prepared and sterilised in an autoclave. 25g of Luria broth (Sigma-Aldrich Company
Ltd, Dorset, UK) was added to 1 litre of water with 1.5% of agar (Oxoid Ltd,
Hampshire, UK) in a glass bottle, and stored at 4°C until needed. The LB-Agar was
boiled in a microwave oven for 3 minutes and allowed to cool to 55°C. Using sterile
technique, the selection agent of choice (e.g. lOOpg/ml of ampicillin) was poured into
culture plates and allowed to set in class II tissue culture hood. 50pi of competent
cells, which were kept at -80 °C and thawed on ice, were added to lOpl of DNA (i.e.
product of ligation see section 2.1.17). The competent bacteria and DNA mix were
heated for 30 seconds at 42°C and then returned to ice while 250pl of SOC + MgC^ +
glucose was added. The bacteria then underwent a transformation at 37°C in 5% CO2
with air and the bacteria were agitated by shaking at 225 rpm for one hour. The
transformed bacteria were spread on the set LB-Agar plates and grown for 24 hours at
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37°C in 5% CO2 . Single clonal populations of bacteria were visible. From these
colonies a sample of individual colonies were selected with a sterilised platinum wire
loop and cultured in a small aliquot (10ml) of LB described in section 2.1.19.

2.1.19

Bacterial culture

The large quantity of bacterial culture required for experimentation (e.g. plasmid
purification) was prepared by the addition of newly transformed single transformed
bacterial colony (as in section 2.1.18) or of previously made frozen stocks (2.1.19.1)
to culture media (Luria broth). This was performed as follows. A quarter-full conical
flask was filled with Luria broth and sterilised in an autoclave. The bacterial selection
agent (e.g. ampicillin lOOpg/ml) was added under clean conditions. A transformed
bacterial sample, a single colony either from an agar plate (section 2.1.18) or from
lOOpl of glycerol stock (section 2.1.19.1), was added to the culture media.

The

bacteria were grown for 8-12 hours at 37°C in 5% C 02 shaking at constantly at 225
rpm.

2.1.19.1

Bacteria glycerol stocks

A glycerol stock of transformed bacteria was made ensuring the reproduction of the
clone that was required. This was performed by mixing 0.5ml of bacterial culture to
0.5ml of sterile 50% glycerol, snap freezing in liquid nitrogen and storing the mixture
at -80°C.
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2 . 1 .2 0

Plasmid purification

Purification was to enable the acquisition of plasmid DNA from transformed bacteria
and was carried out by using QIAGEN kits (QIAGEN House, West Sussex, UK).

2.1.20.1

Plasmid purification using QIAfllter Plasmid Mega Kit

A QIAfilter Plasmid Mega Kit was required to purify large volumes of bacteria
cultures (500ml-2.51 LB cultures). The purification process was initiated by dividing
500ml of bacterial culture into two centrifuge tubes, before centrifugation at 6000 x g
for 15 minutes at 4°C.

The supernatant was poured off and the bacterial pellet

containing plasmid resuspended in 50ml of PI resuspension buffer, ensuring that no
clumps of cells remain (buffer PI contains RNAase and was stored at 4°C). Cells
contained in the bacterial pellet were then lysed in 50ml of P2 by inverting the
mixture 4-6 times. The mixture was then left at room temperature while cell lysis was
completed. The chilled buffer P3 (50ml) was added to the bacterial solution and
mixed gently (inverting 4-6 times), precipitating genomic DNA, proteins, cell debris
and SDS.

The precipitated mix was added to a QIAfilter Mega-Giga cartridge and

incubated at room temperature for 10 minutes. A vacuum source was applied to the
bottom of the QIAfllter Mega-Giga cartridge. Cell debris and proteins were filtered
out of the solution as the plasmid containing solution was pulled through the
cartridge. Additional amounts of plasmid DNA were retrieved from the filter by
adding 50ml of FWB2 buffer and, again, by the vacuum applied.
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The DNA was separated from the retrieved solution by filtering in a QIAGEN-tip
2500. Initially the QIAGEN-tip 2500 needed to be equilibrated by allowing gravity to
drain through 35ml of QBT buffer.

The filtered solution was then applied to

QIAGEN-tip and entered the resin QIAGEN-tip 2500 by gravity. Contaminants were
removed from the resin tip by passing 200ml of buffer QC through the tip, to only
leave plasmid within the tip. The DNA was eluted from the tip with 35ml of QF
buffer. The DNA was extracted from the QF buffer by adding 24.5ml of isopropanol,
mixing and then spinning for 15 minutes at 11000 rpm in the Sorvall SS-34 rotor at 4
°C. The supernatant was discarded and the DNA pellet was washed and resuspended
in 7ml of 70% ethanol. To allow centrifugation of the resuspended DNA, it was
divided into 1ml Eppendorf tubes and then spun at 12000 x g for 10 minutes at 4 °C.
The alcohol was poured away. The remaining DNA pellet was allowed to air dry and
then resuspended in a TE buffer. Plasmid concentration was then determined as in
section 2.1.11. The plasmid DNA was stored at -20°C.

2.1.20.2

QIAprep Spin Miniprep Kit

Where only small amounts of bacteria (l-5ml) were available or necessary for DNA
extraction and purification, the QIAprep Spin Miniprep Kit was used. An E. coli
culture (l-5ml), transformed to produce a specific plasmid, was spun in a desktop
centrifuge for 5 minutes at 14,000 rpm. The supernatant was removed and the pellet
was resuspended in 250pl of chilled PI buffer, containing QIAprep Spin Miniprep Kit
RNAase, until no cell clumps were visible. Buffer P2 (250pl) was then added to lyse
the bacterial cells. These were mixed by inversion (4-6 times) to prevent genomic
DNA shearing, until the solution became viscous and slightly clear. The P2 buffer
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was added no more than 5 minutes before it was neutralised with N3 buffer (350pl)
and mixed again by inversion. The solution was spun at 14000 rpm for 10 minutes in
a desktop centrifuge.

The supernatant containing DNA was applied to QIAprep

column was spun at 14000 rpm for 60 seconds in a desktop centrifuge and the flow
through discarded. The column was then washed, through with 0.5ml of Buffer PB,
removing traces of nuclease activity. The column was further washed by adding
0.75ml of Buffer PE, spun at 14000 rpm for 60 seconds in a desktop centrifuge and
the flow-through discarded. A further spin at 14000 rpm for 30 seconds in a desktop
centrifuge was performed and the flow-through discarded. The DNA was finally
eluted from the column with 50p.l of Buffer EB (lOmM Tris-Cl, pH 8.5). Once the
solution was applied to the column it was left to stand for one minute before being
spun at 14000 rpm for one minute in a desktop centrifuge. The resultant flow through
contains purified plasmid, and the concentration determined (section 2.1.11) and
stored at -20°C.

2.1.21

Plasmid transfections

2.1.21.1

Plasmid transfection

m e th o d o n e ,

GeneJuice transfection reagent

(Novagen EMD Biosciences Inc, Madison, WI 53719, USA)

In order to maximise the ability of cells to take up plasmid, a transfection reagent was
used. The transfection reagent, GeneJuice, contains an amine group (N H /) thought
to bind to the negative phosphate groups of DNA whereby increasing the cellular
uptake of the plasmid. The ratio of GeneJuice to DNA used was 3:1. To transfect a
10cm diameter dish, 500pl of opti-MEM (Invitrogen Ltd, Paisley, UK) was added to
30pl of GeneJuice. The opti-MEM/GeneJuice mixture was vortexed for 20 seconds
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and left to incubate at room temperature for 5 minutes. Between 500ng - 10pg of
plasmid (i.e. P Galactose lpg/pl, 10pl) was added to the sample, which was mixed,
and incubated at room temperature for 15 minutes before. Then the mixture was
added, drop wise, to a 10cm diameter dish pre-seeded to about 40% confluency with
the cells to be transfected.

2.1.21.2

Plasmid transfection

m e th o d tw o ,

Lipofectamine 2000 (Invitrogen Ltd,

Paisley, UK)

This method was used to maximise the uptake of plasmids and required a ratio of 1pg
DNA to 4pl Lipofectamine 200. The transfection of a 10cm diameter dish required
500pl of opti-MEM (Invitrogen Ltd, Paisley, UK), which was added to the plasmid
lOpg of DNA in a screw top Eppendorf. Simultaneously, 500pl of opti-MEM was
added to 40pl of Lipofectamine 2000 in a second screw top Eppendorf.

Both

solutions were incubated for 5 minutes at room temperature. The two solutions were
then mixed, left for a further 30 minutes and finally added, drop wise, to cells, which
had been growing to 40% confluency in a 10cm diameter dish.

2.1.22

In situ p-Galactosidase assay

To assess the successful transfection, the P-Gal expression plasmid, which contains
the Lac-Z gene, was transfected into cells. Expression of the Lac-Z gene leads to the
production of the enzyme P-Galactosidase.

The P-Galactosidase protein can be

detected by western blotting (section 2.1.7) as a band migrating at approximately 120
kDa, or by performing and observing a positive in situ P-Galactosidase assay on the
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transfected cells. During the in situ P-Galactosidase assay, the X-Gal substrate (see
section 2.1.5) was applied to and absorbed by cells expressing P-Galactosidase. The
ensuing reaction resulted in a coloured product, turning the transfected cell blue. The
blue cells are visible with the naked eye and the number of blue cells can be counted
under the microscope to determine the transfection efficiency (or percentage of blue
cells). The in situ P-Galactosidase assay was usually performed 16-24 hours after
transfection at 37°C.

To perform an in situ P-Galactosidase assay on cells transfected the Lac-Z gene, first
all growth media was removed from the tissue culture dish. The cells were carefully
washed in PBS and then fixed with gluteraldehyde. Five ml of 0.5% gluteraldehyde
was added 10cm diameter culture dish of cells for 15 minutes. The gluteraldehyde
was washed off the fixed cells with PBS. The in situ P-Galactosidase assay was
performed by adding 5ml of in situ P-Gal assay substrate (section 2.1.5) to the
previously fixed cells. The assay usually develops within 1-8 hours, but in this case
with renal cells, the transfection efficiencies were low (see table 2.1.15) and, thus, the
reaction was continued for up to 24 hours. The in situ p-Gal assay substrate was
washed off the fixed cell under the cold-water tap and the cells that had developed a
blue colour were counted under magnification.
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Table 2.1.22

Typical transfection efficiencies o f renal cell carcinoma cell lines, 112-

OS and HI 299 cells.
Transfection o f lOpg o f /3-Gal DNA was performed with either GeneJuice (Novagen,
EMD Biosciences Inc, Madison, WI 53719, USA) or Lipofectamine 2000 (Invitrogen
Ltd, Paisley UK) (section 2.1.22) into cells which were seeded into 10cm diameter
dishes o f the specified cell line at 40-80% confluency, incubated for 16 hours and the
/3-Gal in situ assay performed (section 2.1.22).

Transfection efficiency
Approximate percentage of blue cells (%)
Method

Control

GeneJuice

Lipofectamine

H 1299

0

75

85

786-0

0

5-10

5

UOK 117

0

1-5

5-10

A704

0

>0.1

<1

A498

0

1

1-5

Caki 2

0

1-5

5

UOK 121

0

rT

1

IT

60

70

U2-OS
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2.1.23

siRNA transfections

Short interfering RNA is a technique used to investigate gene function by degrading a
specific mRNA target in a cell, thus knocking down the level of encoded protein (for
explanation of siRNA, see section 4.1.3). siRNA used in the following experiments
were 21mers and designed by Dr M. T. Boyd (section 2.1.8).
The final concentration of siRNA used was 40mM. The siRNA transfection was
performed on 40% confluent cells in a 6cm diameter dish.

The old media was

removed with a pipette and replaced with 3.2ml of fresh media. Opti-MEM (400pi)
was added to 8pl of Lipofectamine 2000 and incubated at room temperature for 5
minutes. MDM2 siRNA was added to a further 400pl of opti-MEM (e.g. 8pl of
siRNA for MDM2 (concentration of MDM2 siRNA = 20pM)) and incubated for 5
minutes at room temperature. The two solutions were mixed together and added, drop
wise, the 6cm diameter dish of cells. These cells were incubated for 24-48 hours at
37°C with 5% CO2 and then harvested for analysis (protein extraction or luciferase
analysis see sections 2.1.9 and 2.1.24 respectively).

2.1.24 Luciferase reporter assay

Fireflies emit flashes of light during mating and hunting, this occurs when firefly
luciferase catalyses the oxidative decarboxylation of luciferin in the presence of ATP
(Figure 2.1.24). The rate of the reaction between luciferin and oxygen is extremely
slow unless catalysed by luciferase.
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luciferin + A T P

<--------------

Luciferase

▼

luciferyl adenylate + Ppi luciferyl adenylate + 0 2

oxyluciferin + A M P +

light

Figure 2.1.24. Oxidation o f luciferin.

The luciferase gene has been cloned into reporter constructions, e.g. pp53-TA-Luc
(section 2.1.6) a p53 luciferase reporter plasmid. The p53 luciferase reporter is a
transcriptional target of p53, so if p53 were active the luciferase gene would be
expressed.

Thus, cells transfected with the luciferase reporter construct, produce

luciferase at a rate that reflects in the amount of active p53 present. In a luciferase
assay, cells expressing the luciferase enzyme are lysed. Luciferin is added and this
results in light emission, which is measured in a luminometer, which quantifies the
activity.

The Stratagene Luciferase Assay Kit (Stratagene, La Jolla, CA 92037, USA) was used
to perform luciferase assays in cell transfected with pp53-TA-Luc. Essentially, cells
were harvested 24 hours post-transfection with the luciferase reporter plasmid. The
media was removed and the cells washed in PBS. The cells were resuspended and
lysed with lysis buffer (for a 35mm diameter dish of cells 300pl of lysis buffer was
added). Lysed cells were kept on ice to slow protein degradation. The suspended
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cells were transferred to -80°C for 20 minutes to complete cell lysis, as this caused ice
crystals to form within the cell, rupturing the cell membrane. The frozen suspended
cells were thawed, at 37°C for 5-10 minutes, mixed well and vortexed for 10-15
seconds. The resulting solution was spun at 12000 x g for 2 minutes. Immediately
following centrifugation, all the supernatant was transferred to fresh tubes.

A luciferase substrate/ assay buffer was prepared by mixing 10ml of assay buffer to a
vial of lyophilised luciferase substrate, which was stored in a lightproof Eppendorf at
-80°C. To perform the assay, an aliquot (5-20f.il) of supernatant was added to 20100pl of luciferase substrate buffer (optimised and standardised in each experiment
depending on light levels produced) in a polystyrene tube. Immediately following the
mixing the polystyrene tube was placed in the luminometer for quantifying (to prevent
decay of light signal). Relative light units were recorded from a luminometer after 560 seconds (optimised and standardised in each experiment depending on strength of
signal).

2.1.25 Immunofluorescence

Immunofluorescence is a technique that uses fluorescence microscopy to indirectly
detect the presence of an antigen. In this method, a primary antibody in linked to the
protein of interests and a secondary antibody labelled with a fluorochrome is attached
to the first.

Thus, under fluorescence one can indirectly detect the presence and

localisation of a protein within the cell(s) examined.
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Transfected or untransfected cells of interest were seeded into 12 well glass chamber
slides. Prior to the cells fixation, the selected cells were incubated at 37°C and 5 %
CO2 for 24 hours to allow cells to sit down on the glass. Indirect immunofluorescence
was performed as follows. The protein within the cells was fixed and the cells made
permeable by being washed in PBS and rinsed in 4% paraformaldeyde in PBS with
0.1% Triton X-100. The cells were then washed three times in PBS with 0.1% Triton
X for 20 minutes and blocked in 1% normal donkey serum (Jackson ImmunoResearch
Europe Ltd, Newmarket, UK) for an hour. The primary antibody was added to the
cells at a concentration of either 1 in 500 for p53 (Ab-7, Oncogene Research Products,
Merck Chemicals Ltd, Nottingham, UK) or 1 in 100 for anti-p21 (a mixture of Ab-1
plus F-5 Santa Cruz Biotechnology, Inc, CA 95060, USA). The slides were washed
three times, again in PBS with 0.1% Triton X. The secondary antibody AffiniPure
donkey

anti-mouse

FITC

and

anti-sheep

Texas

red

conjugates

(Jackson

ImmunoResearch Europe Ltd, Newmarket, UK) at a concentration of 1 in 100 was
added to the cells. Before mounting (see below) the cells were washed a further three
times with PBS plus 0.1% Triton X. The cells were finally mounted in DAKO
fluorescent mounting and prior to analysis photographed by a using Nikon Eclipse
E600 camera.

2.1.26

UV light treatment

Cells were exposed to UV light in order to cause DNA damage.

The UV light

exposure dose for cells was calculated under a UV-C (short-wave, DNA damaging)
source using a Black-Ray Model J-225 short-wave UV-measuring meter. The UV-C
source used in the experiments in this thesis was a 30 W UV-lamp (Phillips, UK) in
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the Class II tissue culture hood.

The Black-Ray Model J-225 short-wave UV-

measuring meter gives a reading in Joules per second, thus the length of time required
for a specific dose could be calculated. Prior to UV light exposure, all media was
removed from the cells to standardise and maximise the dose of UV reaching the
cells.

2.1.27

Cellular staining

In the colony assay formation experiment, the number of viable clones was made
visible by staining the cells in the culture dish.

Staining was achieved by using

ACCUSTAIN (Sigma-Aldrich Company Ltd, Dorset, UK), which is a giemsa stain
that fixes as well as stains the cells. The cells were washed twice in PBS, removing
all the growth media. For a 10cm diameter dish, 2 ml of ACCUSTAIN was added
and agitated so that the stain covered all cells for 2 minutes. The stain was diluted by
adding 2 ml of PBS to the dish which was left to stand for a further two minutes. The
excess stain was then washed away with water and the stained plate was left to air
dry.
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Chapter 3
Results 1. Characterisation of cell lines
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Chapter 3

3.1.1

Renal cell carcinoma cell lines

Cell lines provide a pure clonal population for study and allow relatively easy and
reliable replication of experiments. In order to study p53 and MDM2, a panel of cell
lines from renal tumours was acquired and characterised with respect to p53 and
MDM2.

To some extent, most of the cells in the panel have been previously

characterised with regard to their p53 status. However, MDM2 status in the cell lines
is not well documented, meaning that none of the renal cell carcinoma cell lines have
an identified MDM2 status.

The panel of cell lines used in these experiments includes 14 renal cell carcinoma cell
lines, comprising of the entire American Type Culture Collection (ATCC) set of renal
cell carcinoma cell lines (n=8) and a further six renal cell carcinoma cell lines of low
passage number (i.e. UOK 11 lp l3 (passage 13), 115p22, 117p l5, 121pl5, 122pl7,
154p26) established from primary tumours in 1993 (as described in Anglard et al.,
1992; Reiter et al., 1993). These six cell lines were kindly donated by Professor
W.M. Linehan, NIH, USA

The panel of cells is completed with cell lines that are

included to allow comparison with the renal cell carcinoma cell lines. SV7-tert is a
benign renal tumour cell line that had been immortalised (but is not invasive or
tumourogenic) with SV40 large T antigen, which was also purchased from the ATCC,
and two non-renal-origin cell lines. These two cell lines were U2-OS and H I299,
which were both available from the cell collection in the Division of Surgery and
Oncology, at the University of Liverpool. The U2-OS cell line was selected because
it has a known gene status and protein expression of MDM2 (Florenes et al., 1994)
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and the H I299 cell line for the reason that it is a p53-null cell line (Mitsudomi et al.,
1992). The condition for growth for each of the individual cell lines in the panel of
cells is described in sections 2.1.2-2.1.4 inclusive.

3.1.2

p53 status of renal cell carcinoma cell lines

The p53 status of the panel of renal cell carcinoma cell lines and control cell lines is
reviewed in table 3.1.2.
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Table 3.1.2

The p53 gene status o f the panel o f renal cell carcinoma cell lines, U2-

OS, H I299 and SV7-tert.
p53 status

Cell Line
H1299

N ull4

U20S

Wild type 3

A498

Wild Type 1

786-0

N/K

769-P

N/K

ACHN

Wild type 1

A704

Wild type 1
N/K

SW 156
Caki-1

Wild type 1

Caki-2

Wild type1

UOK 111

Mutant (exon 5) 2

UOK 115

N/K

UOK 117

Wild type2

UOK 121

Mutant (exon 8) 2

UOK 122

Mutant (exon 8) 1

UOK 154

Mutant (exon 7) 1

SV7-tert

N/K

See Tomita et al., 19961; Reiter et al., 19932; Florenes et al., 19943; Mitsudomi et
al., 19924.
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3.1.3

p53 protein levels in renal cell carcinoma cell lines

To characterise the entire panel of renal cell carcinoma cell lines with respect to p53,
p53 protein levels were examined by western blot (section 2.1.10) and where possible
compared with the p53 genotype (Table 3.1.2). In order to make the comparison the
cells were grown in normal conditions, harvested, the protein extracted and finally a
western blot was performed (figure 3.1.3).

UOK lines

r
^

^

Mt U/K Wt

Mt

Mt

%$ $

§

j§

<§>'

$ $ £

Mt Wt Null Wt Wt Wt U/K U/k Wt Wt U/K

p53

fl-actin

Figure 3.1.3

Western blot o f p53 protein levels compared with p53 genotype in renal

cell carcinoma cell lines.
50yg o f protein from a clarified cell lysate was examined by western blot with the
indicated antibodies as described in section 2.1.7. Renal cell carcinoma cell lines’
protein levels and p53 genotype are labelled as shown with the inclusion o f HI 299
(non small cell lung carcinoma cell line) and U2-OS (osteosarcoma cell line). Actin
((3-actin) is also included as a loading control. Mt = mutant genotype, Wt = Wild
type genotype and U/K = not known.
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Examination of the relative protein levels amongst the panel of renal cell carcinoma
cell lines revealed four with very high levels of expression of p53 protein. The cell
lines with the highest p53 levels were UOK 111, UOK 121, UOK 154 and 786-0
(Figure 3.1.3). Three of the four renal cell carcinoma cell lines that produced the
highest expression levels of p53 protein on western blot, with the exception of 786-0,
are reported as having a p53 mutant genotype (Table 3.1.2). In the cell line 786-0 the
p53 genotype is unknown. As expected, p53 protein on immunoblotting was not
observed in the protein lysates from H I299 cells (p53 null genotype). No p53 protein
was detected in UOK 117 and UOK 122, which are p53 wild type and p53 mutant
respectively. Similarly, a very low-level of p53 was seen in the wild type cell line of
A704. The remaining cell lines - A498, Caki-1, Caki-2 and ACHN - are described as
p53 wild-type in the literature (Table 3.1.2), which demonstrated an intermediate
expression level of p53 protein on western blotting comparable to the p53 protein
level observed in the p53 wild-type cell line U2-0S (Figure 3.1.3). Therefore, in the
panel of renal cell carcinoma cell lines used in these experiments, high-level p53
protein detection on a western blot was associated with the p53 mutant genotype and
intermediate-level p53 protein expression with the p53 wild-type genotype but on the
other hand very low or undetectable p53 protein levels may be associated with either
p53 mutant or wild-type genotype.

A high-level p53 protein, when detected on immunohistochemical staining of tissue,
is often interpreted as an indicator of the mutation of the p53 gene (section 1.2.4). It
is, therefore, important to note that high levels of the p53 protein in the panel of renal
cell lines were only associated with the mutant p53 genotype. In summary, a highlevel p53 protein expression in the panel of renal cell carcinoma cell lines was indeed
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associated with p53 mutation, while the wild-type p53 genotype was associated with
intermediate or low level of protein by immunoblotting. It is also important to note
that one p53 mutant cell line (UOK 122) did not express p53 protein in this
experiment.

3.2.1

MDM2 protein level within renal cell carcinoma cell lines

To examine whether there is any evidence of MDM2 protein expression within the
panel of renal cell carcinoma cell lines, immunoblotting for MDM2 protein was
performed (Figure 3.2.1).

UOK lines

fi-actin

Figure 3.2.1

Western blot for MDM2 in renal cell carcinoma cell lines.

50/ug o f protein from a clarified cell lysate was examined by western blot with the
indicated antibodies as described in section 2.1.7. Renal cell carcinoma cell lines’
protein levels are shown with the inclusion o f U2-OS - an osteosarcoma cell line that
expresses relatively high levels o f MDM2. The blot includes Actin (f-actin) that is
included as a loading control.
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As predicted, the U2-0S cell line demonstrates high levels of MDM2 protein
(Florenes et al., 1994). In nine of the 14 renal cell carcinoma cell lines a higher level
of MDM2 protein was detected than was observed in the U2-OS cell line.

