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Abstract

A common defensive mechanism used by proliferating cells in response to 

potentially damaging signals is the induction of cell cycle arrest. The upregulation of the 

cell cycle inhibitor, plb^^'^^ causes arrest in response to a variety of cellular insults such 

as environmental stress, oncogenic signalling and telomere loss. Remarkably, the DNA 

locus on which the INK4a gene is found, CDKN2A, encodes two structurally distinct 

proteins that are expressed in response to inappropriate proliferative signals, and activate 

pivotal cell cycle control and tumour suppressor pathways. Thus, p i p r e v e n t s  the 

phosphorylation and functional inactivation of the retinoblastoma protein (Rb) by cyclin 

dependent kinases, whereas pl4**^ prevents the Mdm2-mediated ubiquitination and 

degradation of p53. Therefore, this single genomic locus has the capacity to modulate 

signals to both Rb and p53 -  the executors of two pivotal checkpoints in the cell division 

cycle.

To gain further insight into the roles of INK4a and ART, the behaviour of primary 

human dermal fibroblasts from rare, melanoma-prone individuals who have inherited 

germline mutations in both alleles of pl6^^^"^* has been investigated. These cells are 

operationally deficient for pl6^^^"^  ̂ but functional for pl4**^. Work presented in this 

thesis shows that, when immortalized by telomerase, they are resistant to the arrest induced 

by expression of either ectopic Ras or Myc in wild-type cells, and are able to grow as 

anchorage-independent colonies in soft agar. However, they do not grow as tumours in 

nude mice. Cells expressing both Myc and Ras form large colonies and are able to grow as 

tumours in nude mice. Due to the low penetrance and long latency of these tumours, they 

have been analysed for additional acquired alterations that may be required for 

tumorigenesis. Thus, an attempt has been made to establish the minimum number of 

alterations to cellular genes required to convert a primary human fibroblast into a tumour 

cell.
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Chapter 1

Introduction

1.1 Cancer

It is currently estimated that more than one in three people in the UK will develop 

cancer at some point in their lives and one in four people in the UK will die from it (Cancer 

Research UK Statistics Office). The average probability of surviving for five years after 

diagnosis varies greatly for each cancer type. For example, the probability for testicular 

cancer is 95%, but for pancreatic cancer it is merely 2%. For any given cancer type, a 

person's probability of survival will vary according to a number o f factors including their 

age, the stage of development of the cancer at diagnosis and various measurements of their 

state o f health. However, the type of cancer (and therefore the treatments available) are the 

most important factors in determining their chance of survival.

The 'type of cancer' refers to its location in the body (eg. lung, colon, breast) and to 

the cell type in that part of the body that has become cancerous. Thus, for example, 

carcinomas are malignant tumours of epithelial cells, sarcomas are cancers of connective 

tissue and myelomas are malignant tumours of bone marrow. Therefore, the word 'cancer' 

describes a number of quite different ailments (which contributes to the variation in 

predicted outcomes of this one disease) but all these ailments have one thing in common: 

they are caused by cells which have escaped normal controls regulating growth and cell
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division. Such a cell proliferates, producing clones of dividing daughter cells, and thus 

forms a tumour.

All human cells contain a number of mechanisms that protect them from changes 

that may lead to cancer. These must be overcome if a normal cell is to become cancerous. 

This is often observed as a number o f acquired genetic lesions in cancer cells that 

distinguish them from normal cells. It is interesting, therefore, to investigate how normal 

cells respond to stimuli that may lead to cancerous changes. The work presented in this 

thesis examines the response of primary human cells (that is, cells taken directly from a 

person and propagated in culture with no further alterations) to oncogenic signalling.

It is also interesting to examine tumour cells to find out which of the cell's tumour 

protection mechanisms have been overcome and how. The instability o f cancer cell 

genomes leads to accumulation of a large number of genetic changes, not all of which are 

causal. Furthermore, key tumour suppressing pathways can be disabled by changes at a 

variety of different points on those pathways. Therefore it is very difficult to survey cancer 

cells and find common genetic alterations that indicate which tumour protection 

mechanisms have been overcome. In order to ascertain which of the cell's tumour 

protection mechanisms are essential, work presented in this thesis investigates the 

minimum number of alterations to cellular genes required to convert a normal primary 

human cell into a cancer cell.

This chapter will describe the oncogenes used in this thesis and the tumour 

suppressor genes studied which respond to their signalling. It will describe the inherent 

limited lifespan of primary cells and the contribution that limitation makes to tumour 

suppression. The ability to overcome this limit with the enzyme, telomerase, will be

19



addressed as will its contribution to the study of transformation. Other experiments that 

have sought to elucidate the requirements for tumorigenic conversion o f cells will be 

discussed. Finally, the cells used as tools for this study will be described and the 

hypotheses of the work presented.

1.2 The CDKN2A locus

The work presented in this thesis stems from a long-standing interest o f the 

laboratory in the CDKN2A locus. This arose in response to an observation made in the 

laboratory that cyclin D1 is amplified and over-expressed in a variety of human cancers 

(Lammie et al., 1991). Work followed that focused on the inhibitors o f the catalytic 

binding partners of the D-type cyclins, CDK4 and CDK6, particularly pi

The INK4a gene is encoded within the CDKN2A locus, which lies on chromosome 

9p21 in human cells. The name of the locus indicates that it encodes one of a group of 

CDK inhibitors -  p i T h e  locus is subject to homozygous deletions, promoter 

méthylation and point mutations in a variety of sporadic human cancers (Ruas and Peters, 

1998). For example, the locus is homozygously deleted in 60% of T-cell acute 

lymphoblastic leukaemias and it is methylated, deleted or mutated in 50% of bladder 

cancers. Germline mutations in the locus are associated most commonly with 

predisposition to familial malignant melanoma.

. This short (~28kb) piece of DNA is unusual because it encodes two different genes, 

which share an exon, but which are translated in different reading frames and therefore 

produce two structurally unrelated proteins (Fig. 1.1). p i i s  encoded by the a  

transcript (exons la ,  2 and 3). p i4^^^ is encoded by the (3 transcript (exon ip , 2 and 3) in
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Alternative products encoded by the CDKN2 locus

Exon ip Exon la Exon 2 /  Exon 3

* — '-E m —c

p 16 lNK4a

PI4ARF

156 aa

I I 132 aa

Fig. 1.1 The CDKN2A locus.

Alternative transcripts and products from the human CDKN2A locus. Exons are 
shown as boxes and the green and yellow shaded areas represent the coding 
domains of and pl4^*^ respectively. Alternative splicing occurs as
illustrated to generate two distinct transcripts, a  and p. The sizes and composition 
o f the proteins are shown beneath.



which exon 2 is translated in the -1 reading frame with respect to p i ( T h e  first exons 

of these transcripts are completely unrelated.) What is even more remarkable about this 

locus is that both of its small protein products are potent tumour suppressor genes that 

interact with the Rb and p53 pathways respectively (Fig. 1.2). Small wonder, then, that it is 

such a frequent target for abrogation in human cancers.

p26iNK4a ^ specific inhibitor o f CDKs 4 and 6. It was first identified as a 16kDa 

protein that became associated with CDKs upon transformation of human diploid 

fibroblasts with SV40 virus (Xiong et al., 1993). The corresponding cDNA was isolated in 

a yeast two-hybrid screen with CDK4, and it soon became apparent that p i a c t e d  as 

an inhibitor o f CDK4 (Serrano et al., 1993). It is now known to be a member of the INK4 

family o f CDK inhibitors: pi pl6^^^"^^ pjgiNK4c p|giNK4d proteins share

an ankyrin repeat m otif (Guan et al., 1994; Serrano et al., 1993) and inhibit the kinase 

activities o f CDK4 and CDK6 but no other CDKs (Ruas and Peters, 1998). Ankyrin 

repeats are found in a large number o f proteins and are thought to provide a structural 

scaffold to facilitate protein-protein interactions. The presence o f between 3 V2 and 4 

ankyrin repeats is required for this function (Ruas and Peters, 1998). Therefore, relatively 

minor alterations caused by mutation or deletion can functionally abrogate the protein if 

they disrupt the ankyrin repeat domain. The crystal structure o f INK4 family members 

bound to CDKs has enhanced our understanding of how the ankyrin repeat motif facilitates 

interaction with CDKs and why it is critical to the INK4 mode of CDK inhibition 

(Brotherton et al., 1998; Jeffrey et al., 2000; Russo et al., 1998).
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Cdk4/Cdk6

p 1 6 lN K 4 a

Fig. 1.2 The impact of the products of the CDKN2A locus on Rb and p53.

Schematic representation of the impact of p i6^"^® and p i4 ^  on Rb and p53 
respectively. Exons are shown as boxes with the shaded areas representing the 
coding domains of each gene. The gene products are shaded with matching 
colours.



pl6iNK4a yy binding to CDK4 or CDK6 and preventing them from associating 

with D-type cyclins. Active cyclinD-CDK4/6 complexes phosphorylate Rb, releasing it 

from E2F family transcription factors. Therefore p i p r e v e n t s  phosphorylation of Rb 

by preventing formation o f active cyclinD-CDK4/6 complexes (Fig. 1.2). The 

phosphorylation of Rb and release of E2Fs stimulates transcription of genes required for 

progression o f the cell cycle from G1 to S phase. Therefore the phenotypic result of 

upregulation of pl6^^"^^ is cell cycle arrest in G1 (Drayton and Peters, 2002; Lukas et al., 

1999; Lundberg et al., 2000; Ruas and Peters, 1998; Serrano and Blasco, 2001; Wright and 

Shay, 2001).

The INK4a/Rb pathway described links p i6^^^% cyclin D1 and CDK4/6 and it 

regulates the phosphorylation of Rb and hence the G1 to S phase transition (Mittnacht, 

1998). Many mitogens activate components of the pathway upstream of Rb (such as the D- 

type cyclins or CDKs) in order to promote phosphorylation o f Rb, transition to S phase and 

cell proliferation. Therefore, the pathway can act as a mitogen sensor. In the mid-1990s, it 

became apparent that deregulation of this pathway, and consequent deregulation of the G1 

to S phase transition, is a feature of many cancer cells. The pathway is found to be 

deregulated in a large number of cancers: by loss of pl6^^^"^% overexpression o f cyclin D l, 

mutation or amplification of CDK4 or inactivation o f Rb (Bartek et al., 1996; Hall and 

Peters, 1996). Many oncogenes target the components o f this pathway in order to achieve 

unrestrained cell proliferation. For example, Myc signalling leads to overexpression of 

cyclins D l and D2 (Bouchard et al., 1999; Coller et al., 2000; Oswald et al., 1994; Perez- 

Roger et al., 1999), and the viral oncoproteins E lA , SV40 T-antigen and HPV E7 ail target 

and inactivate Rb function (Drayton and Peters, 2002; Sherr, 2001).
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1.2.2 p l4^ '^

In 1995, the alternative product of the CDKN2A locus was identified (Quelle et ah, 

1995) and over the subsequent three years its functional interaction with p53 was elucidated 

by a number of groups (Kamijo et ah, 1998; Kamijo et ah, 1997; Pomerantz et ah, 1998; 

Quelle et ah, 1995; Stott et ah, 1998; Zhang et ah, 1998). The gene was named ART which 

stands for 'Alternative Reading Frame' and, according to size, its protein product was 

named pl9**^ in the mouse and pl4**^ in humans. pl4*^^ binds to Mdm2 and thereby 

prevents Mdm2 from ubiquitinating the tumour suppressor, p53 (Fig. 1.2). Ubiquitination 

o f p53 leads to its degradation in the proteasome, therefore the net result of upregulation of 

ART is stabilisation and accumulation o f p53 which, unchecked, leads to cell cycle arrest in 

G1 and G2 effected by the direct p53 target gene, p21^^^  ̂ (Ashcroft and Vousden, 1999).

ART, p53 and Mdm2 exist in a finely balanced feedback loop.

ART 

p53

)
Mdm2

Mdm2 targets p53 for degradation, but Mdm2 is a direct transcriptional target of p53 and 

therefore its levels fluctuate with those of p53. ART prevents the degradation of p53 by 

blocking its ubiquitination by Mdm2. However, p53 down-regulates ART, so as p53 

accumulates it reduces the quantity of ART that has caused its accumulation (Ashcroft and 

Vousden, 1999; James and Peters, 2000). These negative feedback loops maintain the
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participating proteins at low levels in the cell and thus create a mechanism that requires 

only small changes in the protein level of a participant to transiently upregulate a target eg. 

p53 before it is returned to its steady state. It has been observed that the quantity of ARF 

protein in cells is usually very low. It can be postulated that this mechanism provides an 

explanation for the observed low levels of ARF because it enables a rapid accumulation of 

p53 in response to a small increase in ARF.

ARF is consistently found in the nucleolus (Lindstrom et al., 2000; Quelle et al., 

1995; Rizos et al., 2000; Stott et al., 1998; Weber et al., 1999; Zhang and Xiong, 1999), 

whereas Mdm2 and p53 are nucleoplasmic with the ability to shuttle in and out o f the 

nucleus in order to translocate ubiquitinated p53 to the cytoplasmic proteasome (Freedman 

and Levine, 1998; Roth et al., 1998; Tao and Levine, 1999). These observations led to 

models of ARF function that required ARF to sequester Mdm2 in either the nucleolus or in 

nuclear bodies (Weber et al., 1999; Zhang and Xiong, 1999). However, studies using 

truncated forms of ARF that did not accumulate in the nucleolus demonstrated that the 

ability of ARF to bind Mdm2 and hence stabilise p53 is not dependent on its nucleolar 

localisation (Llanos et al., 2001).

Like the INK4a/Rb pathway, the ARF/p53 pathway is subject to oncogenic and 

environmental stresses and can respond to them by eliciting a cell cycle arrest. Signals that 

are known to upregulate ARF include E2F family members (Bates et al., 1998; Dimri et al., 

2000), DMPl (Inoue et al., 1999), DAP kinase (Raveh et al., 2001), Adenovirus E lA  (de 

Stanchina et al., 1998), P-catenin (Damalas et al., 2001), Myc (Zindy et al., 1998) and Ras 

in mouse (Groth et al., 2000; Lin and Lowe, 2001; Palmero et al., 1998) but not in humans 

(Brookes et al., 2002; Ferbeyre et al., 2000; Wei et al., 2001). A number o f viral
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oncoproteins directly target p53 in order to disable this pathway eg. E lB , SV40 T-antigen 

and HPV E6. It is intriguing that ARF is a target o f E2F because, as described above, 

pl6iNK4a pi-gygjits the release of E2F from Rb by blocking Rb phosphorylation (Fig. 1.2). 

Therefore crosstalk between the two major cell cycle checkpoint pathways, Rb and p53, 

occurs at the CDKN2A locus: agents that inactivate Rb have the potential to activate p53 

(Bates et al., 1998) and reviewed in (James and Peters, 2000).

The investigations into ARF presented in this thesis are mainly concerned with its 

ability to function as a tumour suppressor by stabilising p53. However, there are 

indications in recent literature that it has other, p53-independent, roles. In the mouse, it has 

been reported that pl9*^^ is able to suppress colony formation in p53'^' cells via the Rb 

pathway (Carnero et al., 2000), and that réintroduction of pl9**^ into mouse embryo 

fibroblasts (MEFs) lacking p53, Mdm2 and pl9**^ stops cell proliferation (Weber et al., 

2000). In human cells, it has been shown that p i4"^^ directly inhibits the transcriptional 

activity of the hypoxia-inducible factor-1 (HIF-1) by sequestering its a  subunit in the 

nucleolus (Fatyol and Szalay, 2001). Overexpression o f HIF-1 a  is common in advanced 

tumours and is thought to help tumour cells adapt to hypoxia. Therefore, the sequestration 

o f H IF -Ia  is proposed as a new tumour suppressor activity for pl4**^ and it is 

demonstrated that the interaction requires neither p53 nor Mdm2. Another proposed role 

for ARF is growth suppression by the degradation o f certain E2F species in a p53- 

independent manner. The growth of mouse cells lacking p53 was found to be suppressed 

by pl9**^ in a process which involved degradation o f E2F1 and E2F2 and, again, 

translocation of E2Fs to nucleoli (Martelli et al., 2001). Research in human cells indicates 

that pl4**^ physically interacts with E2F1 and inhibits its transcriptional activity in a
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manner that is independent of p53 and dependent on Mdm2 (Eymin et al., 2001). However, 

no degradation or translocation of E2F1 was reported.

ARE is certainly a unique protein. It bears no significant resemblance to any other 

entries in the protein sequence database, it has an isoelectric point o f 13.2 and is unusually 

basic due to a high proportion of arginine residues (James and Peters, 2000). Its ability to 

accumulate in the nucleolus may be due to its basic properties and may prove to be a key 

feature of its burgeoning number of cellular roles.

1.3 Senescence

Elucidation o f the role o f pl6^^^"^^ in the G1 to S phase transition led to an 

investigation by the laboratory into the inverse relationship between levels of pl6^^"^^ and 

the phosphorylation status of Rb in human cells. It was found that, while plb^^'^^ levels 

remained constantly low during the cell cycle, they increased dramatically as cells reached 

the end of their proliferative lifespan in culture (Hara et al., 1996).

Primary human diploid fibroblasts proliferate in culture for a finite number of cell 

divisions and then stop dividing and enter a permanent, metabolically active, G1 arrest 

known as senescence (or ‘M l’) (Hayflick, 1965; Hayflick and Moorhead, 1961). Senescent 

cells have an altered morphology compared to normal cells: they have a large surface area, 

often with an extensive extracellular matrix, and a granulated cytoplasm. Their 

biochemical characteristics are acidic P-galactosidase activity and increased levels o f a 

variety o f cell cycle inhibitory proteins (Lundberg et al., 2000). The number o f cell 

divisions after which this occurs is approximately constant for a given cell type and is 

variable between cell types (Cristofalo et al., 1998; Shay et al., 1991).
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It has been proposed that the stimulus for senescence is a DNA damage response to 

critically shortened telomeres via p53 and its direct target, p21^^^  ̂ (Serrano and Blasco, 

2001; Wright and Shay, 2001). Telomeres shorten by a finite amount at each round of 

DNA replication because the DNA replication machinery is physically unable to read and 

copy the ends of a linear piece of DNA (Harley et al., 1990). Indeed, it has been reported 

that the cell responds to a single chromosome with a critically short telomere and therefore 

that the shortest telomere in a cell stimulates senescence, not the average telomere length 

(Ouellette et ah, 2000).

It is possible to extend the lifespan of cells past senescence using viral oncoproteins 

that inactivate Rb and p53 (eg. SV40 T-antigen). Cells proliferate for a few more cell 

divisions before entering a state known as crisis (or ‘M 2’), which is characterised by a 

mixture o f proliferation and apoptosis in the cell population and chromosome fusions 

(Counter et al., 1992; Wright et al., 1989). It is thought that the lack of stable telomeres 

causes crisis (Montalto et al., 1999). Chromosome fusions occur because telomeres 

become eroded to such an extent that they cannot form the protective telomere loop 

structure at the ends of chromosomes (de Lange, 2002). This leads to genomic instability, 

breakages o f fused chromosomes at mitosis and apoptosis in the cell population. Very 

rarely (at a frequency of approximately 1 in 3x lO \ which is notably less frequent than 

MEFs) an immortal clone can emerge from a population of cells in crisis. These cells are 

found to have been immortalised by the spontaneous activation o f telomerase, or by 

alternative methods of lengthening and/or stabilising telomeres ('ALT') (Bryan et al., 1997; 

Bryan et al., 1995; Montalto et al., 1999).
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1.4 p i a n d  stasis

It has been observed that p i a c c u m u l a t e s  and remains high in fibroblasts at 

senescence, after a transient upregulation of p21^^^  ̂ (Alcorta et ah, 1996; Hara et ah, 1996; 

Palmero et ah, 1997; Stein et ah, 1999). It seems probable that pI6^^^"^^ is required to 

maintain the G1 arrest of senescent cells by preventing the phosphorylation of Rb and 

release of E2F. It has subsequently been observed that p i 6̂ "̂̂ ® accumulates in response to 

a number of other stimuli, leading to the same G1 arrest. For example, oncogenic Ras 

signalling leads to upregulation of p i 6̂ ^̂ "̂  ̂via Raf, MEK and Ets2, and cells rapidly enter 

a G1 arrest which shares the biochemical and morphological characteristics of senescence 

and which was therefore termed 'premature senescence' (Lin et ah, 1998; Newbold and 

Overell, 1983; Ohtani et ah, 2001; Serrano et ah, 1997; Zhu et ah, 1998). More recently, it 

has been observed that cells respond in a similar way to oxidative stress (Serrano and 

Blasco, 2001; Toussaint et ah, 2000; Wright and Shay, 2001), which cells can suffer in 

culture along with a number of other stresses, leading to the term 'culture shock' (Sherr and 

DePinho, 2000). We have proposed that cells respond to stress caused by mitogenic 

stimuli, be they chronic (eg. serum) or acute (eg. oncogenic Ras), in the same way: by 

upregulation of p i 6^^"^  ̂ and arrest in G l. This process can happen rapidly or over many 

population doublings depending on the strength of the stress signal. We have suggested the 

term 'stasis' to describe this common senescence-like response o f cells to diverse stress 

signals (Drayton and Peters, 2002). (The term stasis was proposed as an acronym for 

‘Stress or Aberrant Signalling Induced Senescence’ (Drayton and Peters, 2002) and other 

definitions have been forthcoming (Wright and Shay, 2002).) We do not propose that the 

pathways through which the stress signals propagate are the same, only that the end cellular

30



response to mitogenic stress is the same -  cell cycle arrest in GL Therefore, stasis can be 

viewed as an evolutionarily conserved defence mechanism against a variety of potentially 

oncogenic signals.

1.5 Immortalisation of primary human cells with hTERT

The role of plb^^'^^ in senescence and in all forms of stasis suggests that it is part of 

a cellular mechanism that guards against unlimited proliferation. This suggestion is 

supported by the observation that loss of p i facilitates the spontaneous emergence of 

immortal cell clones. It has been estimated that the CDKN2A locus has sustained defects in 

75% of established human cell lines (Ruas and Peters, 1998). Therefore, it is clear that 

there is a strong selection against the products of this locus for indefinite cell proliferation. 

It is more convenient to perform experiments on immortal cells than on primary cells that 

have a limited lifespan in culture. The drawback of using spontaneously immortalised cell 

lines is that it is often unclear exactly what changes occurred that allowed the founding cell 

to become immortal, and what other spontaneous changes may have occurred that could 

have an effect on the outcome of your experiment. The outcome of experiments performed 

on cell lines and the equivalent primary cells are often different.

In recent years, it has become possible to create 'immortal primary cells' using 

human telomerase reverse transcriptase (hTERT), the human catalytic subunit of the 

enzyme telomerase. The stable expression of exogenous hTERT enables immortalisation 

o f primary human fibroblasts and has therefore greatly enhanced our ability to perform 

experiments in primary cells. Primary human fibroblasts expressing hTERT can be grown
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indefinitely in culture and retain all the characteristics of primary cells (Bodnar et ah, 1998; 

Vaziri and Benchimol, 1998).

Initially, concern was raised that hTERT might have oncogenic potential. Indeed, 

the vast majority of human tumour cells are immortal, a state they achieve by activation of 

telomerase or ALT (Shay and Bacchetti, 1997). In the mouse, in which telomerase is 

widely expressed (Greenberg et al., 1998; Martin-Rivera et al., 1998), there seems to be an 

association between the ability of MEFs to spontaneously immortalise easily and to be 

transformed easily with oncogenes. However, it has been shovm that telomerase does not 

have transforming potential. Ectopic hTERT cannot replace the transforming functions of 

Myc in primary human fibroblasts (Greenberg et al., 1999) and, indeed, that expression of 

active telomerase does not prevent cell cycle arrest in response to oncogenic H-Ras 

(Morales et al., 1999; Wei and Sedivy, 1999).

It is perhaps unsurprising that the extension o f cellular lifespan by activation of 

telomerase was suspected to be oncogenic. After all, the extension of cellular lifespan by 

viral oncoproteins, or by any other method that functionally inactivated p53, was frequently 

associated with loss o f genomic stability. However, in response to this concern, a careful 

analysis o f genomic stability and p53 checkpoint function in human fibroblasts 

immortalised with hTERT showed that the cells remained diploid and retained normal p53 

and DNA repair responses to ionizing radiation (Vaziri et al., 1999).

Interestingly, expression of hTERT is insufficient to immortalise other primary 

human cell types (notably epithelial cells). It has been reported that kératinocytes and 

mammary epithelial cells, for example, require expression o f hTERT and abrogation of 

pl6iNK4a fjjj^c^ion to immortalise (Dickson et al., 2000; Kiyono et al., 1998), as do adenoid
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epithelial cells (Farwell et a l ,  2000). These cells exhibit an 'MO' early growth arrest in 

culture as a result o f accumulation of p i a n d  not telomere erosion (Romanov et a l, 

2001). Only cells that escape MO by silencing (usually by de novo méthylation of

its promoter) are thought to be susceptible to immortalisation by hTERT. However, 

recently published data suggests that human mammary epithelial cells grown on feeder 

layers do not undergo an MO growth arrest and can be immortalised with hTERT without 

abrogating p i6^'^^ (Herbert et al., 2002).

1.6 Transformation

It has been mentioned that immortalisation seems to be a prerequisite for neoplastic 

transformation (Section 1.5). Whilst this is clearly true o f tumours in vivo (Shay and 

Bacchetti, 1997), the concept of cellular transformation in the laboratory did not always 

equate with neoplastic transformation, but has changed and developed with new techniques 

and assays over time.