A

relatively high level MDM2 protein was observed in UOK 111, UOK 115, UOK 122
(all three have mutant p53; see Table 3.1.2), A498, Caki-1, Caki-2, ACHN (all four
are wild type p53; see Table 3.1.2), 786-0 (high level p53 protein; see Figure 3.1.3)
and 769-P (low level p53 protein; Figure 3.1.3). The cell lines with lower MDM2
protein levels than are seen in U2-0S, as indicated by a lower intensity band in Figure
3.2.2, were as follows, UOK 117 (p53 wild type; Table 3.1.2), UOK 121 (p53 mutant;
Table 3.1.2) and UOK 154 (p53 mutant; Table 3.1.2).

In summary, a high-level expression of MDM2 protein in the panel of renal cell
carcinoma cell lines was common. There was no apparent link between a high level
of MDM2 protein with high level p53 protein or p53 genotype.

3.2.2

MDM2 gene expression in renal cell carcinoma cell lines

The high-level expression of the MDM2 protein is classically associated with MDM2
gene amplification in human sarcomas (Florenes et al., 1994). MDM2 protein over
expression in renal cell carcinoma was described and was associated with poor
prognosis (Haitel et al., 2000; Uchida et al., 2002). However, whether the high-levels
of MDM2 protein detected in renal cell carcinoma and whether renal cell carcinoma
cell lines (see Figure 3.2.1) are associated with gene amplification is yet to be
explored.
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To define the MDM2 genotype of the panel of renal cell carcinoma cell lines,
Southern blotting (section 2.1.12) was performed on these cell lines (Figure 3.2.2 a
and b). Normal human DNA was used as a control and was compared with the DNA
extracted from each cell line (section 2.1.11). The MDM2 gene from the pCMV-neohMDM2 plasmid (section 2.1.6) was used to make the probe required for Southern
blotting (section 2.1.12.2). The DNA from the control and each of the cell lines was
subjected to Hindlll restriction enzyme digest (section 2.1.15) and Southern blot was
performed.

Even loading of DNA was unfortunately not achieved.

Hence,

comparison of the MDM2 gene between the different cell lines was performed by
evaluating the photograph of the ethidium bromide stain of the DNA smear after
electrophoresis gel, and by comparing the re-probed blot (after stripping of MDM2
cDNA probe) for glyceraldehyde-3-phosphate dehydrogenase gene (GAPDH) (see
Figure 3.2.2a & b). The GAPDH gene is found in all cells and can therefore act as a
DNA loading control. Dr Mark Brady, from the University of Liverpool, generated
the GAPDH cDNA from the U2-OS cell line, which was used to make the loading
control probe.
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Figure 3.2.2a & b

The detection o f the MDM2 gene by Southern blot in renal cell

carcinoma cell lines, human DNA, and U2-OS and H I299 cell lines.
5f g o f genomic DNA extracted from each o f the cell line was subjected to a Hindlll
restriction enzyme digest and separated by gel electrophoresis (gel containing
ethidium bromide) and the Southern blotting was performed as indicated in section
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2.1.12.

MDM2 cDNA Hindlll fragment from the pCMVneo-bam-humanMDM2

plasmid was used to produce the MDM2 probe and the loading control GAPDH
probe was produced using cDNA generated from U2-0S cells by Dr Mark Brady, (the
University o f Liverpool).

Two separate Southern blots with ethidium bromide

staining were included to aid comparison because o f uneven loading. The UOK cells
series are labelled 111,115,117,121,122,154.

There appears to be no evidence for amplification of the MDM2 gene in the renal cell
carcinoma cell lines when compared to normal human DNA as indicated by equal
band intensities on Southern blot when adjusted to the GAPDH bands and ethidium
bromide stain loading controls (Figure 3.2.2a & b). There is no evidence of gene
amplification in the U2-OS cell line in accordance with Florenes et ah, (1994) who
performed Southern blotting for MDM2 on U2-OS using the same cDNA probe as in
this study. HI 299 p53 null cells do not display any evidence of gene amplification.

3.2.3

MDM2 mRNA in renal cell carcinoma cell lines

In the absence of gene amplification in the renal cell carcinoma cell lines the high
levels of MDM2, could be attributed to an increase in the translation of MDM2.
Florenes et ah, (1994) demonstrated high levels of MDM2 mRNA in U2-OS cells and
argued that the high mRNA levels were responsible for the high MDM2 protein levels
in U2-OS cells. Thus to examine if the high levels of MDM2 protein were due to an
increase in the MDM2 mRNA in the panel of renal cell carcinoma cell lines the
following experiment was performed. RNA was extracted from the panel of cells
(section 2.1.13) and northern blotting (see section 2.1.14) for MDM2 was performed.
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The MDM2 probe used in the Southern blot to identify MDM2 (Figure 3.2.2a and b)
was also used to identify the MDM2 mRNA.
to
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Figure 3.2.3

Detection o f MDM2 mRNA by northern blot in renal cell carcinoma

cell lines, H I299 and U2-0S cell lines.
lOpg o f RNA extracted from each cell was separated by gel electrophoresis and
northern blotting was performed as described in section 2.1.13.

MDM2 cDNA

Hindlll fragment from the pCMVneo-bam-humanMDM2 plasmid was used to
produce the MDM2 probe.

Two separate northern blots with ethidium bromide

staining were included to aid comparison because o f uneven loading.

This was

further facilitated by the repetition o f H I299, U2-0S and A704. The UOK cell series
are labelled: 111,115,117,121,122,154.
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There was evidence of increased mRNA when compared to the mRNA MDM2 level
of U2-0S in renal cell carcinoma cell lines (Figure 3.2.3). Comparison of the MDM2
mRNA levels between renal cell carcinoma cell lines with respect to the cells MDM2
protein levels was made in Table 3.2.3.

Table 3.2.3

Comparison o f p53 and MDM2 in renal cell carcinoma cell lines, 112-

OS and HI 299.
The p53 genotype is described in section 3.1.2.
The p53 protein levels were scored from 0 to +++ as demonstrated by the relative
levels o f p53 protein in Figure 3.1.3, 0 = no protein detected, + = low-level p53, ++
= intermediate level o f p53 and +++ = high-level ofp53.
The MDM2 protein levels were scored from + to +++ as compared to U2-OS MDM2
protein levels observed in Figure 3.2.1, Florenes et al., (1994) demonstrated U2-OS
to have high MDM2 protein levels. Thus, + = lower level than U2-OS, ++ = actual
protein levels observed in U2-OS and +++ = higher levels o f MDM2 protein than
seen in U2-OS.
The MDM2 message level was scored from + to + + +.

U2-OS is described by

Florenes et al., (1994) as having elevated MDM2 mRNA, thus ++ represented the
actual level o f MDM2 mRNA in U2-OS cells with + and + + + signifying lower and
higher message levels than U2-OS respectively.
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Cell Line

p53 genotype

p53 protein

MDM2 protein

MDM2

level

level

mRNA level

++

++

++

0

N/K

+

U2-OS

Wild-type

H1299

Null

A498

Wild-type

++

+++

++

786-0

N/K

+++

+++

+

769-P

N/K

+

+++

++

ACHN

Wild type

++

+++

+

A704

Wild type

+

++

+++

SW 156

N/K

+

++

+

Caki-1

Wild type

++

+++

N/K

Caki-2

Wild type

++

+++

+++

UOK 111

Mutant

+++

+++

+

UOK 115

N/K

++

+++

+++

UOK 117

Wild type

0

+

+

UOK 121

Mutant

+++

++

+++

UOK 122

Mutant

0

+++

+

UOK 154

Mutant

+++

+

+

High levels of mRNA transcript could explain the high MDM2 protein levels
observed in many of the renal cell carcinoma cell lines, especially in UOK 115 and
121 (both p53 mutant) and Caki-2 (p53 wild-type).

However, the translation of

MDM2 gene differs according to which MDM2 transcript is read (see section 1.5.2).
Moreover, the P2 promoter is usually only activated in response to wild type p53

149

protein binding (Ory K et al., 1994, section 1.7.1.1) the p53 RE of the MDM2 gene
(see Figure 1.5.2a).

The MDM2 gene has two promoters: PI and P2.

The PI

accounts for low level MDM2 production within the cell, whereas when the P2
promoter is activated by p53 binding (see section 1.5.2) and the resulting MDM2
transcript is significantly more efficiently translated than the P 1 promoter transcript,
leading to higher levels of MDM2 protein (Barak et al., 1993; Landers et al., 1994).
So high levels of PI mRNA would be required to precipitate high levels of MDM2,
whereas relatively low levels of the P2 transcript could lead to high levels of MDM2
protein.

MDM2 mRNA levels per se fail to explain the high level MDM2 protein observed in
UOK 111, UOK 122, Caki-2 and 769-P. The high level MDM2 protein in A498
(Figure 3.2.2), which is wild type for p53, could be due to the activation of the P2
promoter, leading to the high levels of mRNA observed (Figure 3.2.3). Likewise, the
high level of MDM2 protein observed in UOK 115 (Figure 3.2.2) in the absence of
gene amplification (Figure 3.2.1 a and b) could be due to the activation of the P2
promoter, leading to the high levels of mRNA observed (Figure 3.2.3), but in this case
p53 gene status is not known. However, ACHN had high level MDM2 protein and is
p53 wild type (Table 3.1.2) showed no increase in the quantity of MDM2 mRNA,
thus the MDM2 P2 promoter is unlikely to be activated.

In summary, increased MDM2 mRNA and P2 promoter activity could, in some cases,
explain the high level of MDM2 protein level seen in p53 wild type renal cell
carcinoma cell lines.
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3.3.1

Summary of section one of results

A panel of fourteen renal cell carcinoma cell lines were acquired and cultured. In the
panel of renal cell carcinoma cell lines there were both those with and without p53
gene mutation. High level p53 protein expression was associated with the mutant but
not the wild type genotype. Intermediate expression of p53 protein may represent a
‘normal’ level of p53 protein expression in these cells grown in identical conditions,
as this phenotype is only associated with the wild type p53 gene. However, a low or
undetectable p53 protein level can also be associated with either the mutant or wild
type p53.

Relatively high level MDM2 protein expression was common in this panel of renal
cell carcinoma cell lines (9/14).

The high levels of MDM2 within renal cell

carcinoma cell lines were striking. The members of our laboratory at the University
of Liverpool have analysed a large number of pancreatic and head and neck tumour
cell lines and have rarely observed such high MDM2 protein levels. Further when the
high level of MDM2 protein in these renal cells were compared to the classic MDM2
over expressing cell line U2-OS nine had higher MDM2 protein levels. The high
levels of MDM2 protein in these cells was not explained by the presence of MDM2
gene amplification, and could only in part be explained by elevated mRNA MDM2
levels or the P2 promoter transcript (not examined in this thesis but the source of
ongoing work).
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I, therefore, conclude that the high level of MDM2 protein expression observed in the
panel of renal cell carcinoma cell lines occurs because of protein stability and
enhanced translation, rather than gene amplification.
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Chapter 4
Results 2. p53 and MDM2 regulation and
function in renal cell carcinoma cell lines
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Chapter 4
4.1.1

p53 and MDM2 regulation and function in renal cell carcinoma cell

lines
High levels of p53 and MDM2 protein detected in clinical samples have been shown
to be associated with poor prognosis for patients with renal cell carcinoma (Uchida et
al., 2002; Haitel et al., 2000). This chapter sets out to investigate the function and
regulation of p53 in renal cell carcinoma cell lines. Gurova et ah, (2004) suggested
that in renal cell carcinoma there is a unique inability of the p53 pathway to function
normally. They suggested that since mutations of p53 are rare in renal cell carcinoma
p53 signalling is likely to be repressed by a unique and novel dominant mechanism in
this tumour (this is challenged in this thesis with evidence provided by a review of the
literature in Chapter 3). If high levels of p53 protein can predict outcome in renal cell
carcinoma it may be assumed that changes in the level of p53 (which may reflect the
loss or gain of p53 functional ability) are important in the development and
progression of a renal cancer. It is therefore counter-intuitive to propose that the high
level of p53 protein (often indicative of p53 mutation) observed in renal cell
carcinoma is prognostically significance if the p53 pathway is being repressed. Our
understanding of p53 function in renal cell carcinoma would be greatly enhanced by
answering the following questions (this can be done using renal cell carcinoma cell
lines).

•

Can exogenous p53 be active in renal cell carcinoma cell lines regardless of
endogenous p53 status?

•

Is the endogenous p53 in the wild type renal carcinoma cell lines active?

•

Is p53 regulated normally?
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•

Is p53 transcriptionally active and is the p53-mediated response to DNA
damage intact?

4.1.2

Exogenous p53 activity in renal cell carcinoma cell lines

If there is a novel dominant mechanism that is capable of repressing p53 in renal cell
carcinoma then exogenous p53 may also be repressed in these cells. To determine
whether exogenous p53 could be active in renal cell carcinoma cells, transient
transfection of a p53 and a p53-luciferase reporter plasmid was performed (see
2.1.22). This procedure was followed by luciferase assay quantification (see 2.1.24)
and immunoblotting to confirm transfection. To achieve this cells were seeded into 6
well plates and at 60% confluency cells were transfected with either p53 (lpg pCEP4p53) or a control plasmid (lpg pCEP4), together with a p53-reporter (lpg pp53-TALuc) construct and a (3-galactosidase to act as an internal control for transfection (lpg
(3-Gal). A description of these plasmids is found in section 2.1.6.

Following

transfection cells were incubated under normal conditions and harvested 24 hours
later. Luciferase activity analysis was carried out separately on triplicates of the same
experiment and three identical triplicates were pooled and harvested for protein
extraction and western blotting.

The p53 luciferase reporter construct pp53-TA-luc contains two p53 responsive
elements: a 46 base pair fragment from a putative replication origin of the human
ribosomal gene cluster (selected for p53 binding, see Kern et al., 1991) and a 19 base
pair consensus p53-binding sequence (see Funk et ah, 1992). Both p53-RE’s have
been shown to act as p53-dependent transcriptional activators (Funk et ah, 1992).
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Located down stream of the p53-RE is a minimal TA promoter, the TATA box (a
DNA sequence motif important in transcription initiation) from the minimal herpes
simplex virus thymidine kinase promoter (el-Deiry et al., 1993; Komarova et ah,
1997), followed by the firefly luciferase reporter gene (luc). The binding of wild type
p53 therefore initiates transcription of the luciferase gene. Following lysis of cells
expressing the luciferase enzyme, the addition of luciferin results in light emission,
which can be measured in a luminometer. The amount of light produced is quantified
and is proportional to the amount of luciferase enzyme within the cells, providing that
there is an abundance of substrate, i.e. luciferin (see 2.1.24).

The experiment to determine if p53 could be active in renal cell carcinoma was
performed with four p53 wild type renal cell carcinoma cell lines (A498, ACHN,
Caki-2, and UOK 117) as well as with a fifth cell line, UOK 121, which carries a p53
mutant genotype.

Figure 4.1.2a & b, Table 4.1.2

Transient transfection and expression o f p53 results

in functional p53 activity in renal cell carcinoma cell lines regardless o f endogenous
p53 status.
Renal cells were transfected with lpg o f plasmids expressing either p53 (pCEP4-p53)
or empty vector control (pCEP4) as indicated, together with lpg o f p53-reporter
(pp53-TA-Luc) and lp g o f ¡3-galactosidase (pfi-gal). Table 4.1.2, raw data, figure
4.1.2a, luciferase assay o f cell lysates, figure 4.1.2b, western blot analysis o f the same
lysates and probed for the indicated proteins. Experiments have been repeated three
times and the results shown are typical and from a single experiment.

156

V_________ )

ACHN
p53 status Wt

Figure 4.1.2a

V_________ 1

A498
Wt

V_________ >

V_________ )

Caki-2
Wt

117
Wt

V_________ >

121
Mt

Luciferase assays in renal cell carcinoma cell lines following

transient exogenous expression o f p53 or control.
The columns indicate the mean (n=3) and the error bars represent standard error o f
the mean.
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Table 4.1.2

Table o f data from luciferase assay following transfection o f p53 or

control vector in renal cell carcinoma cell lines.

Cell Line
(p53 status)

ACHN
(wild type)

Plasmid

Control
p53

A498
(wild type)

Control
p53

Caki 2
(wild type)

Control
p53

117
(wild type)

Control
p53

121
(mutant)

Control
p53

HI 299
(null)

Control
p53

Light Units
(replicates)
42.26
40.17
41.66

Mean

Standard
Deviation of
Mean

41.36

1.235

Fold
increase

3.07

132.4
120.1
128.5
44.29
35.2
37.84
136.2
138.6
132.8
4.717
4.839
4.809
21.51
21.73
22.58
4.204
4.396
3.549
131.2
155.3
151.6
0.182
0.196
0.224
68.55
55.08
55.11
0.596
0.536
0.533
6485
4297
6557

127.00

6.286

39.11

4.676
3.47

135.87

2.914

4.79

0.06357
4.58

21.94

0.565

4.05

0.444
36.06

146.03

12.979

0.201

0.0214
296.42

59.58

7.768

0.56

0.0355
10320.84

5779.67
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1284.53

Figure 4.1.2b

Western blot o f renal cell carcinoma cell lines following exogenous

expression o f p53.
50pg o f protein from clarified lysates was examined by western blot for J3-Gal (anti-¡3
Gal, 3jug/ml), p53 (ab-6, lpg/ml) and ¡3-actin (c-2, 3/ug/ml).

The raw data in table 4.1.2 and the control columns in figure 4.1.2a show that there
was a background level of light emitted from each of the cell lines that varies between
cell types. Cells transfected with control vector and reporter only demonstrate the
background light signal from the p53-luciferase reporter. The background luciferase
signal was either due to p53 activity or “noise” in the form of leakage of transcription
from the luciferase reporter.

However, the baseline light levels were likely to

represent background p53 activity as minimal relative light units were observed in the
p53 null cell line (mean of 0.56 light units) and the mutant p53 cell line (mean of 0.20
light unit) on the other hand, in the p53 wild type cells there were significantly higher
background levels (lowest in Caki-2 cells - mean of 4.79 light units and highest in the
ACHN cells with a mean of 41.36 light units).
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By performing western blotting on cells transfected with p53 (figure 4.1.2b), evidence
of an increase in p53 protein in all the cell lines was found, indicating successful
exogenous expression. The P-galactosidase band on western blotting demonstrated
the transfection efficiencies of the experiment. The transfection efficiencies between
the control and the experiment were uneven in UOK 117 and Caki-2 cells, but in both
cases the p53-transfected cells were less well transfected. This means that the fold
increase in relative light units was likely to be at a greater level than has been shown.

Transfection with p53 always resulted in a luciferase light level greater than the
background regardless of initial p53 status (figure 4.1.2a).

(The fold increase in

luciferase light level was far less notable in the renal cell lines than in the H I299
control. The fold increase in light level ranged from 3.07 to 36.06 in wild type p53
renal cell lines, compared with a greater than 10,000 fold increase in H1299 cells and
296 fold increase in the mutant UOK 121 cells). The difference in fold increases
between wild type p53 cells and null or mutant was thought to be partially explained
by differing transfection efficiency (table 2.1.22). The transfection efficiencies were
derived from an in situ p-gal assay. In the in situ P-gal assay the Lac-Z gene from the
P-galactosidase plasmid needed to be present and expressed within the cell, which
following the addition of the X-Gal substrate resulted in a blue product. The presence
of blue cells provided evidence of the cells’ transfection. Approximately 80% of
H I299 cells transfected with the p-galactosidase plasmid were successfully
transfected, compared with less than 5%, at best (ACHN 0.1%, A498 <1%, Caki 2
5%, UOK 117 1-5%, UOK 121 1%), in renal cells (see section 2.1.22). In the case of
the renal cells the fold increase in luciferase activity only represents a very small
percentage of cells.

However, fold difference should be largely independent of
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transfection efficiencies. A possible explanation for the differing fold increases in the
p53-reporter activity following exogenous expression of p53 between p53 wild type
and p53 null/mutant cells could be the p53 regulation within those cells. Although the
quantity of p53 transfected was supraphysiological, the p53 wild type cell may still be
capable of down regulating it by virtue of a previously normally functioning p53
pathway. One possible example of this was shown with respect to MDM2 protein
levels in these cells. For instance, A498 has been demonstrated to express massive
levels of MDM2 when compared to 117 (fold increase in p53 activity of 3.47 versus
36.06) in previous experiments (figure 3.2.1). MDM2 is, of course, only one negative
regulator of p53 and thus not fully explain the differences observed. It is, however,
clear that p53 was expressed and active when exogenously transfected in renal cell
carcinoma cell lines.

In renal cell carcinoma cell lines exogenously expressed p53 was shown to activate
exogenously introduced targets (i.e., a p53 luciferase reporter), but it was also
important to examine if the p53 expressed could also up regulating endogenous p53
targets.

This was determined in immunofluorescence experiments by the

demonstration of the induction of endogenous p53 target genes in cells transfected
with exogenous p53. There were four stages to this procedure (see section 2.1.24).
The initial stage of transfection and seeding of cells into chamber slides was
performed by myself, the chief investigator of this research. The subsequent stages of
fixation, antibody staining and the image capture were performed by Dr Mark Boyd
and Dr Nikolina Vlatkovic (Division of Surgery and Oncology, the Liverpool of
University).

The endogenous target gene chosen for detection was p21WAF1/CIP1,

which is a transcriptional target of p53 that mediates cell cycle arrest (see section
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1.4.2).

p21 WAF1/CIP1 was used as it is not constitutively expressed by cells (c.f.

MDM2).

Further examination of p21WAFlc,PI expression was examined by

immunofluorescence to determine if a cell in which p53 is detected also expresses
p21 W AFI/CIPl

Figure 4.1.2c

Immunofluorescence detection o f p53 and endogenous p 2 i WAF1/CIP1 in

cells transfected with p53.
Renal cell lines (ACHN, A498, Caki-2, UOK 117 and UOK 121) were tran sected

with ljug o f pCEP4p53. Eight hours later seeded cells were subjected to
immunofluorescence analysis (texas red show ingp53 and FITC (green) p 2 lWAF,/CIP1).

162

The above immunofluorescence detection (figure 4.1.2c) shows that the cells
transfected with pCEP4p53 were characterised by high levels of identified p53 (texas
red fluorescence). The p53 in the transfected cells is largely concentrated to the
nucleus, which is the site of p53’s transcriptional activity. In the identical field of
view the same cells also have the highest levels of detected of p2 lWAF1/clpI (FITC
green). Since the same cells that fluoresce red also fluoresce green this experiment
shows that p53 and its transcriptional target p2lWAF1/CIP1 are activated in the same
cell. The dual fluorescence shows that it is possible for p53 target genes to be up
regulated by renal cell carcinoma cells exogenously expressing p53.

In summary firstly there was a notable difference in renal cells’ background of p53
activity as reported by luciferase assay comparing mutant and wild type p53 cells.
This suggests that if p53 is repressed by a novel dominant negative mechanism, then,
in the three p53 wild type cell lines examined, p53 is not completely repressed.
Secondly, exogenous p53 was active in renal cells (regardless of p53 gene status) as
demonstrated by a large fold increase between experiment and control in luciferase
reporter assay. Lastly, exogenous p53 was able to induce a target gene (p21WAF1/CIP1)
and, thus, the p53 downstream pathway appeared intact. It is, however, possible that
if a novel p53 dominant negative was present the supraphysiological expression of
p53 performed could be saturating the postulated repression.
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4.1.3

Endogenous p53 activity is regulated by MDM2, and transcriptionally

active, in renal cell carcinoma.

Exogenous p53 activity was demonstrated in renal cell carcinoma cell lines, in order
to show endogenous p53 transcriptional activity that is not being repressed by a novel
dominant negative mechanism the following experiment was performed. Four p53
wild type and one p53 mutant renal cell carcinoma cell lines were used as outlined in
Chapter 4.1.2, namely ACHN, A498, Caki 2, UOK 117 and UOK 121. The activity
of p53 was examined again by luciferase reporter assay after the transfection of cells
with p53-luciferase. The presence of endogenous p53 activity was demonstrated by
using siRNA (short interfering RNA) gene knock down (see below) and, in turn, the
reduction of p53 transactivation of targets genes.

siRNA is a technique used to

investigate gene function by degrading a specific mRNA target in a cell, thus
knocking down the level of encoded protein (reviewed by Rana, 2007). Comparing
the knock down of p53 protein with p53 and scrambled siRNA control would reveal
whether the endogenous p53 was active. This would be demonstrated by a decrease
both in relative light units in the luciferase assay and in p53 protein level by western
blotting. Likewise, p53 activity could also be examined indirectly by knocking down
endogenous MDM2 by using MDM2 siRNA - a major negative regulator of p53.
Knocking down MDM2 should result in an increase both in p53 reporter activity and
protein level in a p53 wild type cell. To further examine endogenous p53 function,
the knock down of pl4 ARF, which inhibits MDM2’s actions, should also cause a
knock down of p53 protein levels in the p53 wild-type cell (figure 4.1.3a). Finally,
transcriptional p53 targets such as p2iWAF1/CIP1 should decrease as p53 protein levels
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are reduced and increase when MDM2 is knocked down. This demonstrates a normal
endogenous p53 pathway.