Oncogenes encoded by tumour viruses have been assayed for their ability to 

'transform' cells from a variety of species, such as avian, rodent and human, in a number of 

different ways. The transformation assay used to identify the Rous sarcoma virus in 

chicken embryo fibroblasts was the ability of cells to pile up and form foci on a tissue 

culture dish. Therefore 'transformation' in that case could be defined as a loss o f contact 

inhibition and did not require immortalisation. The focus formation assay was also used to 

test oncogenes in rodent cells.

One problem with the focus formation assay is its subjectivity. A more objective 

approach was provided by the anchorage independence assay (growth of colonies of cells in
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soft agar) which became a commonly used tool to determine transformation. Because 

anchorage-independent growth was the property most consistently correlated with the 

ability of cells to form tumours, it was tacitly assumed that they were equivalent. However, 

by the late 1970s, cases had been noted of cells that were anchorage-independent but not 

tumorigenic in nude mice (information collated from abstracts submitted to the 1979 Cold 

Spring Harbor Symposium on Viral Oncogenes). Thus the need to distinguish between 

anchorage independence and tumorigenicity became more pressing and the assay for 

tumour formation in immunocompromised mice became the standard requirement for 

demonstration o f transformation. Therefore, the current definition o f the word 

'transformation' in this field of research, and the definition used throughout this thesis, is 

the conversion of a primary human diploid cell to a tumorigenic cell, as measured by the 

formation of tumours in immunodeficient mice.

Notably, primary cells are more resistant to transformation than established cell 

lines, whatever definition of transformation is used. In the 1980s, two groups 

independently showed that primary rodent cells required cooperation of two transforming 

oncogenes to be converted into tumorigenic cells, rather than the single oncogene required 

to transform a rodent cell line (Land et al., 1983; Ruley, 1983). Although some 

spontaneously immortalised human cells could be transformed with cooperating oncogenes 

(Bischoff et al., 1991; Hurlin et al., 1989), primary human cells remained resistant (O'Brien 

et al., 1986; Stevenson and Volsky, 1986).

Furthermore, human cells have proved resistant to protocols that transform rodent 

cells. As has been mentioned, mouse cells contain much longer telomeres than human cells 

and express telomerase more widely. It has been postulated that these differences in
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telomere length and activity could account for the difference in the susceptibility of primary 

mouse and human cells to transformation (Wright and Shay, 2000). Ectopic expression of 

hTERT in human fibroblasts has now allowed a direct comparison between rodent and 

human cells, irrespective of telomere length, but combinations o f oncogenes that will 

transform primary rodent cells still appear unable to transform primary human cells 

expressing hTERT.

In 1999, it was reported that tumorigenic conversion o f primary human cells had at 

last been achieved using the viral oncoprotein SV40 large T-antigen, hTERT and oncogenic 

Ras (Hahn et al., 1999). Based on our current understanding, hTERT would eliminate 

telomere erosion problems and T-antigen would inactivate Rb, rendering cells resistant to 

pl6iNK4a-mediated arrest and therefore susceptible to transformation by oncogenic Ras, 

Clearly, T-antigen could have additional effects on the p53 pathway, such as blocking p53- 

dependent apoptosis induced by abrogation o f Rb. Other laboratories were unable to 

reproduce this result, and it was subsequently realised that the retrovirus encoding large T- 

antigen also encoded the SV40 small t-antigen (Hahn et al., 2002). The requirement for 

small t-antigen provided an explanation as to why a previously reported experiment using 

HPV 16 E6 and E7 (which would be expected to perform the same functions as large T- 

antigen), hTERT and Ras had failed to convert primary human fibroblasts into tumorigenic 

cells (Morales et al., 1999). When small t-antigen was added to this cocktail, tumorigenic 

conversion was achieved (Hahn et al., 2002). The possible contributions of t-antigen to 

tumorigenesis will be addressed in the Discussion.

The ‘model tumours’ created by these experiments rely on the use o f viral 

oncoproteins. Many people do develop cancer resulting from infection with viruses. For
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example, high risk strains of HPV are found in more than 98% o f all cervical cancers, and 

recently the virus has been linked with some rare cases o f skin cancer. However, it is 

unlikely that anybody would be infected with Simian Virus 40 and therefore with the t- 

antigen that is required for tumorigenic conversion o f primary human cells in all published 

experiments to date. As an aside, the small chance of infection with SV40 that does exist 

stems from the use o f S V40-contaminated cells in the production o f polio vaccine, which 

led to an investigation into claims of higher incidence of cancer among those who received 

this vaccine (G. Peters, personal communication). Aside from issues of relevance to human 

cancer, however, the most problematic aspect o f using viral oncoproteins in these 

experiments is that they are rather blunt tools with pleiotropic effects that it cannot be 

claimed we fully understand. Therefore, in an attempt to pinpoint more accurately the 

requirements for tumorigenesis, we have tried to convert primary human fibroblasts into 

tumour cells without using viral oncogenes but by making alterations to cellular genes 

alone.

1.7 Pl6'^'^‘'^deficient cells

The transformation experiments on primary human fibroblasts published to date 

have disabled the Rb/plb^^^"^® checkpoint using viral oncoproteins (SV40 large T-antigen 

or HPV E7) to ablate Rb (Elenbaas et al., 2001; Hahn et al., 1999; Hahn et al., 2002; 

Morales et al., 1999; Zimonjic et al., 2001). However, ablation o f Rb leads to activation of 

the p53/ARF pathway. Therefore, these experiments have additionally used viral 

oncoproteins (SV40 large T-antigen or HPV E6) to disable p53 in order to avoid the 

apoptotic consequences of ablation o f Rb. The availability o f pl6^^"^“-deficient cells
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(described below) provides an opportunity to attempt transformation of primary human 

cells with alterations in cellular genes alone. The absence o f p i d i s a b l e s  the 

Rb/pl6^*^'^“ checkpoint without ablating Rb, therefore avoiding the a priori need to disable 

p53. It will be of interest to determine if  attempts to transform pl6^^"^“-deficient cells lead 

to the spontaneous abrogation of p53 function.

The other stated aim of this thesis is to examine the response o f primary human 

cells to oncogenic signalling. The focus o f this investigation is on the response of each of 

the tumour suppressor genes on the CDKN2A locus to oncogenic signalling in primary 

fibroblasts. The ideal way to perform this investigation would be to ablate each of the gene 

products specifically, to create p l6 ^ ’̂ '^ -̂null and pl4^^^-null cells, and this may become 

achievable in the future with short interfering RNAs. However, we have been able to take 

advantage of individuals with extremely rare genetic defects that render their cells 

specifically deficient for p i l e a v i n g  p i4^^^ functional, and have investigated the 

response of these cells to oncogenic signalling. To our knowledge, there are only three 

people alive today and known to the medical community who have inherited mutations that 

render pl6̂ *̂ "̂ ® specifically non-functional (Gruis et al., 1995; Huot et al., 2002; Yakobson 

et al., 2000) (and Yakobson et al., Eur. J  Hum. Genet., submitted). We have obtained 

fibroblasts from two of these people, which are described below.

1.7.1 Leiden cells

Leiden cells are dermal fibroblasts from an adult male who is homozygous for a 

germline 19bp deletion in exon 2 of pl6^^^"^  ̂ (Fig. 1.3) (Brookes et al., 2002). The 19bp 

deletion results in a frame shift which produces two fusion proteins. The first part of the
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Consequences of the Leiden deletion in CDKN2A

Exon 2Exon laExon ip Exon 3

AACTGCGEcGACCCCGCCACTCTCAcbcGACCCtSTGCAC ____
ARF Q L R R P R H S H P T R A  I I 
pi  6 N C A D P A T L T R P V H  WÊÊ 
+1 T A P T P P L S P D P C T  I I

p-ARF/p16 88 164 a a

a-p16/X 64 138 a a

Fig. 1.3 Leiden deletion and resultant CDKN2A fusion proteins.

Schematic representation of the CDKN2A locus with exons shown as boxes. 
Sequences encoding are shown in green and sequences encoding p i4 ^ ^
are shown in yellow. The nucleotide sequence o f the deleted region of exon 2 is 
shown, with direct repeats identified by arrows and the 19bp deletion boxed. The 
encoded amino acids in the three different reading frames are shown in single letter 
code and identified with coloured shading. The composition of the p-ARF/pl6 and 
a-pl6/X  fusion proteins is shown with coloured shading indicating the contribution 
from each reading frame.



ARF transcript (exon ip  and the first part of exon 2) is translated in frame, but the deletion 

leads to a +1 frame shift and the latter part o f the transcript is translated in the p i 

reading frame. The resulting protein is a fusion of the N-terminus of p i4"^^  ̂ and the C- 

terminus o f p i w h i c h  we call p-ARF/pl6. The first part o f the INK4a transcript 

(exon l a  and the beginning o f exon 2) is translated as normal. However, the +1 frame shift 

in exon 2 caused by the 19bp deletion leads to translation o f the latter part of the transcript 

in the nonsense reading frame. The resulting fusion protein is called a-pl6/X .

These fusion proteins have been functionally tested and it has been found that, while 

P-ARF/pl6 retains all the known functions of p i 4"^^, a -p l6 /X  has none of the functional 

ability o f plb^^^'^^ (Brookes et al., 2002). It is known that the 64 residues encoded by exon 

1P can execute all the known functions o f ARF and so it is perhaps not surprising that a 

fusion protein containing 88 residues of ARF (including all those encoded by exon IP) can 

do the same (Llanos et al., 2001; Lohrum et al., 2000; Midgley et al., 2000; Rizos et al., 

2000; Stott et al., 1998; Zhang et al., 1998). One possible explanation for the functions of 

ARF being executed by its first exon is that exon 1P might have originally been a gene in 

its own right. It is suggested that it was spliced into its current position between p i 

and pi and used the second and third exons of p i to provide a 3' poly A tail for 

transcriptional processing (James and Peters, 2000). By contrast, an explanation for the 

fact that the a-p l6 /X  fusion protein retains none of the functions o f p i i s  that the 

frame shift destroys the ankyrin repeat structure necessary for INK4 proteins to function 

((Ruas and Peters, 1998) and see Section 1.2.1). p i4 ^ ^  is notoriously difficult to detect at 

endogenous levels with currently available antibodies. Therefore, a fortuitous outcome of 

the production of these fusion proteins is that an antibody to the C-terminus of p i
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(DCS50) can be used to detect ARF in the form of P-ARF/pl6 in Leiden cells (Brookes et 

al., 2002).

1.7.2 Q34 cells

Q34 cells are dermal fibroblasts from an adult female who has two allelic mutations 

in exon 2 of p i t h a t  alter its protein sequence: Met53Thr and AsplOSAsn (Fig. 1.4) 

(Huot et al., 2002). Only one o f these point mutations (G322A) affects the protein 

sequence of p i4 " ^ ,  and has been shown to cause an irmocuous change of Argl22Gln in its 

C-terminus (Huot et al., 2002). This G322A mutation was detected as a unique change in 

one parent, suggesting that the second mutation was present in, and inherited from, the 

other parental line. Material could not be obtained to test this hypothesis, so the possibility 

remains that the second mutation is sporadic rather than inherited.

Both mutations functionally impair the p i p r o t e i n ,  albeit to different degrees. 

Upon testing for binding to CDK4 and CDK6 by immunoprécipitation, the binding of the 

Met53Thr p i 6 variant was undetectable and the AsplOSAsn variant significantly reduced 

compared to wild-type plb^^ '̂^^. The combined effect of the mutated alleles is estimated to 

reduce the CDK binding capacity of p i in Q34 cells to less than 5% of that seen with 

wild-type plb^^ '̂^® in age-matched human diploid fibroblasts (Huot et al., 2002). The non

functional full-length p i 6 can be detected with N-terminal p i a n t i b o d i e s  and the 

mutated ARF can be detected with available p i4 ^ ^  antibodies, although with difficulty at 

endogenous levels.
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Exon 1 p Exon 1a

C 158  
À

GTCATGATGATGGGC 
INK4a ■  V M M M G

T
T 53

ARF □  G H D D G

A 322
À

GTGCGCGATGCCTGG
V R D A 

T
N 108

W

R A R C 
▼
Q 122

Fig. 1.4 Q34 mutations and resultant CDKN2A proteins.

Schematic representation of the CDKN2A locus with exons shown as boxes. 
Sequences encoding are shown in green and those encoding p i4 ^ ^  are
shown in yellow. The nucleotide sequences of the relevant sections of exon 2 and 
the consequences for translation in the INK4a and ARF reading frames are shown 
below.



1.8 Oncogenic stimuli

The tools used to provide oncogenic stimuli to cells in the work described in this 

thesis are the oncogenic mutant of Ras, H-Ras G12V, and the transcription factor, c-Myc. 

H-Ras, K-Ras and N-Ras are all members of the Ras family of small GTP-binding proteins 

that transduce mitogenic signals from tyrosine-kinase receptors (Barbacid, 1987). 

Activated mutants and amplifications o f Ras are found in many human cancers (Bos, 1988). 

Wild-type Ras produces a transient mitogenic signal at the cell surface membrane, but the 

G12V mutation in Harvey-Ras causes it to become constitutively active and therefore its 

mitogenic stimulus is constant. This provides a strong and continuous signal to the cell to 

proliferate.

The H-Ras G 12V mutant has been widely used in investigations of transformation 

and stasis. However, K-Ras is the most frequently mutated member of the Ras family in 

human tumours, a fact which led to the development of a spontaneously activated K-Ras 

mouse tumour model (Bos, 1989; Johnson et al., 2001). Interestingly, a recent study has 

proposed that the distribution of isoforms of Ras on the plasma membrane may underlie 

their functional differences. Loading of GTP relocates H-Ras from lipid rafts into bulk 

plasma membrane, which is necessary for efficient activation of Raf. By contrast, K-Ras is 

located outside rafts, irrespective of bound nucleotide (Prior et al., 2001). This raises the 

possibility that the mechanisms and phenotypic outcomes of signalling by H-, K- and N- 

Ras may be different and that therefore it may be wise not to generalise the results o f H-Ras 

experiments to all forms o f Ras. It would be interesting to compare the outcomes of 

transformation and stasis experiments performed using each member of the Ras family.
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The Myc family o f transcription factors, comprising c-, N- and L-Myc, are known 

to both stimulate proliferation and sensitise cells to apoptosis (Eisenman, 2001; Evan et al., 

1992). They are deregulated in a wide range o f cancers, one example being the 

translocation of c-Myc to one of the immunoglobulin loci in virtually all Burkitt’s 

lymphomas (Boxer and Dang, 2001). Myc is a basic helix-loop-helix leucine-zipper 

(bHLH-LZ) protein and activates transcription by binding to DNA in a sequence-specific 

manner in a heterodimer with the bHLH-LZ protein. Max. Max can also form heterodimers 

with members o f the bHLH-LZ Mad family and these Max-Mad complexes bind to the 

same sequence-specific sites as Myc-Max complexes, but repress rather than activate 

transcription (Eisenman, 2001; Lutz et al., 2002; Zhou and Hurlin, 2001). Myc has more 

recently been found to be able to inhibit transcription through different DNA elements by 

functionally interfering with transactivators. Its interactions with histone acetyl- 

transferases and the chromatin remodelling complex, SWI/SNF, have led to proposals of 

new modes of Myc function via structural changes in chromatin (Amati et al., 2001).

1.9 Premises and hvpotheses

It is clear that the induction o f cell cycle arrest is a common cellular response to 

inappropriate oncogenic signalling. It has been shown that the genes encoded on the 

CDKN2A locus form a 'first line of defence' and often instigate that response. For example, 

oncogenic Ras signalling has been shown to upregulate p i 9 ^  in MEFs (Groth et al., 2000; 

Palmero et al., 1998) and pl6^^^"*^ in primary human cells (Serrano et al., 1997). Myc 

signalling has been shown to induce p i 9^^^ in MEFs (Zindy et al., 1998), as has 

Adenovirus E lA  (de Stanchina et al., 1998). Supporting evidence is provided by the
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observation that the locus is frequently abrogated in indefinitely proliferating cells (Section

1,2 and 1.5). This thesis investigates further the responses o f the genes on the human 

CDKN2A locus to oncogenic signalling.

The premises underlying the work are three-fold. Firstly, while it is clear that Myc 

and Ras cooperate to transform MEFs, they have never been shown to do so in primary 

human fibroblasts (Land et al., 1983). Secondly, it has been shown that primary human 

fibroblasts respond to oncogenic Ras signalling by arresting via induction of plb^^^'^^ 

(Serrano et al., 1997). Finally, if deficient for p i6^^%  primary human cells subjected to 

oncogenic Ras signalling do not arrest but continue to proliferate and become anchorage- 

independent (Brookes et al., 2002; Huot et al., 2002).

The hypotheses o f this investigation, then, are as follows. The first is that Myc will 

cooperate with Ras to transform pl6^^^"^Ldeficient primary human fibroblasts into 

tumorigenic cells. The second is that Myc interacts with, and induces a response from, the 

wild-type CDKN2A locus. Data addressing the second of these hypotheses is presented 

first.
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Chapter 2

Materials and Methods

2.1 Solutions

All cell culture media, autoclaved glassware, pipettes and a number of commonly 

used solutions were provided by the ICRF/Cancer Research UK Central Services. Further 

solutions and some plasmid DNA were generated and maintained as laboratory stocks for 

general use. All water used was purified by a Millipore reverse osmosis system and 

autoclaved. Chemicals were obtained either from Sigma or VWR International (BDH 

Merck Eurolab), unless otherwise indicated.

Solutions commonly used in this thesis are listed below.

1 Ox agarose gel loading buffer 60% (w/v) sucrose

0.1% (w/v) bromophenol blue

blocking solution PBSA

0.2% (v/v) Tween-20 

5% (w/v) dried milk (Marvel)
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denaturing loading dye 86% formamide

0.025% (w/v) bromophenol blue 

0.05M EDTA (pH 8.0)

denaturing polyacrylamide urea gel 18% polyacrylamide solution (19:1 acrylamide: bis

acrylamide stock solution)

0.5x THE 

42% urea

0.1% ammonium persulfate 

0.1% TEMED

DNA electrode buffer 40mM Tris-acetate (pH7.6) 

5mM sodium acetate 

ImM EDTA

Geimsa stain 0.75% (w/v) Geimsa 

50% (v/v) methanol 

50% (v/v) glycerol

2x HBS 280mM NaCl 

lOmM KCl 

1.5mM Na2HP0 4  

12mM dextrose 

50mM HEPES (pH 7.0)
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Hybridisation buffer 

(Church and Gilbert)

200mM sodium phosphate (pH 7.2) 

ImM EDTA (pH 8.0)

7% (w/v) SDS 

1% (w/v) BSA 

15% (v/v) formamide 

20|xg/ml denatured DNA

L-Broth 1% (w/v) NaCl 

0.5% (w/v) yeast extract 

1% (w/v) bacto-tryptone

NP40 lysis buffer 50mM Tris-HCl (pH 8.0) 

150mM NaCl 

1% (v/v) NP40

PBSA 8.06mM Na2HP0 4  

0.8% (w/v) NaCl 

1.47mM K H 2PO 4 

0.025% (w/v) KCl (pH 7.2)

phosphate wash buffer 40mM sodium phosphate (pH 7.2) 

ImM EDTA
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1% (w/v) SDS

protease/phosphatase inhibitors O.lmM sodium fluoride

O.lmM sodium ortho vanadate 

2pg/ml aprotinin 

lOOttg/ml PMSF

protein electrode buffer 25mM Tris base 

192mM glycine 

0.1% (w/v) SDS

protein transfer buffer 25mM Tris base 

192mM glycine 

0.1% (w/v) SDS 

20% (v/v) methanol

Ix sample buffer 62.5mM Tris-HCl (pH 6.8)

2% (w/v) SDS

5% (v/v) 2-mercaptoethanol

0.02% (w/v) bromophenol blue

Stripping buffer (DNA) 1% SDS 

O.lxSSC
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Stripping buffer (protein)

20x SSC

TBE

0.1M 2-mercaptoethanol 

2% SDS

62.5mM Tris-HCl (pH 6.8) 

SMNaCl

300mM tri-sodium citrate

445mM Tris base 

445mM boric acid 

ImM EDTA (pH 8.0)

TE lOmM Tris-HCl (pH 7.8) 

ImM EDTA

trypsin 0.8% (w/v) NaCl 

0 .01% (w/v) Na2HP0 4  

0.1% (w/v) D-Glucose 

0.3% (w/v) Trizma base 

0.2% (v/v) KCl (19% stock) 

0.15% (v/v) phenol red 

0.006% (w/v) Penicillin 

0.01% (w/v) Streptomycin

w
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0.25% (w/v) trypsin (Difco 1:250 stock) 

HCl to pH 7.7

versene 0.02% (w/v) EDTA in PBSA (pH 7.7) 

0.0015% (w/v) phenol red

2.2 Cell culture

2.2.1 General

All cells were grown as monolayers in DMEM (Dulbecco's modified Eagle's 

medium) supplemented with 10% (v/v) foetal bovine serum (FBS, Gibco) (from now on 

DMEM + 10% (v/v) FBS will be referred to as ‘medium’). Cells were grown in humidified 

air containing 5% CO2, and incubated at 37°C.

When confluent, cells were washed once in warmed versene and incubated with 1:2 

trypsimversene mix for approximately 2 minutes to detach cells. The resuspended cells 

were diluted with medium to inactivate the trypsin. Cells were seeded into new flasks or 

dishes at appropriate densities, typically 1:4 or 1:8 dilutions.

2.2.2 Human cell strains/lines

BOSC23 Ad5-transformed human embryonic kidney 293 cell line (Pear et al., 1993)

Hs68 Neo-natal foreskin fibroblast (ATCC number CRL-1635)

Leiden Adult dermal fibroblast, pl6^"^®-deficient (Brookes et al., 2002)

Q34 Adult dermal fibroblast, p 1 b^'^^-deficient (Huot et al., 2002)
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Ras GP+E stably transfected GP+E cells expressing H-Ras G 12V (source: ICRF)

RDES Ewings sarcoma cell line (source: ICRF)

To permit uptake of ecotropic retroviruses, primary cell strains (Hs68, Leiden and 

Q34) were infected with an amphotropic retrovirus (pWXL-Neo-Eco) encoding a neomycin 

resistance gene and the mouse basic amino acid transporter, which serves as the cell surface 

receptor for mouse ecotropic retroviruses (McConnell et al., 1998; Serrano et al., 1997; 

Wang et al., 1991). Cells were selected in 200pg/ml G418.

2.2.3 Storage and recovery o f  cells

Monolayers of exponentially growing cells were detached with trypsin and 

suspended in medium. Cells were centrifuged at 1500g for 5 minutes and resuspended in 

medium plus 10% (v/v) dimethyl sulphoxide (DMSO), at approximately 1x10^ cells/ml. 1 

ml aliquots were dispensed into freezing vials (Nunc) and frozen slowly in a freezing 

container (Nalgene) at -70°C overnight before long term storage in liquid nitrogen.

To recover cells, they were thawed rapidly at 37°C, resuspended in 1ml medium and 

seeded into 14ml pre-warmed medium in a 80cm^ flask. Medium was replaced after cells 

had adhered in order to remove non-viable cells and DMSO. If the cells were usually 

maintained in selective medium, the medium was replaced the following day with fresh 

medium containing the relevant antibiotics.

2.2.4 Production o f  retroviral stocks

i) Calcium phosphate transfection of BOSC23 cells
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Approximately 5x10^ BOSC23 packaging cells were plated in 90mm dishes and the 

following day the medium was replaced with 5ml o f fresh medium containing 25p,M 

chloroquine. lOpg of pBABE vector DNA containing the gene o f interest was diluted in 

440pl o f water and mixed with 60pl of 2M CaCl]. 500pl o f 2x HBS was added while 

bubbling the solution and the mixture was immediately transferred into the medium above 

the cell monolayer. Cells were incubated at 37°C for 7 hours, after which the transfection 

mixture was replaced with fresh medium. 24 hours before harvesting, cells were placed in 

5ml fresh medium to concentrate the viral stock. The supernatant was recovered and 

filtered through a 0.45p,m nitrocellulose filter. The retroviral stock was either used directly 

or stored at -70°C, which experience has shown results in a two-fold reduction of viral titre 

upon thawing.

ii) Ras GP+E

Stably transfected GP+E cells expressing H-Ras G 12V retrovirus or empty 

pBABEbleo vector were thawed and grown in zeocin antibiotic selection in 80cm^ flasks. 

24 hours before harvesting, cells were placed in 10ml fresh medium containing no 

antibiotics. Supernatant was recovered, filtered through a 0.45pm nitrocellulose filter and 

used immediately to infect recipient cells.

2.2.5 Retroviral infection o f  mammalian cells

To infect cells with retroviral stocks, recipient cells were plated in 80cm^ flasks at 

an appropriate density to reach 75% confluency the following day. The culture medium 

was replaced with 5ml of fresh viral stock plus 10% FBS, 5ml medium and lOpl of 

polybrene (4mg/ml) and incubated overnight. When pre-frozen retroviral stocks were used,
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cells were infected with 10ml of viral stock and no extra medium to compensate for the 

anticipated drop in retrovirus titre. When Ras retrovirus from GP+E cells was used, cells 

were infected with 10ml fresh viral stock and no extra medium. After overnight incubation 

the medium was replaced and, after a further 24-48 hours, the infected cells were selected 

in medium containing the appropriate drug.

2.2.6 Anchorage-independence assays

The anchorage-independence of cells was assessed by their ability to grow in soft 

agar. Agarose solutions (0.4% and 2%) were prepared, autoclaved and held molten at 

50°C. 2 ml of a 1:1 mixture of warm 2x DMEM supplemented with 20% FBS (v/v) and 

2% agarose was poured into each well o f a 6-well plate, constituting the feeder layer. 