Figure 4.1.3a

A schematic diagram o f the interaction o f p53, MDM2, p l4 ARF and

p21 WAF1/CIP1

The siRNA used is described in section 2.1.8.

siRNA is small (~21 base pairs)

sequence specific RNA’s which silence genes. Under normal conditions RNAi (RNA
interference) is important in the protection of the cell from foreign or viral RNA
(Hamilton and Baulcombe, 1999) and also in widespread cellular functions including
development, proliferation, haematopoiesis and apoptosis (Lee et ah, 1993). RNAi is
triggered by the presence of long dsRNA (double strained RNA) homologous to
portions of a gene. Generally RNAi results in the silencing of genes by the cleavage
and degradation of the target genes’ mRNA. Within a cell the presence of dsRNA is
recognised by an enzyme that cuts dsRNA, namely Dicer. Dicer cleaves long dsRNA
into short 21-25 base pair molecules or siRNA. These siRNA fragments, complex
with cellular proteins, result in a complex called RISC (RNA-induced silencing
complex) (reviewed by Rana, 2007). In an adenosine triphosphate dependent reaction
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the double stranded siRNA is unzipped by activating RISC. Once activated, RISC
recognises and binds to target mRNA. This results in the cleavage of the mRNA
(reviewed by Rana T 2007) (see figure 4.1.3b). The outcome of this process is the
prevention of the production of the target protein. Therefore, any gene with known
sequence could be targeted based on sequence complimentarity with an appropriately
tailored siRNA, which once introduced into a cell leads to silencing of the specific
gene. Elbashir and colleagues first described this process in mammalian cells in
2001.
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Figure 4.1,3b A summary o f the process o f RNAi, via siRNA and RISC.
Viral dsRNA, for example, infects a cell and is recognised and cleaved by Dicer. This
results in siRNA fragments which complex with specific proteins to form a RISC.
Activated RISC unzips the double strand o f RNA, which is energy dependent (ATP adenosine triphosphate, which is cleaved to ADP - adenosine diphosphate and Pi - an
inorganic phosphate molecule).

The remaining single strand o f siRNA in a RISC

binds to consensus mRNA sequences, leading to the cleavage o f mRNA and the
silencing o f a specific gene (adaptedfrom Rana, 2007)

Cells were seeded in triplicate for luciferase assay with identical triplicates pooled for
protein extraction and western blot. siRNA was transfected at a concentration of
40pM using Lipofectamine 2000 (see section 2.1.23). Eight hours after transfection,
without changing culture media, plasmid transfection with p-galactosidase (lpg) and
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p53 luciferase reporter construct (lpg) was performed, using Gene Juice as
transfection agent.

The cells were then incubated for 24 hours.

Following this

incubation, cells were harvested for luciferase quantification or protein was extracted
for western blotting.

Figures 4.1.3 c & d and Table 4.1.3

Wild type p53 in renal cell carcinoma cell lines

is transcriptionally active and is regulated by MDM2 and to a lesser extent by p i4 ARF.
Renal cell lines were transfected with the indicated siRNA and 8 hours later were
transfected with 1jug ofp53 luciferase reporter construct (pp53-TA-Luc) and Ipg o f a
/3-galactosidase expression plasmid (pf-gal). Cells were harvested 24 hours later.
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Figure 4.1.3c

Luciferase assay o f renal cell carcinoma cell lines following the

siRNA knock down o f p53 pathway genes.
Columns represent the mean (n=3) and error bars represent standard error o f the
mean. All values have been normalised with the control, scrambled siRNA being
taken as one to allow comparison o f the different cell lines. siRNA is as shown.
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Table 4.1.3

Data from luciferase assay in renal cell carcinoma cell lines in which

the statedp53 pathway gene is knocked down with siRNA.
Cell Line

siRNA

control
ACHN

p53
pl4ARF
MDM2
control

A498

p53
p1 4 ^
MDM2
control

Caki 2

p53
P14arf
MDM2
control

117

p53
P14arf
MDM2
control

121

p53
pl4ARF
MDM2

Triplicates
light units
17.28
16.74
15.03
9.07
7.63
7.74
18.38
14.05
17.74
24.94
24.83
21.31
6.62
6.79
5.64
0.39
0.51
0.51
5.48
4.86
5.08
8.81
8.78
9.71
34.83
34.68
32.54
1.41
2.20
2.04
22.96
21.45
23.03
71.46
69.57
71.12
4.37
6.06
5.68
0.22
0.17
0.12
6.92
5.74
7.10
8.76
9.31
8.18
0.32
0.37
0.27
0.27
0.27
0.31
0.34
0.40
0.38
0.23
0.22
0.19
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Mean

Standard error
of the mean

16.35

1.175

8.15

0.803

16.72

2.337

23.69

2.064

6.35

0.620

0.47

0.0679

5.14

0.312

9.10

0.533

34.02

1.281

1.88

0.416

22.48

0.893

70.72

1.007

5.37

0.887

0.17

0.0520

6.59

0.7420

8.75

0.563

0.32

0.0481

0.28

0.0229

0.37

0.0296

0.21

0.0214

ACHN

Figure 4.1.3d

A498

Caki-2

117

121

Western blot analysis o f renal cell carcinoma cell lines following

siRNA gene knock down o f p53, MDM2 and p l4 ARF.
50pg o f protein from clarified lysates was examined by western blot for (3-Gal (anti-(3
Gal, 3pg/ml), MDM2 (anti-MDM2 ab-1, 3pg/ml) p53 (anti-p53 ab-6, ljug/ml), (3-actin
(c-2, 3pg/ml) andpl4ARF (anti- p l4 ARFab-2, lpg/ml).

From the western blot it can be seen that protein loading and transfection are more or
less the same within each cell type, which is demonstrated by the P-actin and pgalactosidase (for details, see sections 4.1.3.1 -4.1.3.4).
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4.1.3.1

Endogenous p53 knock down by siRNA

All four p53 wild-type renal cell carcinoma cell lines demonstrated knock down of
p53 activity when compared to control and when measured using the p53 luciferase
reporter (section 4.1.3). The fold decrease in p53 activity is as follows: ACHN - 2.0
fold, A498 - 13.5 fold, Caki 2 - 18.1, and UOK 117-31.6 fold. The fold decrease in
p53 activity demonstrated that endogenous p53 was active as recorded by the p53
reporter in the renal cell carcinoma cell lines. As expected there was not a significant
decrease in the UOK 121 p53 mutant cell line. Protein levels of p53 were shown to
decrease with p53 siRNA as would be predicted regarding p53 wild-type cell lines
A498, Caki 2 and UOK 117. Likewise, protein levels of p53 were also shown to
decrease with p53 siRNA in the mutant p53, but as the mutant protein was not active
no corresponding decrease in the p53 luciferase reporter activity was observed.
Moreover, no p53 protein decrease was detected in ACHN cells by western blot.
However, the p53 luciferase assay demonstrated a decrease in p53 activity in these
cells. In summary, endogenous p53 protein and endogenous wild-type p53 activity
knock down by p53 siRNA was demonstrated.

4.1.3.2

Endogenous p53 activity following knock of MDM2 by siRNA

MDM2 is a critical major negative regulator of p53. It is therefore expected that
knocking down MDM2 would result in a decrease in MDM2 protein levels, an
increase in p53 activity and raised p53 protein levels in cells regulated by p53. The
effect of MDM2 siRNA on p53 activity was measured using a p53 luciferase reporter
assay (table 4.1.3 and figure 4.1.3c). In response to MDM2 knock down by siRNA,
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all four p53 wild-type cell lines demonstrated an increase in p53 activity. The fold
increase in p53 activity was recorded as a ratio of the mean relative light units
observed in the control (scramble siRNA) versus MDM2 siRNA and were as follows:
ACHN - 1.5 fold, A498 - 1.4 fold, Caki 2-2.1 fold and UOK 117 - 1.6 fold. This is
equivalent to the two-fold increase in p53 reporter activity in MCF-7 (breast
carcinoma cell line) (Brady et al., 2005) following MDM2 knock down. The increase
in p53 activity demonstrates that endogenous p53 is regulated normally by MDM2.
In the mutant p53 cell line of UOK 121, there was no significant change in p53
activity with the knock down of MDM2, as would be predicted. In all cell lines, with
the exception of the ACHN cells (as discussed in section 4.1.3.1 due to low number of
cells transfected), MDM2 knock down was demonstrable by a reduction in the
MDM2 protein levels on western blotting. Two cell lines, A498 and Caki-2, also
showed a corresponding increase in the p53 protein levels following knock down of
MDM2 (see figure 4.1.3d). Therefore it was shown that p53 is normally regulated by
MDM2 in renal cell carcinoma cell lines by using two different methods: western blot
and luciferase assay.

4.1.3.3

Endogenous p53 activity following knock down of p l4ARF

pl4ARF is a negative regulator of MDM2 and an indirect positive regulator of p53. On
western blotting p l4 ARF protein could be detected only in the UOK 117 and UOK 121
renal cell lines (figure 4.1.3d).

The presence of pl4ARF expression in renal cell

carcinoma has not been documented in the literature. The activity of p53, as measured
by the luciferase reporter assay, was seen to rise following pl4 ARF knock down by
siRNA but only in those wild-type p53 renal cell carcinoma cell lines in which pl4AR1
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protein could be detected. The fold increase was, however, small (1.2 fold increase).
The importance of pl4ARF in the p53 pathway renal cell carcinoma is unknown. In
the renal cell carcinoma cell lines studied no effect on p53 activity was observed.
However, p l4 ARF protein level was seen to be reduced following siRNA knock down
in the two cell lines, in which pl4ARFcould be detected.

4.1.3.4

p21WAF1/CIP1 protein levels following knock down of p53 and MDM2 by

siRNA in renal cell carcinoma cell lines

Up regulation of p 2 lWAF1/CIP1 protein leads to cell cycle arrest and the p2lWAF1/CIP1
gene is a transcriptional target of p53 (section 1.3.1). Following the knock down of
p53 with siRNA, all cell lines demonstrated a decreased or undetectable level of the
p21 WAF1/C1P1 protein, with the exception of ACHN and the p53 mutant cell line UOK
121, as demonstrated by western blotting (figure 4.1.3d). In the p53 mutant cell line,
the lack of a reduction in p21 WAF1/CIP1 protein levels is as predicted because mutant
p53 is not a transcriptional activator of p21WAFI/CIPI. Following the knock down of
MDM2 with siRNA, all p53 wild type cell lines demonstrated an increase in p21
wafi/cipi

pro te jn5

suggesting that p53 was not negatively regulated by MDM2 and thus

was free to transactivate. The p53 pathway linking p53, MDM2 and p21 WAFI/CIPI was
demonstrated as present and normal in the renal cell carcinoma cell lines studied.

4.1.3.5

Effect of p53 knock down by siRNA on the p53 pathway

Following knock-down of p53 A498, Caki-2 and UOK 117 cells demonstrate a
decrease in p53 protein levels as demonstrated in figure 4.1.3d. As p53 proteins
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levels decrease it would be expected that both p21 WAF1/CIP1 and MDM2 protein level,
as transcriptional targets of p53, would similarly do so. This is certainly true of p21
WAFi/ciPi ^

however, in the case of MDM2 down-regulation is only clearly

demonstrated in Caki-2 cells. This is surprising and taken together this could suggest
that the p53/MDM2 auto regulatory feedback is uncoupled in A498 and UOK 117
cells. This observation may provide a mechanism by which the co-expression of
these proteins is in renal cell carcinoma discussed in section 1.8.

In summary, when testing endogenous p53 activity in renal cell carcinoma cell lines,
knocking p53 down decreased p53 activity in all wild-type cells studied. There was
also evidence of normal p53 regulation by MDM2 and pl4ARF. MDM2 knock down
showed an increase in p53 activity (all p53 wild-type cells) and protein stabilisation
(ACHN, A498, Caki-2). Similarly, p53 was transcriptionally active as shown by a
reduction in p21 WAF1/CIP15 following the knock down of p53 (A498, Caki-2, UOK
117). The p53 pathway was thus normal and there was no evidence of p53 pathway
repression, but there was the intriguing observation that the p53/MDM2 auto
regulatory feedback loop was uncoupled in A498 and UOK 117.
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4.1.4

p53 activity in response to DNA damage

To further demonstrate normal p53 function and regulation within renal cells, p53
induction in response to DNA damaging stress, was tested. UV (ultraviolet) radiation
was chosen as the DNA damaging agent because renal cell carcinoma is relatively
resistant to chemotherapeutics in vivo and in vitro (Hartmann and Bokemeyer, 1999).
Renal cell carcinoma chemotherapeutic resistance is partly explained by the presence
of MDR1 (Multi drug resistance-associated glycoprotein one) on the surface of cells
(Fojo et al., 1987), which acts as an efflux pump, reducing intracellular concentration
of chemotherapeutic drugs, and diminishing toxicity. Similarly, renal cell carcinoma
is not sensitive to ionising radiation (IR) and clinically IR’s only application in renal
cancer is in alleviating symptoms from brain and bony metastasis (section 1.1.7).
Renal cells (UOK 117) were exposed to IR in an experiment but little effect was
demonstrated (figure 4.1.4a) and as the experiment was logistically difficult to
perform and standardise (with anymore than a few samples) further attempts to use IR
as a DNA damaging agent were not undertaken.

Short-wave UV radiation (UV-C) was used to damage DNA and a p53 luciferase
reporter assay performed to demonstrate any change in p53 activity following DNA
damage.

Optimisation experiments were performed to identify the dose of UV

radiation required to elicit a possible response and the period of time in which the
response occurred.

Seeded cells were transfected with p53-luciferase reporter construct (lpg pp53-TAluc) and harvested at different time points following treatment with 0, 4, 10, or 40J/m
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of UV-C (see section 2.1.26). The experiments were repeated in triplicate. Cells
were harvested for luciferase assay.

Protein concentrations were standardised

according to the single triplicate with the lowest protein concentration after
harvesting. This standardisation of whole cell protein was required as there was
significant toxicity (growth arrest) and cell death (up to 50% of cells, apparent by loss
of adherence to tissue culture plate) following UV damage.

Protein concentration

was determined by Bradford assay in luciferase lysis buffer (section 2.1.9). This
ensured equal protein concentration within a cell type being subjected to luciferase
analysis, thus enabling comparison of response for each cell type.

Initially, UOK 117, Caki-2, A498, ACHN and UOK 121 cells were exposed to 40J/m2
of UV-C, a dose used in previous studies to deliver a damaging dose to cell lines
(Brady et al., 2005). However, prior to harvesting cells exposed to 40J/m , it was
observed that they appeared bizarre microscopically and there had been a large
decrease in the size of the population instead of the slight increase in numbers seen in
those exposed to OJ/m2. Also, the luciferase p53 reporter assay universally produced
a decrease in activity between OJ/m2 and 40J/m2, leading to the conclusion that in
renal cells under these conditions the dose 40J/m2 was toxic. It could be predicted
that p53 wild type cells would induce a p53 response following exposure to UV-C
radiation, if not repressed. Therefore three doses (4, 10 and 40J/m2) of UV-C were
delivered to U2-OS (p53 wild type), which had been transfected with p53 luciferase
reporter construct (lpg pp53-TA-luc) 24 hours previously.

Twenty-four hours

following exposure to UV-C the cells were harvested and protein concentration
normalised by Bradford assay in luciferase lysis buffer. Figure 4.1.4c shows that in
U2-OS cells exposed to 4 and 10J/m2 of UV-C resulted in an increase in p53 activity
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but 40J/m2 led to a decrease, confirming the likelihood of UV-C toxicity at a dose of
40J/m2 under these conditions. Thus, a UV-C dose of 4 or 10J/m2 were delivered to
UOK 117 and U2-OS cells following the transfection of p53 luciferase reporter
construct (lpg pp53-TA-luc) to determined if p53 induction occurred in renal cells
following UV-C exposure. Additionally to UV dose, the timing of a possible effect
was investigated with triplicates of cells treated with 4 and 10J/m2, harvested at 1,2,
4, 8 and 24 hours after treatment. The results (figure 4.1.4d and e) showed that in
both cells types (p53 wild type) there was an increase in p53 activity as measured by
an increase in relative light units recorded by luciferase assay.

Figure 4.1.4 a, b, c, and d

Optimisation experiments to determine possible DNA

damaging agents (UV-C and IR) and the timing o f the demonstration o f any effect on
p53 induction by p53 luciferase reporter.
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Figure 4.1.4a

Effect o f Ionising Radiation on p53 activity in UOK 117 cells.

Cells were seeded at 60% confluency into six well plates and were transfected with
lpg pp53-TA-luc. 24 hours following transfection cells were typsinised to free from
surface o f the six well plates. Following typsinisation, cells were neutralised and
resuspended in growth media and transferred to a 2.2ml screw top eppendorf tube.
Cells were exposed to 5Gy o f gamma radiation from a

Cs source, by staff in the

Department o f Haematology, Royal Liverpool University Hospital, Liverpool.
Suspended cells were then re-seeded back into 6 well plates (cells were at room
temperature for 45 minutes during this process). Cells were harvested at time points
shown and then luciferase analysis performed. Experiments were repeated thrice and
results shown were typical o f a single experiment and error bars represent standard
deviation o f the mean.
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Figure 4.1.4b

Dose effect o f UV-C on p53 activity in U2-0S cells.

U2-0S cells were seeded at 60% confluency into six well plates and transfected with
ljug pp53-TA-luc.

24 hours following transfection, media was removed and cells

were exposed to UV-C dose (J/m2). 24 hours following exposure to UV-C, cells were
harvested and luciferase assay performed. Experiments were repeated thrice and
results shown were typical o f a single experiment and error bars represent standard
deviation o f the mean.
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Figure 4.1.4c

The effect on p53 activity o f 4J/m2 and 10J/m2 o f UV-C on U2-OS

cells over time.
Figure 4.1.4d

The effect on p53 activity o f 4J/m2 and 10J/m2 o f UV-C on UOK 117

cells over time.
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Cells were seeded at 60% confluency into six well plates and transfected with 1jug
pp53-TA-luc.

24 hours following transfection media was removed and cells were

exposed to 4J/m2 and lOJ/m2 UV-C. At varying time points following exposure, cells
were harvested and luciferase assay performed. Experiments were repeated thrice
and results shown were typical o f a single experiment and error bars represent
standard deviation o f the mean.

Conditions having been optimised, short-wave UV radiation was used to damage
DNA in renal cells and a p53 luciferase reporter assay performed to demonstrate p53
activity following DNA damage. Seeded cells were transfected with p53-luciferase
reporter construct (lpg pp53-TA-luc) and P-galactosidase (lpg P-Gal). 24 hours later
cells were subjected to 0, 4 or 10J/m2 of short-wave UV-C (see section 2.1.26). A
further 24 hours later cells where harvested.

Protein harvested from cells for

luciferase assay was normalised by using a Bradford assay (section 2.1.9) to
determinate protein concentration. Protein concentrations were standardised according
to the single triplicate with the lowest protein concentration after harvesting. This
standardisation of whole cell protein was required as there was significant toxicity
(growth arrest) and cell death (-50% of cells, apparent by loss of adherence to tissue
culture plate) following UV damage. U2-OS cells were also included as a control
because a p53 wild type cell line has been shown to induce p53 following UV-C in
figures 4.1.4c and d.

Figures 4.1.4e and f and Table 4.1.4a

Wild-type p53 transcriptional activity was

induced in response to UV radiation in renal cell carcinoma cell lines.
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Renal cell lines were transfected with 1jug o f p53-luciferase reporter construct (pp53TA-Luc) and lp g o f (3-galactosidase expression plasmid ((3-Gal). 24 hours later, cells
were exposed either to 0, 4 or 10 J/m2 UV-C as indicated and were harvested 24
hours later. Figure 4.1.4e shows the results o f the luciferase assay, table 4.1.4 shows
the raw data from the luciferase assay and figure 4.1.4f represents the western blot
analysis o f the same lysates probed for the proteins indicated. Experiments have been
repeated thrice and the results shown are typical and from a single experiment. Error
bars represent standard deviation o f the mean.

Figure 4.1.4e

v_______ i

\_______ )

\_______ j

v_______ >

\_______ >

ACHN

A498

Caki-2

121

U2-OS

Histogram showing the normalised relative light units from p53-

luciferase reporter in cell lines following exposure to stated dose o f UV-C.
Normalised to OJ/m2, columns indicate the mean (n=3) and error bars show standard
error o f the mean.
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Table 4.1.4a

Raw data from p53 luciferase reporter assay in cell lines exposed to

DNA damaging UV-C radiation.

Cell line

UV dose
(J/m2)

0
ACHN

4
10
0

A498

4
10
0

Caki 2

4
10
0

121

4
10
0

U20S

4
10

Triplicate
(Light units)
35.38
31.11
33.73
35.18
37.69
41.41
42.4
42.65
52.98
5.11
4.14
6.09
20.58
28.77
12.43
43.09
38.96
47.71
262.2
302.8
296.5
381.5
344.1
365.4
621.0
598.0
559.4
0.52
0.42
0.44
0.21
0.20
0.15
0.19
0.28
0.18
69.97
74.06
70.43
258.8
240.6
256.0
348.8
281.3
382.9
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Mean

Standard
error of
mean

Fold
increase.

33.41

1.531

-

38.09

2.211

1.14

46.01

4.647

1.38

5.11

0.653

-

20.59

5.451

4.03

43.25

2.971

8.46

287.37

16.644

-

363.67

13.044

1.27

592.80

22.266

2.06

0.46

0.0391

-

0.19

0.0238

-2.41

0.22

0.0433

-2.08

71.61

1.716

-

251.8

7.467

3.52

337.7

37.578

4.72

Figure 4.1.4f

Western Blot o f protein level from cells treated with UV-C, and

transfected with p53-luciferase reporter and (3-galactosidase.
50pg o f protein from clarified lysates was examined by western blot for 13-Gal (anti- (3
Gal, 3pg/ml), MDM2 (anti-MDM2 ab-1, 3pg/ml) p53 (anti-p53 ab-6, 1pg/ml) and ¡3actin (c-2, 3pg/ml).

Stress or DNA damage triggers cells harbouring normal p53 to up regulate p53
(largely by post translations modifications, discussed in section 1.4.1.3 and
transactivation of p53 responsive genes, discussed in section 1.4.2), leading to cell
cycle arrest or apoptosis.

UV radiation damages DNA by disrupting the DNA

molecules double stranded helix by inducing cross-linking leading to formation of
pyrimidine dimers (Macleod and Sikora, 1984, p 182). Therefore it is predicted that
if wild type p53 was not repressed in renal cell carcinoma cell lines harbouring
normal p53 than in response to UV irradiation p53 activity would be seen to increase.
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In experiments with renal cells treated with UV-C radiation, two different outcomes
were observed which directly confirm a normal p53 response to DNA damage and
also that renal cells were sensitive to UV-C radiation. The sensitivity of renal cells
(similar to U2-OS cells) to UV-C radiation was demonstrated by a decrease in the
population size and the bizarre microscopic appearance of surviving cells, and the low
yields from protein extraction (see table 4.1.4b), especially at higher UV doses (10
and 40 J/m2). Table 4.1.4b shows the average total protein harvested from cells
subjected to UV-C treatment (also see figure 4.1.4 e and f and table 4.1.4a).

UV dose (J/m2)

M e a n p r o te in c o n c e n t r a t io n ( n = 3 ) o f w h o le c e l l
c la r ifie d l y s a t e f o l l o w i n g U V - C tr e a tm e n t ( d o s e

0

4

10

Caki-2

0.822

0.819

0.640

A498

0.767

0.461

0.288

ACHN

3.219

2.515

1.906

UOK 121

0.707

0.660

0.524

U2-OS

0.760

0.332

0.285

s h o w n ) fr o m a w e l l o f a s i x w e l l p la t e in m g /m l

Cell Line

Table 4.1,4b

Global decrease in cell number and protein production o f cells treated

with UV-C.
Protein was extracted, as described in section 2.1.9, from cells used in experiment.
Results shown figure 4.1.4f (see figure legendfor experiment).

It is noteworthy that direct evidence of up-regulation of p53 in all p53 wild-type renal
cell lines was demonstrated following DNA damage. Following UV-C radiation, p53
protein stabilisation was demonstrated by an increase in levels of p53 protein detected
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on western blotting between 0, 4 and 10J/m2 (figure 4.1.4Í). The only cell line not to
show stabilisation of p53 protein levels following UV-C treatment was UOK 121,
which carries a p53 gene mutation.

p53 transcriptional activity following UV

irradiation was shown in the luciferase reporter assay to be up regulated. There was a
fold increase in relative light units ranging from 1.38 (in ACHN cells) and 8.46 (in
A498 cells) in the p53 wild type renal cell carcinoma cells. The increased light level
detected demonstrated an increase in translation from the luciferase gene in response
to the binding of p53 to the p53-RE of the gene. The endogenous p53 in these cells
was thus up regulated. U2-OS cells also demonstrated p53 up regulation, i.e. in
protein stabilisation on western blot and a 4.72 fold increase in luciferase assay when
comparing the effect of treatment with 0 versus 1OJ/m2. This was comparable to data
on U2-OS cells indicated in the literature. Under similar experimental conditions, the
same procedure typically produces an increase in p53 luciferase reporter of 2 - 4 fold,
which is comparable to the results observed by Zhu et al., (2000) and Maiguel et al.,
(2004).

Conversely, UOK 121 cells showed a fold decrease in relative light units

emitted during luciferase assay, which, despite standardisation of protein
concentration, when entering the reaction show decreased background production of
luciferase protein from the luciferase reporter gene.

The smallest change was seen in the ACHN cells, which were used by Gurova et al.,
(2004) to suggest a novel dominant negative mechanism for the repression of p53.
The induction of p53 transcription following UV irradiation was found to be both
dose and time dependant, but because Gurova et al., (2004) did not state the dose of
UV used in their experimentation they may have used a dose too low (or high) to
achieve p53 up regulation.
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In summary, UV-induced DNA damage in renal cell carcinoma cell lines caused both
cell death and a decrease of protein yield from surviving cells, probably indicating
growth arrest. The response of p53 wild-type renal cells to UV-C DNA damage was
an increase in p53 activity as demonstrated by an increase in reporter activity and an
induction in p53 protein by western blot.

4.1.5

Summary of results chapter 4

The aim of this sub-section is to answer the questions posed at the beginning of the
chapter.

•

Can exogenous p53 be active in renal cell carcinoma cell lines regardless of
endogenous p53 status?

•

Is the endogenous p53 in the wild type renal carcinoma cell lines active?

•

Is p53 regulated normally?

•

Is p53 transcriptionally active and is the p53-mediated response to DNA
damage intact?

Yes, exogenous p53 can be active in renal cell carcinoma cell lines regardless o f
endogenous p53 status.
This was shown in section 4.1.2 in both p53 mutant and p53 wild-type cells.
Following p53 transfection there was increased p53 protein levels detected and
activity of p53 reporter. Also, p53 activity was observed in p53 mutant and p53 wildtype renal cells transfected with p53 by immunofluorescence experiments. The same
cells that demonstrated increased p21 WAF1/CIP1 levels also expressed p53.
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Yes, the endogenous p53 in p53 wild-type renal carcinoma cell lines is active.
This was shown by a decrease in the activity of a p53 reporter and p53 protein levels
when p53 was knocked down by siRNA in p53 wild-type cell lines. Endogenous p53
activity was also observed in the decrease of p53’s transcriptional targets i.e., MDM2
and p21 WAF1/C,PI following p53 siRNA knock down, in both protein levels and p53
activity (section 4.1.3).

Yes, p53 is regulated normally in renal cell carcinoma.
This was demonstrated by knocking down one of p53’s major critical regulators
(MDM2) that lead to a decrease in p53 and p21 WAF1/C,P1 protein levels (section 4.1.3).

Yes, the p53-mediated response to DNA damage in renal cell carcinoma is intact.
UV radiation caused growth arrest and cell death in renal carcinoma cell lines, these
events activated p53 as demonstrated by a rise in p53 protein levels and an increased
p53 activity in cells harbouring wild type p53.

There was no evidence from this data that there is a novel (MDM2 independent)
dominant negative mechanism silencing p53 in renal cell carcinoma cell lines.
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Chapter 5
Results 3. Tumour Progression Model of
Renal Cell Carcinoma

190

Chapter 5

5.1.1

Overview of a proposal for a model of tumour progression in renal cell

carcinoma

Tumour evolution is complex, but a simple molecular model may be useful to
describe the key events. Vogelstein (1991) described a molecular progression model
for colorectal cancer, in which he illustrated the order in which critical genetic lesions
generally occur in colorectal cancer. Here a similar scheme for renal cell carcinoma
is proposed (see figure 5.1.5). The experiments described in this chapter explore this
proposal.

In clinical samples it has been observed that high levels of p53 and MDM2 are a
common event occurring in 19% of patients with renal cell carcinoma and that this
phenotype carries with it a poor prognosis (Haitel et al., 2000). In Chapter 3, it was
shown that high levels of p53 and MDM2 were not an uncommon finding in renal cell
carcinoma cell lines. Similarly, in bladder cancer the poorest prognosis is seen in
patients with high levels of both MDM2 and p53, a phenotype reported in 17.8% of
patients studied (Lu et al., 2002).

Haitel et al., (2000) observed a relationship between the presence of high levels of
both p53 and MDM2 in clear cell renal cell carcinoma series (40.0% of renal tumours
showed high levels of MDM2 also had high levels of p53 and only 6.45% of the renal
tumours studied had low level p53 together with high level MDM2, p=0.00004). In
contrast, Lu (2002) found no relationship between high levels of p53 and MDM2 in
bladder carcinoma (39.0% of bladder tumours showed high level MDM2 also had
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high-level p53 - 18.0% of all cases, whereas 53.4% of the low p53 also had high
MDM2 - 27.8% of all cases).

In normal cells experimental introduction of high-levels of MDM2 expression is
frequently lethal (Brown et ah, 1998). Over-expression of MDM2 can apparently only
occur in cells harbouring un-defined genetic defects (Deb, 2003).

The questions

therefore arise: how do renal cells acquire, and subsequently tolerate, such high levels
of MDM2? Is the association of high-level p53 with high level of MDM2 specific to
renal cell carcinoma? What, if any, is the role of p53 in the acquisition of high-levels
of MDM2? Could mutation of p53 (a possible cause of increased p53 steady state
levels), followed by the over-expression of MDM2, be key steps in a renal cell
carcinoma tumour progression model?

5.1.2

Exogenous expression of MDM2 in renal cell carcinoma cell lines

High-level MDM2 is not frequently associated with low levels of (presumed) wild
type p53 in renal cell carcinoma (Haitel et al., 2000). Because of the relative lack of
association of the presumed wild type p53 in renal cell carcinoma with MDM2 and
with the observed lethality of ectopic expression of MDM2 in normal cells, MDM2
over expression in a p53 wild type renal cell carcinoma cell line was attempted. The
cell line UOK 117 has a p53 wild type genotype (Reiter et al., 1993) which in initial
studies was found to express relatively low levels of p53 and MDM2 protein (figures
3.1.3 and 3.2.2), thus the over expression of MDM2 was transiently and stably
performed in the cell line UOK 117. Ectopic expression of wild type p53 in UOK
117 was also performed to demonstrate whether UOK 117 was sensitive to the tumour

192

suppressor effects of p53, i.e. growth inhibition in colony formation assay.

The

detrimental effect of p53 and any effect of MDM2 could then be compared to the
effect of empty vector control.

5.1.2.1

Antibiotic selection for plasmid expression in renal cell carcinoma

cells

Over-expression of MDM2 and wild type p53 was achieved by using expression
plasmids and through selection for stable expression by using an antibiotic to which
resistance was encoded by a cassette in a plasmid vector.

pCMVneobam and

pCMVhMDM2 (the same plasmid containing the human MDM2 gene) carry a gene
allowing resistance to geneticin sulphate (G418), and pCEP4 and pCEP4:p53 (the
same plasmid containing the wild type p53 gene) carry the hygromycin B resistance
gene.

Before antibiotic selection could be performed in the UOK 117 cell line, the lethal
dose of the selection agent was determined. Typically, to kill cells in antibiotic
selection it requires ten days for G418 and five to seven days for hygromycin B.

The dose required to kill all of the cells (without transfection with the plasmid
carrying the resistance gene) using G418 or hygromycin B, by day 10 or seven
respectively, was determined for the following cell lines: 769-P presumed wild type
with respect to its relatively low protein level of p53 (section 3.1.3), UOK 117, A704
both p53 wild type renal cell carcinoma cell lines (Reiter et al., 1993; Tomita et al.,
1996), U20S a p53 wild type osteosarcoma cell line (Florenes et al., 1994) and
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H1299 a p53 null cell line which is also easily transfected (table 2.1.22). Cells were
maintained in normal growth media plus either hygromycin B at each of the following
concentrations 0, 50, 100, 250, 500, 750 or 1000 pg/ml, or in G418 at 0, 50, 100, 200,
400, 600, 800 or lOOOpg/ml. Media was changed every two days and a record of the
state of the cell population recorded (Table 5.1.2).

Table 5.1.2

Concentration o f hygromycin B and G418 resulting in complete lethality

at a given time point.
The lethal dose o f antibiotics is the concentration in which there are no longer any
viable cells remaining in the population. N/K (not known) illustrates that at the
highest concentration complete lethality was not achieved.
Cell line

Antibiotic

Lowest
lethal dose
day 4
(pg/ml)

Lowest
lethal dose
day 6
(pg/ml)

Lowest
lethal dose
day 8
(pg/ml)

Lowest
lethal dose
day 10
(pg/ml)

769-P

Hygromycin B

750

750

250

250

G418

1000

1000

600

400

Hygromycin B

500

250

250

250

G418

N/K

N/K

1000

800

Hygromycin B

750

500

250

100

G418

N/K

N/K

800

600

Hygromycin B

250

100

50

50

G418

600

200

100

50

Hygromycin B

1000

250

100

50

G418

800

600

400

200

UOK 117

A704

U20S

HI 299
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The cell line UOK 117 was chosen for the proposed studies for the following reasons:
Firstly, UOK 117 is relatively easily transfected when compared to other renal cell
carcinoma cell lines (table 2.1.15). Secondly, stocks of UOK 117 were available with
low passage numbers and could be confidently genotyped as p53 wild-type (Linehan
et al., 1993) and VHL deleted (Anglard et ah, 1992). Finally, the effective doses of a
mixture of G418 and hygromycin B required to kill UOK 117 cells were at an
experimentally practical level.

5.1.2.2

Exogenous expression of MDM2 and wild type p53 in UOK 117

To assess the ability of cells to tolerate raised levels of MDM2 or p53 expression,
cells were transfected with expression vectors for MDM2 or p53, which also
harboured an expression cassette for an antibiotic resistance gene (pCMVhMDM2
encodes the neomycin gene for G418 resistance and pCEP4:p53 encodes the
hygromycin B resistance gene). Following transfection, cells were maintained under
appropriate conditions of antibiotic selection (see section 5.1.2.1, namely hygromycin
B and G418 were added to the growth media of the cell lines to give final
concentrations of 250pg/ml and 800pg/ml respectively) until colonies could be
isolated. Empty expression vector transfections followed by performing antibiotic
selection were also performed. The colonies produced following empty expression
plasmid transfection provide a benchmark for comparison with plasmids expressing
potentially deleterious genes such as MDM2 or p53.

In the first round of experiments, four separate vector transfections were performed
(see section 2.1.21):

195

a) pCMVneobam:
b) pCMVneobam-humanMDM2 (pCMVhMDM2):
c) pCEP4:
d) pCEP4humanp53 (pCEP4:p53).

To determine transfection efficiency, in situ P-gal assays (Section 2.1.22) were
performed 72 hours after transfection. The p-gal assay showed that the transfection
efficiency was roughly equal in all four cases. Sixteen days following transfection,
colonies of surviving cells were clearly visible under the microscope. To be observed
with the naked eye, the cells were stained with Giemsa (Section 2.1.27) as figure 3.1.3
shows.

Figure 5.1.2.2

Colony formation assay o f cells transfected with p53 or control;

pCEP4, MDM2 or control; pCMVneobam following selection in antibiotic as
described above in section 5.1.2.1.
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Transfection o f 10pg o f test plasmid DNA and 5 o f (3-gal plasmid was performed in
56cm2 culture dish with cells at 70% confluent. Transfected cells were sub-cultured in
a 1 to 6 ratio for 24 hours. Antibiotic selection commenced after 48 hours. Colonies
were stained with Giemsa at 16 days post transfection.

From the colony formation assay (see figure 5.1.2.2) it could be seen that there were
fewer and smaller colonies following transfection and selection with pCMVhMDM2
when compared to those transfected with pCMVneobam. Similarly, wild-type p53
expressed within cells was not tolerated that was demonstrated by there being
virtually no colonies on the pCEP4:p53 plate.

These results suggested that

supraphysiological expression of wild type p53 and, to a lesser extent, MDM2 was
poorly tolerated in UOK 117. However, it was still possible that the few colonies
obtained, particularly following MDM2 transfection (some of these were comparable
in size to those obtained with empty vector transfection), may have expressed high
levels of MDM2. Therefore further analysis of these clones was undertaken.

5.1.2.3

Supraphysiological MDM2 expression in UOK 117

The results in section 5.1.2.2 suggested that supraphysiological expression of MDM2
was poorly tolerated in UOK 117. However, it was still possible that the few colonies
obtained (some of these were comparable in size to those obtained with empty vector
transfection) may express high levels of MDM2. Therefore further analysis of these
clones was undertaken.

The colony formation assay identified clones that could

survive in antibiotic selection but it could not determine whether the clones were
expressing raised levels of the MDM2 protein. In order for a cell to survive under
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these conditions the cell must have been successfully transfected and have expressed
the antibiotic resistance gene(s) from the plasmid. However, under these abnormal
conditions, rearrangement of the plasmid may occur leading to loss of all or part of
the expression cassette for the test gene (MDM2 or p53) whilst retaining the antibiotic
resistance cassette.

To enable the identification and quantification of MDM2 protein in an individual
colony, multiple stable cell lines were produced from independent colonies (section
2.1.3.1). Western blot analysis was performed for each of the stable cell lines to
determine the level of MDM2 protein in the clone (Figure 5.1.2.3).

Figure 5.1.2.3

Western blot o f UOK117pCMVhMDM2 clones.

Untransfected H I299 and HI299 transfected with MDM2 are included for reference.
In the lane containing H I299 + MDM2 25pg o f total protein was loaded, all other
lanes were loaded with the standard 50pg. MDM2 and J3 actin levels are shown as
labelled. Primary antibodies were used as follows: Anti-MDM2 ab-1 (3pg/ml) and (1
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actin c-2 (3pg/ml),with secondary antibodies as per section 2.1.7. Total protein run
from the following cells are shown as follows: ‘117’ are untransfected UOK 117;
‘mixed neobam ’ clones are the mixed pool o f clones 48 hours following the initial
transfection o f UOK 117 with pCMVneobam; ‘mixed hMDM2’ clones are the mixed
pool o f clones 48 hours following initial transfection o f UOK 117 pCMVhMDM2;
‘Clone 1-8’ are individual colonies after cloning and expansion 16 days following
transfection o f UOK 117 pCMVhMDM2: ‘H I299’ are untransfected H I299 and
‘H1299 + MDM2’ are H I299 transfected with MDM2 (provided by Dr Nikolina
Vlatkovic, the Liverpool o f University). All clones were grown in a complete growth
media plus 800pg G418.

The P-actin levels (protein loading control) were roughly equal in all lanes, with the
exception of the transfected H1299 (less protein in lane). Twenty-five micrograms
(half the standard quantity) of the total protein were loaded in the H I299 + MDM2
lane due to the high amounts of MDM2 produced by this cell line. Clones 1-7 and 9
all expressed very low levels of MDM2, similar to that of the untransfected UOK 117.
(Note: clone 8 (UOK 117 + pCVMhMDM2) was lost to further analysis during
expansion).

It is remarkable that a high-level of MDM2 was seen in UOK 117 cells, but only in
the “mixed pool” of cells, i.e. those harvested at the time of initial passage (48 hours
post transfection).

The increased level of MDM2 therefore represents transient

transfection. None of the clones expressed a high-level of MDM2, yet must still have
expressed the antibiotic resistance gene in order to survive. Thus, it is concluded that
UOK 117 cells cannot readily tolerate stable high-level expression of MDM2.
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5.1.3

Proposal for a model of tumour progression in renal cell carcinoma

In renal cell carcinoma the phenotype of high-levels of both p53 and MDM2 leads to
the poorest prognosis with a mean disease free survival time of 0.8 years, compared
with greater than 5 years in patients with low, or undetectable, levels of p53 and
MDM2 (Haitel et al., 2000). However, in initial studies it was seen that the over
expression of MDM2 was not tolerated in a wild-type p53 renal cell carcinoma cell
line (see section 5.1.2). This intolerance to the over expression of MDM2 was
potentially consistent with the findings in clinical samples observed by Haitel and
colleagues (2000). In their study, only 4 of the 97 clear cell renal cell carcinomas
were described as having the phenotype low-level p53 protein, with high-level
MDM2 protein (p53-/MDM2+). Thus, there is a clear bias towards p53 positivity in
MDM2 positive tumours (p = 0.00004). In addition, 21 of the 97 tumours had the
phenotype p53+/MDM2-, but most remarkably only

14 tumours had the

p53+/MDM2+ phenotype (p = 0.00004). This raises the possibility that increased
levels of p53 (possibly indicative of mutation) might render renal cell carcinoma cells
more tolerant to higher levels of MDM2 expression. Furthermore, there appears to be
an association between p53/MDM2 expression and prognosis that is compatible with
a sequence of events such as p53 up regulation (presumed mutation) precedes MDM2
up-regulation. Support for this derives from the fact that p53 up-regulation most
commonly occurs in MDM2 negative tumours, whereas MDM2 positivity is almost
exclusively seen (p value) in cases where p53 is positive. This might suggest that
MDM2 positivity arises in a sub-set of cases that already have p53 up regulation. That
p53-up-regulation is indeed a frequent and prognostically significant event has also
been supported by the work of Zigeuner et al., (2004). This leads to our proposed
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model for the evolution in renal cell carcinoma (see figure 5.1.3b), ultimately
resulting in a more aggressive disease much along the lines first described for
colorectal cancer by Vogelstein (1991).

In the proposed scheme for renal cell carcinoma progression, with respect, at this
stage, only to p53 up-regulation (presumed mutation) and MDM2 over expression as
described by Haitel et al., (2000) and further supported for p53 by Ziguener R et al.,
(2004) it is envisaged that the disease might progress in three ways (figure 5.1.5a).
Both Haitel et al., (2000) and Zigeuner et al., (2004) demonstrated that over
expression of p53 carries a poor prognosis and in the Haitel study a still poorer
prognosis was seen to be associated with both p53 and MDM2 over expression. In
model A (figure 5.1.5a), both p53 mutation and MDM2 over-expression occur
simultaneously. Model A is unlikely as there is a low probability that two such
lesions would arise in vivo at the same time. In addition the phenotypes of p53/MDM2+ and p53+/MDM2- are both described in Haitel et al., (2000) suggesting that
there is more than one step leading to the acquisition of both lesions. In model B,
over-expression of MDM2 precedes the mutation of p53. Model B is also unlikely as
demonstrated by section 5.1.2 (over-expression of MDM2 was not tolerated in a wildtype p53 renal cell carcinoma cell line) and the Haitel et al., (2000) series (p53/MDM2+ phenotype is statistically significantly under-represented). Therefore model
C is accepted (figure 5.1.5a) as this would seem to be the most viable order in which
the phenotype is associated with a good prognosis of renal cell carcinoma, p53/MDM2-, and would progress to become the p53+/MDM2+ phenotype, which is
associated with the worst prognosis, i.e. first acquiring mutation of p53 followed by
over expression of MDM2.

201

p53-/ MDM2-

(+ M D M 2 )/

p53-/ MDM2+

p53+/ MDM2-

(+M DM 2)

(+P53)
►
p53+/ MDM2+

A

Figure 5.1.3a

i
p53+/ MDM2+

B

p53+/ MDM2+

C

Three possible routes by which a good prognosis renal cell carcinoma

progresses to the poorest prognosis based upon information from Haitel et al.,(2000)
and data displayed herein (see figures 5.1.2.2 and 5.1.2.3).
‘p 53-’ represents a low level o f p53 protein, ‘p 53+’ represents a high level o f p53
protein, ‘MDM2’- represents an undetectable level o f protein and ‘MDM2+’
represents a high level o f protein as detected by immunohistochemistry in Haitel et
al., (2000).

In addition to studies showing that p53 and MDM2 may play critical roles in renal
cell carcinoma tumour development (Haitel et al., 2000; Zigeuner et al., 2004), many
other studies have identified mutation or deletion of the VHL gene as a critical early
event in renal cell carcinoma. For example, somatic mutations of VHL are present in
56% (Shuin et al., 1994) and 57% (Gnarra et al., 1994) of primary renal cell
carcinomas and of those tumours examined for VHL mutation 84% and 98%
respectively displayed loss of heterozygosity of 3p (Shuin et al., 1994; Gnarra et al.,
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1994), i.e. loss of the second VHL allele. Thus VHL gene alteration is a very frequent
event in renal cell carcinoma and has, unsurprisingly, not been found to be
prognostically useful.

Therefore, incorporating this into model C of figure 5.1.3a leads to a refined
hypothesis for our tumour progression model for renal cell carcinoma as described in
figure 5.1.3b.

Figure 5.1.3b assumes that the median disease free recurrence of

tumours that are p53-/MDM2- phenotype would be equivalent to a tumour that has
VHL gene dysfunction.

Around 80% of cases,

VHL
abnormality

Median time of >5 years to
recurrence.

1
Around 40% of cases,

p53 mutation

Median time of 2 years to

& LOH

recurrence

1
Around 20% of cases,

MDM2 over

Median time of 0.8 months to

expression

Figure 5.1.3b

recurrence

Proposed tumour progression model o f renal cell carcinoma.

Loss o f heterozygosity (LOH). The model is based on work of: Gnarra et al, (1994);
Shuin et al., (1994), Haitel et al., (2000) and Zigeuner et al., (2004) and the
preliminary studies in Chapters 3, 4 and 5.
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To simulate the hypothesised progression model (figure 5.1.3b), it was decided to
manipulate a renal cell carcinoma cell line, the sequence of events of which might
recapitulate those predicted in our model. The studies in section 5.1.2 have already
demonstrated that UOK 117 cell could not, in a single step, stably tolerate raised
expression of MDM2 and the model predicts that up regulation of p53 (assumed
mutation) might be a pre-requisite for this. UOK 117 cells harbour a mutation in the
VHL gene and, thus, these cells provide us with a reasonable starting material.

Essentially, it was decided to create a series of cell lines into which, firstly, a
dominant negative mutant p53 would be introduced leading to the loss of p53 function
(and in parallel introduction of control vector only for comparison) and these
derivatives would subsequently be subjected to an attempt to express MDM2 much as
already described above in section 5.1.2. Hence, it could be determined whether loss
of p53 function/up-regulation of mutant p53 could enable renal cell carcinoma cells to
become tolerant of raised levels of MDM2 expression. The three series of cell lines
should only differ with respect to VHL, p53 and MDM2, i.e. 1. VHL mutation alone,
2. loss of p53 function with VHL mutation, and 3. over-expression of MDM2 with
loss of p53 function and VHL mutation. The anticipated result would be a panel of
cell lines whose members represent each stage of the tumour progression model, that
is each cell line represents either a good, intermediate or poor prognosis group for
renal cell carcinoma.
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5.1.4

The generation of a dominant negative p53 mutant that suppresses

wild type p53 in renal cell carcinoma cell line UOK 117

In long-term culture, UOK 117 cells were unable to tolerate the presence of high level
MDM2 protein (section 5.1.2). In order for UOK 117 renal cells to tolerate the high
levels of MDM2, as described in renal cell carcinoma cell lines (section 3.2.2) and
clinically in renal cell carcinoma tumours (Haitel et al., 2000), there must be other
events that lead to tolerance.

As hypothesised above, high-levels of most likely

mutant p53 might increase the tolerance of renal cells to raised levels of MDM2
(Figure 5.1.3b). Raised levels of p53 in clinical samples and cell lines are often
indicative of a mutation in the p53 gene. Therefore to try to recapitulate this event in
wild type renal cell carcinoma cells harbouring low levels of wild type p53 and
MDM2, it would require a dominant negative p53 gene (i.e., cDNA). This could of
course also result in possible gain of function effects of mutant p53, which might also
be part of the pathological development of renal cell carcinoma. Subsequent studies
in which the mutant (and wild type if retained) was knocked down might enable the
resolution of the relative importance of loss of wild type versus mutant gain of
function in permitting cells to tolerate high levels of MDM2 expression. UOK 117
cells with compromised endogenous wild type p53, which was due to high levels of
dominant negative p53, i.e. possessing loss of normal p53 function, might represent
the intermediate prognosis group in the hypothesised model (Figure 5.1.3b).