Approximately 10"̂  cells were suspended in 1ml of 2x DMEM supplemented with 20% FBS 

(v/v) in a 15ml tube (Falcon) at 37°C. 1ml of 0.4% agarose (50°C) was mixed with the 

cells and the agarose/cell mixture was poured onto the feeder layer of one well. The 6-well 

plate was incubated at 37°C in a standard COz-incubator. After 7 and 14 days, the cells 

were fed with 2ml o f a 1:1 mixture o f 2x DMEM supplemented with 20% FBS (v/v) and 

0.4% agarose and the plates incubated for an additional 14 days. After approximately 4 

weeks, cells were examined at 5Ox magnification and the number of colonies counted. All 

assays were seeded in duplicate and at least three fields per well counted, each field 

containing of the order of 100 cells.
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2.2.7 BrdU incorporation

Cell cycle kinetics can be monitored by measuring the incorporation of 5-bromo-2’- 

deoxy-uridine (BrdU), an analogue o f thymidine, into cell DNA over a period o f time. 

Cells were grown on 35 mm glass-bottomed cell culture dishes (MatTek Corporation 

P35G-1.5-10-C). When the cells were subconfluent, medium was removed and replaced 

with medium containing 10|liM BrdU and the cells were incubated for 16 hours. Cells were 

stained for BrdU incorporation using the Boehringer Mannheim BrdU Labeling and 

Detection Kit II (adherent cell protocol). After BrdU labelling, cells were washed and fixed 

in 70% ethanol at -20°C for 45-60 minutes. Cells were washed and incubated with a 

mouse monoclonal anti-BrdU antibody for 30 minutes at 37°C. This preparation contains 

specific nucleases which allow antibodies access to BrdU bound to DNA after fixation in 

ethanol. After washing, cells were incubated with anti-mouse-Ig-alkaline phosphatase 

solution for 30 minutes at 37°C. Cells were washed and incubated with freshly prepared 

colour substrate solution (containing nitroblue tétrazolium salt and 5-bromo-4-chloro-3- 

indolyl phosphate) for 30-45 minutes at room temperature until the colour reaction had 

taken place. BrdU incorporation was visualised by light microscopy and measured by 

counting the proportion of positively stained cells in several fields of cells per coverslip. At 

least three fields of cells were counted per coverslip and ~100 cells per field.

2.2.8 A utocrine signalling

To investigate autocrine signalling, primary cells were trypsinized, washed in PBS 

and plated at sub-confluent density in 35mm glass-bottomed dishes (MatTek Corporation 

P35G-1.5-10-C) in 0.2% FBS medium. The medium was replaced after 24 hours and the
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cells became quiescent by 48 hours. Cells being tested for the production of autocrine 

growth factors were treated in the same way and ‘conditioned’ medium was collected from 

these cultures after 24 hours and centrifuged to remove debris. The conditioned medium 

was placed directly on the quiescent primary cells. Parallel dishes received medium 

containing either 0.2% FBS medium (negative control) or 10% FBS medium (positive 

control). BrdU incorporation was measured as above (2.2.7).

2.2.9 Induction o f  p53 in cells by irradiation with UV light

Cells were seeded into 90mm dishes and grown until -50%  confluent. Medium was 

removed and replaced with 1ml PBSA and cells were or were not exposed to UV irradation 

(15J/m^) for 9 seconds with dish lids removed. PBSA was replaced with fresh medium and 

cells were grown overnight at 37°C. Cells were lysed 16 hours after UV irradiation in SDS 

lysis buffer (2.3.2) and analysed for p53 induction by immunoblotting (2.3.5).

2.2.10 Tumorigenicity assay

Assays were performed by Sandra Peak and Sarah Carse at the Biological 

Resources Unit, Clare Hall Laboratories, Cancer Research UK London Research Institute, 

UK. Aliquots of 10  ̂cells (in 0.2 ml) were injected sub-cutaneously on both flanks of four 

Y A female nu/nu mice. The RDES Ewings sarcoma cell line was used as a positive 

control. Mice were observed for tumour development and injection sites were measured 

twice a week until tumours reached 1.44cm^ (unless tumours ulcerated or mice became 

sick) or until no observable mass of cells was left at the injection site.
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2.2.11 Flow cytometric analysis o f  DNA content

The distribution of cells throughout the different phases of the cell division cycle 

was monitored by staining cells with propidium iodide and analysing by flow cytometry, 

giving a measure o f DNA content per cell. Three labelled populations of cells were 

typically revealed by this analysis: cells with a 2N DNA content (GO/Gl phases), those 

with a 4N DNA content (G2/M phases) and those intermediate between 2N and 4N (S 

phase). The population of cells with a DNA content o f >4N was occasionally analysed to 

determine tetraploidy. Cells were released with trypsin and washed twice with PBSA. The 

cells were pelleted by centrifugation, fixed by the addition o f 1ml o f cold 70% (v/v) 

ethanol, vortexed to form a single-cell suspension and stored at 4°C for at least an hour. 

From this point forward, samples were processed by the ICRP/Cancer Research-UK 

Fluorescence Activated Cell Sorting Laboratory. Fixed cells were washed twice in 

phosphate-citrate buffer and pelleted. To ensure that only DNA was stained, cells were 

treated with 50|uil o f 100|Xg/ml RNase A (NBL) for 5 minutes at room temperature. Nuclei 

were labelled with 200|il o f 50|xg/ml propidium iodide. Cells were then analysed by flow 

cytometry using 488nm excitation, gating out doublets and cell clumps.

For sub-Gl analysis o f cells, supernatant medium was retained and used to 

neutralise the trypsinised monolayer, in order to include floating cells in the assay. Cells 

were washed, fixed and sorted by FACS as described above, and the fraction of apoptotic 

cells was measured as the number of cells with a DNA content of less than 2N.

2.2.12 Assays o f  cell size

i) Forward scatter
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As an approximate measure of cell size, adherent cells were washed in PBSA and 

released with trypsin. Cells were resuspended in 1% FBS medium in polystyrene tubes 

(Falcon 2058) and analysed by flow cytometry. Graphs were plotted o f counts versus 

forward scatter for each cell type.

ii) Laser scanning cytometer

To accurately measure cell surface area, dilutions o f -10^ -  10"̂  cells were seeded 

onto autoclaved glass cover slips placed in the bottom of wells in a 24-well plate (Coming 

Incorporated 3524). Cells were covered with ~2ml medium and grown until adherent and 

proliferating but well separated. Cells were washed in PBSA and fixed in 70% cold ethanol 

at -20°C. Cells were stained with FITC and the cover slip inverted onto a glass slide. The 

laser scanning cytometer passed a laser over the entire surface o f the cover slip and used the 

fluorescence o f stained cells to identify borders of individual cells and measure their 

surface area in square microns. Median values for each cell type were tabulated. (Cells can 

also be stained with propidium iodide to identify individual cells but this is not necessary if 

cells are well separated.)

iii) CASY

Volume and diameter o f cells can be accurately measured by displacement o f fluid 

using a Cell Counter and Analyser System (CASY, Scharfe Systems). FACS flow solution 

(isotonic phosphate buffer filtered through 0.2p.M filter) is placed in a container around the 

probe and used to clean the machine. The FACS flow solution is replaced with a mixture 

o f 50pl live cell suspension and 9.95ml FACS fluid. The probe samples 200|xl of fluid and 

measures the number of cells present, their volume and diameter by displacement o f the
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fluid, assuming that the cells are spheres. The measurement is repeated twice and mean 

values for volume and diameter displayed.

2.3 Protein biochemistrv

2.S.1 Antibodies

Antibodies commonly used in this thesis are shown in Table 2.1. All antibodies 

were raised against human proteins.

Target protein Name Type Origin

CDK4 SC-601/H-22 rabbit polyclonal Santa Cruz

Cyclin D1 287.3 rabbit polyclonal ICRF (David MacAllan)

Cyclin D2 DCS3.1 Mouse monoclonal ICRF

Cyclin E HE12 mouse monoclonal NeoMarkers

hTERT SC-7214/L-20 goat polyclonal Santa Cruz

Mdm2 OP115/2A10 mouse monoclonal Oncogene Research Products

MEK 1 and 2 9122 rabbit polyclonal Cell Signalling Technology

Myc 9E10 mouse monoclonal ICRF

p l 4 ^ ' 4C6/4 mouse monoclonal ICRF (Janice Rowe)

p l 6 l N K 4 a DCS50 mouse monoclonal ICRF (Jiri Bartek)

p l 6 l N K 4 a DPAR12 rabbit polyclonal David Parry

p l 6 l N K 4 a JC8 mouse monoclonal ICRF (Jim Koh and Ed Harlow)
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554228 mouse monoclonal PharMingen

p 2 l " " SC-397/C-19 rabbit polyclonal Santa Cruz

p53 SC-126/D-01 mouse monoclonal Santa Cruz

Phospho-MEK 9121S rabbit polyclonal Cell Signalling Technology

Ras 0P41/pan-ras mouse monoclonal Oncogene Research Products

Antibodies to DCS50 and JC8 mouse monoclonal antibodies were raised against
epitopes of the C-terminus and N-terminus o f p i r e s p e c t i v e l y .  They were used for 
immunoblotting. The p i r a b b i t  polyclonal antibody, DPAR12, was raised against the 
whole protein in a synthetic His-tagged form. It was used for immunoprécipitation.

Table 2.1 Antibodies

2.3.2 Preparation o f  total cell lysates

Cells were grown to -75%  confluency and, 24 hours before lysis, medium was 

replaced with fresh medium containing no antibiotics. Medium was removed and the 

monolayer washed with PBSA and aspirated thoroughly. Cells were lysed by addition of 

lysis buffer which was distributed over the entire monolayer by scraping the dish with a 

rubber policeman (ICRF/Cancer Research UK) or cell scraper (Falcon). Different lysis 

buffers were used depending on the final application. For western blotting, cells were lysed 

in lOOjxl total volume of a solution of Tris-HCl (pH6.8) plus SDS at a concentration such 

that, when mixed in a 3:1 ratio with 2-mercaptoethanol plus bromophenol blue, formed Ix 

sample buffer (as defined in Section 2.1). The SDS lysate was boiled for 10 minutes and 

protein quantified, before addition o f 2-mercaptoethanol plus bromophenol blue. For 

immunoprécipitations followed by western blotting, each 90mm dish of cells was lysed in 

1ml of NP40 lysis buffer containing freshly-added protease inhibitors, and lysates frozen at
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-10°c .  Cell lysates were thawed and the debris was pelleted by centrifugation at 18,000g 

for 10 minutes, at 4°C. Supernatant was retained and used for immunoprécipitation.

2.3.3 Quantitation o f  protein in cell lysates

For SDS lysates, protein concentrations in the boiled lysate were determined using 

the DC protein assay (BioRad) microplate protocol, according to the manufacturer’s 

instructions. For immunoprécipitation, protein concentrations in the cleared NP40 lysate 

were determined using the EC A protein assay (Pierce) according to the manufacturer’s 

instructions.

2.3.4 Immunoprécipitation from  cell lysates

Cleared cell lysates corresponding to 0.25-1 mg of protein were mixed with 5pi of 

rabbit polyclonal antiserum plus 20pl o f a 50% slurry o f protein A sepharose beads 

(Pierce). For mock immunoprécipitations purified non-specific rabbit IgG (sc-2027, Santa 

Cruz) was used. The mixture was placed on a rotating wheel at 4°C overnight. The beads 

were then pelleted by centrifugation at 18,000g for 1 minute and washed four times in 1 ml 

o f ice-cold NP40 lysis buffer, followed by one wash with 1 ml of cold Ix TE. Immune 

complexes were released from the beads by boiling for 10 minutes in 20pl o f 2x sample 

buffer. Samples were stored at -2 0 °C until required.

2.3.5 SDS polyacrylamide gel electrophoresis (SDS-PAGE)

SDS-PAGE was performed according to standard protocols using Hoeffer HSI 

vertical slab gel units. Acrylamide resolving gels of varying percentages were prepared by
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diluting a 30% acrylamide (37.5:1 acrylamide:bis-acrylamide, Anachem) stock solution in 

400mM Tris-HCl (pH 8.8), 0.1% (w/v) SDS, 0.1% (v/v) TEMED and 0.1% (w/v) 

ammonium persulphate. 14x14x0.075cm (15ml) or 7xl4x0.075cm (7.5 ml) resolving gels 

were employed. Cast gels were overlaid with water-saturated butanol and allowed to 

polymerise. Prior to use, butanol was washed out and an 8ml stacking gel was poured (5% 

acrylamide, 125mM Tris-HCl (pH 6.8), 0.1% (w/v) SDS, 0.1% (w/v) ammonium 

persulphate and 0.1% (v/v) TEMED, into which a comb was placed to generate wells. 

Coloured and ^"^C-labelled size markers (Rainbow Markers, Amersham) were loaded to 

allow the estimation of apparent molecular weights and to orientate the samples. 

Electrophoresis was performed at 25-35mA with unlimited voltage in Ix protein electrode 

buffer, with a water cooling system.

2.3.6 Immunoblotting (W estern ’ blotting)

Following SDS-PAGE, proteins were blotted onto polyvinylidene fluoride (PVDF) 

membranes (Millipore). 12 pieces of 3MM paper and one piece o f Immobilon-P PVDF 

membrane were cut to the size of the gel. The 3MM was soaked in protein transfer buffer 

and the membrane was briefly soaked in methanol, then water, then equilibrated in protein 

transfer buffer. The gel was then placed in direct contact with the membrane (with the 

membrane at the anode side of the gel) in a sandwich o f 3MM. Bubbles were removed by 

gently rolling the stack with a disposable plastic pipette. Proteins were transferred for 45- 

60 minutes at 1.5mA/cm^ using a semi-dry Western blotting apparatus (Atta). Transfer was 

confirmed by the presence of coloured markers on the membrane. Membranes were rinsed 

with PBSA and incubated in blocking solution for at least 1 hour at room temperature.
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Antibodies were diluted in blocking solution, to an appropriate concentration. 

Purified primary antibodies were generally used at a dilution of 1:1000. Unpurified mouse 

monoclonals were used at a dilution of 1:5. Membranes were incubated with the primary 

antibody for 1 hour at room temperature, in sealed plastic bags. Membranes were then 

washed for 1 hour (approximately 6x 10 minutes) with 200 ml o f 0.2% (v/v) Tween-20 in 

PBSA at room temperature to remove excess antibody. HRP-linked secondary antibodies 

(Amersham) were used at a dilution o f 1:2000. Membranes were incubated for 45 minutes 

at room temperature and washed as above. Proteins were detected by enhanced 

chemiluminescence (ECL) using detection reagents (Amersham Pharmacia Biotech) mixed 

1:1 to generate active substrate. Membranes were exposed to these reagents for 1 minute. 

The presence of active HRP was observed by exposing the membrane to Hyperfilm MP 

(Amersham Pharmacia Biotech) in a Hypercassette (Amersham Pharmacia Biotech) at 

room temperature for between 5 seconds and 1 hour and developing the film.

To re-probe membranes, they were washed several times in 200 ml o f 0.2% (v/v) 

Tween-20 in PBSA to remove ECL reagents and incubated in blocking solution before 

adding a different primary antibody. Membranes were stored at -20°C.

2.3.7 Stripping protein from  PVDF membranes

A corner o f the membrane was cut to retain orientation after loss of rainbow 

markers. Membranes were shaken in protein stripping buffer (see Section 2.1) at 50-55°C 

for 20-30 minutes and then washed three times in 400 ml of 0.2% (v/v) Tween-20 in PBSA. 

Membranes were incubated in blocking solution at room temperature for at least 1 hour and 

washed three times in 200 ml of 0.2% (v/v) Tween-20 in PBSA. Membranes were exposed
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to ECL reagents for 1 minute, exposed to Hyperfilm for 1 hour and the film developed to 

determine the level o f residual signal.

2.3.8 Immunofluorescence

Various dilutions o f cells were seeded on glass coverslips in a 24-well plate 

(Coming Incorporated 3524) and incubated at 37°C. Cells were washed in PBSA at room 

temperature and fixed in ~ lm l of 3.7% paraformaldehyde solution (Sigma 37% pure 

paraformaldehyde solution diluted 1:10 in PBSA) for 15 min at room temperature before 

washing twice with 1ml of PBSA. The cells were incubated on ice in 0.1% Triton in PBSA 

for 4 minutes to permeabilise them, washed twice with PBSA and incubated in 0.2% fish 

skin gelatine (Sigma) in PBSA for 25 minutes. For immunofluorescence staining of 

p21^^^\ the C-19 antibody (Santa Cruz) was diluted 1:50 and 1:100 in 0.2% fish skin 

gelatine and the cells incubated with antibody or fish skin gelatine only for 20 minutes 

followed by three washes of 10 minutes with PBSA at room temperature to remove excess 

antibody. A fluorescein-conjugated anti-rabbit secondary antibody (Alexa 488, Molecular 

Probes A11008) was diluted 1:400 in 0.2% fish skin gelatine and incubated with the cells 

for 20 minutes at room temperature in the dark followed by three 10 minute washes in 

PBSA in the dark. The coverslips were then mounted (inverted) onto slides with a drop of 

Citifluor and stored in the dark at 4°C. The cells were viewed using a Zeiss Axiovert 

(135TV) microscope with a mercury lamp. Images were captured with a Hamamatsu Orca 

-  Extended Red camera and stored electronically.
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2.3.9 Integrin profiling using FACS

Cells were analysed for changes in the levels o f surface integrins using monoclonal 

antibodies specific for: a l  (FBI2), oc2 (P1E6), a3 (J143), a4  (HP21), a5  (P1D6 sc-13547), 

a6  (G0H3 scl9622), a9  (MAB2078Z), av  (L230), av|33 (LM609), av(35 (P1F6 sc-13588), 

P6 (E7P6), p i (P4C10), P3 (PM6/13), P4 (3E1), a llb  (SZ.22). Antibodies were supplied 

by John Marshall and Ian Hart, Richard Dimbleby Cancer Research UK Department of 

Cancer Research, St. Thomas’ Hospital, London, UK. Bound antibodies were detected 

with FITC-conjugated anti-mouse secondary antibody (Alexa 488, Molecular Probes) with 

the exception of a6  which was detected with FITC-conjugated anti-rat secondary antibody. 

No primary antibody, a l lb  (platelet-specific) and P4 (epithelial-specific) served as a 

negative controls. The HT1080 fibrosarcoma cell line served as a positive control.

Cells at -90%  confluence were detached with trypsin and washed in cold Wash 

Buffer (0.1% BSA, 0.1% Sodium azide in PBSA). Cells were resuspended to a density of 

4x10^ cells/ml and 50pl aliquots were distributed into a V-bottomed 96-well plate on ice 

(-2x10^ cells per antibody). 50pl of each primary antibody was added to appropriate wells 

and pipetted up and down to mix. Cells were incubated with primary antibody at 4°C for 

30-45 minutes. After addition of lOOp-1 of cold Wash Buffer, plates were spun at 1,000rpm 

for 3 minutes in a swing-bucket rotor (Beckman GS-6R). Supernatant was discarded in a 

single movement, without disturbing cells. Cells were washed twice in 200p,l cold Wash 

Buffer, as before. 50pl secondary antibody (diluted 1:40 in Wash Buffer) was added to the 

cells and pipetted up and down to mix. Cells were incubated with secondary antibody at 

4°C for 30 minutes. Cells were washed three times in lOOpl cold Wash Buffer, as before.
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After the final wash, cells were resuspended in ~400|xl Wash Buffer in polystyrene 

tubes (Falcon 2058) and analysed on a FACSscan (Becton Dickinson). Dead cells and 

clumps of cells were excluded by gating on live cells in a side-scatter versus forward scatter 

plot. The graph of counts against fluorescence intensity (FLl-H ) was plotted for each 

sample and the geometric means tabulated.

2.4 DNA techniques

2.4.1 Ol igonucleotides

All oligonucleotides used in this study were made by the ICRT/Cancer Research 

UK Oligonucleotide Service and are listed in Table 2.2. Oligonucleotides were supplied 

with -OH groups at both the 5’ and 3 ’ ends. The melting temperature o f the 

oligonucleotides (Tm) was calculated by the suppliers using a formula based on a published 

calculation (Baldino et al., 1989). Oligonucleotides were used as primers for PCR 

amplification or DNA sequencing.

Number Name Sequence

1 ARF5’utr cggtgcgtggatcccagtctgcagttaag

2 ARF3’utr cgcaggtaccgtgcgaattcgcgatgg

3 p l6 3 ’utr ctgtaggaccttcggtgactg

4 FmidExlb gctgatgctactgaggagcc
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5 K4KDF* ccgggatccaccatggctacctctcgatatga

6 K4KDREV* ctggaattcgaatcactccggattaccttcatc

* Provided by R. Jones, Molecular Oncology Laboratory, Cancer Research UK. 

Table 2.2 Oligonucleotides

2.4.2 Vectors

The vectors commonly used in cloning steps or for eukaryotic expression of genes 

are described below.

pBABE

pcDNA3

pSP65

Derived from Moloney leukaemia virus; expression of inserted sequences 

from the viral long terminal repeat region and drug selection marker from 

internal promoter (Morgenstern and Land, 1990). Used for production o f 

recombinant retroviruses in appropriate packaging cell systems. Selection 

for retention o f the plasmid in bacteria in 50-100|Xg/ml ampicillin; selection 

for eukaryotic gene expression in 1.25|xg/ml puromycin, 50p-g/ml 

hygromycin or 150-200pg/ml bleomycin.

pUC19-derived mammalian expression vector, containing CMV and T7 

promoters for recombinant expression; colEl and fl origins of replication 

and SV40 origin of replication (Invitrogen). Contains ampicillin resistance 

gene and neom ycin resistance gene. Can be used for in vitro  

transcription/translation and eukaryotic expression.

Cloning and in vitro transcription vector. Contains bacteriophage SP6 

promoter adjacent to M l 3 poly linker, ampicillin resistance gene and origin 

o f replication (Promega).
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pGEM-4Z pUC 18-derived cloning and in vitro  transcription/translation vector.

Multiple cloning sites v^ithin the lacZ gene provides a-complementation for 

blue/white colour screening of recombinant phagemids. Contains colEl and 

fl origin of replication, T7 and SP6 promoters for in vitro transcription and 

the ampicillin resistance gene (Promega).

Bluescriptll pUC19-derived cloning and transcription/translation vector. Multiple 

cloning sites flanked by T3 and T7 promoters lie adjacent to the lacZ gene in 

either the KS (Kpnl to S a d )  or SK (S ad  to K pnl) orientation. Contains 

colEl and fl origin o f replication and the ampicillin resistance gene 

(Stratagene).

N.B. pUC plasmids are derived from the pBR322 plasmid and make use of the 

single-stranded bacteriophage M l 3. They were designed for use in insertion mutagenesis 

and sequencing from universal primers (Vieira and Messing, 1982). The ‘fl origin’ is the 

f l filamentous phage origin of replication and allows recovery o f a single strand o f DNA 

(sense or antisense designated as f l+  or fl-) when co-infected with helper phage. The 

‘ColEl ’ origin is a plasmid origin o f replication used in the absence of helper phage.

2.4.3 Amplification o f  DNA by PCR

DNA was routinely amplified using the following 50|xl PCR reaction mixture: 5p,l 

Ix Pfu buffer (Stratagene), 5pil 2mM dNTPs (Pharmacia Biotech), l|xl 25)liM  Primer 1, l|xl 

25|iM Primer 2, 5p,l lOng/p-1 DNA, lp-1 Pfu polymerase (Stratagene) and 32|li1 water. If 

amplifying cDNA from reverse transcription reactions, 2|xl DNA was used. The reaction 

mixture was heated as follows in a thermal cycler (MJ Research): 94°C for 4 minutes,
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followed by 30 cycles of 94°C for 30 seconds, TAnn(primers) for 1 minute and 72°C for 2 

minutes. The reaction mixture was then cooled to 4°C. The annealing temperature of the 

primers (TAnn) can be approximated as 3-4°C less than the melting temperature (Tm) of the 

primers. The elongation time of the reaction at 72°C can be adjusted according to the 

length of the desired product. 2 minutes, as suggested, is sufficient for products of l-2kb in 

length. Products of ~500bp require only 30-60 seconds elongation time, which allows the 

total reaction time to be significantly reduced.

2.4.4 Automated DNA sequencing

DNA sequencing was carried out using the ABI PRISM BigDye Terminator Cycle 

Sequencing kit (Applied Biosystems). This method uses the polymerase chain reaction to 

incorporate dye-labelled dNTPs into the DNA to be sequenced. Following removal of 

unincorporated dye-labelled terminators by ethanol precipitation, the DNA of interest is run 

through a gel where the dye-labelled terminators are monitored passing through a laser 

beam. The information is automatically entered onto a computer and processed. For 

double-stranded DNA, 200-500ng of template was used. For gel-purified PCR product, 1- 

1 OOng of template was used depending on the length o f the product, as indicated in the 

manufacturer’s handbook. Samples o f DNA template were mixed with 3.2-5pmol of 

primer and 8|Li1 Terminator Ready Reaction Mix in a 0.6ml microcentrifuge tube. The 

volume was made up to 20|xl with water and the tubes placed into a DNA Thermal Cycler 

(MJ Research). Thermal cycling was conducted for 25 cycles as follows: rapid thermal 

ramp to 96°C for 30 seconds (denaturing), rapid thermal ramp to required annealing
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temperature (48°C to 60°C) for 15 seconds (annealing), rapid thermal ramp to 60°C for 4 

minutes (extending).