The pCB6+p53 175 His plasmid contains a cDNA of p53 that would be expected to
act as a dominant negative p53 mutant (Rowan et al., 1996). The pCB6+p53 175 His
plasmid was previously generated, but not tested for its ability to act as a dominant

205

negative (Professor Karen Vousden of the Beatson Institute of Cancer Research
kindly donated the samples for these studies). The plasmid insert ‘p53 175 His’ is a
cDNA that encodes p53 with a missense point mutation that corresponds to codon 175
in the p53 ORF resulting in a substitution of histidine (His) for arginine (Arg). The
175 His mutation is one of the most common p53 mutations found in human cancers
(section 1.7.1.1).

Amino acid residue 175 of p53 plays an important role in

maintaining the structure of p53 during DNA binding (Blagosklonny et al., 2001; also
see section 1.7.1).

If the proposed model (see figure 5.1.3b) is correct then the possibility would be to
produce renal cells that express high levels of mutant p53 that will then readily
tolerate, and stably express high levels of MDM2. However, first the pCB6+p53 175
His had to be tested for its dominant negative effects as well as the ability of
pCB6+p53 175 His to produce high levels of p53 protein.

pCB6 encodes the

neomycin antibiotic resistance gene for geneticin sulphate (G418), thus pCB6 and
pCMVhMDM2 encode the same antibiotic resistance gene. This created a minor
technical obstacle for the studies. Following transfection of pCB6 and, subsequently,
pCMVhMDM2 cells in selection (with G418) would only require the retention of one
plasmid. Since the pCEP4 plasmid carries the hygromycin B resistance gene, the p53
175 His cDNA cassette was sub-coned from pCB6+175 His into pCEP4 whilst also
testing the ability of p53 175 His to act as a dominant negative. Stable expression of
both p53 175 His and MDM2, via the expression vectors pCEP4 and pCMV, would
then be attempted in the double selection by using G418 and hygromycin B. Cells
would need to be stably transfected and continuously express both G418 and
hygromycin resistance genes in order to survive.
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Essentially pCEP4 p53 175 His was generated by cutting the cDNA cassette for 175
His from the pCB6 vector by using BamHl (see restriction enzymes in section
2.1.16.2) and cloned into a unique BamHl site in pCEP4 (sections 2.1.15.1 2.1.20.2) . The pCEPp53 175 His was subject to diagnostic digest with BamHl to
identify the presence of pCEP4 p53 175 His.

This was followed by a second

diagnostic digest, with Smal, to confirm the correct orientation of p53 175 His in
pCEP4. The successfully cloned pCEP4 p53 175 His was expanded, stocks made
(section 2.1.19) and plasmid DNA obtained for experimentation.

To test the dominant negativity of the p53 175 His cDNA expressed from the pCEP4
backbone, a luciferase assay, using a p53 luciferase reporter (pp53-TA-luc see section
2.1.6), was performed. The p53 luciferase reporter initiates the transcription of the
luciferase gene in the presence of active wild type p53, leading to luciferase
production which, in the presence of luciferin, in a luciferase assay results in a
detected light emission which is quantified in a luminometer (see section 2.1.24).
Thus, if dominant negative p53 can compromise wild type p53 a decreased amount of
luciferase will be transcribed, resulting in a reduced light emission upon subsequent
luciferase assay compared to cells that are not transfected with the dominant negative
p53.

pCEP4:p53 175 His was tested in this way in H1299 cells. The H1299 cell line was
used for initial testing as it can be reliably transfected and is p53 null (table 3.1.2). A
p53 null cell was desirable as only a cell in which both p53 and p53 luciferase
reporter were successfully transfected would luciferase be produced. Also, only in the
cell transfected with p53 175 His would there be a reduction. To test the effect of p53
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175 His, increasing amounts of the dominant negative p53 plasmid (pCEP4:p53 175
His) were transfected into H I299 cells, along with p53 (pCEP4:p53), p53 luciferase
reporter (pp53-TA-Luc) and pCEP4 (as necessary to maintain equal quantity of DNA
in each transfection). After 24 hours a luciferase assay was performed, and the results
are shown in figure 5.1.4.

Figure 5.1.4

A lu c ife ra se a s s a y to d e te c t p 5 3 tr a n s c r ip tio n a l a c tiv ity fo llo w in g the

a d d itio n o f in c r e a s in g a m o u n ts o f p C E P 4 :p 5 3 1 7 5H is a n d d o m in a n t n e g a tiv e p 5 3
(D N p53).
Q u a n titie s o f D N A ’s u s e d a re s h o w n a n d a re e q u a l in e a c h ex p e rim e n t. V alues
r e p re se n t a m e a n o f tr ip lic a te e x p e rim e n ts a n d e r r o r b a rs r e p r e s e n t s ta n d a r d e rro r o f
the m ea n . P la sm id s a re la b e lle d a s D N p 5 3
a n d p C E P :p 5 3 = p C E P 4 p 5 3 .
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= pC EP4

p 5 3 175 H is, p C E P

= pC EP4

In figure 5.1.4, columns 5 and 6 show the p53 luciferase reporter activity in H I299
cells (p53 null) transfected with pCEP4 and DNp53 (dominant negative p53). In
these two columns there was minimal p53 reporter activity, showing that the DNp53
has no greater p53 activity than pCEP4 alone in the H I299 cells. The DNp53, in this
experiment, was therefore not acting as a transcription factor for the p53 luciferase
reporter.

Column one shows the luciferase reporter activity when lOOng of

pCEP4p53 is transfected into H1299 cells. In columns 2, 3 and 4, H1299 cells were
transfected with the same amount of pCEP4p53 as in column 1, together with
increasing quantities of transfected DNp53 plasmid (100, 300 and lOOOng). The effect
of the DNp53 was a clear, dose-dependent decrease in luciferase activity. With the
largest quantity of DNp53 used here, there was a 4-fold decrease in the relative light
units, in comparison of column 1 to column 4. In summary, the pCEP4p53 175 His
dominant negative p53 mutant was functional.

5.1.5

A method for a tumour progression model in renal cell carcinoma

As described earlier, the hypothesised tumour progression model in renal cell
carcinoma (figure 5.1.3b) is a series of cells with the specific differences in genotype,
i.e., VHL mutation alone, loss of p53 function with VHL mutation, and over
expression of MDM2 with loss of p53 function and VHL mutation would be
produced. Production of clones of cells representing the three phenotype groups
(figure 5.1.3b) would result in a panel of cell lines whose members represent each
stage of the tumour progression model, i.e. each cell line represents either a good,
intermediate or poor prognosis group for renal cell carcinoma.
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The p53 and MDM2 status of a panel of renal cell carcinoma cell lines was described
in Chapter 3 and, as already discussed, UOK 117 line was selected from this the panel
as the parental cell line for all subsequent studies (section 5.1.2.1). UOK 117 retains
wild-type p53 (Reiter et al., 1993) with low levels of both p53 and MDM2 (figures
3.1.3 and 3.2.2) along with VHL mutation (Anglard et ah, 1992). The UOK 117 cell
line therefore fulfils the criteria of the good prognosis group in the tumour
progression model.

In section 5.1.4, it was shown that a dominant negative p53 mutant could compromise
exogenous p53 in H1299 cells (figure 5.1.4). Therefore we wanted to determine if
stable expression of this mutant in UOK 117 could produce an intermediate cell line
that could go on to tolerate raised levels of MDM2, thus representing the intermediate
prognosis group in our model for tumour progression.

Figure 5.1.5 describes the plan to be followed to generate cell lines according to our
proposed model for tumour progression using pCEP4, pCMVneobam, and
pCMVhMDM2 and the selection agent’s hygromycin B and G418.
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A n e x p e rim e n ta l p la n f o r g e n e r a tin g c e ll lin e s to e v a lu a te th e p r o p o s e d

m o d e l f o r tu m o u r p r o g re ss io n .
D N p 5 3 ;p C E P 4 ; p C M V h M D M 2 ; p C M V n e o b a m a re p la s m id s (se c tio n 2.1.6). R e n a l
c e ll c a r c in o m a c e ll lin e U O K 1 1 7 is c h a r a c te r is e d a s h a v in g V H L m u ta tio n (A n g la rd
e t al., 1 9 9 2 ) a n d w ild -ty p e p 5 3 (R e ite r e t a l.t 1993).
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5.1.6

Expression of dominant negative p53 mutant in UOK 117

It has already been demonstrated (section 5.1.2.2) that UOK117 cells were unable to
tolerate high levels of wild-type p53 and, therefore, was predicted that the high levels
of p53 seen in clinical samples were most likely the consequence of p53 mutation. It
was then concluded that the introduction of mutant p53 might permit cells to tolerate
high levels of MDM2 (Figure 5.1.3b). In section 5.1.4, it was shown that a dominant
negative p53 mutant could compromise exogenous p53 in H I299 cells. Therefore,
introducing DNp53 into UOK 117 cells might represent the intermediate prognosis
cell line in the proposed tumour progression model (figure 5.1.3b). To stably express
DNp53, UOK117 cells were transfected (in tandem with transfections of pCEP4 control and pCEP4p53 for comparison) (see section 2.1.21) followed by the selection
in hygromycin B. Stable clones were selected and maintained in long-term culture
(see section 2.1.3.1) prior to testing for p53 steady state level and for inhibition of
endogenous p53 function (as expected for the dominant negative p53 mutant). The
successful expression of DNp53 and pCEP4 in UOK 117 represents the first stage of
our experimental method of tumour progression in renal cell carcinoma

(figure

5.1.5).

The transfection of DNp53 (pCEP4 p53 175 His) pCEP4p53 and pCEP4 in UOK 117
cells was performed as described in figure 5.1.5.

Colony formation assays and

production of stable clones from the resulting colonies were produced (see section
5.1.2.2). (Note: twenty hours after UOK 117 transfections, cells were sub-cultured to
facilitate colony assay formation and stable clone selection from the same
transfection.) Twenty-four hours after sub-culture antibiotic selection in hygromycin
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B was commenced (see section 5.1.2.2). Twelve days after transfection, colonies
were visible and staining was performed (Figure 5.1.8a). Selection of individual
clones was also performed and the stable levels of p53 and actin (loading control)
proteins were shown by western blot (figure 5.1.8a).

Figure 5.1.6a

Colony formation assay and western blot o f UOK 117 cells after

transfection with dominant negative mutant p53 (DNp53), p53 (pCEP4p53) and
empty vector control (pCEP4).
Colony assay formation is on the right side whereas western blotting from stable cell
lines on the left. Untransfected UOK 117 (labelled 117) is included fo r comparison o f
the p53 levels shown. Transfection o f lOpg o f plasmid DNA in 56cm2 culture dish
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w ith c ells a t 70% co n flu en cy . T ra n sfe c te d c e lls w e re s u b -c u ltu r e d a t a 1 to 6 ra tio
a fte r 2 4 h o u rs. A n tib io tic se le c tio n c o m m e n c e d a fte r 4 8 hours. C o lo n ie s w e re s ta in e d
w ith G ie m sa a fte r 1 6 d a ys p o s t tra n sfec tio n . 5 0 jug o f to ta l c e ll lin e p r o te in w a s
loaded.

p 5 3 a n d (3 a c tin le v e ls a re sh o w n a s la b elled . T he fo l lo w in g p r im a r y

a n tib o d ie s w e r e u sed : a n ti p 5 3 a b -6 (1 p g /m l, a n d f3 a c tin c-2 (3p g /m l),w ith se c o n d a ry
a n tib o d ie s (a s p e r s e c tio n 2.1.7).

The results above (see figure 5.1.6a) show the differences between UOK 117 stably
transfected with plasmids encoding wild type p53, dominant negative p53 mutant and
control plasmids. The colony assay shows, as was previously demonstrated in section
5.1.2.2, that there was a marked difference in the number and size of colonies between
the expression of wild type p53 and control plasmid. UOK 117 cells readily tolerated
the control expression plasmid and many colonies were seen, but, as indicated in
figure 5.1.2.2, few colonies were present following transfection with a plasmid
expressing wild type p53. Interestingly, there were many more colonies following
transfection with a dominant negative mutant p53 in UOK 117 cells than when wild
p53 was transfected. It is hardly surprising that over-expression of wild type p53
appears to be relatively lethal in renal cell carcinoma cells and that the dominant
negative p53 mutant was not (Figure 5.1.6a). There was no clear difference in the
number of colonies following DNp53 transfection and control transfection, but it is
noteworthy that there were probably a larger number of clones when UOK 117 cells
were transfected with DNp53 compared with empty vector control. In any event,
there was no growth disadvantage following transfection with dominant negative p53.
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It should also be noted when these lysates were tested for the presence of MDM2
protein, only very low levels where detected. The level of MDM2 protein was no
different than in the parental clone UOK 117.

In long-term culture, the clones transfected with DNp53 continued to express p53
protein at a high level (figure 5.1.6a). In this analysis high-level expression of p53
was observed following DNp53 transfection in 9 out of 11 of the clones.

An

intermediate level of p53 was prevalent in 1 out of 11 (clone 2) and low level p53
protein in one (clone 4). It is to be noted that clone 4 was under-loaded (see P actin
level), but even after allowing for this the p53 signal appeared to remain relatively
low. To confirm that the high levels of dominant negative mutant p53 seen in these
clones (figure 5.1.6a) were causing a reduction in endogenous wild type p53 function,
a luciferase reporter assay was performed.

To assess the p53 function in the stable cell lines of the UOK 117 DNp53 clones, the
clones were transfected with p53 luciferase reporter and then a luciferase assay was
performed (see section 2.1.24). Untransfected UOK 117, UOK 117 DNp53 clones 13, UOK 117 DNp53 clone 4 (low level p53 protein detected on western blot), UOK
117 pCEP4 p53 clone 6 (was also selected as the single p53 wild-type clone
expressing high levels of the protein on western blot) were selected for transfection.
These cells were transfected with P-Galactosidase and p53-luciferase reporter (see
section 2.1.21.1).

Twenty hours after transfection, the cells were harvested and

luciferase assays performed (see figure 5.1.6b).
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Figure 5.1.6b

E n d o g e n o u s p 5 3 a c tiv ity a s m e a s u re d b y lu c ife ra se a s s a y in U O K 1 1 7

D N p 5 3 clo n es.
U n tra n sfe c te d U O K 1 1 7 (la b e lle d 117), U O K 1 1 7 d o m in a n t n e g a tiv e p 5 3 m u ta n t
clo n es 1 -3 (la b e lle d D N c lo n e 1-3), U O K 1 1 7 w ild typ e p 5 3 c lo n e 4 (lo w le v e l p 5 3 on
w este rn b lo t a n d la b e lle d p 5 3 c lo n e 4) a n d U O K 1 1 7 w ild typ e p 5 3 c lo n e 6 (the sin g le
w ild typ e c lo n e e x p r e s s in g h ig h le v e ls o f p r o te in o n w e ste rn b lo t a n d la b e lle d p 5 3
clo n e 6) a re in c lu d ed .

V a lu es r e p re se n t the m e a n o f trip lic a te r e a d in g s a n d th e e rro r

b a rs r e p r e s e n t the s ta n d e rro r o f the m ean.

T he c o lu m n s m a r k e d w ith * a n d s h a d e d

in p a le g r e y w e re p e r fo r m e d o n a se p a ra te o c c a sio n to th o se m a r k e d in d a r k grey,
w h ic h w e re p e r fo r m e d a t the sa m e tim e.
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In UOK DNp53 clones 1, 2 and 3 endogenous p53 activity was approximately
reduced by 75%, as measured by luciferase assay. The reduction in p53 activity was
comparable to the decrease demonstrated in H1299 cells (figure 5.1.4). UOK 117
DNp53 clone 4, despite being cloned to express DNp53, displayed identical levels of
luciferase activity to the parental cell line in UOK 117 cells. The activity of p53 was
doubled in UOK 117p53 clone 6. The increase in p53 transcriptional activity detected
in UOK 117p53 clone 6 was coincident with this clone expressing raised levels of p53
protein as observed by western blotting (see 5.1.6b). It is remarkable to note that
high-level functional p53 was observed, as this had not been demonstrated previously.

In conclusion, the dominant negative p53 mutant, p53 175 His, was successfully
transfected into UOK 117 cells and this caused no growth disadvantage. In UOK 117
cells, p53 175 His compromised the wild type p53 function, as demonstrated by a
decrease in luciferase reporter activity. In only one of the 11 UOK 117 DNp53 clones
(clone 4) was there no evidence of increased p53 expression by western blot. The
same clone (UOK 117 DNp53 clone 4) also displayed no decrease in p53 activity as
determined by luciferase assay. These observations combined support the conclusion
that this clone either does not express the dominant negative p53 mutant or does so at
relatively low levels.

For unknown reasons, UOK 117 pCEP4 p53 clone 6

spontaneously displayed increased p53 expression by western blot and upon
functional analysis the p53 protein was active and produced an increase in relative
light units detected by luciferase assay. This may reflect an inherent potential of renal
cell carcinoma cells to acquire raised levels of wild type p53 and that, although the
high levels of p53 observed in clinical samples is presumed mutant, no genotyping
study of a renal cell carcinoma tumour has been performed.
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5.1.7

MDM2 expression in UOK 117 cells expressing the dominant negative

p53 mutant

If the proposed model of tumour progression in renal cell carcinoma were correct then
cells that acquired high levels of p53 protein resulting in loss of p53 function should
be able to tolerate the high-level MDM2 protein more effectively. High-level of p53
was found in 10 of the UOK 117 DNp53 clones in long-term culture. The dominant
negative p53 mutant was functional (inhibited endogenous p53 activity) in the three
DNp53 clones in which it was examined (section 5.1.6).

High-level of p53 protein

was not found in any of the control UOK 117 pCEP4 clones, although increased p53
protein was observed in one UOK117 clone transfected with wild type p53 (section
5.1.6). The production of a panel of UOK 117 derivative clones that express DNp53
enabled the next stage of the evaluation of our proposed model of tumour progression
(figure 5.1.5).

The next step was to transfect the UOK 117 DNp53 clones (and

controls, i.e. UOK 117 pCEP4) with MDM2 (and control, i.e. pCMVneobam).

In figure 5.1.6a western blot data for 28 individual stable cell lines are shown and
clear gene specific differences are apparent. For the second stage of the experimental
plan (figure 5.1.5) it was important to make multiple clones of each of the cell line
derivatives. All clones for each stage were made under the same conditions and at the
same time. There is, of course a limit to the number of clones that can be handled by
any individual. Consequently, the experiment was planned to involve four conditions
in triplicate leading to the production of 120 stable cell lines from the initial selection
of 240 clones after colony formation (see figure 5.1.7).
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Table 5.1.7

E x p e rim e n ta l d e sig n f o r te stin g to le ra n c e o f M D M 2 b y U O K 1 1 7

D N p 5 3 c e ll lin e d eriva tive .
F o r e a c h e x p e r im e n t a to ta l o f 10 c lo n e s w e re to be g e n e r a te d a n d th e n o m e n c la tu re
u se d is sh o w n .

T he c e ll lin e s a n tic ip a te d to r e p re se n t th e p o o r p r o g n o s is g roup,

a c c o r d in g to o u r p r o p o s e d tu m o u r p r o g re ss io n m o d e l (se c tio n 5 .1 .5 ) a re sh o w n
em b o ld en . C F A

= c o lo n y fo r m a tio n

assay.

+pC M V

+ p C M V neobam

UOK 117
Clone

hM D M 2

CFA

Clones labelling

CFA

clones

p C E P c lo n e 1

Yes

pCEP4:pCMVneobam
1.1-1.10

Yes

pCEP4:pCMVhMDM2
1.1-1.10

p C E P c lo n e 2

Yes

pCEP4 :pCMVneobam
2.1-2.10

Yes

pCEP4 :pCMVhMDM2
2.1-2.10

p C E P c lo n e 3

Yes

pCEP4:pCMVneobam
3.1-3.10

Yes

pCEP4:pCMVhMDM2
3.1-3.10

D N p 5 3 c lo n e 1

Yes

DNp5 3 :pCMVneobam
1.1-1.10

Yes

DNp53:pCMVhMDM2
1.1-1.10

D N p 5 3 c lo n e 2

Yes

DNp53:pCMVneobam
2.1-2.10

Yes

DNp53:pCMVhMDM2
2.1-2.10

D N p 5 3 c lo n e 3

Yes

DNp5 3 :pCMVneobam
3.1-3.10

Yes

DNp53:pCMVhMDM2
3.1-3.10

pCEP4 clones (1-3) and pCEP4:DNp53 clones (1-3) were grown in hygromycin B
selection and transfected with either pCMVneobam (backbone vector control) or
pCMVneohMDM2 (human MDM2 gene). Twenty-four hours following transfection
UOK 117 clones were sub-cultured. Twenty-four hours following being sub-cultured,
the second antibiotic selection was started using G418, at a concentration of 800pg/ml
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(see table 5.1.2), which was added to the culture media containing hygromycin B (see
figure 5.1.5). Colony formation assays were completed and cells were fixed and
stained 12 days following transfection (section 2.1.27). An initial selection of 240
individual clones was also performed from the 4 triplicate transfections.

Fresh

antibiotics were added along with fresh media every two days. The fastest growing
and ‘healthier’ 10 clones from each series were expanded to produce stable cell lines.
A total of 118 clones were successfully established and grown in long term culture
(section 5.1.10).
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Clone
3
pC EP4+
pCMVneobam
pCEP4+
pCMVhMDM2

Clone

r
DNp53 +
pCMVneobam
DNp53 +
pCMVhMDM2

Figure 5.1.7

Colony formation assay o f UOK 117DNp53 clones transfected with

MDM2 and control.
The results represent stage two o f the experimental examination o f the tumour
progression model fo r renal cell carcinoma (Figure 5.17). Plasmid transfections o f
pCMVhMDM2 or control (pCMVneobam) into UOK 117 derivatives were stably
expressing pCEP4 p53 175 His (DNp53) or control (pCEP4) as shown. Transfection
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o f 10/ug o f p la s m id D N A into a 5 6 c m 2 cu ltu re d ish w ith c e lls a t 70% c o n flu e n c y w a s
p e r fo r m e d . T r a n sfe c te d c e lls w e re su b c u ltu r e d a t a 1 to 6 r a tio a fte r 2 4 hours.
A n tib io tic s e le c tio n c o m m e n c e d a t 4 8 hours. C o lo n y fo r m a tio n a s s a y w a s p e r fo r m e d
12 d a y s p o s t tra n sfe c tio n .

UOK 117 pCEP4 clones transfected with pCVMhMDM2 demonstrated far fewer and
smaller size colonies than were seen in UOK 117 pCEP4 clones transfected with
pCMVneobam (upper plates compared with lower plates in upper section of figure
5.1.7).

Therefore as in the initial studies (section 5.1.2.2), MDM2 was again

apparently not readily tolerated in renal cell carcinoma cell.

MDM2 transfection into the UOK 117 DNp53 clone 1 (lower section of figure 5.1.7)
produced an equal number and size of colonies which was seen when compared with
UOK 117 DNp53 clone 1 transfected with pCMVneobam.

In UOK 117 DNp53

clones 2 and 3, there was a slight decrease in the number of colonies following
MDM2 transfection when comparing to the control (pCMVneobam). The decrease in
colonies when MDM2 was introduced was however far less than when cells did not
express DNp53, but the control empty vector pCEP4 (upper section of figure 5.1.7).

In conclusion, it appears that the results shown in figure 5.1.7 were compatible with
the prediction that high levels of a dominant negative mutant p53 would render renal
cell carcinoma cells more tolerant of raised levels of MDM2.
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5.1.8

Generation of UOK 117 pCEP4 and DNp53 clones expressing

pCMVhMDM2 and pCMVneobam, and demonstration of MDM2 and p53
protein in these clones

Whilst one part of the transfections described as in the previous section was used to
produce the colony formation assay (figure 5.1.7), an aliquot was sub-cultured to
allow selection of individual clones to produce stable lines for analysis from the
twelve genotypes. One hundred and eighteen stable cell lines were produced through
clonal selection from the 12 experimental conditions (table 5.1.7). Two hundred and
forty clones, 20 from each transfection, were initially selected and the first 10
(healthier, faster growing cells) from each group were selected for propagation. Each
of the 118 clones that survived in long-term culture was examined for protein
expression (p53, MDM2 and loading control P actin) and the relative protein levels of
each of these proteins were tested by western blot.

Figures 5.1.2.3 and 5.1.6b

demonstrated, in long-term culture, despite selection pressure, cells do not always
continue to express the protein encoded for from the plasmid transfected. It was,
therefore, important to establish if DNp53 and MDM2 were actually expressed in the
stable cell lines from the clones.

If the predicted genotypes/phenotype correlations were observed - i.e., high level p53
and MDM2 in the UOK 117 DNp53 pCMVhMDM2, high level p53 and low level
MDM2 in the UOK 117 DNp53 pCMVneobam - low level p53 and MDM2 in the
UOK 117 pCEP4 pCMVneobam, then the representative cell derivatives for each of
the clinically described prognostic groups of the tumour progression model (poor,
intermediate, good) could have been generated (figure 5.1.5). Total protein from each

223

clone was analysed by western blot. In addition to the protein from each individual
clone, the protein from the mixed pool of cells was also analysed by western blot
(protein was harvested 48 hours after the initial 12 transfections) (table 5.1.7). The
protein from the mixed pool represented the transient expression of MDM2 and p53
for comparison to the protein levels after long-term culture. Long-term culture was
between 36 and 54 days. The time interval, ranging from 36 to 54 days, was the
period of time required for around 9-10 passages for each stable cell line, at which
point frozen stocks were also produced (see section 2.1.4.1), together with sufficient
cells to permit cells to be harvested from protein extraction and analysis. The western
blot results for all 118 clones are demonstrated in figure 5.1.8a and b.

Figures 5.1.8a and b

p 5 3 a n d M D M 2 p r o te in le v e ls d e te r m in e d b y w e ste rn b lo t o f

the 118 c e ll lin e s p r o d u c e d f r o m the c lo n a l s e le c tio n f o r U O K 1 1 7 p C E P 4 a n d p C E P 4
175 H is (D N p 5 3 ) c lo n e s tr a n s fe c te d a n d s e le c te d to e x p r e s s p C M V n e o b a m

or

p C M V h M D M 2 in lo n g -te r m cu ltu re.
L a b e llin g is a s d e s c r ib e d ta b le 5.1.7. A ll c e lls d e r iv e d fr o m th e U O K 1 1 7 r e n a l c e ll
c a rc in o m a c e ll line. T he f i r s t n u m b e r o f the c lo n e id e n tifie s th e p C E P 4 o r p C E P 4 175
H is (D N p 5 3 ) clo n e, f r o m w h ic h it w a s d erived.

T he s e c o n d n u m b e r r e la te s to eith e r

p C M V h M D M 2 o r p C M V n e o b a m tra n sfe c tio n a s sh o w n .

‘M i x e d ’ re la te s to the

tra n sie n t p r o te in le v e ls in th e m ix e d p o o l o f c e lls 4 8 h o u r s a fte r tra n sfe c tio n o f
pC M V neobam or pC M V hM D M 2.

5 0 p g o f to ta l c e ll lin e p r o te in is loaded. M D M 2,

p 5 3 a n d (3 a c tin le v e ls a re s h o w n a s labelled. P r im a r y a n tib o d ie s u s e d a s fo llo w s :
A n ti-M D M 2 a b -1 (3 p g /m l), a n ti p 5 3 a b -6 (Ip g /m l), a n d (3 a c tin c-2 (3jug/ml), w ith
se c o n d a r y a n tib o d ie s (see s e c tio n 2.1.7).
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Figure 5.1.8a demonstrates the protein levels of p53 and MDM2 found in the pCEP4
clones transfected with pCMVneobam or pCMVhMDM2.

High-level of MDM2

protein was found in all series except for pCEP4pCMVneobam clone series 1. This is
in contrast with previous studies (see section 5.1.2.2) that showed UOK 117 to be
intolerant of over expression of MDM2. The proposed model for tumour progression
in renal cell carcinoma hypothesised that over expression of MDM2 could be
tolerated, if cells first acquired high levels of p53.

In the pCEP4 clones 25/57

demonstrated a high-level of MDM2 protein and in 14/25 a high-level of p53 protein
was detected. But contrary to the proposed model, 11/25 did not display a similar
increase in protein level.

Remarkably although p53 wild type UOK 117 pCEP4

clones were expected to express low-level p53 protein, in some cases (especially in
pCEP4pCMVhMDM2 clone 1 and 2 series) unusually high-levels of p53 protein were
detected. Levels this high are usually only associated with mutation.

Figure 5.1.8b demonstrates the protein levels of p53 and MDM2 found in the DNp53
clones transfected with pCMVneobam or pCMVhMDM2. High level of MDM2 was
found in all DNp53 series. Although not universal, high-level of MDM2 was usually
in the presence of high-level of p53 (35.6% of clones compared with 12.7%).
Noteworthy from these western blots (figures 5.1.8a and b) was the ability of cells
intolerant to MDM2 that were now able to express high-levels, this occurred both in
the presence and absence of pCMVhMDM2. Likewise, clones selected to stably
express the dominant negative p53 mutant should result in high-level of p53 protein
expression, as in previous experiments, were now actually expressed low levels of the
p53 protein.
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5.1.9

Analysis of the phenotype of the clones from the experimental model

of the hypothesised tumour progression model in renal cell carcinoma

The p53 and MDM2 protein levels in the stable clones (figures 5.1.8a and b) were
scored by two independent observers with respect to a status of either p53^MDM2^
(low p53 protein, low MDM2 protein), p53^MDM2t (low p53 protein, high MDM2
protein), p53ÎMDM2>l' (high p53 protein, low MDM2 protein) or p53ÎMDM2Î
(high p53 protein, high MDM2 protein). The levels were compared to the protein
levels in the control ‘mixed pool’ transient transfection. Differences in scoring (less
than 10% of samples were scored differently) were resolved by simultaneous
examination by both scorers to achieve a consensus - as has been done previously for
immunohistochemical analysis (Jones et al., 2004). This phenotype of each clone can
be seen in table 5.1.9. This was a rough representation of the phenotype with only
high or low protein levels as a possible outcome.

In reality, the protein levels

produced in these cells represent a spectrum of protein levels. This spectrum could
theoretically be measured by densitometry of the western blot protein bands of all
118-cell lines. Densitometry, in this case, would have been difficult to standardise, as
figures 5.1.8a and b were the accumulative results of 16 separate western blots, which
were run in blocks of 8 western blots over two consecutive days.
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Table 5.1.9a

The rough phenotype o f each o f the 118 stable cell lines produced from

the experimental model o f a tumour progression model for renal cell carcinoma.
T he p 5 3 a n d M D M 2 p r o te in le v e ls in th e sta b le c lo n e s (fig u re s 5 .1 .8 a a n d b) w ere
s c o r e d b y tw o in d e p e n d e n t o b se rv e rs w ith re s p e c t to a s ta tu s o f e ith e r p 5 3 •IM D M 2J(low p 5 3 p r o te in , lo w M D M 2 p ro te in ), p 5 3 -IM D M 2

T (lo w p 5 3

p r o te in , h ig h M D M 2

p ro te in ), p 5 3 tM D M 2 -i (h ig h p 5 3 p ro te in , lo w M D M 2 p r o te in ) o r p 5 3 ÎM D M 2
p 5 3 p r o te in , h ig h M D M 2 p ro te in ).

C o m p a riso n w a s m a d e to th e

tr a n s ie n t tr a n s fe c tio n o f c o n tro l p la sm id s.

T (h ig h

‘m ix e d p o o l ’

D iffe re n c e s in s c o r in g (less th a n 1 0 % o f

s a m p le s w e re s c o r e d d iffe re n tly ) w e re r e s o lv e d b y s im u lta n e o u s e x a m in a tio n b y b o th
s c o r e r s to a c h ie v e a c o n se n su s - e s s e n tia lly a s h a s b e e n d o n e p r e v io u s ly f o r
im m u n o h is to c h e m ic a l a n a ly sis (Jo n es L et a l , 2004).
a s d e s c r ib e d in ta b le 5.1.7.
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U O K 1 1 7 c lo n e s a re la b e lle d

pCEP4:
pCMVneobam
1.1 p53iMDM24
1.2 p53iMDM2i
1.3 p53iMDM2l
1.4 p53iMDM2l
1.5 p53iMDM2i
1.6 p53iMDM2i
1.7 p53J-MDM2l
1.8 p53iMDM241.9 p53iMDM2l
1.10 p53iMDM2i

pCEP4:
pCMVhMDM2
p 5 3 ÎM D M 2 i
1.1
p53ÎM D M 24
1.2
p
5 3 ÎM D M 2 Î
1.3
p53ÎMDM2>l
1.4
p53ÎM D M 24
1.5
p 53 tM D M 2t
1.6
p 53 tM D M 2t
1.7
p53lMDM24
1.8
p 5 3 iM D M 2 Î
1.9
1.10 p53iMDM2i

DNp53:
pCMVneobam
p 5 3 ÎM D M 2 Î
1.1
p 5 3 ÎM D M 2 Î
1.2
p 5 3 tM D M 2 l
1.3
p 5 3 ÎM D M 2 i
1.4
p 5 3 ÎM D M 2 i
1.5
p53tMDM2'L
1.6
p 5 3 ÎM D M 2 l
1.7
p53 tM D M 2t
1.8
p 5 3 ÎM D M 2 i
1.9
1.10 p 5 3 ÎM D M 2 l

DNp53
:pCMVhMDM2
p 5 3 ÎM D M 2 l
1.1
p 5 3 ÎM D M 2 l
1.2
p
5 3 ÎM D M 2 Î
1.3
P 5 3 ÎM D M 2 Î
1.4
p 5 3 ÎM D M 2 l
1.5
p53ÎM D M 2^
1.6
p 5 3 ÎM D M 2 Î
1.7
p 5 3 ÎM D M 2 l
1.8
p 5 3 ÎM D M 2 i
1.9
1.10 p 5 3 ÎM D M 2 l

2.1 p 5 3 ÎM D M 2 t
2.2 p 5 3 iM D M 2 t
2.3 p53iMDM2i
2.4 p534MDM2i
2.5 p53lMDM2i
2.6 p53^M DM 2t
2.7 p 5 3 lM D M 2 t
2.8 p53iMDM2l
2.9 p53iMDM2i
2.10 p 5 3 lM D M 2 t

2.1
2.2
2.3
2.4
2.5
2.6
2.7
2.8
2.9
2.10

2.1
2.2
2.3
2.4
2.5
2.6
2.7
2.8
2.9
2.10

2.1
2.2
2.3
2.4
2.5
2.6
2.7
2.8
2.9
2.10

3.1
3.2
3.3
3.4
3.5

3.1
3.2
3.3
3.4
3.5
3.6
3.7
3.8
3.9
3.10

3.7
3.8

p53 tM D M 2t
p 53 tM D M 2t

p53lMDM24
p53iMDM2i
p534-MDM2i
p53lMDM2l
p 5 3 ÎM D M 2 Î

p 5 3 ÎM D M 2 t
p 5 3 ÎM D M 2 Î
p 5 3 ÎM D M 2 Î
p53ÎMDM2-l
p 5 3 ÎM D M 2 Î
p 5 3 ÎM D M 2 i
p 5 3 ÎM D M 2 l
p 5 3 ÎM D M 2 Î
p 5 3 ÎM D M 2 Î
p 5 3 lM D M 2 Î
p 5 3 tM D M 2t
p 5 3 lM D M 2 t

p53iMDM2l
p53iMDM2i
p53iMDM2l
p53^M DM 2t

p53iMDM2i
p534'M DM 2Î
p 53 tM D M 2t
p 5 3 iM D M 2 t

pCEP4:pCMVneobam
phenotyr»e totals

pCEP4:pCMVhMDM2
phenotype totals

p53lMDM2l
19
p 5 3 lM D M 2 t
5
p 5 3 ÎM D M 2 i
0
p 5 3 ÎM D M 2 Î
4
TOTALS
33

6
6
7
10

p53iMDM2i

p 5 3 ÎM D M 2 l
p 5 3 ÎM D M 2 t

p 5 3 ÎM D M 2 Î
p 5 3 ÎM D M 2 Î

p53iMDM2i
p 5 3 ÎM D M 2 l
p 5 3 ÎM D M 2 i
p 5 3 ÎM D M 2 l
p 5 3 ÎM D M 2 l

p53lMDM2i
p 5 3 ÎM D M 2 l

p53lMDM2l
p53iMDM2i
p 5 3 ÎM D M 2 Î
p 5 3 ÎM D M 2 Î
p 5 3 ÎM D M 2 Î
p 5 3 ÎM D M 2 Î

p53iMDM2l
p 5 3 ÎM D M 2 Î

p53lMDM2i
p 5 3 ÎM D M 2 t

DNp53:pCMVneobam
phenotype totals

p53lMDM2i
p 5 3 iM D M 2 t

3.1
3.2
3.3
3.4
3.5
3.6
3.7
3.8
3.9
3.10

p 5 3 ÎM D M 2 Î

6
0
12
12

p53lMDM2i
p 5 3 lM D M 2 Î
p 5 3 ÎM D M 2 l
p 5 3 ÎM D M 2 Î

3.1
3.2
3.3
3.4
3.5
3.6
3.7
3.8
3.9
3.10
3.11

p534'M DM 2Î
p 5 3 ÎM D M 2 Î
p 5 3 tM D M 2 Î
p 5 3 ÎM D M 2 Î
p 5 3 ÎM D M 2 Î
p 5 3 lM D M 2 Î

p53iMDM2l
p53^M DM 2t
p 5 3 ÎM D M 2 i
p 5 3 ÎM D M 2 Î
p 5 3 ÎM D M 2 Î
p 5 3 fM D M 2 Î
p 5 3 ÎM D M 2 t
p 5 3 ÎM D M 2 Î
p 5 3 ÎM D M 2 Î
p 5 3 ÎM D M 2 Î
p 5 3 ÎM D M 2 Î
p 5 3 ÎM D M 2 l

p53lMDM2i
p 5 3 ÎM D M 2 Î
p 5 3 lM D M 2 t

DNp53:pCMVhMDM2
phenotype totals

2
4
9
16

p53iMDM2i
p53^M DM 2t
p53 ÎM D M 2 'l
p 5 3 ÎM D M 2 Î

15

28

42

p53^M DM 2t

p 5 3 ÎM D M 2 l

p 5 3 ÎM D M 2 t
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The proposed tumour progression model for renal cell carcinoma (summarised in
figures 5.1.3b and 5.1.5) suggest that high-level p53 protein (presumed mutation of
p53) and over-expression of MDM2 protein in a renal cell carcinoma cell line with an
abnormality of the VHL gene - i.e., UOK 117 stably expressing pCEP4 p53 175 His
and pCVMhMDM2 - resulted in a cell line with the phenotype associated with the
worst prognosis. When the experimental model was investigated, a high-level of p53
and MDM2 was observed in the experimental and control arms, i.e. when pCEP4 p53
175 His or pCMVhMDM2 were not transfected (figures 5.1.8 a and b). The only
exception was in the UOK 117 pCEP4pCMVneobam clone 1 series where high-level
of neither MDM2 nor p53 protein was detected.

The experimental model attempted to select for the expression of MDM2 and/or
dominant negative p53 by the associated transcription of antibiotic resistance genes in
potentially toxic (i.e. in the absence of a transfected resistance gene) selection agents.
Yet, under conditions favouring MDM2 and DNp53 protein expression all phenotypes
were demonstrated (low p53 protein - low MDM2 protein, low p53 protein - high
MDM2 protein, high p53 protein - low MDM2 protein and high p53 protein - high
MDM2 protein).

It is the potential to change and adapt that characterises cancer (Hanahan and
Weinberg, 2000).

Therefore it is remarkable that the clinically worst prognosis

phenotype (Haitel et al., 2000) was demonstrated in cells not directly selected to do so
(i.e. CEP4:pCMVneobam 2.1, 3.1, 3.2 and 3.8). Furthermore, throughout the entire
set of 118 clones there was a significant correlation between high level of p53 and
high level of MDM2 (x2 (i) = 9.425, p= >0.01, table 5.1.9b). However the association
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between MDM2 and p53 expression was not statistically significant in the DNp53
transfected cells (x2 (i> = 2.191, p= 0.20, table 5.1.9c). The lack of significance in the
DNp53 transfected cells was likely to be due to the high number of DNp53 clones that
exhibit a high level of p53 protein but low concerning MDM2. This possibly suggests
that high level of p53 was not directly causing high levels of MDM2 expression,
although it does appear to increase the likelihood of cells acquiring raised levels of
MDM2.

Table 5.1.9b

p 5 3 a n d M D M 2 e x p re ssio n in the en tire p o o l o f U O K 1 1 7 1 1 8 clones.

p 5 3 a n d M D M 2 h ig h o r lo w p r o te in e x p r e ssio n s a s d e fin e d in ta b le 5.1.9a.

MDM2 low

MDM2 high

Total

p53 low

33

15

48

p53 high

28

42

70

Total

61

57

118

Degrees of freedom: 1
Chi-square = 9.425237277351165
P is less than or equal to 0.01
The distribution was significant.
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Table 5.1.9c

p 5 3 a n d M D M 2 e x p re ssio n in U O K 1 1 7 D N p 5 3 clones.

p 5 3 a n d M D M 2 h ig h o r lo w p r o te in e x p r e ssio n a s d e fin e d in ta b le 5 .1.9a.

MDM2 low

MDM2 high

Total

p53 low

8

21

29

p53 high

4

28

32

Total

12

49

61

Degrees of freedom: 1
Chi-square = 2.191
For significance at the 0.05 level, chi-square should be greater than or equal to 3.84.
P is less than or equal to 0.20.
The distribution was not significant.

Table 5.1.9d

p 5 3 a n d M D M 2 e x p re ssio n in U O K 1 1 7 p C E P 4 clones.

p 5 3 a n d M D M 2 h ig h o r lo w p r o te in e x p re ssio n a s d e fin e d in ta b le 5.1.9a.

MDM2 low

MDM2 high

Total

p53 low

25

7

32

p53 high

11

14

25

Total

36

21

57

Degrees of freedom: 1
Chi-square = 7.0240625
P is less than or equal to 0.01
The distribution was significant.

In conclusion, regardless of the plasmids transfected under these ‘stressful’
conditions, the renal cell carcinoma UOK 117 clones, in dual antibiotic selection
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produced all predicted phenotypes. It was remarkable that high levels of MDM2 and
p53 protein occurred spontaneously, allowing continued growth of the clonal
population. It is the phenotype of high level of p53 protein and MDM2 protein over
expression in clinical samples that correlates with the poorest prognosis (Haitel et al.,
2000). The significant association between p53 and MDM2 throughout the clonal
series may suggest a selective growth advantage conferred by up-regulation of both
p53 and MDM2.
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5.1.10

Summary of the results in chapter 5

The aim of the studies in this chapter was to propose and produce a tumour
progression model for renal cell carcinoma. Through a series of experiments and data
from the literature a logical model for renal cell carcinoma progression, from a good
to a poor prognosis phenotype with respect to VHL, p53 mutation and MDM2 over
expression, was hypothesised. In an attempt to recapitulate the stages of tumour
progression, the manipulation of protein expression in a renal cell carcinoma cell line
was performed.

Initially, the renal cell carcinoma cell line UOK 117 did not seem to tolerate
exogenous expression of wild-type p53 (figure 5.1.6a) or MDM2 (figure 3.2.2). If
was originally predicted, that high levels of wild type p53 would mediate apoptosis or
growth arrest (section 1.4.1) and, similarly, high levels of MDM2 expression is
frequently lethal to cells (Brown et al., 1998). However, in renal tumour samples and
in renal cell carcinoma cell lines tested (see figures 3.1.3 and 3.2.1), high levels of
p53 and MDM2 protein were observed, Haitel et al., (2000) examined 97 renal cell
carcinomas. They found high levels of p53 (likely to be indicative of mutation) and
MDM2 protein in 39 of the tumours examined with only 14 expressing high levels of
both. Two important conclusions were drawn from Haitel and colleagues data: firstly,
renal tumours expressing high levels of both p53 and MDM2 were significantly
associated with poor prognosis (p=0.00179) and, secondly, the high levels of p53 and
MDM2 were co-selected by the tumours (see table 1.8). This, in conjunction with
VHL abnormality, is a common occurrence in renal cell carcinoma (Shuin et al.,
1994; Gnarra et al., 1994) and could indicate that in the progression of renal cell
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carcinoma first cells lose normal VHL function then acquire a high level of p53
(usually indicative of p53 mutation), and once the cell has both of these lesions it
tolerates MDM2 over expression (section 5.1.3). From the survival data in Haitel et
al., (2000) tumours were categorised into three prognostic groups according to
survival: good (VHL mutation alone), intermediate (loss of p53 function with VHL
mutation) and poor (over expression of MDM2 with loss of p53 function and VHL
mutation). On average, the good prognosis group had a progression free survival
greater than 5 years, the progression free survival rate for the immediate 2 years and
the poor was just 0.8 months. Thus, in section 5.1.3 and, schematically shown in
figures 5.1.3a and b, a hypothesis for a tumour progression model in renal cell
carcinoma (c.f. Vogelstein 1991), is described.

A dominant negative p53 mutant when transfected with UOK 117 cells (VHL mutant,
Angland et al., 1992) showed a high level of p53 expression without any deleterious
effects on growth rate (figure 5.1.6a). The dominant negative p53 mutant was stably
cloned into UOK 117 and in long term culture, and the resulting clones continued to
express the mutant p53 protein (figure 5.1.6a) which, when tested exhibited dominant
negative inhibition of endogenous wild-type p53 activity (figure 5.1.6b). Thus, we
demonstrated the successful recapitulation of a renal cell carcinoma cell line
hypothesis to represent ‘intermediate’ prognosis in renal cell carcinoma.

According to the proposed hypothesis of tumour progression in renal cell carcinoma
(figure 5.1.3b), the ‘intermediate’ prognosis renal cell carcinoma cell line (abnormal
VHL and mutated p53) would now be rendered tolerant of MDM2 over-expression.
To demonstrate MDM2 over expression in a renal cell, now harbouring mutant p53

236

(the ‘intermediate’ prognosis cell) cloned from a VHL mutant parental line (the
‘good’ prognosis cell), would represent the three stages through which a renal cell
evolves in the hypothesised tumour progression model. Figure 5.1.4 schematically
shows the experiment that was performed to demonstrate the three stages of the
tumour progression model and to examine if it was p53 mutation that rendered renal
cells tolerant to MDM2 over expression.

The MDM2 gene or a control (pCMVhMDM2 or pCMVneobam respectively) was
introduced into both UOK 117 DNp53 clones and UOK 117 pCEP4 clones (control)
by transfection (see figure 5.1.4). The initial results observed in the resulting colony
formation assay (figure 5.1.7) suggested that renal cells could now be tolerating high
levels of MDM2. When a comparison was made between UOK 117 pCEP4 clones
(wild type p53) and UOK 117 DNp53 clones (mutant p53), a distinct difference was
observed. That is, in the colony formation assay cells without the p53 mutant (UOK
117 pCEP4 clones) transfected with MDM2 demonstrated a decrease in colony
number and size compared with those transfected with the empty vector. On the other
hand, in the presence of the p53 mutant, no or little decrease was seen in colony size
and number after MDM2 transfection when compared to the empty vector.

To determine if high level of MDM2 was indeed being tolerated in renal cells because
of the presence of mutant p53 stable clones of UOK 117 DNp53 clones (and controls)
transfected with MDM2 (or control) maintained in selection (i.e. G418 and
hygromycin B) were expanded. The expansion of a single colony to produce a stable
cell line enabled protein extraction and identification of p53 and MDM2 levels in
these cells by immunoblotting. Protein was extracted from all 118 stable cell lines
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produced. When the protein from these cells was examined for the levels of p53 and
MDM2, the results were striking (figures 5.1.8a and b).

The cloned cell lines

demonstrated all four phenotypes that had been considered earlier (see figure 5.1.5)
with respect to p53 and MDM2, but, remarkably, the observed phenotype (i.e. protein
levels found by immunoblotting) was often contrary to the predicted phenotype
(based upon the gene which was carried by the expression plasmid that had been
transfected).

Cells, not transfected with DNp53 or MDM2 expressing plasmids,

expressed high levels of both proteins and, conversely, some clones selected to
express DNp53 and MDM2 (by transfection and antibiotic selection) failed to express
either at high levels.

In renal cell carcinoma high levels of p53 and MDM2 protein are not only associated
with a poor clinical outcome (Haitel et al., 2000; Zigeuner et ah, 2004) but also they
exhibit co-selection for increased expression of protein (discussed in section 1.8). It
is therefore noteworthy that in the 118 cell line clones, regardless of selection for a
p53 mutant (or control) and MDM2 over expression (or control), there was a
statistically significant relationship between high level of p53 and MDM2 (x (i) =
9.425, p= >0.01, table 5.1.9b). Thus, the experiments in Chapter 5 agree with the
observation that in renal cell carcinoma there is a clonal advantage to co-over
expression of high-level p53 and MDM2 protein, which is likely to be important in
the development of this type of tumour.
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Chapter 6
Discussion
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Chapter 6
6.1

Overview

Renal cell carcinoma is the most common form of kidney cancer (70-80% of all
cases), accounting for over 3,600 deaths in the UK per year and the incidence of the
disease is increasing (section 1.1.1). Renal cell carcinoma is characterised by its lack
of symptoms, which are usually indicative of metastatic disease (section 1.1.5).
Around half of patients are only diagnosed incidentally when undergoing imaging
(USS, CT and MRI scan) for complaints unrelated to renal cancer. In reality, long
term survival from renal cell carcinoma is only achieved through complete surgical
excision (section 1.1.7).