For double-stranded DNA template, excess dye-labelled terminators were removed 

by adding 80p,l water to the 20pl PCR reaction, transferring the entire volume to a 1.5ml 

microcentrifuge tube and ethanol precipitating the synthesised DNA by adding 5|il o f 3M 

sodium acetate (pH 5.2) and 300|xl o f 95% (v/v) ethanol at room temperature. After 15 

minutes, the mixture was centrifuged at 18,000g for 20 minutes and the ethanol solution 

aspirated as completely as possible. The pellets were rinsed with 300pl o f 70% ethanol at 

room temperature, vortexed and incubated at room temperature for 15 minutes. The 

mixture was centrifuged at 18,000g for 5 minutes, supernatant removed, spun again and 

remaining supernatant removed. The pellet was air-dried for about 20 minutes. Ethanol 

precipitation was performed at room temperature to minimise salt precipitating with the 

DNA. For PCR product template, sequencing reactions were purified by centrifugation at 

750g for 3 minutes in spin columns (Qiagen DyeEx 2.0 Spin Kit) followed by drying in a 

vacuum centrifuge.

From this stage onward, samples were processed and analysed by the staff o f the 

ICRF/CR-UK Equipment Park. Briefly, samples were resuspended in loading buffer 

(deionised formamide and 25mM EDTA (pH 8.0) with 50pg/ml Blue dextran), mixed and 

spun. Samples were heated to 90°C for 2 minutes to denature the DNA and loaded onto the 

ABI Prism 377 DNA Sequencer (Applied Biosystems).
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2.4.5 PCR based TRAP assay

To detect telomerase activity in cells, the T P A P e z e  Telomerase Detection Kit 

(Intergen) was used following the manufacturer’s instructions and using solutions provided. 

In summary, ~10^ cells were lysed in 200|Ltl Ix CHAPS lysis buffer (supplied) and stored at 

-70°C. The cell suspension was thawed and incubated on ice for 30 minutes prior to 

pelleting the debris by centrifugation at 12,000g for 20 minutes at 4°C. Protein 

concentrations in the cleared lysates were determined by BCA protein assay (Pierce) as 

before.

The TS primer supplied in the kit was end-labelled by incubating lOpl TS primer 

with 25|LiCi[Y-^^P]-ATP, lOx polynucleotide kinase buffer and 5 units of T4 polynucleotide 

kinase for 20 minutes at 37°C, then 5 minutes at 85°C. Telomerase is a heat sensitive 

enzyme and, as a negative control, samples of each extract equivalent to 5000 cells were 

placed at 85°C for 10 minutes to inactivate telomerase prior to the assay. Cell extracts 

equivalent to 1000 cells (untreated and heat-treated extracts) were mixed with a single 

buffer solution containing the end-labelled TS-primer, a second unlabelled primer, excess 

dNTPs, Taq polymerase and a control template. The samples were incubated in a Perkin 

Elmer Cetus thermal cycler at 30°C for 30 minutes, followed by 30 cycles o f a two-step 

polymerase chain reaction (PCR), 94°C for 30 seconds and 59°C for 30 seconds. During 

the first incubation period, telomerase adds a number o f telomeric repeats onto the 3’ end of 

the labelled TS primer. During the second step of the reaction the extended products are 

amplified by PCR using the TS primer and the second primer, present in the buffer, to 

generate a ladder of products with 6 base pair increments. An internal control is included 

in each assay and the primers and control template generate a 36 base pair PCR product in
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each reaction. 5|li1 of each PCR reaction was diluted 1:1 with denaturing loading dye. The 

ladder o f products was then separated on an 18% denaturing polyacrylamide urea gel and 

the dried gel exposed to Hyperfilm MP (Amersham Pharmacia Biotech).

2.4.6 Restriction enzyme digestion and agarose gel electrophoresis

DNA was digested using excess restriction enzyme (but not more than 10% total 

volume) in reactions containing the appropriate restriction enzyme buffer supplied by the 

manufacturer and BSA, if  recommended. DNA was digested in a total volume o f 20-50|li1 

for plasmid DNA and SOOpl for genomic DNA. DNA was digested at the recommended 

temperature for the enzyme (typically 37°C) for 1-3 hours for plasmid DNA and up to 16 

hours for genomic DNA. Samples in Ix agarose gel loading buffer were analysed using 

horizontal gels of 0.8-1.0% (w/v) agarose (SeaKem) in DNA electrode buffer plus 0.5|xg/ml 

ethidium bromide. Electrophoresis was performed at 80-1 GOV (or 30V for genomic DNA) 

in DNA electrode buffer, //mcflll-digested X DNA (NBL) or 100 base pair ladders 

(Amersham Pharmacia Biotech or NBL) were used to provide size markers. The digested 

DNA was visualised using a UV transilluminator and, when required, fragments of interest 

were excised for further purification. Occasionally, gels were stained after electrophoresis 

by soaking in l.Opg/ml ethidium bromide in water for 30-60 minutes and destaining for 10- 

15 minutes in water.

2.4.7 Purification o f  DNA from  agarose

DNA was routinely purified using QIAquick Gel Extraction Kit (Qiagen) following 

manufacturer’s instructions. Briefly, the gel slice containing the fragment of interest was
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solubilised and applied to the reservoir of a silica-gel membrane column. During 

centrifugation the DNA becomes attached to the silica membrane whilst agarose and other 

impurities pass through the column. Bound DNA was washed in buffer containing ethanol 

and eluted in lOmM Tris-HCl, pH 8.5. All buffers were provided with the kit.

2.4.8 Ligation o f  DNA

100-500ng of digested vector DNA was mixed with an excess o f purified insert 

DNA in a 20|xl reaction volume. Chilled Ix DNA ligase buffer and 4 units o f T4 DNA 

ligase (both NBL) were added. Ligations were performed at 16°C for ~2 hours or 

overnight.

2.4.9 Transformation o f  bacteria by heat shock

Epicurian Coli XL-1 Blue (Stratagene) or Top 10 One Shot (Invitrogen) chemically 

competent bacteria were thawed on ice and SOp-l aliquots were transferred into prechilled 

15ml tubes (Falcon). 10-50ng DNA in a total volume o f 5|il was added to the bacteria and 

flicked to mix. Bacteria were incubated on ice for 30 minutes then incubated at 42°C for 

30-45 seconds and immediately returned to ice for 2 minutes. 500p,l L-Broth or 250|il SOC 

medium (provided) was added to the bacteria which were incubated shaking at 37°C for 30- 

60 minutes. Various volumes (typically 50|xl and 250|li1) of bacteria were spread on LB 

agar plates containing selective drug (typically 50-lOO^ig/ml ampicillin) and incubated 

overnight at 37°C.
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2.4.10 Small scale preparation o f  plasmid DNA (minipreps)

High purity plasmid DNA was prepared using the QIAprep Spin Miniprep kit 

(Qiagen) following the manufacturer’s instructions and using solutions provided. Bacterial 

cells were lysed under alkaline conditions, and the lysate was subsequently neutralised and 

adjusted to high-salt binding conditions in one step. Lysates were cleared by centrifugation 

and applied to the reservoir of a silica-gel membrane column in buffers that adsorbed DNA 

but not RNA, cellular proteins, and metabolites. Salt was removed by a brief wash step 

with buffer containing 80% (v/v) ethanol. Pure plasmid DNA was then eluted with 50|il 

lOmM Tris-HCl (pH 8.5) or water.

2.4.11 Large scale preparation o f  plasmid DNA (maxipreps)

Large scale preparation o f plasmid DNA was performed using the QIAfilter 

Plasmid Maxi kit (Qiagen) according to the manufacturer’s instructions. Bacterial cells 

were lysed under alkaline conditions and the lysate was subsequently neutralised. The 

precipitated debris was removed by use of a QIAfilter cartridge (Qiagen) and the remaining 

solution was loaded onto a pre-equilibrated QIAGEN-tip by gravity flow. The salt and pH 

conditions o f the lysate and the properties o f the anion-exchange resin ensured that only 

DNA was adsorbed. The QIAGEN-tip was then washed with medium-salt buffer, which 

removed any remaining contaminants. The low concentration of alcohol in the wash buffer 

eliminated non-specific hydrophobic interactions. The plasmid DNA was then eluted with 

high-salt buffer. The eluted plasmid DNA was desalted and concentrated by isopropanol 

precipitation and washed with 70% (v/v) ethanol at room temperature. The purified DNA 

was briefly air-dried and redissolved in 250pl-lm l of TE. The plasmid concentration was
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determ ined by m easuring the absorbance o f  260nm  w avelength light in a 

spectrophotometer.

2.4.12 Preparation o f  genomic DNA

Genomic DNA was prepared from cells using the Easy-DNA Genomic DNA 

Isolation Kit (Invitrogen) according to manufacturer’s instructions. Adherent cells growing 

in 80cm^ flask were released with trypsin, pelleted by centrifugation and resuspended in 

200pl PBS to eliminate formation of a salt pellet during DNA precipitation. Cells were 

lysed and the non-nucleic acids were precipitated using buffers provided. Chloroform was 

added and the mixture centrifuged at 18,000g for 15 minutes such that a solid interface of 

precipitate was formed between the chloroform (bottom) and aqueous DNA (top). The 

upper phase was recovered and the genomic DNA precipitated by addition of 1ml cold 

100% ethanol which was mixed and incubated on ice for 30 minutes. Genomic DNA 

generally precipitated immediately upon addition of the cold ethanol. Precipitated DNA 

was pelleted by centrifugation at 18,000g for 15 minutes at 4°C, then washed with cold 

80% ethanol which was removed carefully and the pellet was air-dried for 5 minutes. The 

pellet was resuspended in lOOpl TE buffer. 40pg/ml RNase was added and incubated at 

37°C for 30 minutes to digest any remaining RNA. DNA concentration was determined by 

measuring the absorbance of 260nm wavelength light in a spectrophotometer.

2.4.13 Southern blotting

DNA was digested with restriction enzymes, fractionated by electrophoresis in an 

agarose gel and photographed under UV light, as before. The gel was soaked in 0.25N HCl
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for 10 minutes, then DNA was denatured by soaking the gel in 0.4N NaOH for 30 minutes. 

The gel was then placed on a wick of 3MM (Whatman) filter paper in contact with a buffer 

reservoir of 0.4N NaOH. GeneScreen Plus (DuPont) membrane was cut to the size o f the 

gel, pre-wetted in water and then equilibrated in 0.4N NaOH for 10-15 minutes. The 

membrane was placed on top of the gel and overlaid with two pieces of 3 MM paper pre

wetted in 0.4N NaOH and two pieces o f dry 3MM paper. The assembly was gently rolled 

with a plastic pipette to remove air bubbles after each addition o f paper. Parafilm 

(American National Can) was used to separate the wick from the membrane to prevent any 

non-capillary transfer of buffer. A stack of paper towels was placed on top of the assembly, 

creating an upper wick. A weight was placed on top on a flat plastic surface which was 

levelled using a spirit level to ensure even transfer. Transfer took place overnight for 

between 16 and 18 hours. The membrane was removed and rinsed in 2x SSC for 1 minute 

and air-dried (DNA side up) on 3 MM filter paper.

2.4.14 Radiolabelling DNA probes

^^P-labelled DNA fragments for hybridisation probes were generated using the 

RediPrimell random prime labelling system (Amersham Pharmacia Biotech) following the 

manufacturer’s instructions. A 25-50ng sample of the appropriate DNA fragment in 45p,l 

TE was denatured by boiling for 5 minutes followed by snap cooling on ice for 5 minutes. 

This denatured, single-stranded DNA was used as a template for second strand synthesis by 

priming with random primers in a labelling reaction mixture (provided) containing buffered 

solution of dATP, dOTP, dTTP, exonuclease free Klenow DNA polymerase 1 enzyme and 

random primers. 5p,l of [y^^P] dCTP (ICN 3901IX) was added, mixed and the reaction
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incubated at 37°C for 20-30 minutes. The reaction was stopped by addition of 5|il o f 0.2M 

EDTA and the labelled DNA product denatured by boiling for 5 minutes and snap cooling 

on ice for 5 minutes. Unincorporated dCTP was removed by gel filtration on Sephadex G- 

50 spin columns. The probe was eluted in 60-70p,l TE and scintillation activity of lp.1 

probe in ~2ml water measured on a Beckman LS6500 Multi-purpose Scintillation Counter. 

Generally all o f the probe was used immediately but, occasionally, half o f the probe was 

stored at +4°C for later use.

2.4.15 Hybridisation o f  DNA probes

Membranes were pre-hybridised by rolling in 15-20ml warm Church and Gilbert 

hybridisation buffer at 59°C for 4-8 hours in a cylindrical glass bottle. The pre

hybridisation buffer was replaced with 10ml fresh Church and Gilbert buffer containing the 

denatured and labelled probe. After overnight incubation at 59“C, the membrane was 

washed in 100ml phosphate wash buffer in the glass cylinder at 59°C to remove excess 

probe. The membrane was then removed and washed four times in phosphate buffer at 

59°C by shaking in a tray for 15 minutes, whilst occasionally monitoring the membrane for 

radioactivity. The membrane was briefly dried on 3MM filter paper, wrapped in Saran 

Wrap and exposed to Hyperfilm MP (Amersham Pharmacia Biotech) with intensifying 

screens or a Phosphorlmager (Molecular Dynamics) at room temperature. When required, 

membranes were stripped of probe by shaking for 15-30 minutes in DNA stripping buffer 

heated to 95°C. Membranes were then exposed to film or Phosporlmager to assess the level 

o f residual signal.
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2.5 RNA techniques

2.5.1 Preparation o f  total RNA

Total RNA was prepared from cells using RNeasy Mini Kit (Qiagen) protocol for 

isolation of total RNA from animal cells according to the manufacturer’s instructions. One 

80cm^ flask of subconfluent adherent cells (-5x10^ tumour-derived cells) were released 

with trypsin, pelleted by centrifugation, washed in PB SA and pelleted again. They were 

often stored at -70°C at this stage before RNA extraction. Cells were lysed and 

homogenised under highly denaturing conditions in buffer containing guanidinium 

isothiocyanate (GITC) and P-mercaptoethanol that immediately inactivated RNase s. 

Lysates were homogenised by passing through a QIAshredder column (Qiagen) at 18,000g 

for 2 minutes or by passing 5 or more times through a 20-guage needle. 70% ethanol was 

added to provide appropriate binding conditions and the sample applied to an RNeasy spin 

column and centrifuged for 15 seconds at 8,000g. Total RNA thus binds the silica gel- 

based membrane of the spin column and contaminants were washed away with an ethanol- 

based solution. RNA was eluted in RNase-free water. RNA concentration was determined 

by measuring the absorbance of 260nm wavelength light in a spectrophotometer. RNA was 

stored at -70°C.

2.5.2 Reverse transcription PCR (RT-PCR)

RNA was reverse-transcribed using TaqMan reverse transcription reagents (Applied 

Biosystems) under conditions recommended by the manufacturers, using random hexamers
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rather than oligo (dT)i6 to prime cDNA synthesis. 3|Xg total RNA was used in a 50p,l 

reaction mixture. The reaction mix was incubated at 25°C for 10 minutes to initiate the 

reaction, then held at 48°C for 30 minutes for reverse transcription to take place and heated 

to 95 °C for 5 minutes to inactivate the reverse transcriptase enzyme. The cDNA product 

was amplified by PCR, as before, or used for Quantitative Real-Time PCR (see below).

Alternatively, 2pg RNA in a total volume o f 9 .4 |x l in RNase-free water was 

denatured by incubating at 70°C for 10 minutes followed by chilling on ice for 2 minutes. 

To the RNA was added a 12.6pl total volume mixture of 2p,l oligo (dT)i2-i8 (0.5|Xg/|bil) 

(Gibco), 2.2pl lOOmM DTT, 4.4|Lil 5x MMLV RT buffer (Gibco), 2|Li1 lOmM dNTPs, Ip l 

RNasin (Promega) and 1 pi MMLV reverse transcriptase (Gibco). The 22pl total reaction 

mix was incubated at 37°C for 1 hour and frozen to stop the reaction. The cDNA product 

was amplified by PCR using Qiagen PCR Master Mix with lOpM forward and reverse 

primers.

2.5.3 Quantitative Real-Time PCR (Q-FCR)

Total RNA was extracted from cells and reverse transcribed into cDNA using 

TaqMan reverse transcription reagents, as above. A 3x master mix of the following 25pl 

reaction mixture was assembled and 3x 23pi aliquoted into a 96-well ABI PRISM Optical 

Reaction Plate (Applied Biosystems): 0.5pl of lOpM mix of forward and reverse primers, 

0.5pl cDNA, 12.5pl SYBR green (Applied Biosystems) and 11.5pl sterile water. Master 

mixes of cDNA and primers in water were made and aliquoted into the final 3x reaction 

mix in order to minimise pipetting errors. The wells were sealed with ABI PRISM Optical 

Caps (Applied Biosystems) and loaded onto an ABI PRISM Sequence Detector 7700. The
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reaction mixture was heated as follows: ramp to 50°C and hold for 2 minutes, ramp to 95°C 

and hold for 10 minutes, then 40 cycles of 95°C held for 15 seconds followed by a decrease 

to 60°C, held for 1 minute. Data was analysed using Sequence Detector v l.7a software.

Primers for Q-PCR were designed using Primer Express 1.5 software following 

manufacturer’s recommendations. The sequences of primers successfully used in this study 

were all designed using sequences of human genes and were provided by members o f Dr K. 

Helin’s laboratory. Dept, o f Experimental Oncology, European Institute of Oncology, 

Milan, and are shown in Table 2.3.

Name Forward sequence Reverse sequence

p-actin tgcaggttggatggtcagacac gccaagaccaccagcacg

Cyclin D1 gaggagaacaaacagatcatccg cggattggaaatgaacttcacatc

Cyclin D2 ggaacctggcagctgtcactc acatggcaaacttaaagtcggtg

p l4 ^ ' ccctcgtgctgatgctactg acctggtcttctaggaagcgg

plglNMa gaaggtccctcagacatcccc ccctgtaggaccttcggtgac

Table 2.3 Q-PCR primer sequences

2.5.4 RNA microarray

Total RNA was extracted from cells using Qiagen RNeasy Mini kit and its quality 

checked using a Bioanalyzer 2100 (Agilent Technologies) according to manufacturer’s 

instructions. 10p,g total RNA was reverse transcribed into cDNA using Superscript ds- 

cDNA Synthesis Kit (GIBCO) in two steps. For first strand cDNA synthesis, RNA was 

incubated with reverse transcriptase and T7-(T)24 primer (an oligo (dT) primer with the T7
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promoter linked on) at 42°C for 1 hour. For second strand synthesis, the DNA product was 

incubated with E. coli DNA ligase, DNA Polymerase 1 and RNase H and incubated at 16°C 

for 2 hours. The double stranded cDNA product was cleaned by phenol extraction using 

Phase Lock Gel tubes (Eppendorf). After centrifugation to separate the aqueous and 

organic layers of the phenol extraction, the aqueous phase was transferred to a new tube 

and the cDNA extracted using 7.5M sodium acetate, glycogen and 100% ethanol. The 

cDNA was pelleted by centrifugation, washed with 80% cold ethanol, air-dried and 

resuspended in water.

Biotinylated cRNA was synthesised from cDNA by in vitro transcription from the 

T7 prom oter using BioArray High Yield RNA Transcript Labeling Kit (ENZO, 

Affymetrix). All of the ds-cDNA was incubated with biotin-labelled ribonucleotides, DTT, 

buffer, RNase inhibitors and T7 RNA polymerase at 37°C for 5 hours with occasional 

mixing. The biotinylated cRNA was cleaned using RNeasy Mini Kit (Qiagen), as 

described for preparation of total RNA, and quantified by measuring its absorbance of 

260nm wavelength light using a spectrophotometer. The concentration o f cRNA must be at 

least 0.6|uig/pil and the total yield must be at least 40p,g cRNA. The biotinylated cRNA was 

then fragmented into molecules of up to ~300bp by incubating in Fragmentation Buffer 

(Affymetrix) at 95°C for 35 minutes. Aliquots of fragmented and unfragmented RNA were 

then examined using the Bioanalyzer and by separation on an agarose gel to check that the 

reaction was successful.

The hybridisation cocktail was prepared using the Gene Chip Eukaryotic 

Hybridization Control Kit (ENZO, Affymetrix). 15|ig of fragmented cRNA was mixed 

with denatured control oligonucleotide B2, denatured eukaryotic hybridisation controls.
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herring sperm DNA, acetylated BSA, hybridisation buffer and RNase-free water. The 

hybridisation cocktail was heated to 99°C for 5 minutes, incubated at 45°C for 5 minutes 

and centrifuged to remove insoluble material. From this point on, the experiment was 

performed by the Affymetrix Operator, Tracy Chaplin, at an Affymetrix Workstation 

(Cancer Research UK Medical Oncology Unit, M olecular Oncology Group, St 

Bartholomew’s Hospital, London, UK). The human U133A Affymetrix Chip was 

equilibrated in hybridisation buffer and rotated (60rpm) at 45°C for 10 minutes. The 

hybridisation buffer was then removed and replaced with the hybridisation cocktail and 

rotated (60rpm) at 45°C for 16 hours. After hybridisation, the chips were washed and 

stained with phyco-eurythrin streptavidin and biotin antibodies to amplify the fluorescent 

signal, using the automatic protocol ‘Euk GE-WS2v4’. Chips were scanned twice and data 

collected and stored electronically.

81



Chapter 3

Effects of Myc on telomerase, and ARE

3.1 Introduction

In 1999, when this work was started, it was generally believed that Myc could 

activate telomerase. This was due to three publications over the previous year that reported 

that Myc could induce expression of hTERT at the RNA level, independently of protein 

synthesis in primary human cells (Greenberg et al., 1999; Wang et al., 1998; Wu et al., 

1999). These publications raised the attractive possibility o f using the MycER system 

(Littlewood et al., 1995) to switch telomerase on and off at will in primary human 

fibroblasts. Creating a reversible telomerase switch with MycER was desirable because it 

would allow us to include and exclude telomerase activity from transformation experiments 

in primary human fibroblasts that were being pursued at the time.

3.2 Induction o f MvcER with tamoxifen does not reliablv activate telomerase in human 

diploid fibroblasts

Normal (Hs68) and pl6^^^"^^-deficient (Leiden) strains o f primary human 

fibroblasts, stably expressing the ecotropic receptor, were infected with recombinant 

retrovirus encoding the MycER fusion gene (Littlewood et al., 1995) or empty pBABEpuro 

vector. After selection, pools o f cells were treated with or without 0.1 pM 4-
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hydroxytamoxifen (OHT) for the duration of their lifespan. As a positive control for the 

expected effects o f telomerase expression, normal human diploid fibroblasts (Hs68 cells) 

were infected with a retrovirus containing hTERT or empty vector. Cells were passaged at 

a 1:4 dilution upon reaching confluence, and population doublings plotted over time. 

Neither wild-type Hs68 cells nor pl6^^"^*-deficient Leiden cells were immortalised by 

MycER+OHT, nor was their lifespan extended (Fig. 3.1a and b). Indeed, their growth was 

slightly suppressed in the presence of MycER+OHT. These experiments were repeated and 

representative examples are shown. In one experiment, two clones o f immortalised 

pl6iNK4a_def|cient Leiden cells emerged from the MycER+OHT population (Fig. 3.1c and 

compare with Fig. 3 .Id). Both of these clones were shown to have telomerase activity as 

measured using the TRAP (telomerase repeat amplification protocol) assay, with 

Hs68+hTERT cells serving as a positive control (Fig. 3.2). In passing, no telomerase 

activity was detected by the TRAP assay in any other cells expressing MycER and treated 

with tamoxifen.

These attempts to activate telomerase using MycER led us to conclude that although 

telomerase can be stochastically activated in cells expressing MycER+OHT, we could not 

use MycER to reliably and reversibly activate telomerase.

3.3 Anchorage-independence of Leiden clones

An unexpected property of the two immortal clones of pl6^^^"^^-deficient Leiden 

cells expressing MycER was their ability to grow as anchorage-independent colonies in soft 

agar (Fig. 3.3). In contrast, wild-type Hs68 cells expressing MycER and treated with
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Fig. 3.1 Effects of MycER on proliferation of human diploid fibroblasts.

Human diploid fibroblasts, either wild type (Hs68) or plb^'^^-deficient (Leiden), 
were infected with recombinant retrovirus encoding MycER or empty pBABEpuro 
vector and selected in puromycin for at least 7 days (a, b and c). After selection, 
0.1 pM 4-hydroxytamoxifen (OHT) was added to the medium of the cells indicated 
and refreshed approximately every three days for the duration of their lifespan. 
Cells were passaged at 1:4 dilution upon reaching confluence and population 
doublings plotted, d) Hs68 cells infected with retrovirus encoding hTERT or empty 
pBABEhygro vector were selected in hygromycin and passaged as above. 
Population doublings were plotted over time.
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Fig. 3.2 Telomerase activity in human diploid fibroblasts expressing MycER.