Tumour stage and grade in combination with patient

specifics (age, general health performance) remain the only source of reliable
prognostic information (section 1.1.6).

The importance of p53 inactivation in renal cell carcinoma has been the subject of
conflicting observations (section 1.2.4, 1.7.1).

Much of the literature quotes

incidences (which vary widely) of p53 protein over expression detected by IHC
(without consensus on the definition of a p53 positive tumour, i.e. percentage of
positively stained cells) as the determinant of p53’s relevance in the disease (section
3.1.2). IHC, however, gives no information on either function or regulation of p53 in
the tumours tested.

MDM2 is a critical negative regulator of p53 and the co

expression of both p53 and MDM2 in malignancy is usually associated with poor
outcomes (reviewed by Onel and Cordon-Cardo, 2004). The association of p53 and
MDM2 in renal cell carcinoma has been shown to correlate with poor prognosis
(Haitel et al., 2000; Zigeuner et al., 2004) and, interestingly, there is evidence of co
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selection for the two proteins in renal cancer which suggests that one is required to
permit the other. Thus, it is possible that selection for one is necessary to acquire the
other (section 1.8).

6.2

Discussion of Chapter 3, p53 and MDM2 status in renal cell

carcinoma cell lines

Cell lines are a well established method of studying cellular pathways. In order to
study regulation and function of both p53 and MDM2 in renal cell carcinoma, renal
cell carcinoma cell lines were acquired and characterised.

The American Type

Culture Collection (ATCC) set of renal cell carcinoma cell lines (n=8) were purchased
and six further cell lines (of low passage number, i.e. UOK l l l p l 3 (passage 13),
115p22, 117pl5, 121pl5, 122pl7, 154p26) were established from primary tumours in
1993 (donated by Professor W.M. Linehan, NIH, USA - see Angland et al., 1992;
Reiter et ah, 1993).

A high level of p53 protein detected by immunoblotting is often used to indicate p53
mutation, but this can be an inaccurate method of inferring the p53 gene status of a
tumour or cell line (Greenblatt et ah, 1994). In examining p53 protein levels in renal
cell carcinoma cell lines, it was observed that the high level of p53 protein were only
associated with cells harbouring mutant p53, while wild type p53 cells demonstrated
intermediate/low levels of p53. However, in one p53 mutant cell line no p53 protein
was detected. Thus, the level of p53 protein in the panel of cell lines (too small a
sample to produce significance) could not be used to predict the genotype of the cell.
Furthermore, no standard definition exists for high or low p53 protein expression
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levels, as seen in IHC studies and in the analysis in table 3.2.3. The classification of
high/intermediate/low level of p53 protein is arbitrary compared to ‘normal’ (which
obviously varies depending upon many factors) or ‘control’ (e.g. U2-OS cell p53
protein levels in table 3.2.3).

The incidence of MDM2 protein levels in the panel of renal cell carcinoma cell lines
was examined. The level of MDM2 protein found in this panel of cell lines was
remarkably high. A wide variety of cell lines had previously been tested for MDM2
protein levels in our laboratory at the University of Liverpool and some of the panel
of renal cells expressed the highest levels of MDM2 protein ever detected by
members of the group. Certainly nine of the renal cell lines (64%) had higher levels
of MDM2 protein than U2-OS cells (figure 3.2.1), which is an osteosarcoma cell line
classically described as producing high levels of MDM2 protein (Florenes et al.,
1994).

MDM2 gene amplification has been demonstrated in tumours with high levels of the
protein. Yet, when Southern blotting was performed on DNA extracted from the
renal cells there was no evidence of amplification of the MDM2 gene. Therefore,
MDM2 mRNA levels were examined by northern blotting, but elevated MDM2
mRNA levels were only seen in 4 cases and this did not strongly correlate with the
cells expressing the highest MDM2 protein levels. However, wild type p53 activity at
the MDM2 P2 promoter, initiates the production of an mRNA transcript, which is
particularly efficiently translated, and could, in most p53 wild type renal cell lines
(but not all) explain the high levels of MDM2 protein observed. Moreover, high
levels of MDM2 protein were also demonstrated in 2 from 4 cell lines that were
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harbouring mutant p53 and, therefore, were unlikely to be capable of producing
MDM2 P2 promoter transcript.

The reason for the extraordinary high level of MDM2 protein in renal cell lines is still
unclear. It is, however, interesting that renal cell carcinoma cells selected by virtue of
proliferative growth advantage (i.e. a cell line) demonstrated high levels of MDM2
(see figure 3.2.1).
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6.3

Discussion of Chapter 4, regulation and function of p53 in renal cell

carcinoma

Normal p53 function is vital in the protection of the cell from damage (section 1.4.2).
Therefore, loss of p53 function is a critical event in tumour evolution.

In many

cancers there is compelling evidence that cells that can compromise p53 function have
a selective growth advantage (sections 1.7.1.1 —1.7.1.2). The interpretation of this
process in renal cell carcinoma is less clear. Gurova et al., (2004) suggested that as
p53 mutation is rare in renal cell carcinoma, p53 function was unusually inhibited in
this tumour by a novel dominant, MDM2/pl4ARF-independent mechanism.

This

would seem contrary to other evidence in the literature (discussed in sections 1.2.4.12, 1.8), which suggests that the over expression of p53 in renal cancer is common and
correlates with poor prognosis, thus likely to be important in tumour development.
Moreover, Haitel et al., (2000) concluded that p53 over expression was present in
36% of cases of clear cell renal cell carcinomas examined (n=97).

This, in

combination with MDM2 up-regulation, was an independent poor prognostic
indicator (p=0.00179). In an even larger study (n-246) of primary and metastatic
renal cell carcinoma, p53 expression was detected in 29.5% of cases (Zigeuner et al.,
2004), with a statistically significant difference in metastasis-free survival between
p53-positive and p53-negative renal cell carcinoma tumours (p= 0.0005). Linehan at
al., (1993) demonstrated actual p53 gene mutation in renal cell carcinoma cell lines
established from primary tumours and documented a 48% frequency of p53 mutation
and LOH. These studies together suggest that, as with other cancers (c.f. bladder
cancer and Lu et al., 2002), one effective way that renal tumours progress is through
mutation of p53. So in Chapter 4 the studies were designed to investigate this and
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clarify the function and regulation of p53 within renal cell carcinoma cell lines,
because a tumour that represses p53 function would gain no selective advantage from
p53 LOH or mutation.

Initially, ectopic p53 expression was shown to normally activate both exogenously
(p53 luciferase reporter construct transfection followed by luciferase assay, see table
4.1.2 and figures 4.1.2 a and b) and endogenously expressed p53 targets (endogenous
p2 ]WAFi/ciPi jnciuction detected in immunofluorescence experiments) in renal cell
carcinoma cell lines, regardless of endogenous p53 status.

These studies concluded

that p53 was capable of functioning normally in renal cells, however it was possible
that supraphysiological expression of p53 in these experiments could be saturating the
repressive p53 inhibitory mechanism (if present).

To further elaborate on the question as to whether a novel dominant, MDM2/pl4

-

independent mechanism, represses p53 a study of endogenous p53 activity was
performed in renal cells. This was achieved by using siRNA knock down of p53,
MDM2 and pl4ARF in renal cell carcinoma cell lines.

This was followed by

examining the effect of gene knock down on endogenous p53 by a reporter assay and
western blotting.

The results of siRNA gene knock down showed a normal p53

pathway function in renal cells containing wild type p53. Knock down of p53 mRNA
with siRNA decreased p53 protein level (figure 4.1.3d), reduced p53 transcriptional
activity (measured by a decrease in light levels in luciferase assay, see figure 4.1.3c)
and led to a fall in p21 WAF1/CIP1 protein levels (a p53 transcriptional target, figure
4.1.3d). Similarly, the knock down of MDM2 with siRNA led to an increase in p53
activity measured by p53 luciferase-reporter activity, indicating an elevation in p53

245

protein levels (from decreased MDM2 negative regulation) and an augmentation in
p21 WAF1/CIP1 protein levels.

These observations are most likely due to the

stabilisation of p53. The normal and predictable response of endogenous p53 and p53
pathway-related proteins in p53 wild type cell lines following siRNA knock down of
p53, MDM2 and p l4 ARI does not support the hypothesis, i.e. in renal cell p53 activity
is being repressed by a novel dominant, MDM2/pl4ARF—independent mechanism.

Finally, the normal p53 damage response was tested (using UV radiation) in renal cell
carcinoma cell lines and found to be intact (figure 4.1.4e and f). p53 protein levels
and p5 3-mediated transcription were found to increase following UV treatment, but
this was both dose and time dependent. The data further demonstrate that endogenous
wild type p53 is active and regulated normally in renal cell carcinoma cell lines.

There are several technical points in the data and methods from the study by Gurova
et al., (2004), suggesting that renal cancer cells repress p53 by a newly recognised
inhibitory mechanism, which could explain their observations. Firstly, the method
with which cells were classified as p53 wild type, i.e. renal cells were considered p53
wild type if wild type p53 mRNA was present without testing for the presence of
mutant p53 mRNA. The presence of mutant p53 protein may suppress normal p53
protein activity if the mutant protein is dominant negative (see figure 5.1.4). This
suppression by mutant p53 protein has been shown to occur by inhibiting the
formation of p53 tetramers, which is required for the binding of p53 to DNA during
transactivation (Chan et ah, 2004).
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Secondly, when no p53 dependent activity was demonstrated following ectopic p53
transfection in the renal cell carcinoma cell lines, neither was direct evidence found of
the successful transfection of those cells (results were normalised to transfection
efficiency). The data in section 4.1.2 show how refractory renal cells are to plasmid
transfection and this is especially true of ACHN cells (with a transfection efficiency
of <1%). The ACHN cell line was amongst those that were used by Gurova et al.,
(2004). To counter balance renal cells poor plasmid transfection efficiency large
quantities of plasmid DNA where used in the experiments in chapter 4. Typically, for
a six well plate lpg of pCEP4p53, lqg pp53-TA-Luc and lp.g pP-gal were
transfected, whereas, Gurvova et ah, (2004) used varying amounts of p53 plasmid i.e.,
0.1, 0.2, 0.3, l.Opg of pLXSNp53 (Clontech, CA 94043, USA), 0.5pg of luciferase
reporter, and only 0.2pg pCMVLacZ (which contains the p-galactosidase gene).
Therefore, it is possible, that cells in which no response was observed were merely the
result of failure to transfect efficiently.

Finally, when the activity of ectopically expressed p53 in renal cells was assessed by
Gurvova et ah, (2004) the luciferase reporters used were an indirect measures of p53
activity i.e., p53 transcriptional targets, Bax or p21, rather the p53 transactivation
specifically. Thus, their hypothesis was attempting to address the question of whether
ectopically expressed p53 could transactivate p21 and Bax (assuming plasmid was
transfected), rather than is ectopically expressed p53 transcriptionally activate in renal
cells?

When the p53 damage response was tested in renal cell carcinoma cell lines we found
a normal, intact p53 damage response in p53 wild type cells (section 4.1.4), e.g. p53
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was predictably up-regulated following UV radiation. In the study by Gurvova et al.,
(2004), they suggested that p53 function was repressed by novel dominant mechanism
and that the RCC 45 cell line actually showed the same 2-fold increase in p21WAF1/CIP1
reporter activity as MCF-7 cells (control breast carcinoma cell line showing normal
p53 response) after treatment with 5-fluorouracil and doxorubicin (chemotherapeutic
agents). Thus, their data seemed to support the observation of increased p53 activity
following stress (e.g. a normal response), which conflicted with their own
conclusions. These authors also demonstrated no increase in p53 transactivation in
response to UV-C damage.

However, we found an increase in p53 dependent

transcription following UV exposure, but the response was both time and dose
dependent (see optimisation experiments figures 4.1.4a, b c and d). At higher doses
of UV-C, e.g. 40 J/m2, there was a reduction in p53 activity and this was accompanied
by a progressive reduction in the viability of all cells (section 4.1.4). Gurova et al.,
(2004) neither stated the dose of UV-C used nor how long after UV-C exposure their
observations were made, whereby offering a possible but vague explanation for the
difference in results.

In Chapter 4, normal p53 functions were confirmed in p53 wild type renal cell
carcinoma cells and, likewise, the normal regulation of p53 by MDM2 was also
shown. Since, the publication of these results (Appendix A), subsequent work by
Carrol and Ashcroft (2008), has also confirmed wild type p53 to be functionally
normal in renal cell carinoma cell lines. These results could not be expected if p53
were repressed by a novel p53 inhibitory mechanism. Interestingly, p53 mutation in
renal cell carcinoma is generally associated with more aggressive tumours than those
with wild type p53 (Haitel et al., 2000; Zigeuner et al., 2004). In a p53 mutant renal
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cell carcinoma cell line loss of the normal p53 function was demonstrated. It is
therefore suggested that loss of p53 function through p53 mutation is important in
renal cancer tumourogenesis.
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6.4

Discussion of chapter 5, a tumour progression model in renal cell

carcinoma

Vogelstein (1991) described the order in which critical common genetic lesions
generally occurred in the progression of adenocarcinoma of the colon and rectum.
Through a series of experiments and data from the literature, a logical model for renal
cell carcinoma progression was hypothesised in Chapter 5.

Around 80% of cases,

VHL
abnormality

Median time of >5 years to
recurrence.

1

Around 40% of cases,

p53 mutation
& LOH

Median time of 2 years to
recurrence

1

Around 20% of cases,

MDM2 over
expression

Median time of 0.8 months to
recurrence

Figure 5.1.3b Proposed tumour progression model o f renal cell carcinoma.
The model progresses from good through intermediate to poor prognosis, acquiring
the labelled successive genetic lesions. (Loss o f heterozygosity = LOH). The model is
based on work o f Gnarra et al., 1994; Shuin et al., 1994; Haitel et al., 2000 and
Zigeuner et al., 2004 and the preliminary studies in Chapters 3, 4 and 5.

250

To clinically investigate this progression model would require the careful examination
of numerous patients and their tumours. This was obviously well beyond the scope of
this thesis.

However, figure 5.1.4 illustrates how an attempt to experimentally

recapitulate the stages of the tumour progression model was made in a renal cell
carcinoma cell line within the laboratory. A clonal series of cells was derived from
UOK 117. These cells were changed only by the transfection of plasmid expression
vectors (pCEP4, DNp53, pCMVhMDM2 and pCMVneobam) and aided by selection
for continued expression of the plasmid by maintenance in antibiotics (G418 and
hygromycin B).

This was an extensive experiment leading to the generation of 118

stable clonal cells lines. Protein was extracted from all 118 clones and examination of
p53 and MDM2 protein levels expressed by each clone was performed in order to
demonstrate the phenotypes in the tumour progression model.

The early results of these experiments are presented in section 5.1.5, where colony
formation assay showed cells harbouring the dominant negative p53 mutant
transfected with MDM2, which were as viable as cells transfected with the empty
vector. Whereas, the control (wild-type p53) showed a marked decrease in colony
size and number following transfection with MDM2 (see figure 5.1.7).

This

suggested that the p53 mutant was rendering the renal cells tolerant to MDM2. Later,
western blot results followed the selection and expansion of single colonies from the
initial transfection into stable cell lines. This examination of the protein levels in
cloned stable cell lines demonstrated that all four possible phenotypes were present
with respect to p53 and MDM2 protein levels but remarkably the observed phenotype
(e.g. protein levels found by immunoblotting) was often contrary to the predicted
phenotype (e.g. based upon the gene which was carried by the expression plasmid that
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had been transfected).

Cells, not transfected with DNp53 or MDM2 expressing

plasmids, expressed high levels of both and, conversely, some clones were selected to
express DNp53 and MDM2 (by transfection and antibiotic selection) failed to express
either at high levels. The phenotype of the cell lines was only predicted by the
‘planned genotype’ in about 50% of cases.

The unanticipated observed phenotypes of the clones could be explained by
significant re-arrangement of the plasmid (i.e. continued expression of the antibiotic
resistance gene with loss of test gene), significant down regulation of either test gene,
mutation of endogenous p53, or up regulation of wild-type p53 and/or MDM2. The
re-arrangement of expression plasmids by the cell could certainly explain the loss of
the test genes and, therefore, the loss of expression of its product, but it does not
explain how cells that were transfected with the empty expression plasmid expressed
high levels of test gene product (e.g. p53 or MDM2 proteins). Unexpectedly high
levels of p53 could be indicative of the expression of wild-type p53. This would
however, be contrary to previously demonstrated results (see figure 5.1.2) wherein
very few colonies were able to tolerate expression of exogenous wild-type p53. For
instance in figure 5.1.6a only 1/10 clones demonstrated high-level functional wild
type p53, although this one clone with normally functioning p53 does illustrate the
possibility of renal cells tolerating high levels of functionally active p53. It is also
possible that the high level of p53 protein detected in UOK 117 pCEP4 clones
following transfection with either MDM2 or empty vector control could represent
spontaneous p53 mutation, as normally occurs in tumourogenesis.
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Potentially, one of the most striking observations took place amongst cells
manipulated to represent the good prognosis group (or the control arm with which to
compare those cells transfected with DNp53 or pCMVhMDM2), i.e. transfected only
with empty expression plasmids. These cells should have only been altered so that
they would be capable of expressing antibiotic resistance genes in order to survive in
antibiotic selection. In these ‘control’ or ‘good prognosis’ cell lines it would be
expected that only low levels of p53 and MDM2 protein would be detected by
western blot. Yet, in some the opposite was true and high levels of MDM2 and p53
were actually observed. Furthermore, when all the clones were analysed together,
there was a statistically significant relationship in this experiments toward the
expression of high levels of p53 and MDM2 protein (%2 (i) = 9.425, p= >0.01, table
5.1.9b).

The UOK 117 stable clones are immortalised cells, proliferating under abnormal
conditions. That is, in cells surviving two separate rounds of plasmid transfection,
clonal selection and surviving beyond 30 passages. The surviving clones were those
that had already, by virtue of the experiment conditions, been selected as those with a
proliferative advantage. Initially, in a 10cm diameter dish thousands of cells would
have been successfully transfected and hundreds survived to form colonies (figures
5.1.6a and 5.1.7). From those colonies some (typically those having grown to the
largest size during antibiotic selection) were harvested and successfully expanded,
creating stable cells lines, which were ultimately cells that perpetuated their
populations the quickest. It was therefore not unexpected that the observed levels of
p53 and MDM2 proteins in these immortalised cancer cells, carrying unspecified
alterations, under the above described experimental conditions, differed from those
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found in the parental UOK 117 cells grown under ‘normal’ low stress conditions.
Furthermore, it was the renal cells that endured this process in which there was a
statistically significant correlation towards the expression of high-level MDM2 and
p53 protein.

In vivo cancer cells also survive in much adversity, as strict cellular and host immune
responses are highly efficient in protecting against the emergence and growth of
malignant populations. Potentially, these results are therefore important as they in
line with events in renal cell carcinoma, i.e. significant relationship for the co
selection of high level of p53 and MDM2 protein in renal cell carcinoma, which
equates to shortened survival from an increasingly aggressively proliferating tumour.
It would be interesting to further study the nature of the p53 in these renal cells and
the mechanisms driving/facilitating co-selection with high level of MDM2.

An

investigation of this nature may explain how this leads to poor patient prognosis.
Furthermore, an understanding of how the over expression of MDM2 contributes to
poor prognosis still needs to be elucidated.

With this knowledge, the important

observation of the over expression and co-selection of p53 and MDM2 protein might
be therapeutically applied.
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6.5

Concluding remarks

The literature review (Chapter 1) presented evidence highlighting the importance of
abnormal p53 and MDM2 over expression in renal cell carcinoma. Specifically, over
expression of both is significantly correlated with an adverse outcome. Also, the
literature implies that the high levels of MDM2 and p53 contribute to poor prognosis
in the context of co-selection for high levels of p53 and MDM2 protein (thus over
expression of one, p53, is required to permit the over expression of the other, MDM2)
whereby emphasizing their potential significance in the progression of the disease.
The results from the experiments under taken in this thesis are in accordance with this
conclusion.

The p53 and MDM2 status in a panel of cell line was demonstrating a remarkable
tolerance of renal cell carcinoma cell lines to the MDM2 protein. No evidence was
found to suggest that in renal cell carcinoma cell lines a novel, unique p53 inhibitory
mechanism was repressing the normal function of p53.

In fact, in the renal cell

carcinoma cell lines with wild type p53, p53 was normally regulated and responded
predictably to potentially DNA damaging stress.

Finally, under the extreme

conditions of two rounds of clonal selection, renal cell carcinoma cell lines were
statistically more likely to co-express high levels of p53 and MDM2 than would be
expected. In summary, the data presented so far support the conclusion that both p53
and MDM2 contribute to tumourogenesis in renal cell carcinoma. By virtue of this,
we recommend that to define how, why and to what extent this process occurs be
within the remit of future studies.
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Abstract
Loss o f p53 function is a critical event in tumor evolution. This
occurs through s range o f m olecular events, typically a
missense pS3 mutation followed by loss o f heterozygosity. In
many cancers, there is com pelling evidence that cells that can
compromise p53 function have a selective advantage- The
situation in renal cell carcinom a is unclear. It has recently
been suggested that p53 function is unusually compromised in
renal carcinoma cells by a novel dominant, MDM2/pl4ABFindependent mechanism. This is hard to reconcile with other
recent studies that have identified p53 as an important
prognostic indicator. Indeed, one o f these latter studies found
that the best predictor o f poor outcome was the presence o f
high levels o f both p53 (usually indicative o f pS3 m utation)
and MDM2. Thus, it is important that we gain a clearer
understanding o f the regulation o f p53 and the role o f MDM2
in renal <»11 cancer. To address this, we have investigated the
transcriptional activity o f p53 in a panel o f renal cell
carcinoma cell lines and the contribution o f MDM2 and
p H **1 to p53 regulation. We have loond that p53 is functional
in p53 wild-type renal cell carcinom a ceils and that this
activity is significantly regulated by MDM2 and to a much
lesser extent by p i t '“ . ¡Moreover, following induction o f DNA
damage with UV, the p53 response in these cells is intact. Thus,
future studies o f renal cell carcinoma that focus on p53 and
MDM2 and their rule in determining disease outcome w ill be
required to create a better understanding o f this notoriously
difficult to m anage disease. (Cancer Res 2005; 65(15): 6498-503)

Introduction
Renal cell carcinom a (RCC) is th e m ost com mon form o f kidney
can n y in th e United StatesA Jnited Kingdom, accounting for some
17,800/3^00 deaths per annum , respectively. The unpredictable
outcom e of RCC following diagnosis is a m ajor obstacle to th e
effective m anagement o f this disease. There are a t least five
subtypes o f RCC currently recognized and th e m ost common form
is d ea r cell cancel; which accounts for roughly 70% to 80% o f cases.
Renal cell carcinom a is characterized by its lack o f “w arning’*signs.
The classic triad o f pain, hem aturia, and dank m ass is seen in <10%
of cases (1, 2). Most patients who present w ith symptoms have
advanced disease and pain is usually an indication o f invasion.
Typically, it is seen th at —41% of patients present w ith pain. 38%
w ith hem aturia, 24% w ith m ass. 36% have weight loss, fever is seen
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in 18%, hypertension in 22%, and hypercalcem ia in 6%. Many
(40-60%) are diagnosed as an incidental finding m ost frequently
m ade during com puter tom ography and ultrasound scans for other
com plaints (1). The stage o f disease, according to th e Union
Internationale C ontre le Cancer tum or-node-m etastasis classifica
tions revised in 1997, is currently th e m ost reliable prognostic
factor for any patient group. The im portance of p53 inactivation
in RCC has been th e subject o f conflicting observations (3 8 )
The studies th a t describe a low frequency for p53 detection by
im m unohistochem istry are fairly lim ited in both num ber and scale.
However, in a large study (n = 97) Haitel e t aL (7) showed th a t p53
up-regulation, typically indicative o f p53 m utation, is a frequent
event in RCC occurring in roughly 36% o f cases. A larger (n = 246)
and m ore recent study obtained sim ilar results w ith 29.5% o f RCCs
being p53 positive using 20% positive ceils as a cutoff value (8 )
In both these studies, p53 was a significant prognostic indicator
(P < 01X13 and P < 0.0005, respectively) In RCC cell lines, one o f us
(WALL.) previously described (9) loss o f heterozygosity o f th e p53
locus in 14 o f29 (48%) lines. M utations w ere found in 11 o f these by
single-strand conform ational polymorphism, which was confirm ed
by sequencing. In conclusion, it seem s likely th at p53 m utation is
not an uncom m on event and m ore im portantly is o f prognostic
significance in RCC. Nevertheless, it was recently (6) shown that
p53 may be inactivated by a novel dom inant mechanism in renal
cells. Stress or drug treatm ent o f these cells, while leading to
increased p53 DNA binding, did n o t induce increased p53
transcription. The authors also showed th a t neither MDM2 nor
p l4 ABF were responsible for th e observed inactivation o f p53 and
thus postulated th e existence o f a novel dom inant m echanism of
inactivation of p53 in renal cells. They further proposed th at this
novel m echanism might explain the observation th at p53 is rarely
m utated in RCC However, th e idea th a t p53 is not m utated in RCC
is not supported by th e m ost recent and largest studies to date.
Given th e previously described association between p53 and
MDM2 expression and poor prognosis (7, 8 ) w e set o u t to
investigate th e function o f and regulation o f p53 in RCC cells. We
have found th at not only is wild-type p53 functional in RCC cells,
b u t it is transcriptionally active, responds normally to DNA dam age
induction by UV, and is negatively regulated by MDM2.