10  ̂ Leiden cells were lysed in CHAPS lysis buffer and lysates equivalent to 1000 
cells were used in each TRAP assay. A lysate from Hs68 cells expressing hTERT 
was used as a positive control and a lower exposure autoradiograph of the Hs68 
lanes is shown TRAP assays were analysed by SDS-PAGE using an 18% 
denaturing acrylamide gel. Telomerase products were visualised by 
autoradiography. A 36bp PCR product (not shown) generated independently of 
telomerase expression served as an internal control.
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Fig. 3.3 Clones of Leiden cells with activated telomerase and expressing Myc 
are anchorage-independent.

a pl6^"^^-deficient (Leiden) fibroblasts and wild-type (Hs68) fibroblasts were 
infected with retrovirus encoding Myc or empty pBABEpuro vector. Selected 
pools of cells were seeded at -10"  ̂ cells per assay and grown in 0.2% agarose for 
four weeks. Colonies were counted and expressed as a percentage of the total 
number of cells per field. 3 wells were seeded per experiment; 6 fields counted per 
well; average s  80 cells/field, b Micrograph of anchorage-independent colonies.



tamoxifen did not form colonies in soft agar. Further experiments investigating anchorage- 

independence will be described in Chapter 4.

3.4 M y c  induces A RJ in human cells

We considered what effects Myc might have that would allow the Leiden clones to 

become anchorage independent. Contrary to any ability to promote anchorage- 

independence, it has been shown that Myc can activate p i 9"^^  ̂ in MEFs (Zindy et al., 

1998). ARE binds Mdm2, thus preventing degradation o f p53 by blocking the ability of 

Mdm2 to target p53 for ubiquitination and consequent degradation in the proteasome 

(Kamijo et al., 1998; Pomerantz et al., 1998; Stott et al., 1998; Zhang et al., 1998). This 

leads to stabilisation of p53 in cells that contain Mdm2 and p53, resulting in cell cycle 

arrest or apoptosis. It is technically difficult to analyse endogenous p i4^^^ in primary 

human cells by immunoblotting due to its low level o f expression and the insensitivity of 

available antibodies. However, it is possible to detect the p-ARF/pl6 product in Leiden 

cells with an antibody to the C-terminus o f p i 6 (DCS50) which provides a unique 

opportunity to analyse the ARE protein in primary human fibroblasts.

Using fresh primary Leiden cells (we made no further use of the immortalised 

Leiden+MycER clones) we investigated the effect o f Myc on the Leiden form of ARE. 

Pools o f Leiden cells expressing the MycER construct were treated with tamoxifen in a 

timecourse over 24 hours and whole cell lysates were harvested for western blotting. Using 

the DCS50 antibody, we found that P-ARE/pl6 is upregulated coincidentally with p53 at 

about 12-16 hours after induction of MycER with tamoxifen (Fig. 3.4a), thus confirming
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Fig. 3.4 ARF is induced by Myc in prim ary human fibroblasts.

a Leiden cells stably infected with MycER retrovirus were treated with 0.1 pM 
OHT and harvested 4, 8, 12, 16 and 24 hours after treatment. Samples (50pg 
protein) of total cell lysate were fractionated by electrophoresis in a 15% 
polyacrylamide gel, transferred to PVDF membrane and immunoblotted with 
antibodies against; p-ARF/pl6 (DCS50), p53 (sc-126/DO-1) and MEK 1 and 2 
(9122). The experiment was repeated and one representative example is shown, b 
Leiden cells stably infected with hTERT and MycER retrovirus or empty 
pBABEpuro vector were treated with or without 0.1 pM OHT for 18 hours. Cells 
were lysed in NP40 lysis buffer and 500pg protein samples were 
immunoprecipitated with a polyclonal p i6 ^ " ^  antibody (DPAR12) to precipitate 
P-ARF/pl6 and western blotted with a monoclonal antibody against p-ARF/pl6 
(DCS50).



data from MEFs (Zindy et al., 1998). An immunoprécipitation assay using a polyclonal 

pl6iNK4a antibody to precipitate P-ARF/pl6 confirmed that the protein induced by 

MycER+OHT and detected by DCS50 was indeed the Leiden ARF protein, p-A RF/pl6 

(Fig. 3.4b).

3.5 Mvc induces p i

There are two obvious differences between the Hs68 cells and the Leiden cell 

clones that could explain their different ability to grow in an anchorage-independent 

manner: one is that the Leiden clones express active telomerase and are immortal whereas 

the Hs68s have a finite lifespan; the other is that the Leiden clones are pl6*^^'^“-deficient 

and the Hs68 cells are not. Having shown that Myc could impact on the CDKN2A locus in 

Leiden cells by upregulating ARF, we wondered if the critical difference between Hs68s 

and Leiden cells in their ability to form anchorage-independent colonies was the presence 

or absence o f pi

To investigate the effect of Myc on p i6"^^% lysates from wild-type Hs68 cells 

infected with the MycER retrovirus or empty vector and treated with or without tamoxifen 

were immunoblotted for p i ( F i g .  3.5). To evaluate long term versus short term 

effects, cells grown in the presence of tamoxifen for nine weeks were compared with cells 

treated with tamoxifen for one week only. The results show that Myc induces plb^^'^^ and 

that the effect of tamoxifen addition is greater in the short term than in the long term.
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Fig. 3.5 Myc induces in Hs68 cells.

Normal primary human fibroblasts (Hs68 cells) stably expressing the MycER 
fusion gene or empty pBABEpuro vector were treated with 0.1 pM OHT for nine 
weeks. Also, cells expressing MycER were treated with 0.1 pM OHT for one week. 
Samples (50pg protein) of total cell lysate were fractionated by electrophoresis in a 
15% polyacrylamide gel, transferred to PVDF membrane and immunoblotted with 
antibodies against p l6 > ^^  (JC8) and MEK 1 and 2 (9122).



Because o f concerns about basal Myc activity o f MycER in the absence of 

tamoxifen and also about the robustness of Myc induction in the presence of tamoxifen, 

Myc induction o f p i w a s  pursued by infecting cells with retrovirus encoding the 

pBABEpuro vector plus or minus Myc. Wild-type Hs68 cells were infected with the Myc 

virus or empty vector and selected in puromycin for 12 days. The proliferation of the 

selected cell pools was measured by BrdU incorporation and lysates were immunoblotted 

for p i A s  a control, Q34 cells that express two mutant forms of inactive pl6^^^"^^ 

were treated and assayed in the same way (Fig. 3.6). Myc clearly upregulates p i i n  

both cell strains, but only in the wild-type cells does it consequently induce cell cycle 

arrest. The non-functional p i i n  Q34 cells fails to induce a cell cycle arrest and the 

cells continue to proliferate as they do in the empty vector controls. Also, Myc upregulates 

p53 in both cell types. Given that we know that Myc induces (3-ARF/pl6 in Leiden cells 

with consequent stabilisation o f p53, we can postulate that p i 4"^^  ̂ (undetectable by 

available antibodies) is induced in Hs68 and Q34 cells and causes detectable stabilisation of 

p53. Two weeks after infection with the retrovirus, Hs68 cells expressing ectopic Myc 

show the large, flattened morphology o f cells in stasis (Fig. 3.7).

3.6 Mvc induction of p i is not dependent on Ets

It has been shown that primary human and rodent cells undergo stasis in response to 

oncogenic Ras, accompanied by upregulation of p i 6*^^"^  ̂ (Serrano et al., 1997). 

Subsequently, it was shown that Ras signals to pl6^^"^® via Ets2 (Ohtani et al., 2001) and 

that E tsl and Ets2 can cause stasis (Huot et al., 2002). Given that Myc elicits a similar 

effect to Ras in primary human fibroblasts (i.e. rapid arrest with upregulation of pl6^^^"^^),

91



Hs68 +/- Myc 
wild-type

Q34 +/- Myc 
pi 6-deficient

Myc
p16IN K 4a

p53

MEK

Myc

Mutant pi 6

p53

MEK

BrdU incorporation

(0

1
>

I
■S
m

□ vec 
Myc

Hs68 034

Fig. 3.6 Myc upregulates causes growth arrest in wild-type cells.

Wild-type (Hs68) and pl6^"^^-deficient (Q34) cells were infected with retrovirus 
encoding Myc or empty pBABEpuro vector and selected in puromycin for 12 days. 
The experiment was repeated and one representative example is shown a Cells 
were lysed in SDS lysis buffer and samples (50pg protein) were fractionated by 
electrophoresis on a 15% polyacrylamide gel. Proteins were transferred to a PVDF 
membrane and visualised by immunoblotting with antibodies against: p i a n d  
Q34 mutant p i6 (JC8), p53 (sc-126/DO-1) and MEK 1 and 2 (9122). b Cells 
infected with Myc virus or empty vector and selected were grown on 35mm glass- 
bottomed cell culture dishes and labelled with BrdU for 16 hours. Cells were 
stained for BrdU incorporation using Boehringer Mannheim BrdU labelling and 
detection kit. BrdU incorporation was measured by counting the number of 
positively stained cells out of the total at lOOx magnification.
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Fig. 3.7 Myc induces stasis in normal human diploid fibroblasts.

Hs68 cells infected with retrovirus containing Myc or empty pBABEpuro vector 
were selected in puromycin two days after infection for 12 days. Micrographs were 
taken two weeks after infection.



it was of interest to determine whether the signal from Myc to p i 6^"^“ proceeds via the 

same pathway as Ras to plô^^'^^. Therefore Hs68 cells were infected with combinations of 

retroviruses encoding empty vector, Myc or the DNA binding domain of Ets2 (E2DBD), 

which acts as a dominant-negative of Ets proteins. Immunoblotting for p i s h o w e d  

that E2DBD at most partially suppresses the induction of p i by Myc (Fig. 3.8). This 

led us to conclude that Myc does not signal to plb*^^'^^ exclusively by the Ets pathway, if  at 

all.

3.7 Mvc directlv induces p i4 ^ ^  and plb*^^'^^ RNA expression in human cells

Having demonstrated that Myc activates pl6^^^"^  ̂ and P -A R F /p l6  p ro te in  

expression, we investigated if Myc induction of p i and p i 4"̂ ^̂  was transcriptional or 

post-transcriptional, and if it was direct or indirect. Hs68 cells expressing MycER were 

treated with or without tamoxifen for 24 hours in the presence or absence of cycloheximide, 

which blocks de novo protein synthesis. RNA was prepared from the harvested cells and 

reverse transcribed into cDNA using random hexamers. Quantitative PCR (Q-PCR) was 

performed on the cDNAs using primers (provided by members of Dr Kristian Helin’s 

laboratory -  see Table 2.3) to p i 6^^^% p i4"^^ ,̂ cyclin D1 (an indirect target o f Myc in 

rodent cells (Solomon et al., 1995)) and P-actin. The results were normalised to the 

expression o f P-actin which was invariant under all conditions o f the experiment. 

Treatment of Hs68+MycER cells with tamoxifen for 24 hours resulted in an approximately 

two-fold induction o f p i a n d  p l4^^^  RNA in the presence and absence o f 

cycloheximide (Fig. 3.9). The control for indirect transcriptional regulation, cyclin D l, 

showed a two-fold induction of RNA in the presence of tamoxifen, but no induction in the
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Fig. 3.8 E2DBD does not block the induction of by Myc in Hs68 cells.

Hs68 cells stably expressing the Ets2 DNA binding domain (E2DBD) or empty 
pBABEpuro vector were infected with retrovirus encoding Myc or empty 
pBABEpuro vector as indicated. The cells were grown in medium supplemented 
with 10% FBS, but no antibiotic selection, for 5 days. Samples (50pg protein) of 
total cell lysate were fractionated by electrophoresis in a 15% polyacrylamide gel, 
transferred to PVDF membrane and immunoblotted with antibodies against plb^"*^ 
(JC8) and CDK4 (sc-601/H-22).
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Fig. 3.9 Myc directly induces and p i4^^  RNA expression in wild-type
primary human fibroblasts.

Hs68 cells stably expressing MycER were treated with or without 0.1 pM OHT for 
24 hours in the presence or absence of 20pM cycloheximide (CHX), as indicated. 
RNA was prepared from the harvested cells using QIAGEN ‘RNeasy’ kit and 
reverse transcribed into cDNA using TaqMan reverse transcription reagents 
(Applied Biosystems) with random hexamers as primer. Quantitative PCR was 
performed on the cDNAs using primers to p lb ^ '^ ^  p i4 ^ ^ , cyclin Dl and p-actin 
(Table 2.3). The results were normalised to the expression of p-actin which was 
invariant under all conditions of the experiment.



presence of tamoxifen and cycloheximide, as predicted. In a separate experiment, it was 

also confirmed that cyclin D2 is a direct target of Myc (Coller et al., 2000). Cyclin D2 was 

induced approximately two-fold in the presence and absence o f cycloheximide, eight hours 

after induction with tamoxifen. It has been shown that a two-fold induction of transcript is 

typical for direct and indirect target genes induced by MycER and tamoxifen in primary 

human fibroblasts (Coller et al., 2000). These results led us to conclude that Myc induces 

the expression of both CDAW2^-associated genes at the transcriptional level and that their 

induction does not require de novo protein synthesis.

3.8 Conclusions

We conclude that, in our cellular systems, Myc does not activate telomerase in a 

reproducible or reversible manner in primary human fibroblasts. Since the original reports 

in 1999, it has been demonstrated by others that Myc-dependent regulation of telomerase is. 

disabled in immortalised mouse embryo fibroblasts (MEFs) (Drissi et al., 2001), that Myc 

cannot overcome the downregulation of telomerase by herbimycinA (Akiyama et al., 2000), 

and that Myc is not required for activation of telomerase by HPV16 E6 (Gewin and 

Galloway, 2001; Oh et al., 2001). Thus, while Myc may well act as a positive regulator of 

hTERT under some circumstances, it is not a robust activator o f hTERT transcription since 

its effects are readily overcome.

In contrast, we find that Myc does transcriptionally activate both products o f the 

CDKN2A locus in primary human fibroblasts. It will be interesting to determine whether 

the regulation of plb*^ '̂^® and pl4^^^ by Myc is independent (e.g. by binding of Myc to
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each promoter region) or coincident (e.g. by remodelling the chromatin structure of the 

entire locus). There is evidence from the published literature that lends support to each 

hypothesis. For example, in support of direct binding to promoters, Myc appears to repress 

pl5iNK4b in part by countering the effects of Miz-1 on the plS^^'^^ promoter (Staller

et al., 2001). Etsl and 2 also bind the p i p r o m o t e r  in the conventional way (Ohtani et 

al., 2001). Searching the genomic locus for sequence-specific Myc binding sites (E boxes) 

reveals one CACGTG E box 1.15kb upstream and three CATGTG E boxes in a cluster 

~ lkb  upstream of exon l a  of plô^^ '̂^ .̂ There is one CACGTG E box 200bp downstream 

of exon 2 and one 130bp upstream of exon 3. However, no E boxes could be found in the 

genomic region upstream of pi 4^^.

In support of a model of transcriptional activation by chromatin remodelling, it has 

been shown that the polycomb proteins TBX2 and Bmi-1 repress the genes on the 

CDKN2A locus but do not contain DNA binding domains, therefore seeming to act globally 

on chromatin structure (Jacobs et al., 2000; Jacobs et al., 1999). Myc is reported to bind 

hSNF5, a component of the SWI/SNF chromatin remodelling complex (Cheng et al., 1999). 

SNF5 has been shown to induce pl6^^^"^  ̂ in human tumour cells (Betz et al., 2002), but 

there is no published evidence to show that it induces 14"^.

In the next chapter, the response of pl6^^"^^-deficient cells to Myc will be examined 

more closely, in particular their ability to proliferate in an anchorage-independent manner.
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Chapter 4

Anchorage-independent effects of Myc and its cooperation with Ras.

4.1 Introduction

Primary human fibroblasts respond to challenge from oncogenic Ras signalling by 

rapidly arresting in G1 with upregulation of p i ( S e r r a n o  et ah, 1997), a phenomenon 

that is encompassed by the suggested term ‘stasis’ (Drayton and Peters, 2002). Primary 

human fibroblasts lacking p i d o  not arrest in response to oncogenic Ras, but continue 

to proliferate and, indeed, become able to grow in an anchorage-independent manner as 

measured by formation of colonies in soft agar (Brookes et al., 2002; Huot et al., 2002). 

There is no precedent for Myc alone to promote anchorage-independence. However, as 

shown in Chapter 3, some pl6^^^"^^-deficient Leiden cells that express Myc and have 

activated telomerase are able to grow as anchorage-independent colonies in soft agar.

Leiden cells expressing oncogenic Ras and telomerase are anchorage-independent 

but not tumorigenic, as assayed by their ability to form tumours in nude mice (Brookes et 

al., 2002). It has been shown that Ras and Myc cooperate to transform mouse embryo 

fibroblasts into tumorigenic clones (Land et al., 1983). This has never been reproduced in 

primary human fibroblasts. This chapter describes investigations into whether or not Ras 

and Myc can cooperate in the morphological transformation of pl6^^"^“-deficient primary 

human cells, followed by an investigation of neoplastic transformation in Chapter 5.
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4.2 Leiden cells expressing ectopic telomerase and MvcER are anchorage-independent

The clones that were shown to be anchorage-independent in Chapter 3 could have 

sustained mutations that contributed to their ability to be anchorage-independent. 

Therefore, to find out if  anchorage-independence could be achieved in non-clonal Leiden 

cells expressing MycER with activated telomerase, fresh primary Leiden cells were 

infected with retroviruses encoding the catalytic subunit o f telomerase, hTERT, and with 

MycER or an empty vector control. These cells were treated with or without tamoxifen and 

seeded into soft agar. As predicted, Leiden cells expressing ectopic telomerase and MycER 

induced by tamoxifen were able to form anchorage-independent colonies in soft agar (Fig. 

4. la). Indeed the frequency with which they formed colonies was comparable to that of the 

Leiden clones described in Fig. 3.3. Photographs taken of the Leiden cells in culture four 

days after induction with tamoxifen show the morphological transformation that occurs 

upon expression o f ectopic Myc in pl6^^’̂ ‘̂“-deficient cells (Fig. 4.1b). No morphological 

transformation o f wild-type Hs68 cells was observed under the same conditions (not 

shown).

4.3 Anchorage-independence induced bv ectopic Mvc does not require telomerase

To investigate if active telomerase is required for anchorage-independence induced 

by Myc, mid-lifespan pl6^^^"^^-deflcient Leiden cells and wild-type Hs68 cells were 

infected with retrovirus encoding Myc or empty pBABEpuro vector, selected with 

puromycin and seeded into soft agar. The pl6^^"^^-deficient Leiden cells expressing Myc
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Fig. 4.1 Leiden cells expressing telomerase become morphologically 
transform ed and anchorage-independent when MycER is induced by 
tamoxifen.

Leiden cells stably expressing hTERT were infected with retrovirus encoding either 
the MycER fusion protein or empty pBABEpuro vector. Three days after infection, 
cells were selected in puromycin for ten days. Cells were then treated with or 
without 0.1 pM OHT. a On the fifth day of tamoxifen treatment, each pool of cells 
was seeded into 0.2% agarose. Two wells of -Ift* cells were seeded per pool. 
After four weeks, colonies were counted and expressed as a percentage of the total 
number of cells per field, b Micrographs show morphological transformation of 
Leiden fibroblasts expressing telomerase four days after induction of MycER with 
tamoxifen.



formed colonies in soft agar at a frequency of 15-17% but the control wild-type Hs68 cells 

expressing Myc did not (Fig. 4.2). This demonstrates that expression of ectopic Myc alone 

can cause anchorage-independence in pl6^^"^^-deficient Leiden cells, without the need for 

telomerase to be activated. Ras has also been shown to induce anchorage-independence in 

Leiden and Q34 cells in the absence of active telomerase (Brookes et al., 2002; Huot et al., 

2002).

4.4 Effects of Ras and Mvc on potential cell cvcle regulatorv target proteins

In order to investigate the cooperation o f the oncogenes Myc and Ras in pl6^^"^“-deficient 

human fibroblasts, Leiden cells expressing ectopic hTERT and Myc were retrovirally 

infected with H-Ras G12V retrovirus or empty pBABEbleo vector. Whole cell lysates 

(50|Lig protein) from pools o f drug-resistant cells expressing Myc, Myc + Ras, or empty 

vector were analysed for expression of proteins of interest by immunoblotting (Fig. 4.3). 

Levels o f ectopic Ras and Myc are shown and detection o f phosphorylated MEK in cells 

expressing Ras shows that the ectopic Ras is active. It was shown in Chapter 3 that Myc 

induces the Leiden form o f ARE, p-ARF/pl6, which stabilises p53 (Fig. 3.4). Here again 

we see that Myc causes induction o f p-ARF/pl6 accompanied by upregulation of p53 and 

its direct downstream target, p21^^^\ but there was no additional effect o f expressing Ras. 

Ras has been shown to induce p i 9^^^ in mouse embryo fibroblasts (Groth et al., 2000; 

Palmero et al., 1998), but it does not induce ARF in primary human fibroblasts (Brookes et 

al., 2002; Wei et al., 2001). Levels of cyclin D1 were examined because it has been 

reported that it is induced by oncogenic Ras in mammalian fibroblasts and epithelial cells 

(Aktas et al., 1997; Albanese et al., 1995; Filmus et al., 1994; Guo et al., 2002; Sa et al.,

102



Cell type functional 
p16 status

vec
(%)

Myc
(%)

Leiden 
Expt. 1

- 0 17

Leiden 
Expt. 2

- 0 15

Hs68 
Expt. 1

+ 0 0

Hs68 
Expt. 2

+ 0 0

Number of colonies formed in soft agar (%)

Fig. 4.2 Myc alone causes anchorage-independence in p lô '^ ^ '-d e fic ien t cells.

Mid-lifespan normal (Hs68 at -38P.D .) and p 16°^"^^-deficient (Leiden at ~32P.D.) 
primary human fibroblasts were infected with retrovirus encoding Myc or empty 
pBABEpuro vector and selected in puromycin for 18 days. Each pool o f cells was 
seeded into 0.2% agarose. Two wells o f -10"^ cells were seeded per pool. Four 
weeks later, fields o f colonies were counted and the average number o f colonies 
formed expressed as a percentage o f the total number o f cells per field. The 
experiment was repeated and both sets o f results are shown.



Leiden+hTERT

CO
CO
tr
+

Ü O O

>  ^  ^

Myc 

Ras 

P-MEK 

p-ARF/p16 

p53

p 2 ic ip i

Cyclin D1 

MEK

Fig. 4.3 Myc induces ARF in Leiden cells, which stabilises p53, but addition of 
Ras does not significantly alter that induction.

Leiden cells expressing telomerase were infected with retroviruses encoding Myc, 
Myc + Ras or appropriate empty vectors and selected in appropriate antibiotics. 
Samples (50pg protein) of total cell lysate were fractionated by electrophoresis in a 
15% polyacrylamide gel, transferred to PVDF membrane and immunoblotted with 
antibodies against: Myc (9E10), Ras (OP41/pan-Ras), p~ARF/pl6 (DCS50), p53 
(sc-126/DO-1), p2lciP> (554228), cyclin D1 (287.3), MEK 1 and 2 (9122) and 
phospho MEK (9121S).



2002) and by Myc in rodent fibroblasts (Perez-Roger et al., 1999) and human tumour cells 

(Oswald et al., 1994). However, its levels did not appreciably alter in response to 

oncogenic Ras or Myc in these primary human fibroblasts. Interestingly, it has also been 

reported that Myc does not upregulate CyclinDl mRNA in rat fibroblasts (Solomon et al., 

1995) and indeed that it downregulates Cyclin D1 mRNA in mouse fibroblasts by 

repressing the Cyclin D1 promoter (Philipp et al., 1994).

4.5 Morphological transformation and anchorage independence in LTRM cells

Despite expressing elevated levels of the cell cycle inhibitors, ARF, p53 and 

p21^^^% Leiden cells expressing Myc and/or Ras continued to proliferate rapidly. When 

dilutions of virus containing Ras were applied to Leiden cells expressing telomerase and 

Myc in monolayer culture, foci o f small, retractile and rapidly growing cells formed - 

characteristics of morphological transformation (Fig. 4.4). In soft agar, pl6^^^"^Ldeficient 

Leiden cells expressing telomerase and either oncogene alone formed anchorage- 

independent colonies, as predicted. In combination, Myc and Ras did not produce colonies 

at a greater frequency, but the colonies grew to a much larger size in the same period and 

became macroscopically visible (Fig. 4.5).

Note that wild-type Hs68 cells expressing telomerase, Myc and Ras formed no 

colonies in soft agar showing that, even when the discrepancies in telomere lengths and 

telomerase activity between human and mouse cells are overcome by addition o f 

telomerase, Myc and Ras do not cooperate to transform primary human fibroblasts. Loss of 

pl6iNK4a -g required.
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Fig. 4.4 Focus formation and morphological transformation in LTRM cells.

a Leiden cells expressing ectopic hTERT and Myc were infected with H-RasV12 
retrovirus at various dilutions of viral stock or 1:2 dilution of empty pBABEbleo 
vector viral stock. Cells were selected four days after infection in appropriate 
antibiotics. Selected cells were stained with 50% Geimsa stain + 50% methanol 
plus glycerol at room temperature for 20 minutes and washed with water. Plates 
were photographed without further magnification. The plates shown were infected 
with 1:2 dilution of pBABEbleo retrovirus and neat Ras retrovirus, as indicated, b 
Micrographs of cells infected, selected and stained as described above. The plates 
shown were infected with 1:2 dilution of pBABEbleo retroviral stock and 1:20 
dilution of Ras retroviral stock, as indicated.



Percentage forming colonies in 0.2% agarose

Functional 

p i 6 status

vec Myc vec Ras vec Myc

+Ras

Leiden + hTERT - 0 32 3 42 0 35

Hs68 + hTERT + 0 0 0 0 0 0

Vectors Ras Myc+Ras

34mm

Fig. 4.5 The combination of Myc and Ras increases the size but not the 
frequency of anchorage-independent colonies in Leiden cells.

a pl6°^"^^-deficient fibroblasts (Leiden) and wild-type fibroblasts (Hs68) 
expressing exogenous hTERT were infected with retroviruses encoding Myc, Ras, 
both Myc + Ras or corresponding vector only controls. Once cells were selected, 
-lO'* cells were seeded in 0.2% agarose per assay and grown for four weeks. 
Colonies were counted and expressed as a percentage of the total number of cells 
per field. Duplicate wells were seeded per assay, at least three fields were counted 
per well and -100 cells counted per field b Cells were stained with 50% Geimsa 
stain + 50% methanol plus glycerol at room temperature for 20 minutes and washed 
with water. Soft agar wells were photographed without further magnification.



Effects of Myc and Ras on a second strain of pl6*̂ *̂ '*’*-deficient primary human 

fibroblasts.

In order to confirm that the behaviour o f Leiden cells in response to Myc and Ras 

was not peculiar to that strain or genetic background, similar experiments were conducted 

in Q34 cells.

4.6 Mvc causes morphological transformation of 034 cells

pl6iNK4a_deficient Q34 cells (Huot et al., 2002) were retrovirally infected with the 

MycER fusion gene and hTERT, as described for Leiden cells. Once selected with 

puromycin (MycER) and hygromycin (hTERT) the cells were treated with or without 

0.1 |iM  OHT every two days. Micrographs taken after 5 days show morphological 

transformation and some apoptosis in cells treated with tamoxifen, similar to that seen in 

Leiden cells (Fig. 4.6 and compare with Fig. 4.1a).

4.7 Effects of Ras and Mvc on potential cell cvcle regulatorv target proteins in 034 cells

Q34 cells stably expressing ectopic hTERT were infected with retroviruses encoding Myc, 

Ras, or sequentially with Myc then Ras, together with the relevant empty vectors. Whole 

cell lysates (SOpg protein) from pools o f drug-resistant cells were separated by 

electrophoresis, transferred to PVDF membrane and immunoblotted with antibodies to 

proteins of interest (Fig. 4.7). Although p l4 ^ ^  is undetectable by available antibodies, it is 

presumably upregulated by Myc because p53, which is stabilised by p i4 " ^ ,  is upregulated 

in the presence of Myc (but not Ras) as expected (Brookes et al., 2002; Ferbeyre et al.,
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Fig. 4.6 Morphological transformation of pi6^^^"-deficient Q34 fibroblasts 
expressing telomerase upon induction of MycER by tamoxifen.

Micrographs of plô^'^^-deficient Q34 primary human fibroblasts stably expressing 
retroviruses encoding hTERT (in pBABEhygro vector) and the MycER fusion 
protein (in pBABEpuro vector) five days after treatment with or without 0.1 pM 
OHT.
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Fig. 4.7 Effects of Ras and Myc on cell cycle regulatory proteins in Q34 cells.

Q34 cells expressing telomerase were infected with retroviruses encoding Myc, 
Ras, Myc + Ras or appropriate empty vectors and selected in appropriate antibiotic 
selection. Samples (50pg protein) of total cell lysate were fractionated by 
electrophoresis in 15% polyacrylamide gel, transferred to PVDF membrane and 
immunoblotted with antibodies against: Q34 mutant p i6 (JC8), p53 (sc-126/DO-1), 
p2lciPi (SC-397/C-19), Mdm2 (OP115/2A10), cyclin D1 (287.3), Myc (9E10); Ras 
(OP41/pan-ras), MEK 1 and 2 (9122).



2000; Wei et a l ,  2001). In concordance this, the direct downstream targets of p53, 

and Mdm2, are upregulated in the presence of Myc, but not Ras. Levels of cyclin D1 were 

again examined, but they did not alter appreciably.

4.8 Mvc and Ras induce anchorage independence in 034 cells

Q34 cells immortalised with hTERT were infected with combinations of viruses 

encoding hTERT, Myc, Ras or appropriate empty vectors, as described for Leiden cells. 

Wild-type Hs68 cells were again used as a control. After selection, cells were seeded for 

colony formation assay in 0.2% agarose. As predicted, pl6*^^"^“-deficient Q34 cells 

expressing telomerase and Myc, Ras, or Myc + Ras all became anchorage-independent and 

were able to form colonies in soft agar at comparable frequency to Leiden cells under the 

same conditions (Fig. 4.8 and compare with Fig. 4.5a). Again, wild-type Hs68 cells failed 

to become anchorage-independent with any combination of ectopic oncogenes.

One observable difference between the Leiden and Q34 colonies was that the Q34 

colonies showed a much less obvious increase in size when coincidentally expressing Myc 

and Ras. This may be due to the action of residual p i activity in Q34 cells (Huot et 

al., 2002) which will be addressed in the Discussion. However, in an independent but 

identical experiment performed by another member of the laboratory, it was found that 

colonies formed by Myc + Ras did indeed show a significant increase in size compared to 

colonies formed by either Myc or Ras alone (becoming macroscopically visible) if seeded 

into soft agar after a long passage in culture. In this particular case, cells were seeded into 

soft agar 34-35 population doublings after infection. Cells seeded into soft agar 2-3
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Percentage forming colonies in 0.2% agarose

Functional 

p16 status

vec Myc vec Ras vec Myc

+Ras

Q34N + hTERT 2 30 2 33 1 31

Hs68 + hTERT + 0 0 0 0 0 0

Fig. 4.8 Q34 cells expressing hTERT, Ras and/or Myc form anchorage-
independent colonies.

pl6iMK4a_(ieficient fibroblasts (Q34) and wild-type fibroblasts (Hs68) expressing 
exogenous hTERT were infected with retroviruses encoding Myc, Ras, Myc + Ras 
or relevant empty vector controls. Once cells were selected, -10"̂  cells were seeded 
in 0.2% agarose per assay and grown for four weeks. Colonies were counted and 
expressed as a percentage o f the total number o f cells per field. Duplicate wells 
were seeded per assay, at least three fields were counted per well and -100 cells 
counted per field. The experiment was performed twice and the averages o f both 
experiments are shown.



population doublings after infection showed no significant difference in colony size (J. 

Rowe, personal communication).

4.9 Conclusions

This chapter describes the unexpected finding that Myc induces anchorage- 

independence in two different and independent strains o f pl6^^"^^-deficient primary human 

fibroblasts, but not in wild-type primary human fibroblasts. Furthermore, addition of 

ectopic telomerase is not required for anchorage-independence induced by Myc. It has 

further been shown that Ras cooperates with Myc in the formation of foci in tissue culture 

and macroscopic anchorage-independent soft agar colonies in plô^^^'^^-deficient Leiden 

cells. The same can be achieved in Q34 cells if they are seeded at late passage post 

infection. This may be due to a requirement to silence residual p i a c t i v i t y  during 

passage in culture, a possibility that will be discussed in Chapter 6. The cooperation o f Ras 

with Myc is apparent only in colony size and is not represented by an increase in colony 

number in either Leiden or Q34 cells. The next chapter describes the potential o f Ras and 

Myc to cooperate in tumorigenesis in Leiden cells.
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Chapter 5

Tumorigenic effects of Ras and Myc in pl6* *̂ ‘̂**-deficient human fibroblasts

5.1 Introduction

Having discovered evidence of oncogene cooperation by Myc and Ras in 

deficient primary human fibroblasts in terms of morphology and anchorage independence, 

it was decided to find out if  these cells were also tumorigenic. It is clear that anchorage- 

independence, whilst a good indicator of tumorigenic potential, is not its equivalent. 

Therefore, we were interested to discover if  additional alterations to these cells would be 

required in order for them to become tumorigenic.

Recently published work on neoplastic transformation of primary human fibroblasts 

has made use o f viral proteins to target p53 and Rb (Hahn et al., 1999; Hahn et al., 2002; 

Morales et al., 1999). The absence of plô^^'^^ in Leiden and Q34 cells overcomes the need 

to abrogate Rb. Would it, therefore, be necessary to additionally ablate p53, or could these 

cells become tumorigenic with p53 intact?

This chapter describes experiments to assess if Myc and Ras can cooperate to 

transform pl6^"^^-deficient human fibroblasts into tumorigenic clones, and if further 

genetic alterations are required for their tumorigenicity.
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5.2 pl6^^"^^-deficient cells expressing telomerase. Mvc and Ras form tumours in nude 

mice

In Chapter 4 it was shown that Myc and Ras cooperate in the anchorage- 

independence and morphological transformation o f plô^^'^^-deficient Leiden and Q34 

cells. Therefore, it was decided to assay these cells for tumorigenic potential in nude mice. 

Only Leiden cells could be used for this assay because the donor of the Q34 cells requested 

that her cells were not used in any animal experimentation. It had already been noted that 

Leiden cells expressing telom erase and Ras were anchorage-independent and 

morphologically transformed, but did not form tumours in nude mice (Brookes et al., 

2002). Therefore, it was necessary to perform a tumorigenicity assay in order to determine 

if the cells were 'transformed', as defined by tumorigenic conversion.

Pools o f Leiden cells expressing telomerase (LT) and Myc (LTM), Ras (LTR) or 

Ras and Myc (LTRM) were injected sub-cutaneously into the flanks o f nude mice. Leiden 

cells expressing telomerase and empty vectors were used as a negative control and the 

RDES Ewings Sarcoma cell line was used as a positive control. Each pool o f cells was 

injected into four mice on both flanks and the experiment was performed twice, making a 

total of 16 injection sites per pool. Cells expressing telomerase and Myc or Ras alone 

(LTM and LTR) did not form tumours in nude mice. However, Leiden cells expressing 

telomerase, Ras and Myc (LTRM) produced tumours at five of the 16 injection sites (Fig. 

5.1). LTRM cells took between 59 and 98 days to form a tumour with a surface area of 

1.44cm^ compared to the Ewings Sarcoma cells which took only 23-28 days. Furthermore, 

the penetrance o f LTRM cells was considerably lower than that of the Ewings Sarcoma cell
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Cells injected Number 
of tumours

Time
(days) Mouse Tumour

LT+Vectors 0/8

LTM 0/8

LTR 0/8

LTRM 2/8 98 9 T1
77 12 T2

RDES 6/8 28

LTM 0/8

LTR 0/8

LTRM 3/8 59 C9R T3
59 C9L T4
98 CIO T5

RDES 8/8 23

Fig. 5.1 p l6 ” '̂*“-deficient cells expressing telomerase, Ras and Myc are 
capable of forming tumours when injected into nude mice.

Leiden cells expressing combinations o f hTERT, Ras and Myc (LT, LTM, LTR, 
and LTRM) were tested for tumorigenicity by injection into immunodeficient mice. 
The experiment was performed twice and both sets o f results are shown. LTR and 
LTM cells formed no tumours. The LTRM cells formed tumours at 5/16 
innoculation sites in the indicated mice after 59-98 days. Tumours designated T l- 
T5 as indicated were explanted and grown in cell culture. Note that tumours T3 
and T4 formed on the right and left flanks respectively o f the same mouse, C9.



line which formed tumours in 14 out of 16 cases. This is equivalent to 100% because one 

mouse died of other causes before tumours became apparent.

The low penetrance and long latency of the LTRM tumours indicated that perhaps 

an additional alteration had occurred in cells at those five sites that was required for 

tumorigenesis. Therefore, we harvested the five LTRM tumours and analysed the cells for 

properties that were common to the tumour-derived cells but different to the LTRM pool 

before injection.

5.3 Growth potential o f tumour-derived cells

Cells from the harvested LTRM tumours were grown in culture. The cells grew 

robustly in the presence of all the antibiotics used in retroviral transduction o f exogenous 

genes, confirming that the cells were LTRM-derived and not of mouse origin. Cells were 

passaged regularly upon reaching confluence and population doublings plotted. The 

tumour-derived cells showed no significant growth advantage over the pool of LTRM cells, 

but all had a higher growth rate than parental Leiden cells expressing telomerase (Fig. 5.2).

5.4 Size and adherence of tumour-derived cells

It had previously been observed that LTRM cells were smaller and more refractile 

than LT cells (Section 4.5). The tumour-derived cells also appeared to be small, and were 

noticeably less adherent than the LTRM pool. Preliminary analyses o f cell size using 

measurements of forward scatter by FACS analysis indicated that the tumour-derived cells 

might be significantly smaller than LTRM cells (not shown). Measurements o f the
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Fig. 5.2 Tumour-derived cells show no growth advantage over LTRM cells, 
but all have a higher growth rate than Leiden cells expressing telomerase.

Explanted tumour-derived cells (designated T1-T5), LTRM cells and LT cells were 
grown in appropriate antibiotic selection for each ectopically expressed gene in 
culture. Cells were passaged upon reaching confluence and population doublings 
plotted over time.



saturation density of LTRM and tumour-derived cells supported this hypothesis but 

numerical results were not consistent between experiments (not shown). In order to 

accurately determine if there had been any changes in cell size, the surface area of cells was 

measured using a laser scanning cytometer, and their volume was measured using a Cell 

Counter and Analyser System (CASY). An interesting stepwise reduction in the surface 

area of LT cells upon addition o f Ras and Myc was noted (Fig. 5.3a). Surprisingly, the 

surface area o f T1-T5 cells was not reduced compared to LTRM cells. Furthermore, it 

became clear that although the surface area o f the LTRM and tumour-derived cells was 

smaller than parental Leiden cells, their volume was unchanged (Fig. 5.3b). This indicated 

that the LTRM and tumour-derived cells had lost adhesion and rounded up -  a typical 

characteristic of transformation.

A unique property of the tumour-derived cells was that a high proportion of the cell 

populations floated in the culture medium. To test their viability, suspended cells were 

replated and found to be capable of growing as mixed populations of either adherent or 

suspended cells (not shown). To investigate the apparent loss o f adhesion further, parental 

and tumour-derived cells were analysed for expression of surface integrins. Antibodies 

against a l ,  a2 , oc3, a4 , a5 , a6 , a9 , av , av|33, avp5, avg6, p i and P3 were used, and a llb  

(platelet specific) and P4 (epithelial specific) served as negative controls, as well as 

omission of primary antibody. The fibrosarcoma cell line, HT1080, was used as a positive 

control for all antibodies (not shown). The results for each integrin were normalized 

relative to parental LT cells.

There was a significant reduction in expression of a i p i ,  a 4 p i ,  avP5 and loss of 

avP3 in the tumour cells relative to parental Leiden cells. However, much of the reduction
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Fig. 5.3 Tumour cells round up: surface area decreases but volume stays the 
same.

a Dilutions o f Leiden cells expressing combinations o f hTERT, Ras and Myc (LT, 
LTM, LTR, and LTRM) and tumours T1-T5 were grown in 24-well plates and 
fixed in 70% ethanol when subconfluent The surface area o f all the cells in a well 
was measured by laser scanning cytometer and the median value for each cell pool 
is shown, b LT, LTRM and T1-T5 cells were tiypsinised and suspended in isotonic 
phosphate buffer. The volume o f cells in an aliquot o f cell suspension was 
measured by displacement o f a fixed volume o f liquid. The mean o f two readings 
per sample is shown.



was already apparent in the LTRM pools prior to innoculation (Fig. 5.4). The a v  subunit 

showed a two-step reduction indicating selection for further down-regulation o f all the a v  

heterodimers during tumorigenesis. The integrins av p 3  and avPS are vitronectin (or 

'serum spreading factor') receptors and are likely to play a major role in allowing stable 

adhesion to serum-coated plastic. In conclusion it seems likely that many of the changes in 

integrin profile reflect the changes that occur upon acquisition of anchorage-independence, 

and not tumorigenicity because they are observed in the LTRM as well as the tumour- 

derived cells. However, since LTRM cells cannot grow in suspension and tumour-derived 

cells can, it would be interesting to investigate the contribution of integrins to the viability 

o f tumour-derived cells in suspension. Experiments that could establish this contribution 

will be suggested in the Conclusions.

5.5 Production of autocrine growth signals

It was noted that the tumour-derived cells were capable o f proliferating in low 

serum, indicating that they might be producing autocrine growth factors. When 

conditioned medium from tumours T1 to T5 was added to serum-deprived Hs68 cells, it 

was able to promote re-entry into the cell cycle as judged by incorporation of BrdU (Fig. 

5.5a). Again, this property was not peculiar to the tumour-derived cells, as similar effects 

were noted with conditioned medium from pools o f LTR, LTM and LTRM cells (Fig. 

5.5b). Although production o f autocrine growth factors has been associated with Ras 

transformation (McCarthy et al., 1995), it was surprising to discover the same property 

associated with Myc. It is not yet clear if the growth factor(s) produced by LTM and LTR
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Fig. 5.4 LTRM and tumour-derived cells are less adhesive than parental cells.

Surface integrin levels were assayed using specific monoclonal antibodies and flow 
cytometry. Levels of the indicated integrins in LTRM cells and tumours T1-T5 are 
shown relative to those in parental LT cells. Integrin profile shows consistent 
reductions in a l p l ,  a 4 p l, av^S and loss of avp3 relative to parental Leiden cells.
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Fig. 5.5 LTRM and tumour-derived cells produce autocrine growth signals.

a,b The indicated cells were placed in medium containing 0.2% FBS for 24 hours. 
Conditioned medium was recovered and added to Hs68 cells that had been rendered 
quiescent in medium containing 0.2% FBS for 48 hours. The cells were then 
labelled with BrdU for 16 hours and the number o f BrdU-positive cells counted by 
immunohistochemistry. Medium containing either 0.2% or 10% FBS (‘ser’) 
represented negative and positive controls respectively.



cells are the same. Methods by which this question could be addressed are suggested in the 

Discussion.

5.6 Anchorage-independence of tumour-derived cells

We suspected that cells derived from the LTRM tumours might show increased 

frequency o f colony formation in soft agar compared with LTRM pools. In two 

experiments comparing LTRM cells, first with T1 and T2 and second with T3 and T4, it 

was found that the tumour-derived cells did not form more colonies in soft agar, but formed 

larger, macroscopically visible colonies in the same period of time (Fig. 5.6). This parallels 

the results obtained with LTR, LTM and LTRM cells in anchorage-independence assays 

(Fig. 4.5) and suggests that colony size, in addition to number, is an important indicator of 

transformation in these assays.

5.7 Effects of tumorigenicitv on cell cvcle regulatorv proteins

Potential cell cycle targets of Myc or Ras signalling were assayed for changes in 

protein level. Whole cell lysates (50pg protein) from LT, LTRM or tumour-derived cells 

were analysed for expression of proteins of interest by immunoblotting (Fig. 5.7). Whereas 

Myc levels in the tumour cells were similar to those in the LTRM cells, all o f the tumours 

expressed elevated levels of Ras. (Note that the antibody used was a ‘pan-ras’ antibody and 

not specific for the exogenous H-Ras.)

Southern blotting analyses o f DNA cut with EcoR\ restriction enzyme, which 

would release the ~ lkb  H-Ras retroviral insert, did not reveal abnormally high copy
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ExDt 1 Colonies
formed
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T1 37.6%
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Fig. 5.6 Tumour-derived cells form macroscopic colonies in soft agar but not 
at an enhanced frequency relative to LTRM cells.

LTRM and tumour-derived cells T1-T5 were selected in cell culture. Duplicate 
wells of -1Q4 cells were seeded in 0.2% agarose per assay and grown for three 
weeks. Colonies were counted and expressed as a percentage of the total number of 
cells per field. At least three fields were counted per well and -100 cells counted 
per field.
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Fig. 5.7 Changes to cell cycle regulatory proteins in tumour-derived cells, TI
TS, compared to LT and LTRM cells.

Immunoblotting for the indicated proteins in LT and LTRM cell pools and the 
LTRM tumours T1-T5. MEK signals confirmed equal loading. Samples (50pg 
protein) of total cell lysate were fractionated by electrophoresis in 10% or 15% 
polyacrylamide gels, transferred to PVDF membrane and immunoblotted with 
antibodies against; Myc (9E10), p53 (sc-126/DO-1), Mdm2 (OPl 15/2A 10), cyclin E 
(HE12), cyclin D1 (287.3), Ras (OP41/pan-ras), (554228), p-ARF/pl6
(DCS50) and MEK 1 and 2 (9122).



numbers of the H-Ras retrovirus in the tumour-derived cells (Fig. 5.8). The observed 

background bands could represent EcoRl-digested fragments o f genomic Ras genes. 

Sequences obtained from the human genome database reveal that genomic H-Ras contains 

no EcoKY sites and genomic N-Ras contains two EcoRX sites which would release a 

fragment of 7.1 kb. Genomic K-Ras contains 17 EcoRX fragments o f between 278bp and 

6.9kb. One of these fragments is 6.1 kb, which may account for the observed background 

band below the 6.6kb marker. There are fragments of l.Skb, 2.0kb and 2.4kb, which may 

account for the faint bands observed above and below the 2.0kb marker. It seems that the 

high levels of Ras in the tumours is not due to high copy number o f the Ras retrovirus, but 

to high levels of Ras expression. This could be a result o f selection for integration sites that 

favour high expression or other epigenetic events that have not been fully explored.

The tumours also had very high levels o f p53, accompanied by increased expression 

of two p53 target genes, p21^*^* and Mdm2, albeit to variable but essentially parallel 

extents (Fig. 5.7). There was some concordance between cyclin E and Mdm2 levels, being 

highest in tumours T1 and T2, but the significance remains unclear as there was no 

apparent relationship to the expression o f Myc or Ras. Neither cyclin D l, a known Ras 

target (Filmus et al,, 1994), nor cyclin D2, a known Myc target (Bouchard et al., 1999; 

Coller et al., 2000), appeared to be significantly over-expressed in the tumour cells (cyclin 

D2 data not shown).

As high basal levels of p53 can be indicative o f stabilizing mutations, all 11 exons 

o f p53 in each of the tumours were analysed by SSCP and DNA sequence analyses and 

found to be wild-type in all cases (not shown -  experiment performed by D. Cuthbert- 

Heavens in the Cancer Research UK Mutation Detection Facility, Leeds, UK). One o f the
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Fig. 5.8 Elevated levels of Ras protein in T1-T5 are not reflected by copy 
number of Ras provirus.

15pg genomic DNA extracted from LT, LTRM and T1-T5 cells was digested with 
EcoK\ restriction enzyme and separated by electrophoresis on a 1% agarose gel. 
DNA was transferred to a nylon membrane by capillary action (Southern blotting in 
alkaline buffer). DNA fragments were visualised by hybridisation of a ^^P-labelled 
H-Ras cDNA probe followed by exposure to film or Phosphorlmager (shown). The 
predicted ~lkb H-Ras retroviral insert is indicated. Although the loading of DNA 
in each lane is obviously varied, the intensity of the bands varies in parallel with the 
intensity of the background signal in each lane. Fig. 5.10a shows the same 
membrane after hybridisation of a different probe, for comparison of DNA loading.



functions of p53 is to respond to detection o f DNA damage by instigating a cell cycle 

arrest. UV irradiation causes modifications in p53 which stabilise it, leading to induction 

o f p53 target genes including the CDK inhibitor, p21^^^\ This function o f p53 was shown 

to be intact in the tumour-derived cells by demonstrating the accumulation o f p53 and 

consequent up-regulation of p21^^^  ̂upon exposure to UV irradation (Figure 5.9).

It has previously been shown that the |3-ARF/pl6 fusion protein in Leiden cells can 

associate with Mdm2 and stabilize p53 (Brookes et al., 2002) and, given the precedents in 

MEFs, retention of wild type p53 could reflect loss o f ARE function (Kamijo et al., 1997). 

Although the p-ARF/pl6 fusion protein was readily detected in LTRM cells and in three of 

the tumours, it was undetectable in tumours T1 and T5 (Fig. 5.7). The absence of P~ 

ARF/pl6 could have been due to deletion of the locus or de novo méthylation of the ARE 

promoter, which is known to be a CpG island (Bird, 1986; Robertson and Jones, 1998).

To investigate if  the locus was deleted in T1 and T5, the tumour cells were 

compared to LT and LTRM cells for the size o f ARE-containing DNA fragments released 

by EcoRX digestion. Southern blotting showed that there was no alteration in the size o f 

the ARE fragments, indicating that there was no detectable intragenic deletion and that the 

locus was intact in all the tumour cells (Fig. 5.10a). In order to investigate if ARE had been 

transcriptionally silenced in T1 and T5, RNA extracted from LTRM and T1-T5 cells was 

reverse transcribed and the ARE transcript amplified by PCR (Fig. 5.10b). No ARE 

transcript was detected in T1 or T5, demonstrating that ARE was silenced and indicating 

that the most likely explanation for the absence o f ARF protein in T1 and T5 was 

méthylation of the locus. However, attempts to analyse the méthylation status of the locus 

by restriction enzyme digestion with the methylation-sensitive enzyme, SacW, were
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Fig. 5.9 Tumour cells respond to UV light by inducing p53 and p21 CIPI

Induction of p53 and in LTRM and tumour-derived cells 16 hours after UV
irradation ( 15J/m^ for 9 seconds). Samples (50pg protein) of total cell lysate were 
fractionated by electrophoresis in a 12% polyacrylamide gel, transferred to PVDF 
membrane and immunoblotted with antibodies against: p53 (sc-126/DO-1), p21^'^' 
(554228), MEK 1 and 2 (9122) and CDK4 (sc-601/H-22).
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Fig. 5.10 Absence of ARF in tumours T1 and T5.

a The membrane described in Fig. 5.8 was re-probed with a ^^P-labelled SOObp 
genomic DNA probe (ARF promoter region) and DNA fragments visualised by 
exposure to film or Phosphorlmager (shown), b Reverse transcription-PCR 
detection o f ARF (540bp product) and CDK4 (936bp product) in LTRM cells and 
tumours T1-T5. Total RNA was extracted from cultures of LTRM and tumour- 
derived cells T1-T5 and reverse-transcribed using TaqMan reverse transcription 
reagents. Products corresponding to the indicated cDNAs were amplified by PCR 
using forward and reverse primers (ARF; 1 and 2, CDK4: 5 and 6, Table 2.2). PCR 
products were separated on a 1% agarose gel containing 0.5pg/ml ethidium 
bromide and visualized under UV light. 100 bp ladder markers were used to check 
the size o f the PCR products.



equivocal (Fig. 5,11a). This approach (digestion with EcoRX +/- »SacII) has been used 

successfully in the laboratory to demonstrate méthylation in established cell lines (F. Stott, 

PhD thesis, 1999, University o f London; J. Rowe, personal communication). A possible 

explanation for the variability of results in this case would be that the locus may be partially 

or variably methylated in the tumour cells, yielding multiple fragments whose sizes are 

difficult to predict.