Materials and Methods
Plasm ids and antibodies. The hum an p53 (pCEP4-p53) expression
plasm id and th e (T-galaclogidase expression plasm id p|T-gal (SV40
prom oter) w ere described previoudy (10) pCEP4 was obtained from
Invitrogen (Carlsbad. CA ) The p53 luciferase reporter construct pp53-TAluc containing p53 binding sites (11, 12) driving lucilerase expression
bom a m inim al herpes sim plex virus thym idine kinase prom oter was
obtained bom BD Q ontech (M ountain View, CA ) The p21 (CDKN1A)
prom oter hio lerase reporter (pWWP-Luc) has been described previously
(13) The 370-hp Bax prom oter has also been described previously (14)
and pGI.T Bax I.uc is a derivative o f this th at contains th e whole o f this
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B ax p r o m o t e r f r a g m e n t c lo n e d in to p G L 3 -B a s ic (P ro m e g a , M a d is o n , W l;

c o m p a r a b le , to a v o id g e n e r a t in g a r tif a c ts w h ic h m ig h t o c c u r fo r e x a m p le

ref. 15). M o u se m o n o c lo n a l a n tib o d ie s a g a i n s t h u m a n M D M 2 (A b-1), p 5 3

w h e n u s in g n o r m a liz a tio n

(A b-6), p 2 1 (CD K N 1A ; A b-1), p - g a la c to s id a s e (A b-1, u s e d a s a tr a n s f e c tio n

lu c ife ra s e ) w h ic h c a n b e a f f e c te d b y m a n y v a ria b le s w ith in th e c ell s u c h as

e ffic ie n c y c o n tr o l) , a n d th e s h e e p p o ly c lo n a l a n tib o d y a g a in s t p 5 3 (A b -7 )

o n c o g e n e a c tiv ity o r D N A d a m a g e (18, 19).

to

a n o t h e r r e p o r te r c o n s t r u c t (e.g.,

Renilla

(S a n D ie g o , CA). T h e a n ti- a c tin

Im m unofluorescence analysis. C ells w e re tr a n s f e c t e d a n d s e e d e d

(C -2, u s e d as a to ta l p r o t e i n lo a d in g c o n tr o l) a n d t h e a n ti-p 2 1 (a n ti-

8 h o u r s la t e r o n t o g la ss c h a m b e r s lid e s (N u n c , R o c h e s te r, NY). T w e n ty -f o u r

C D KN 1A ; F-5) a n tib o d ie s w e re p u r c h a s e d fr o m S a n ta C ru z B io te c h n o lo g y

h o u r s la te r, c e lls w e re w a s h e d in PB S, fix e d w ith 4% p a r a f o r m a ld e h y d e in PBS,

( S a n ta C ru z , CA). A ffin iP u re d o n k e y a n ti- m o u s e F IT C a n d

a n ti- s h e e p

a n d t h e n p e r m e a b iliz e d w ith 0.1% T r ito n X -100. All s u b s e q u e n t s te p s w e re

Im m u n o R e s e a rc h

c a r r ie d o u t in s o lu tio n s c o n ta in in g 0.1% T r ito n X -100 in PBS. C ells w e re

w e re a ll p u r c h a s e d fr o m

T exas

re d

c o n ju g a te s

C a lb io c h e m

w e re

o b ta in e d

fr o m

Jack so n

w a s h e d th r i c e a n d w e r e th e n b lo c k e d in 1% n o r m a l d o n k e y s e r u m (N D S ) fo r

(W e st G ro v e, PA).

Cell culture and transfection. T h e c ell lin e s A 498 ( p r im a r y RCC , p 5 3

1 h o u r . P r im a r y a n tib o d y w a s a d d e d a t 1:500 fo r a n ti- p 5 3 (A b -7 ) o r 1:100 fo r

w ild ty p e ), A C H N ( p r im a r y R C C , p 5 3 w ild ty p e ), C ak i-2 ( p r im a r y c le a r cell

a n ti-p 2 1 (a 1:1 m ix tu r e o f A b-1 p lu s F 5 ) in 1% N D S. S lid es w e re w a s h e d th r i c e

RCC, p 5 3 w ild ty p e ), H 1 2 9 9 ( n o n s m a ll c e ll lu n g c a r c in o m a , p 5 3 n u ll), a n d

a n d s e c o n d a r y a n tib o d ie s w e re a d d e d a t 1:100 in 1% N D S. F o llo w in g th r e e

U 2-O S ( o s te o s a rc o m a , p 5 3 w ild ty p e ) w e re o b ta in e d fro m t h e A m e ric a n

f u r th e r w a s h e s , c ells w e re m o u n t e d in D A K O f lu o r e s c e n t m o u n tin g m e d iu m

T y p e C u ltu re C o lle c tio n (M a n a s s a s , VA) a n d 117 (p 5 3 w ild ty p e ) a n d 121

b e f o r e a n a ly sis . D u a l la b e lin g w a s d o n e a s a b o v e fo r p 5 3 fir s t fo llo w e d b y p21

(p 5 3 m u ta n t) c e lls w e re p re v io u s ly g e n e r a t e d b y o n e o f u s (W .M .L.; ref. 9).

a n d n o c r o s s - r e a c tio n b e tw e e n s e c o n d a r y a n tib o d ie s w a s d e te c te d .

M EM

Cell cycle analysis. C ells w e re h a r v e s te d a n d a n a ly z e d b y flu o r e s c e n c e -

s u p p le m e n te d w ith 2 m m o l/L L -g lu ta m in e , 1.5 g /L s o d iu m b ic a r b o n a te ,

a c tiv a te d cell s o r tin g (FA C S) e s s e n tia lly a s d e s c r ib e d p re v io u s ly (10). C ells

0.1 m m o l/L n o n e s s e n tia l a m in o a c id s , 1 m m o l/L s o d iu m p y ru v a te , a n d 10%

w e re h a r v e s te d 2 4 h o u r s a f te r a d d itio n o f siR N A a n d w a s h e d in D u lb e c c o ’s

fe ta l b o v in e s e r u m (FBS). H 1 2 9 9 a n d U 2-O S c e lls w e re m a in ta in e d in D M E M

PB S c o n ta in in g 1% b o v in e s e r u m a lb u m in . C ells w e re th e n fix ed in e th a n o l,

A 498, A C H N ,

117, a n d

121

c e lls

w e re

m a in ta in e d

in

E a g le ’s

s u p p le m e n te d w ith 2 m m o l/L l.-g lu ta m in e a n d 10% FBS. C ak i-2 c ells w e re

s ta i n e d in p r o p id i u m io d id e a n d a n a ly z e d u s in g a B e c k m a n - C o u lte r E P IC S

m a in ta in e d in M cC o y 's 5A s u p p le m e n te d w ith 1.5 m m o l/L L -g lu ta m in e ,

A LTRA flo w c y to m e te r .

2.2 g /L s o d iu m b ic a r b o n a te , a n d 10% FBS. C ells w e re t r a n s ie n tly tr a n s f e c t e d
u s in g 3 p L G e n e ju ic e r e a g e n t (N o v a g e n , S a n D ie g o , C A ) p e r m ic r o g r a m o f
DNA, a n d

e m p ty v e c to r w a s

used

to

en su re

Results

e q u a l D N A c o n t e n t in

tr a n s f e c tio n s . siR N A w a s d e liv e re d t o c e lls b y tr a n s f e c t io n w ith L ip o fe c tA M IN E 2000 (I n v itro g e n ) a c c o r d i n g t o t h e m a n u f a c tu r e r ’s in s tr u c tio n s .
siR N A s fo r p 5 3 (5'-G G A C A U A C C A G C U U A G A U U -3'; ref. 16), M D M 2 (5'G C C A C A A A U C U G A U A G U A U -3';

re f.

17),

and

a

n e g a tiv e

c o n tro l

(5'-

G G A C G C A U C C U U C U U A A U U -3'; ref. 17) w e re s y n th e s iz e d b y D h a r m a c o n
(L a fa y e tte , CO). In s o m e e x p e r im e n ts , c e lls w e re s u b je c te d t o 4 to 40 J / m 2
U V ir r a d i a tio n fr o m a 3 0 -W U V la m p (P h ilip s , N e w Y ork, NY) c a lib r a te d
u s in g a B la ck -R a y M o d e l J-2 2 5 s h o rtw a v e U V m e a s u r i n g m e t e r (UVP).

Western analysis. C ells w e re h a r v e s te d b y try p s in is a tio n a f te r th e
in d ic a te d tim e s a n d p e lle te d b y c e n tr if u g a tio n . C ell p e lle ts w e re ly s e d in
SL IP b u ff e r [50 m m o l/L H E P E S (p H 7.5), 10% g ly c e ro l, 0.1% T r ito n X -100,
150 m m o l/L N aC l] in t h e p r e s e n c e o f th e fo llo w in g p r o te a s e in h ib ito r s :
a p r o tin in

(2 p g /m L ), le u p e p tin

(0.5 p g /m L ), p e p s t a t i n

A (1

p g /m L ),

s o y b e a n tr y p s in in h ib ito r (1 0 0 p g /m L ), a n d p h e n y lm e th y ls u lfo n y l flu o rid e
(1

m m o l/L ) .

A fte r

10

c e n tr if u g e d a t 20,000 x
w e re

d e te rm in e d

m in u te s

g

u s in g

of

in c u b a tio n

B ra d fo rd

re a g en t

[5 0

m m o l/L

T r is - H C l

SD S-PA G E

and

n itr o c e llu lo s e

(p H

6 .8 ),

b ro m o p h e n o l
tr a n s f e r r e d

m e m b ra n e

ic e ,

(B io -R a d ,

T y p ically , 5 0 p g s a m p le s o f to t a l p r o t e i n i n l x
m e r c a p to e th a n o l,

on

ly s a te s

w e re

a n d p r o te in c o n c e n t r a t i o n s in th e s u p e r n a t a n t

to

2%

b lu e

SD S,

10%

g ly c e ro l,

(1

m g /m L )]

H ybond

enhanced

( A m e rs h a m

G iles, U n ite d K in g d o m ). M e m b r a n e s

P h a r m a c ia
w e re

H e r c u le s ,

CA).

p r o t e i n s a m p le b u ff e r
w e re

0.2 5 %

f>-

s e p a r a te d

by

c h e m ilu m in e s c e n c e

B io te c h ,

b lo c k e d

in

C h a lfo n t S t

P B S /T w e e n

20

(0.1% v /v ) c o n ta in in g n o n f a t d ry m ilk (B io -R ad ; 5% w /v ) fo r 1 h o u r a t
r o o m t e m p e r a tu r e b e fo re in c u b a tio n w ith p r im a r y a n tib o d ie s (e a c h a t
3 p g /m L , e x c e p t a n ti-p 5 3 a t 1 p g /m L ). M e m b r a n e s w e re w a s h e d th r i c e fo r
15 m in u te s in P B S /T w e e n 20 b e fo re a d d itio n o f h o r s e r a d is h p e r o x id a s e c o n ju g a te d a n ti- m o u s e (1:2,500) s e c o n d a r y a n tib o d y (A m e rs h a m P h a r m a 
c ia B io te c h ) fo r 1 h o u r a t r o o m te m p e r a tu r e . M e m b r a n e s w e re w a s h e d as
b e fo re a n d s ig n a l w a s d e te c te d b y W e s te r n L ig h tn in g C h e m ilu m in e s c e n c e
R e a g e n t (P e rk in -E lm e r, W ellesley, M A ).

Luciferase reporter assay. F o r r e p o r t e r a s s a y s , c e lls w e re c o tr a n s f e c te d
u s in g G e n e ju ic e w ith 0.05 t o 0.1 p g p la s m id D N A p e r c m 2 o f c u ltu r e d is h a s
d e s c r ib e d in t h e fig u re le g e n d . R e p o r te r c o n s t r u c t s w e re e i th e r t h e p 5 3 re s p o n s iv e lu c ife ra s e r e p o r te r s p p 5 3 -T A -lu c , p G L 3 -B ax -L u c, o r p W W P -lu c
a s in d ic a te d .
C ells w e re ly s e d a n d lu c ife ra s e a c tiv ity m e a s u r e d 4 s e c o n d s a f te r a d d itio n
o f s a m p le to s u b s tr a te u s in g th e L u c ife ra s e A ss a y K it (S tra ta g e n e , L a Jo lla,
C A ) e s s e n tia lly a c c o rd in g t o

th e

m a n u f a c t u r e r ’s in s tr u c tio n s

w ith

an

in te g r a tio n p e r io d o f 60 s e c o n d s in a T D 2 0 /2 0 lu m in o m e te r (T u r n e r D e sig n ,
S u n n y v a le , CA). W e h a v e lo a d e d e q u a l a m o u n t s o f to t a l p r o t e i n a n d o n ly
used

d a ta

fr o m

e x p e r im e n ts

www.aacrjournals.org

in

w h ic h

tr a n s f e c t io n

e ffic ie n c ie s

w e re

A recent study regarding the function and regulation of p53 in
renal carcinoma cells suggested that p53 function is compromised
by a novel dominant mechanism (6). We wanted to address three
critical questions raised by that work. First, is exogenous p53 active
in renal cells regardless of endogenous p53 status? Second, is
endogenous p53 active in p53 wild-type renal cells and is it
regulated by MDM2 and/or pl4ARF? Finally, is the p53-mediated
DNA damage response (i.e., up-regulation of p53 transcriptional
activation) intact in p53 wild-type renal cells?
Figure 1 shows the result of transfection of a wild-type p53
expression construct into a panel of renal cell carcinoma cells lines.
In Fig. 1¿4, the results ofp53 luciferase reporter assays are shown. In
Fig. 15 and C, the corresponding raw data and the western blot
from the luciferase assay, respectively, are shown for comparison.
As expected, transfection of wild-type p53 induces a significant
increase in p53 transcriptional activity in all of these cells
regardless of their p53 status. We have also done these studies
with the p21 (pWWP-Luc) and Bax (pGL3-Bax-Luc) promoter
luciferase reporter constructs and have obtained similar results
(data not shown). Note that in 121 cells (p53 mutant) the steadystate level of p53 following transfection is only slightly increased.
Nevertheless, there is a >200-fold increase in p53 transcriptional
activity. We have found that we routinely achieve a plasmid
transfection efficiency of between 0.1% and 1% in these RCC cell
lines. Therefore, to detect an effect of p53 transfection upon an
endogenous target gene, we used immunofluorescence to monitor
endogenous p21 (CDKN1A) levels. Figure ID shows that cells
transfected with an expression construct for p53 and expressing
the highest levels of p53 also express higher levels of p21. Thus, p53
can function to up-regulate endogenous target genes in RCC cells.
The second question we wanted to address was whether the
endogenous p53 in RCC cells harboring wild-type p53 was tran
scriptionally active. We found, as shown in Fig. 2, that p53 is indeed
active in these cells and using siRNAfor p53, we have confirmed that
the luciferase signal is p53-dependent (note that in contrast to the
poor plasmid transfection efficiency seen in Fig. 1, we are able, as
Fig. 2 shows, to efficiently deliver siRNAs to these cells). In addition,
down-regulation of MDM2 with siRNA results in up-regulation of
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o f p53 up-regulation from knockdown o f MDM2 is typical o f th is sort

Cancer Res 2005; 65: (15). August 1, 2005

1324
120-1
12*3

F ig u re 1. Transient transfection and
expression of p53 results in functional p63
activity in H C C c e l Snes regardess of
endogenous p53 status. Renat c e l ine s
were transfected w ih 1 pg of plasmids
expressing rather p53 (p C E P 4 p53) o r an
em pty vector control (p C E P 4 ) as indEaled
together w ih 1 p g of (Vgafactesidase
plasmid (pfl-gaf). A luciferase assay of c e l
lysates. B, raw data from (A ) . C. Western
blot analysis of the same lysates shown in
(A ), probed for the indfealed proteins.
D. ¡mmunolluorescent defection of p63 and
endogenous p21 in ceks transfected wife
1 p g p C E P 4 p53. Experimenls have been
repeated thrice and the resuls shown are
typical and from a single experiment.
Cckrtms. means (n = 3 ); bans, ± S E .

o f experim ent (20). In addition, increased p53 activity resulting from
knockdown o f MDM2 was associated w ith an increase in endo
genous p21 stearly-state levels as shown in F ^. 2C. Because p21 is not
exclusively regulated by p53 (21), it was not surprising th at
knockdown of p53 did not always (com pare ACHN w ith A498,
Caki-2, and 117s) lead to a reduction in p21 levels. We also examined
th e effect o f knockdown o f p l4 AB>' w ith siRNA and these results
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carcinoma cell lines is transcriptionally active
and Is regulated by MDM2 and to a lesser
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transfected with the Indicated sIRNA and
8 hours later were transfected with 1 pg
of a p53-luclferase reporter construct
(pp53-TA-Luc) and 1 pg of a (3-galactosldase
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harvested a further 24 hours later. A, luciferase
assay of cell lysates. 6, raw data from (A ).
C, Western blot analysis of the same lysates
shown In (A ), probed for the Indicated proteins.
D, F A C S analysis of Cakl-2 cells transfected
with the indicated siRNA. Cells were
transfected and harvested 36 hours later, fixed
in ethanol, and stained with propldlum iodide.
E, Western blot analysis of the Caki-2 cells
analyzed In (D ). Experiments have been
repeated thrice and the results shown are
typical and from a single experiment.
Columns, means (n = 3); bars, ± S E .
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suggest that whereas pl4ARF plays no role in 117s and ACHNs, it
apparently contributes, albeit weakly, towards p53 regulation in
Caki-2s and also very weakly in A498s. One caveat is that we have
not been able to detect the endogenous pl4ARFprotein in these cells
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by western blot, but the siRNA clearly works well in those where
we can detect endogenous pl4ARFsuch as 117s and 121s.
We then looked at the consequences of induction of p53 activity
on the cell cycle by knockdown of MDM2. All of the RCC cell lines
Cancer Res 2005; 65: (15). August 1, 2005

Cancer Research

we have used in this study are very difficult to transfect (compared
with many other tumor cell lines) with the possible exception of
Caki-2s; therefore, we examined the cell cycle profile of these cells
following treatment with MDM2 siRNA. As shown in Fig. 2D and E,
reducing the level of MDM2 with siRNA increases the steady-state
level of p53 in these cells with a resulting increase in the Gi
population. Thus, we conclude that p53 is transcriptionally and
functionally active in wild-type p53 RCCcell lines and is substantially
regulated by MDM2. Moreover, the degree of regulation of p53 by
MDM2 is typical of many of the tumor cell lines that we and others
have studied derived from a range of tissues (17, 19).
The final question we addressed was whether there was any defect
in the p53 response to DNA damage. RCC cells are notoriously
resistant to chemotherapeutics (22). Therefore, to induce DNA dam
age we exposed cells to shortwave UV radiation (UV-C). As shown in
Fig. 3, there is a significant dose-dependent induction of p53 tran
scriptional activity in RCC cells that ranges from 1.4-fold in ACHNs
through 2-fold in Caki-2s to >8-fold in A498s. U2-0S cells in compa
rison express unusually high levels of wild-type p53 but even so
display only a 4.7-fold induction of p53. Under similar conditions
values in the literature typically range from 2- to 4-fold (19,23). These
results are reflected by induction of endogenous p21 steady-state
levels in these cells. There is no induction in the p53 mutant 121 cell
line, although there is a reduction in transcription in these cells
(typical of the generalised reduction in transcription observed in
cells exposed to high levels of UVradiation; ref. 19). Note that in Fig. 2
we had shown that the comparatively low levels of Iuciferase pro
duced in these cells were not the result of p53 transcriptional
activity. In conclusion, we find that the UV-induced p53-mediated
DNAdamage response is essentially intact in p53 wild-type RCC cells.

Discussion
Our results support the conclusion that p53 function is essentially
normal in RCC cells that possess wild-type p53. It is probably more
accurate to say that p53 function in RCC cells is not evidently
unusual when compared with tumor cell lines derived from other
tissues. There have been a number of studies of p53 in renal cancer
and these have come to a range of conclusions. Several relatively
small studies have suggested that p 5 3 mutation, inferred from
immunohistochemical detection in clinical samples, is relatively
rare (25%, n = 36; 16%, n = 31; and 2%, n = 53; refs. 3-5). However, a
more recent and larger study ( n = 97) has concluded that p53
expression is present in 36% of cases (7). When combined with
MDM2 up-regulation, these authors found that p53 expression was
an independent prognostic indicator (P = 0.00179). This latter
suggests that inferred mutations ofp 5 3 and up-regulation of MDM2
occur in RCC in much the same way that they do in other cancers
such as those of the bladder (24). In another even larger study of
246 RCC primary and metastatic samples, p53 overexpression was
detected in 29.5% of cases (8). This study also found a statistically
significant difference in metastasis-free survival between p53positive and p53-negative tumors for RCC (P = 0.0005) and that
p53 expression was an independent prognostic indicator (P = 0.01).
When combined, these latter two studies suggest that, as with other
cancers, one effective way that tumors can lose p53 function is
through mutation. This also suggests that there is a cloned
advantage, associated with loss of p53 function, conferred on tumor
cells in the kidney. In studies of cell lines derived from renal cell
carcinomas loss of heterozygosity of 1 7 p has been documented
at a higher frequency (48%) than has been inferred from the above
clinical studies. This presumably reflects the selection for loss
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Figure 3. Wild-type p53
transcriptional activity is induced in
response to UV irradiation in R C C
cell lines. Renal cell lines were
transfected with 1 ng of a
p53-luciferase reporter construct
(pp53-TA-luc) and 1 ng of a
p-galactosidase expression
plasmid (p/l-gal). Twenty-four
hours later, cells were then
exposed to either 0, 4, or
10 J/mz shortwave UV (U V -C ) as
indicated and were harvested
24 hours later. A, luciferase assay
of cell lysates. 0, raw data from
(A). C, Western blot analysis of the
same lysates shown in (A ), probed
for the indicated proteins.
Experiments have been repeated
thrice and the results shown are
typical and from a single
experiment. Columns, means
(n = 3); bars, + S E .
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of p53 function in cells that are better able to adapt to growth
e x v ivo (9).
It has recently been proposed that p 5 3 was rarely mutated in
renal cancer because it was already inactivated in a novel dominant
manner that was neither MDM2 nor pl4ARF dependent (6). We
therefore set out to investigate the regulation and function of p53
in RCC cell lines. We have used a panel of cells that overlap with
those used by Gurova et al. (ACHN, H1299, and U2-0S) plus renal
cell lines obtained either from the American Type Culture
Collection (Caki-2 and A498) or that we have generated previously
(117 and 121; ref. 9) to address the question of p53 functional status
in renal cell carcinomas. We have found that ectopically expressed
wild-type p53 is transcriptionally active, independent of the p53
status of the cells. In RCC cells that possess wild-type p53, the
endogenous p53 is functional, responds to DNA damage and is
regulated by MDM2 to a comparable degree with cells from other
types of cancer (e.g., in MCF-7s derived from breast adenocarci
noma or U2-OS cells derived from an osteosarcoma). We are left
with an unsatisfactory discordance between our results and those
of Gurova et al. To some extent, we have used different cell lines,
but in both studies, the ACHN cell line was used. Our experience
with these cells suggests that they are even more refractory to
transfection than any of the other RCC lines that we have used.
This can lead to problems with siRNA which in our hands is much
more efficiently delivered than a plasmid (see, e.g., the weak effect
of siRNA on ACHNs in Fig. 2C). Nevertheless, comparing Fig. 2A
and B with Fig. 2C, it is clear that siRNA is delivered to a
substantial number of those ACHN cells successfully transfected
with the reporter construct. In Figs. 2 and 3, we have normalized
our signal to the level detected in the scrambled siRNA ("control”
lane) rather than plot absolute RLUs. Thus, the fold differences
shown for RCC cells are comparable with those we and others have
detected in similar assays (17, 19). It would of course be misleading
to compare the fold differences in the p53 wild-type RCC cells with
the p53 null H1299 cell line. Note also that although the histograms
for the p53 mutant RCC line 121 are included on these normalized
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