Subsequent treatm ent o f the cells with the dem ethylating agent, 5-aza 

2 ’deoxycytidine, proved insufficient to reactivate ARF expression under conditions that 

induced ARF expression in U20S cells (Fig. 5.11b) (Merlo et al., 1995; Otterson et al., 

1995). An alternative approach that could be used to address this issue would be 

amplification o f bisulfite-treated DNA by methylation-sensitive PCR (Clark et al., 1994). 

However, it was felt that the fact that ARF was silenced in XI and T5 was more important 

than the mechanism by which it was silenced, and that establishing a further technical 

approach was unwarranted. Sequencing of the PCR products confirmed that the P~ 

ARF/pl6 expressed in tumours T2, T3 and T4 had not sustained inactivating mutations (not 

shown -  a combination o f primers 1, 2, 3 and 4 were used. Table 2.2).

It was apparent that the tumour-derived cells expressed elevated levels o f p21^^^\ 

which is known to induce cell cycle arrest, yet they continued to proliferate (Fig. 5.7). The 

ability of p21^^^  ̂ to induce cell cycle arrest correlates with its nuclear localisation (Goubin 

and Ducommun, 1995; Sherr and Roberts, 1995), and nuclear translocation of p21^^^  ̂ has 

been shown to be positively regulated by calmodulin and negatively regulated by 

phosphorylation at the C-terminus by both Akt and Pim-1 kinase (Taules et al., 1999; Wang 

et al., 2002; Zhou et al., 2001). Recently, the C-terminal amino acids o f p21^^^% RXR '̂ '̂ ’̂
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Fig. 5.11 Méthylation status of ARF in tumours T1 and T5.

a Genomic DNA was extracted from LT, LTRM and T1-T5 cells and digested with 
EcoK\ restriction enzyme +/- the methylation-sensitive restriction enzyme, SacW. 
DNA was separated and transferred as described in Fig. 5.8. In this example, DNA 
fragments were visualised by hybridisation of a ^^P-labelled 2kb 5’ genomic ARF 
probe followed by exposure to film or Phosphorlmager (shown). A number of 
other probes were used, b De-methylation of DNA using 5-aza 2’deoxycytidine 
(aza). LTRM, T l, T5 and U20S cells were treated with IpM 5-aza 
2’deoxycytidine for four days. Total RNA was extracted from the cells and 
reverse-transcribed using oligo (dT) primers. Products were amplified, separated 
and visualized as described in Fig. 5.10.



have been shown to be a nuclear localisation signal that is essential for nuclear 

translocation (Rodriguez-Vilarrupla et ah, 2002). In order to ascertain if the failure of 

p2 iCiPi induce cell cycle arrest was due to mis-localisation, a fluorescently labelled 

antibody to p21^^^  ̂ was used to detect its subcellular location in LT, LTRM and T2 cells, 

which have particularly high levels of p21^^^^ (Fig. 5.12 and see Fig. 5.7). Although the 

intensity o f the signal varied in each cell type (indicated by exposure time) the localisation 

of the protein did not.

5.8 Cvtogenetic analvses of LTRM tumour cells

Many human cancers contain cells that have sustained chromosomal abnormalities. 

In some cases, these chromosomal alterations produce fusion proteins or alterations in 

levels o f gene expression that contribute to the cell’s tumorigenicity, and can be 

characteristic of the tumour type. We were interested to know whether additional, possibly 

causal, genetic alterations had occurred that were karyotypically visible, and to determine 

whether maintenance o f functional p53 had enabled the LTRM tumour cells to avoid 

aneuploidy. The LTRM tumour cells and the parental LTRM cell pools were therefore 

analysed using multi-colour chromosome paints (M-FISH) on metaphase spreads (Eils et 

al., 1998) (Fig. 5.13) and by comparative genome hybridisation (CGH) on gridded arrays of 

bacterial artificial chromosomes (BACs) containing human genomic DNA (Pinkel et al., 

1998) (Fig. 5.14). (Karyotypic analyses were performed by R. Vatcheva in the Cancer 

Research UK Human Cytogenetics Laboratory, London Research Institute, UK. CGH 

analyses were performed by R. Seraves at the UCSF Comprehensive Cancer Center, USA, 

by arrangement with M. Fried.)
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Phase contrast Flourescent GFP
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Secondary antibody only
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Secondary antibody only

Fig. 5.12 is not mis-localised in LTRM or tumour-derived T2 cells.

Dilutions of LT, LTRM and T2 cells were grown on cover slips in 24-well plates, 
fixed in paraformaldehyde and permeabilised in 0.1% Triton. Fixed cells were 
incubated with buffer or primary antibody against p21^^^ (sc397/C-19) as 
indicated, followed by fluorescently labelled secondary antibody (anti-rabbit Alexa- 
488 green). Inverted coverslips were placed on glass slides and examined for 
localisation of p21^^^ Micrographs and exposure times are shown.



While the LTRM cells were diploid and showed no evidence o f chromosomal 

abnormality by M-FISH and DAPI banding (not shovm), two consistent changes were 

observed in the tumours. The first was isochromosome 18q (i(18)(qlO)) (Fig. 5.13a), 

which in CGH showed as a loss of the p and gain of the q arm of chromosome 18 (Fig. 5.14 

T l, T4 and T5). Further confirmation was subsequently obtained using FISH with a probe 

for the telomere-proximal region o f chromosome 18 (not shown). The second abnormality 

was a derivative chromosome 14 which consisted o f a gain o f chromosome 20q material 

and its translocation to chromosome 14 (der(14)t(14;20)(pI3;?)) (Fig. 5.13b). In CGH, this 

scored simply as a gain on 20q (Fig. 5.14 T2, T3 and T4) and the sharp step in the 

hybridisation signal showed that the discontinuity occurred precisely at BACs 

corresponding to 20ql .2 (not shown).

Surprisingly, while tumours T l , T2 and T5 appeared to represent clonal 

populations, M-FISH analyses showed that tumours T3 and T4 were mixed populations, 

including some cells that had neither abnormality (Fig. 5.13c and d). These normal 

karyotype cells may be tumorigenic and may have sustained alterations that are 

undetectable at the karyotypic level. Alternatively, they may be non-tumorigenic cells that 

survived in the tumour by paracrine signalling from surrounding tumorigenic cells. The 

tumorigenicity o f the normal karyotype cells could be established by isolating clones of 

each karyotype from a mixed tumour population (T3 or T4) and assaying tumour formation 

o f single karyotype clones in nude mice. Interestingly, the tumours with the 

isochromosome 18q abnormality corresponded to those in which ARF had been lost. 

However, it is impossible to tell at this stage whether the chromosome alterations were
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Fig. 5.13 LTRM tumour-derived cells have single chromosomal alterations.

a to c Examples of M-FISH analyses on individual tumour cells revealing the 
i(18)(qlO) and t(14;20) abnormalities and normal karyotype respectively, d 
Proportions of cells with the indicated karyotypes in each tumour.
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Fig. 5.14 Comparitive Genome Hybridisation of LTRM and tumour-derived 
cells.

Genomic DNA extracted from LTRM and T1-T5 cells was used for CGH on 
gridded BAG arrays. Dot plots show variation in copy number of DNA on each 
BAG (represented by one dot) across the genome, starting with chromosome 1 on 
the left. A dot with a y axis value of +/- 0.5 represents the acquisition or loss o f one 
copy of all the DNA on that BAG respectively if the cell population is clonal. 
Intermediate values represent amplification or loss of only part of the DNA on the 
BAG or the average signal from a mixed population of cells eg. T3 is a mixed 
population of normal and t(14;20) karyotype cells. Arrows indicate significant 
alterations in the copy number of DNA and the chromosome numbers on which 
they occur. Note that some alterations that were not revealed by M-FISH are 
detected by GGH eg. the loss of DNA on a region of chromosome 13 in three 
tumours, shown in brackets. The indicated karyotypes of each cell type were 
determined by M-FISH (Fig. 5.13) and are shown for comparison.



causal in tumorigenesis or represented clonal markers of cells bearing alterations that are 

undetectable at the karyotypic level.

5.9 RNA microarrav analvses o f tumorigenesis

In order to search for alterations in gene expression that may have contributed to 

tumorigenesis, total RNA from the LTRM pool and the tumour-derived cells T1-T5 was 

biotinylated, fragmented and hybridised to Affymetrix human U133A microarray chips 

under conditions specified by the manufacturers. These chips contain arrays of -500,000 

oligonucleotides representing -18,000 o f the best-characterized human genes using 

sequences from GenBank, dbEST and RefSeq. A Bioanalyzer was used to confirm that the 

extracted RNA and the biotinylated, fragmented cRNA was of sufficient quality to use in 

the hybridisation. Fluorescently labelled streptavidin and biotin antibodies were used to 

detect the hybridised cRNA. Reports from each hybridisation showed that parameters such 

as the ratio of present to absent genes, 5’ to 3’ ratio, background noise and scale factor 

indicated that the RNA had hybridised evenly over each chip and that it was possible to 

make comparisons o f results between chips.

An initial analysis o f results from the LTRM pool compared to all the tumour- 

derived cells showed that there were 66 genes whose expression increased by ten fold or 

more in the tumours with respect to LTRM, and five genes whose expression decreased ten 

fold or more. Further analyses of the data are being pursued by another member of the 

laboratory. It will be of interest to find alterations that are common to the tumours but not 

the LTRM cells, and also alterations that correspond with observed karyotypic 

abnormalities. It may be informative to use the CGH results (which reflect alterations in
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DNA copy number) with the RNA expression results, to see if  duplication or loss of DNA 

coincides with variation in gene expression. This may not necessarily be the case as it has 

been shown that chromosomal amplifications observed in some cancers can be silenced and 

therefore do not score as an increase o f expression in RNA microarrays (Platzer et ah, 

2002).

A full statistical analysis o f the microarray data has not yet been performed. 

However, it has been possible to sample the data to look for changes in a number o f known 

candidate genes that may contribute to tumorigenesis. Note that these results have not been 

confirmed by any other experiments eg. northern blotting or Q-PCR.

Interestingly, the H-Ras RNA hybridisation signal was higher in each of the 

tumours by between 2.3 and 3.1 fold compared to LTRM cells (compare to Fig. 5.7 and 

5.8). N-Ras expression also increased in the tumours by between 1.5 and 2.4 fold, but K- 

Ras was down-regulated. However, it is unlikely that the microarray data represent the true 

extent o f expression o f the H-Ras provirus. This is because the oligonucleotides on 

Affymetrix chips represent regions o f the genomic sequence of genes, including 

untranslated regions, whereas the retroviruses were constructed using the relevant protein 

coding domains only.

Changes in the expression levels of some candidate genes are broadly consistent in 

all the tumour-derived cells compared to LTRM cells. The growth factor, heparin-binding 

EOF, is one such example and is interesting because it has been shown to be secreted as an 

autocrine growth factor from Ras-transformed cells (McCarthy et al., 1995) (Fig. 5.15a and 

see Section 5.5). However, many alterations were not common to all the tumour-derived 

cells. Vitronectin is an interesting example because its receptors, avP3 and avP5, are
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Fig. 5.15 Changes in expression levels of a selection of genes in the tum our- 
derived cells revealed by RNA m icroarray.

LTRM and T1-T5 cells were analysed by RNA microarray for levels of expression 
in 18,000 genes. Limited sampling of the data reveals significant changes of 
expression levels in a few candidate genes that might contribute to tumorigenesis. 
The hybridisation signals for these genes of interest in T1-T5 were normalised to 
the LTRM signal, such that the graphs shown represent fold induction of gene 
expression compared to LTRM levels. Note the scale o f induction in a compared to 
b and c.



down-regulated at the protein level in all the tumours, yet its expression is elevated in T l- 

T4 but not T5 (Fig. 5.15b and see Fig. 5.4). Interestingly, it was noted that the changes in 

protein levels o f av , (33 and P5 observed in tumours compared to LTRM cells do not 

parallel changes in RNA expression levels in all tumours. In some cases, patterns can be 

identified that are common to some, but not all, o f the tumours. For example, T2 and T5 

express high levels o f PK-B/Akt and, inversely, are the only tumours that do not express 

elevated levels o f v-Fos (Fig. 5.15c). This might be indicative o f disruption o f a particular 

signalling pathway at different points in each of the tumours. (In passing, it was noted that 

the expression pattern o f JunB paralleled that o f v-Fos but at much lower levels o f 

induction, the maximum being 2.4-fold in Tl and T4.)

A brief summary of observations made about other candidate genes follows. It was 

interesting to note that Mdm2 expression was elevated between 2 and 8 fold in all the 

tumours compared to LTRM cells, but p53 expression did not significantly change (i.e. less 

than 2-fold induction -  compare to protein levels shown in Fig. 5.7). Only a small number 

of other genes examined followed a consistent pattern o f induction or reduction in all the 

tumour-derived cells compared to LTRM cells. Expression o f both Bcl2 and EGF was 

reduced between 2 and 10 fold, and IGFl was induced between 3 and 16 fold in all the 

tumours. However, other growth factors and their receptors examined (IGF2, IGF2R, 

EGFR and VEGFB) did not alter significantly from LTRM levels in any of the tumours 

(i.e. less than +/- 2-fold). A similar lack of change in expression was observed in all the 

members o f the GIF and INK4 families o f CDK inhibitors, with the exception o f pl5^^^"^  ̂

which was induced between 3 and 12 fold in tumours T2, T3 and T4, but which was 

unchanged in T l or T5. The only member of the Rb, E2F or DP families to show any
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significant change in expression level was E2F2, whose expression was induced between 3 

and 11 fold in all the tumours apart from T2. Expression o f the cycling and CDKs 

remained largely unchanged from LTRM levels with the exception o f Cyclin A1 (induced 

between 18 and 32 fold in T l, T3 and T5), Cyclin E2 (reduced between 1.4 and 20 fold in 

all tumours) and CDK2 (reduced between 2 and 7 fold in all tumours except T3, in which it 

was induced 2-fold).

Patterns of gene expression in this small set of candidate genes could not readily be 

linked to common karyotypic abnormalities observed in the tumours. A rare exception is 

the tumour-suppressor, PTEN, whose expression was reduced in T l and T5 alone (100% of 

whose cells have sustained the isochromosome ISq abnormality) by 4 and 11 fold 

respectively. The lack of induction of p i m e n t i o n e d  above was common to T l and 

T5 alone. Another possible example is p73, whose expression was induced 4 and 5 fold in 

T2 and T4 (100% and 40% of whose cells have a derivative chromosome 14 respectively). 

However, the expression patterns of many other genes did not correlate with the occurrence 

of these abnormalities.

5.10 Tumorigeniciv of tumour-derived cells

As mentioned in Section 5.2, the long latency and low penetrance of the LTRM 

tumours suggested that additional alteration(s) had occurred that were required for 

tumorigenesis. This possibility was addressed by re-assaying the tumour-derived cells for 

tumorigenicity in nude mice. If  the hypothesis was correct, the T1-T5 cells should form 

tumours with a higher penetrance and shorter latency than LTRM cells, having already 

acquired the necessary transforming mutations. If the hypothesis was incorrect, the T1-T5
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cells should form tumours with the same latency and penetrance as LTRM cells and we 

could assume that these parameters were simply characteristic of the LTRM tumour cell 

system.

The experiment was performed as described in Section 5.2 with the same positive 

and negative controls. Cells derived from tumours T1-T5 and the LTRM pool of cells were 

injected sub-cutaneously into both flanks of four mice each and measured at regular 

intervals. The T1-T5 cells formed tumours with high penetrance and short latency, 

indicating that an additional alteration had indeed occurred (Fig. 5.16). However, the 

LTRM cells also formed tumours with a higher penetrance and shorter latency than in 

either of the two previous experiments (Fig. 5.16 and compare with Fig. 5.1).

The common karyotypic changes observed in tumours T1-T5 (Section 5.8) could be 

explained by the presence of pre-existing clones in the LTRM pool of cells. Therefore the 

increased ‘tumorigenicity’ of LTRM cells in this experiment might be explained by the 

further considerable expansion they had been through in culture in order to accumulate 10  ̂

cells per injection, thus allowing any pre-existing clones to become more dominant in the 

population of injected cells. Alternatively, they may have sustained other mutations whilst 

in culture that enhanced their ability to form tumours in nude mice. This question has been 

addressed by another member of the laboratory who has derived fresh LTRM cells by 

retroviral infection of the youngest available Leiden cells. Surprisingly, after injection into 

nude mice following the same protocol, freshly-derived LTRM cells formed tumours at 8 

out o f 8 sites within 30 days o f injection (S. Brookes, personal communication). If 

karyotypic analyses reveal the same chromosomal alterations in these LTRM tumours as 

T1-T5, it would suggest either very strong selective pressure for these alterations or that
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Cells injected Number 
of tumours

Days
(no. of cases)

Leiden+hTERT+Vectors 0/4

Leiden+hTERT+Ras+Myc 8/8 22 (4x) 
26 (2x) 
84 (2x)

T1 (100%iso18q) 7/8 68 (2x) 
89 (5x)

T2 (100%der14) 7/8 26 (2x) 
36 (2x) 
42 (3x)

T3 (20%der14) 5/8 26 (2x) 
36 (3x)

T4 (50% iso18q, 40% der14) 6/8 22 (2x) 
26 (2x) 
42 (1x) 
81 (1x)

T5 (100% iso18q) 6/8 22 (2x) 
26 (2x) 
36 (2x)

RDES (Ewings) 4/4 22 (4x)

Fig. 5.16 Re-injection o f LTRM tumour-derived cells into nude mice.

T1-T5 cells were tested for tumorigenicity by injection into immunodeficient mice, 
using LTRM cells as a control for comparison with the experiment described in 
Fig. 5.1. T1-T5 cells formed tumous at an average o f 6/8 innoculation sites after 
22-89 days. The LTRM cells formed tumous at 8/8 sites after 22-84 days. All 
tumours (except RDES) were explanted and grown in cell culture.



cells containing these alterations exist in pools of the youngest available Leiden cells. 

Alternatively, i f  the new LTRM tumours are found to have sustained different 

chromosomal abnormalities, it would suggest that the 'tumorigenicity' o f LTRM cells was 

higher than first suspected. If so, it may transpire that alterations in four cellular genes 

(pl6iNK4a, teiomerase, Ras and Myc) are sufficient to transform primary human fibroblasts.

5.11 Conclusions

Data presented in this chapter show that, following alterations in four cellular genes, 

primary human fibroblasts can be transformed into tumorigenic clones. The LTRM cells 

show some features o f transformation: they form foci in culture, are anchorage- 

independent, have lost expression of certain integrins and release autocrine growth factors 

into the culture medium. However, the frequency and penetrance with which they form 

tumours indicates that other alterations are required to enable them to become tumorigenic. 

Our analyses of the tumour-derived cells to date show that they have acquired several 

characteristics compared to LTRM cells, but we have been unable to demonstrate which of 

these might be essential for tumorigenesis.

It is clear that there is selection for high expression o f Ras in all the cases examined 

so far indicating that, in the absence of the inhibitory effects o f pl6^^^"^% high levels o f Ras 

signalling are advantageous to these tumour cells. The use of pl6^^*^"^®-deficient cells has 

enabled us to avoid using viral oncoproteins that abrogate both the Rb and p53 signalling 

axes. All the tumours contain high levels of p53 compared to parental cells, which appears 

to be stabilised at the protein level, but apparently not by mutation because it is wild-type in 

sequence and functional. We have not tested all the functions of p53 in the tumour cells, so
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it remains possible that single downstream functions of p53 have been compromised which 

represent the additional required change for tumorigenesis. One likely candidate would be 

p53-dependent apoptosis because the tumour-derived cells do not undergo apoptosis in 

culture. However, it is possible that the apoptosis pathway is intact and that the autocrine 

signals produced by the tumour-derived cells provide sufficient survival signalling to 

protect them from apoptosis.

In two out o f the five tumours, P-ARF/pl6 expression is lost with consequent loss 

o f the protein. The loss of ARF implies that there is a selective pressure against it, which 

indicates that it is functional as a tumour suppressor and that its loss contributes to 

tumorigenesis. However, this is paradoxical for two reasons. Firstly, evidence has been 

presented that the cell cycle inhibitory effect of ARF via its activation of the p53/p21^^^^ 

axis is overcome in these cells (Section 3.5, 4.4, 4.5, 4.7, 4.8, 5.2 and 5.7). Secondly, it is 

clear that the presence or absence of ARF in T1-T5 cells has no effect on the observed level 

o f p53, which is high in all cases (Fig. 5.7). It is possible that events occurred early in 

tumorigenesis that targeted ARF and affected levels of p53, but were superseded by another 

event(s) that led to the accumulation of p53 in all tumour cells. Perhaps we can conclude 

from the observation of ARF loss in two tumours that some alteration in the ARF/p53 

pathway is advantageous for tumorigenicity. If so, it is possible that the same result is 

achieved in the other tumour cells by disabling the p53 pathway at different points. 

Alternatively, the loss of ARF may reflect selection against a p53-independent function of 

ARF.

It is clear that all the tumour-derived cells lost adhesion and acquired the ability to 

proliferate in suspension as well as in an adherent monolayer. Changes in the integrins we
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assayed did not reveal alterations that were unique to the tumour-derived cells (perhaps 

with the exception of av), but it remains possible that the alterations responsible for their 

ability to grow in suspension were due to loss of protein function rather than loss of gene 

expression. This could be tested by plating the LTRM and tumour-derived cells on 

different surfaces that provide ligands for the integrins of interest. Alternatively, we could 

reintroduce the integrins whose expression was lost in the tumour-derived cells in turn and 

test if  the requirement for cell adhesion was restored.

All of the tumours contained cells that had sustained only single karyotypically- 

detectable chromosomal alterations. The stable genetic background o f the tumour cells 

provides a real possibility of using non-biased screens to identify a relatively small number 

o f alterations at the DNA or RNA level that may have contributed to tumorigenesis. 

Further functional testing may then enable us to define the exact minimum requirements for 

transformation of primary human cells to tumorigenic clones.

The retention of p53 and resultant stability o f the tumour cell genomes provides a 

useful cellular system in which to study responses to oncogenic signalling, the manner of 

operation of the p i t u m o u r  suppressor and other CDK inhibitors, and the mode of 

action of different combinations of oncogenes in cellular transformation. This will be 

expanded upon in the Discussion.
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Chapter 6

Discussion

6.1 Mvc

6.1.1 Newly observed properties o f  Myc

Several unexpected properties of the oncogene Myc have emerged in the course of 

this investigation. Myc has been shown to elicit a cell cycle arrest in primary human 

fibroblasts (Section 3.5), a cell fate which is not generally associated with Myc but which 

has, nevertheless, been previously reported (Felsher et al., 2000; Gandarillas et al., 2000; 

Gandarillas and Watt, 1997). It may be that this is the more usual outcome of Myc 

signalling in primary human cells, whereas its apoptotic and proliferative stimuli may be 

more commonly associated with cells that have lost some tumour suppressing mechanisms, 

as is frequently the case in rodent and human cell lines (Section 1.5). Other surprising 

properties of Myc observed during the course of this thesis which are previously unreported 

are its ability to induce anchorage independence (Fig. 3.3, 4.2, 4.5 and 4.8), its ability to 

stimulate production o f autocrine growth signals (Fig. 5.5) and its ability to induce 

expression of p i (Fig. 3.6 and 3.9).
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6.1.2 Myc induction o f  genes on the CDKN2A locus

O f all the newly observed properties of Myc it is perhaps the least surprising that 

Myc, a transcription factor, is found to induce expression of two genes: p i a n d  

PJ4 ARF 2 4  ̂3 6 and 3.9). However, even this is atypical because, whilst the induction 

o f RNA is direct (induced without the need for de novo protein synthesis), it seems to be 

too slow to fit a classical model o f induction o f transcription by direct binding o f a 

transcription factor to a promoter (Section 3.9). In quantitative PCR (Q-PCR) experiments 

not shown in this thesis, there was no detectable induction of p i o r  pi 4 ^ ^  RNA by 

Myc in Hs68  wild-type primary human fibroblasts after eight hours (S. Drayton) and, in a 

timecourse experiment, induction was observed between 16 and 24 hours (R. Jones, 

personal communication). A more detailed Q-PCR timecourse experiment would enable us 

to determine accurately the time lag between Myc activation and transcription of p i 

and p i4 ^ ^  in primary human cells.

It has been mentioned that evidence in the published literature supports both the 

notion o f independent or coincident regulation o f p i a n d  pl4**^ by Myc (Section 

3.8). If  the timecourse experiment suggested above revealed that these genes were 

transcribed at the same time after activation of Myc, it would lend credence to the notion of 

global regulation of the CDKN2A  locus by Myc. One hypothesis would be that Myc 

stimulates transcription of p i and p i4 ^ ^  by associating with pre-existing chromatin 

remodelling complexes, making them transcriptional activators. This would be 'direct' 

induction of transcription because protein synthesis would not be required, but might take a 

longer time than binding to a promoter if the complex first had to assemble and possibly 

change its cellular location. An initial experiment to test this hypothesis would be to
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immunoprecipitate chromatin with antibodies to p i a n d  p i 4"^^  ̂ and look for 

association of Myc with the resulting complexes.

6.1.3 Myc overrides arrest induced by the p53/p21^^^^ axis

It has been shown that the consequence o f induction o f p i by Myc in primary 

human fibroblasts is cell cycle arrest (Fig. 3.6 and 3.7). But what are the phenotypic 

consequences o f Myc induction of p i 4^^^? It is clear that the arrest caused by Myc is 

dependent on plb^^'^^ because it fails to happen in the absence of p i (Fig. 3.6 and see 

Fig. 4.2, 4.5 and 4.8). However, that does not exclude a contribution o f p l 4 ^  to the arrest 

phenotype in wild-type cells. To establish this, one could use FACS analysis to determine 

if  cells expressing ectopic Myc arrest in G1 and G2, or in G 1 alone. The former would 

indicate a contribution o f p i4^^^ via the p53/p21^^^^ checkpoint and the latter would 

indicate an arrest effected by plb^^ '̂*^ alone. However, evidence presented in this thesis 

from investigations of Myc signalling in pl6^^^"^*-deflcient cells makes it is difficult to 

establish any phenotypic consequence o f ART induction at all. Whilst it is clear that 

induction of ARF leads to stabilisation of p53 and transcription of its direct target, p21^^^% 

the arrest that should be induced by the p53/p21^^^^ axis is altogether missing. Indeed, not 

only do pl6^^"^^-deficient cells expressing ectopic Myc fail to arrest via p21^^^\ but they 

proliferate robustly and are anchorage-independent (Fig. 4.2, 4.5 and 4.8). Why are the cell 

cycle inhibitory effects of p21^^^  ̂not apparent?

There are many potential explanations in the literature for the ability of Myc to 

overcome a p53/p21^^^^ mediated growth arrest, including the ability of Myc to up-regulate 

cyclin D2, CDK4, Cull and Cdc25A and to suppress transcription of p21^^^* (Bouchard et
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al., 1999; Claassen and Hann, 2000; Coller et al., 2000; Galaktionov et al., 1996; 

Hermeking et al., 2000; Herold et al., 2002; O'Hagan et al., 2000; Perez-Roger et al., 1999; 

Seoane et al., 2002). The reported suppression of p21*̂ ^̂  ̂ by Myc has led us to question 

why we see an induction of p21^^^  ̂by Myc (Herold et al., 2002; Seoane et al., 2002). One 

explanation is that the ‘suppression’ experiments were performed in epithelial cells in 

which the ARF/p53 pathway was disabled (HaCaT cells and HCT116 cells). Therefore the 

induction of ARF by Myc could not lead to stabilisation o f p53 and upregulation of p21^^^\ 

thereby unmasking the mechanism by which Myc can suppress p21^^^  ̂ induction via Miz- 

1. In our cells, the ARF/p53 pathway is intact, therefore the induction o f ARF by Myc and 

consequent elevation of levels o f p53 and p21^^^^ is the dominant phenotype and any 

suppression of p21^*^  ̂ by Myc cannot be seen. Furthermore, it is not yet clear if  regulation 

o f p21^^^^ via Miz-1 is found in fibroblasts. We have as yet been unable to elucidate 

which, if any, of the effects of Myc listed above might allow it to override a p53/p21^^^^- 

mediated growth arrest, but there are some initial experiments that could address relevant 

hypotheses are suggested below.

One hypothesis is that the cell requires both p i a n d  p21^^^  ̂ (or other members 

o f the CIP family) to effect an arrest induced by Myc. To test this hypothesis, one could 

compare the outcome of Myc induction in pl6^^"^^-deficient and p21^'^^-deficient primary 

human fibroblasts. We know that pl6^^"^^-deficient fibroblasts would not arrest. If 

p21^^^^-deficient fibroblasts failed to arrest, we could conclude that both p i a n d  

p21^^^  ̂ are required for Myc-induced cell cycle arrest. There are several ways of creating 

p21^^^k(Jeficient human fibroblasts. Sequential rounds o f targeted homologous 

recombination have been successfully used to ablate p21^^^' in primary human lung
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fibroblasts (Brown et al., 1997). Alternatively, short interfering RNAs could be designed 

that can specifically silence in human cells (Brummelkamp et al., 2002; Elbashir et

al., 2001; Elbashir et al., 2002; Miyagishi and Taira, 2002; Paul et al., 2002; Yu et al., 

2002; Zou et al., 2002).

Another hypothesis is that Myc induces ARF, p53 and p21^^^  ̂ but overrides their 

effects. This could be tested by comparing the outcome of Myc activation in cells that were 

wild-type with cells that were deficient for p i o r  p i4 ^ ^ , or both. Bmi-1 and TBX2 

have been reported to inhibit p i6^"^^ and p i 4 ^ ^  expression respectively and so could be 

used in conjunction with Myc to perform this experiment (Jacobs et al., 2000; Jacobs et al., 

1999). However, data presented in these papers indicate that neither Bmi-1 or TBX2 affect 

these genes exclusively, but exert some effect over the whole locus. Again, RNA 

interference technology may allow specific ablation of p i a n d  p i4^^^ in primary 

human fibroblasts, and we are pursuing collaborative work that may yield these results.

6.2 The cooperation of Mvc and Ras in primarv human fibroblasts

6.2.1 Comparison o f  results in p i  -deficient Leiden and Q34 cells

In Leiden cells, Ras and Myc were shown to cooperate in the formation of 

macroscopic agar colonies that were significantly larger than colonies formed by LTM or 

LTR cells in the same period of time (Fig. 4.5b). This phenomenon of increase in colony 

size was not readily reproduced in Q34 cells, but did become apparent if the cells were 

seeded several passages after infection with the retroviruses (Section 4.8).
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It has been estimated that the CDK binding capacity o f p i i n  Q34 cells is 

reduced to less than 5% of that seen in age-matched human diploid fibroblasts (Huot et ah, 

2002) which may be sufficient to influence the cell’s response to Ras and Myc. The fact 

that maximum QTRM colony size was dependent on the length o f time in culture before 

assaying the cells suggests that there might be a requirement to silence residual p i 

activity for oncogene cooperation in terms o f colony size to become apparent. This 

hypothesis has been tested and confirmed by comparing pools o f QTRM cells at early 

passage after retroviral infection with a number of cell clones explanted from agar colonies 

seeded at late passage after infection. Q34 cells expressing empty vectors were used as a 

control. Cell lysates were immunoblotted for p i w h i c h  was present at elevated levels 

in the QTRM pool compared to the empty vector control, and was completely absent in all 

the agar clones (J. Rowe, personal communication). The level of p i m e s s a g e  could 

be examined in these cells by Q-PCR to find out if  it had been silenced at the 

transcriptional level.

It is possible that there is a selection in culture for clonal variants of QTRM cells 

with properties that facilitate anchorage-independence. This could be tested by assaying 

late passage QTRM cell pools for clonality by Southern blotting. DNA extracted from 

these cells could be digested with a restriction enzyme with a unique site in the retroviral 

insert, and retroviral inserts visualised on a membrane (after electrophoresis and Southern 

blotting) by hybridisation o f a probe to the viral Long Terminal Repeat. If the population 

of cells was not clonal, the size of bands cut by the restriction enzyme would be as variable 

as the number of integration sites of the retrovirus. Therefore the probe would be detected 

as a smear, representing fragments of many different lengths. If  the population of cells was
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clonal, there would be only one integration site for each retrovirus, producing DNA 

fragments of the same length in each cell, which would be detected by the probe as discreet 

bands. A known non-clonal pool of Q34 cells could be used as a negative control.

6.2.2 Effects o f  Ras and Myc upon each other

One unexpected phenomenon observed during the course o f this thesis is that the 

levels o f Ras and Myc protein expressed by retroviral transduction seem to be affected by 

the presence or absence of the other oncogene. Thus, LTRM cells had lower levels of Myc 

than LTM cells (Fig. 4.3) and the same phenomenon was observed in Q34 cells expressing 

Myc and Ras compared to Myc alone (Fig. 4.7). However, despite reduced levels o f Myc 

protein, exogenous Ras did not seem to reduce the effect o f Myc on ARF, p53 or p21^'^\ 

Conversely, the level o f Ras protein in Q34 cells also infected with Myc is significantly 

reduced compared to that in cells infected with Ras alone (Fig. 4.7).

There is a precedent for Ras to be able to regulate the stability o f Myc protein, 

although published reports suggest that Ras stabilises Myc protein by inhibiting its 

degradation in the proteasome (Sears et al., 1999). However, more detailed work has 

shown that Ras-dependent pathways can cause phosphorylation o f two N-terminal sites in 

Myc that are required for stabilisation and degradation of Myc protein respectively (Sears 

et al., 2000). Thus the possibility remains that Myc protein is destabilised by exogenous 

Ras in Leiden and Q34 cells. Conversely, although there is no precedent, it may be the case 

that the reduction in the level o f Ras protein in Q34 cells expressing both Myc and Ras is 

due to regulation of Ras protein stability by Myc. This leads to the intriguing possibility 

that the steady state levels of exogenous proteins could be determined by the order of
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delivery of exogenous genes into the cell. Experiments addressing this question are being 

performed by another member of the laboratory (J. Rowe, personal communication).

Interestingly, published work has shown a difference in the stability of Ras protein 

during anchorage-independent and monolayer growth in mouse cells (Gatzka et al., 2000). 

Ras protein, which is rapidly degraded during anchorage-independent grov^h, can be 

stabilised by signalling from the insulin-like growth factor 1 receptor (IGF-IR). In 

monolayer culture, Ras levels remain constant and are unaltered by IGF-IR signalling.

6.2.S The importance o f i n  the cooperation o f  Myc and Ras

It has repeatedly been shown in this thesis that, unlike pl6^^"^“-deficient cells, 

overexpression of Myc and Ras does not lead to proliferation or anchorage independence in 

wild-type primary human fibroblasts, either alone or in combination (Figures 3.6, 4.2, 4.5a 

and 4.8). These results show that, even when telomere length differences with MEFs are 

taken into account by the addition of hTERT, wild-type primary human fibroblasts cannot 

be transformed by the cooperation of these two oncogenes.

Recent work on Ras-transformed murine and human cells has shown that the Ras 

effector pathways responsible for transformation are different in these species (Hamad et 

al., 2002). Furthermore, it has been shovm that there are differences between the species in 

the response of the CDKN2A locus to signalling by these oncogenes in terms of gene 

expression. For example, oncogenic Ras signalling leads to upregulation of p i 9"^̂  ̂ in 

MEFs (Groth et al., 2000; Palmero et al., 1998) whereas it has no effect on p i4^^^ in 

primary human fibroblasts (Brookes et al., 2002; Wei et al., 2001). High levels of Myc 

signalling have no significant effect on pl6^^^"*  ̂ in MEFs (Mateyak et al., 1999; Zindy et
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al., 1998) (J. Rowe, personal communication) whereas they lead to upregulation of p i 6^"^^ 

in primary human fibroblasts (Fig. 3.6 and 3.9). Therefore, it is clear that primary MEFs 

and primary human fibroblasts differ in their response to oncogenic signalling, both at the 

level o f gene expression and at the level o f cellular transformation. Indeed, the 

mechanisms underlying oncogene cooperation in these two species appear to be 

significantly different.

Clearly, it is 'more difficult' (in that it takes more steps) to transform primary human 

fibroblasts compared to MEFs. Evidence presented in this thesis suggests that the 

additional obstacle that needs to be overcome in human cells is pl6^^^"^^ Perhaps this is 

because humans have developed more stringent tumour suppressing mechanisms than 

rodents in order to mount a more robust defence against cancer. Whatever the evolutionary 

reason, this work has shown that a combination of oncogenes used to transform primary 

rodent cells can be successfully used to transform primary human cells expressing 

telomerase only if pi function is abrogated. This demonstrates the more potent role 

that the tumour suppressor p i p l a y s  in defence against oncogenic signalling in human 

cells compared to rodents.

6.2.4 The nature o f  oncogene cooperation

The notion of oncogene cooperation is that two genes acting together can do more 

than the sum of either alone. One way in which this could be achieved would be if  some of 

their effects were complementary. However, there is also the possibility that the 

coexpression of two oncogenes may have effects that neither alone could achieve - in other 

words, that in combination their effect is greater than the sum of its parts.
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Evidence presented in this thesis suggests that, strangely, many of the effects of Ras 

or Myc acting alone on cells are the same. Both cause upregulation o f p i i n  wild- 

type cells and, in pl6^^*^"^^-deficient cells, both lead to anchorage independence, to a 

reduction in cell surface area, and to the release of autocrine growth factors. However, only 

in combination can Ras and Myc enable pl6^^^"^®-deficient cells to form foci in culture, to 

form macroscopic colonies in soft agar and tumours in nude mice.

Experiments could be done to attempt to determine if  there are any effects of 

oncogene cooperation that are greater than the sum o f the effects o f Ras and Myc alone. 

Cooperation may be manifest in the production o f growth factors that provide autocrine 

signalling in LTM, LTR and LTRM cells. It is not yet known what these growth factors 

are, but published work and early indications from microarray data (Section 5.9) suggest 

that heparin-binding EOF would be a good candidate for a growth factor produced by LTR 

cells (McCarthy et al., 1995). This could be tested by attempting to isolate the growth 

factor by passing conditioned medium over a heparin-sepharose column. If  it became 

apparent that LTR cells release heparin-binding EOF into medium, but LTM cells do not, it 

would be interesting to attempt to identify the growth factors released by LTM and LTRM 

cells. It could then be determined if  the growth factors released by LTRM cells (and, 

indeed, tumour cells T1-T5) were simply a combination of those released by LTM and LTR 

cells, or if they included growth factors that were not released by either. Thus, the nature of 

oncogene cooperation in the production o f autocrine signals could be determined.

A more global approach to the question of oncogene cooperation would be to 

analyse gene expression in LT, LTR, LTM and LTRM cells by RNA microarray. This 

could be consolidated by analysing the equivalent combinations of Q34 cells. A subtractive
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analysis could be performed to see if  any significant changes in gene expression were 

unique to LTRM cells and not represented in the expression profiles of LTR or LTM cells. 

By discovering what is common and what is unique in the expression profile of these 

groups of cells, one could find out if  the effects of Ras and Myc in LTRM cells were more 

than, or equal to, the sum of their parts.

6.3 The cooperation of Mvc and Ras in tumorigenicitv

6.3.1 The definition o f  tumorigenicity

Work presented in Chapter 5 of this thesis describes the tumorigenic conversion of 

primary human fibroblasts following alterations in four cellular genes, but the number of 

tumours formed and the time taken for them to form implied that further changes were 

required. What follows is an examination of the published literature to determine what 

constitutes 'full blown' tumorigenicity. It is particularly important in the context of the 

work presented in this thesis because it determines whether we conclude that additional 

alterations to LTRM cells are required for tumorigenicity or, alternatively, that four 

alterations are sufficient for the transformation of primary human fibroblasts.

It is clear that established tumour cell lines, such as the Ewings Sarcoma line used 

in Fig. 5.1 and 5.16, form tumours with a penetrance o f 100% and a latency of less than 30 

days. When re-injected into mice, the cells derived from LTRM tumours, T1-T5, formed 

tumours with an average penetrance of 77.5% and an average latency of 44.5 days (Fig. 

5.16). Published work demonstrates the tumorigenic conversion o f primary human 

fibroblasts with viral oncogenes at a penetrance o f 100% (Hahn et al., 1999; Hahn et al.,
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2002). A measurement o f latency is not given in either o f these publications and, 

unfortunately, the size limit set to determine the presence or absence of a tumour is unclear 

due to a typographical error. The method stated in the first publication, and referred to in 

the second, is:-

"Mice were when tumours exceeded 1cm. ” (Hahn et al., 1999)

It seems reasonable to presume that the intended meaning was that mice were sacrificed 

when the diameter o f the tumours exceeded 1cm in order for cells to be explanted into 

culture. Data presented in the same publication show that it took 14 days for tumours to 

grow to a volume of 300mm^. The volume o f tumours with a diameter o f 1cm would be 

~1.05cm^ so we can estimate that the latency of these tumours might be approximately 30 

days if the tumours continued to grow at an exponential rate.

The transform ation o f some primary human epithelial cells with various 

combinations of viral and cellular oncogenes has been demonstrated using a rather less 

stringent definition than that used for fibroblasts, described above (Elenbaas and Weinberg, 

2001; Zimonjic et al., 2001). While human embryonic kidney cells expressing 

combinations of oncogenes repeatedly form tumours with a penetrance of 100% (Hahn et 

al., 1999; Hahn et al., 2002; Zimonjic et al., 2001), human mammary epithelial cells are 

considered transformed by a particular combination o f oncogenes in experiments showing 

penetrance of 0, 7, 52 and 67% (Elenbaas et al., 2001). This variation is attributed to the 

level of overexpression of one oncogene (H-Ras) in each experiment, which is nevertheless 

overexpressed at least 3-fold compared to endogenous levels in all cases. Although the 

latency of tumour formation in human mammary epithelial cells was not given, it is stated 

that mice were sacrificed 10 weeks after injection in order to excise the mammary gland, or
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earlier if  the tumours were visible. In the only publication to give an indication o f the 

parameters for determination of tumour formation in human embryonic kidney cells, the 

experiment is limited to 20 days and tumour volume measured every five days. Tumours 

grew to a volume of between 2.75cm^ and 3.75cm^ in 18 days (Zimonjic et al., 2001).

The 'tumorigenicity' of LTRM cells in Fig. 5.1 is clearly lower than the transformed 

cells described above. Does the formation of any tumours at all over any length of time 

allow definition of the injected cells as tumorigenic? Or is 100% tumour formation 

required at every injection site for a set o f alterations to be declared ‘necessary and 

sufficient’ for tumorigenicity? In practise, neither is the case, but the point at which the 

line should be drawn is not clear. Perhaps it would be reasonable to allow 'degrees of 

tumorigenicity' as defined by parameters such as penetrance, size, latency and the ability to 

metastasise. However, these would be difficult to compare unless a standard limit was set 

on a given parameter, for example a time limit within which tumours must be formed, or a 

minimum tumour size before an assay could be scored positive. After all, there is 

variability in the 'tumorigenicity' o f human cancers, with 'aggressive' tumours forming 

faster and more frequently than others.

6.3.2 Searching fo r  changes required fo r  tumorigenesis

We have looked for acquired characteristics that might be required for 

tumorigenesis by comparing LTRM cells to tumour cells T1-T5 and looking for changes 

that are common to all the tumour cells but are different from (or absent in) LTRM cells. 

Three acquired characteristics have been found that are common to all the tumours: high 

levels o f Ras protein, high levels o f p53 protein and the ability o f the cells to grow in
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suspension. While these properties may hold the key to the ability o f LTRM cells to form 

tumours, it may be that we have missed, and will miss, other vital changes using this 

method of analysis.

Changes with the same outcome do not necessarily occur in the same place. If  the 

same key tumour suppressor pathway is abrogated at different points in each of the 

tumours, this method of analysis will not necessarily reveal that abrogation of that pathway 

is necessary for tumorigenesis. The problem is compounded by the fact that a change in 

any single gene could affect a number of different pathways. Therefore, while future 

analysis by RNA microarray and genome-wide DNA data combined will be powerful, the 

changes found in the tumour cells may represent the multifarious downstream effects o f a 

common altered pathway, not a common altered gene. This will require a more 

sophisticated, and more difficult, approach to data analysis than looking for genes whose 

expression is induced above a given threshold in all the tumour cells. A further analysis of 

changes that may not be common to all tumours, but which may affect common signalling 

pathways will be necessary. Although some software is currently available that allows such 

analyses (Silicon Genetics, GeneSpring), it will be limited by the state of our current 

knowledge of cellular signalling pathways and the assimilation o f that knowledge by the 

software manufacturers.

6.3.3 Testing candidate genes

An alternative approach to discovering the additional requirem ents for 

transformation o f LTRM cells is to specifically ablate or add candidate genes. The 

candidates could be chosen using information from other published transformation
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experiments, or by testing candidates revealed by genome-wide analysis of LTRM tumours 

by RNA microarray and Comparitive Genome Hybridisation.

Experiments to test likely candidates revealed by the published literature have 

already begun (see below Section 6.3.4 for an explanation o f the choice of candidates). 

Steps have been taken to disable p53 function in freshly-derived LTRM cells using a 

dominant negative mutant of p53. To assess the contribution o f SV40 small t-antigen to 

tumorigenicity in our system, a t-antigen clone has been retrovirally infected into LTRM 

cells and tumour formation assays are ongoing. It is expected that abrogation o f p53 or 

addition o f SV40 t-antigen will increase the penetrance and shorten the latency of LTRM 

tumour formation. However, it may also increase genome instability due to loss of DNA 

surveillance mechanisms resulting in more chromosomal aberrations. The resulting tumour 

cells may prove difficult to analyse for acquired causal mutations because they are likely to 

sustain many non-causal mutations as a result of genomic instability.

6.3.4 Key tumour suppressor mechanisms revealed by transformation experiments

Transformation of primary human fibroblasts and epithelial cells has recently been 

demonstrated using a variety of viral oncogenes (Elenbaas et al., 2001; Hahn et al., 1999; 

Hahn et al., 2002; Zimonjic et al., 2001). Taken together, the methods used to achieve 

tumorigenesis in these experiments tell us about the tumour suppressing mechanisms that 

protect a human cell from cancer and what changes it must acquire in order to survive as a 

tumour cell. Stasis induced by telomere shortening is clearly an important cellular 

mechanism for preventing the propagation of tumour cells, and one that it is vital to 

overcome if a tumour cell is to survive. In all the transformation experiments performed on
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primary human cells, telomere shortening was overcome by addition of hTERT (Elenbaas 

et al., 2001; Hahn et al., 1999; Hahn et al., 2002; Zimonjic et al., 2001).

Another tumour suppressing mechanism which it seems vital to overcome is the G1 

Rb/INK4a cell cycle checkpoint. As described in the Introduction (Section 1.7), previously 

published experiments have used viral oncoproteins to ablate Rb in order to bypass this 

checkpoint (Elenbaas et al., 2001; Hahn et al., 1999; Hahn et al., 2002; Morales et al., 1999; 

Zimonjic et al., 2001). Ablation of Rb leads to activation of the p53/ARF pathway, so they 

have additionally used other viral oncoproteins to disable p53. This avoids the apoptotic 

consequences of ablation of Rb. By using pl6^^"^^-deficient cells, we have avoided the 

need to inactivate Rb and therefore avoided the need to disable p53. Since the resultant 

tumour cells have retained wild-type p53 and a near-diploid karyotype, we would argue that 

it is not essential for tumour cells to disable p53. However, it may well be essential to 

disable some of the specific functions of p53 (eg. the G2 cell cycle checkpoint) which could 

be achieved in a variety of ways including disruption o f downstream p53 targets or 

abrogation of p53 itself. It is difficult to test all the functions o f p53 individually in LTRM 

tumours, so we have taken the alternative approach which is to test if  abrogation o f p53 

function is required to achieve 100% tumorigenicity of LTRM cells (see Section 6.3.3 

above).

A third requirement for tumorigenicity that is common to all published experiments 

in primary human cells is the presence of a mitogen (Elenbaas et al., 2001; Hahn et al., 

1999; Hahn et al., 2002; Morales et al., 1999; Zimonjic et al., 2001). The constitutively 

active oncogenic mutant of Ras, H-Ras G12V, bas been used in all these experiments. 

Whereas wild-type Ras produces a transient mitogenic signal at the cell membrane, the
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proliferative stimulus provided by H-Ras G12V is constant. High levels o f the 

transcription factor, Myc, which is known to stimulate proliferation, were deliberately used 

in experiments in this thesis and Myc was found to have been spontaneously amplified in 

experiments in human mammary epithelial cells (Elenbaas et ah, 2001).

The final requirement for the conversion of primary human cells to tumour cells in 

all protocols published to date (but not in this thesis) is the expression of SV40 small t- 

antigen (Hahn et al., 2002; Zimonjic et al., 2001). Little is known about the precise 

contribution of small t-antigen to tumorigenicity, but it is known to bind to and inhibit the 

heterotrimeric protein phosphatase 2A (PP2A) (Pallas et al., 1990; Yang et al., 1991). The 

use o f various mutant forms of small t-antigen has shown that its ability to bind PP2A is 

required for tumorigenic conversion of primary human cells (Hahn et al., 2002). The 

functions o f PP2A itself are not well understood, but its activity has been linked to the 

ability o f cells to grow adherently, in suspension or in a viscose gel (P. Parker, personal 

communication). Therefore, it would be interesting to examine the RNA microarray data to 

see if the levels of PP2A are altered in tumours T1-T5 (Section 5.9). It may be that the 

end-point of small t-antigen expression has been achieved in these tumours in an alternative 

way.

Each of these components of transformation probably have a number of functions 

other than those mentioned above, some of which may also be essential for tumorigenicity. 

For example, Ras does not just act as a mitogen, but stimulates production of autocrine 

growth factors and leads to changes in adhesion requirements that allow cells to grow in an 

anchorage-independent manner. Therefore, it will be important to determine precisely 

which cellular processes affected by these components must be abrogated in order for

165



tumour formation to occur. This could be done using mutants of each of the oncogenes that 

restrict their functions.

6.3.5 Model tumours - a system fo r  testing therapeutics

The motivation behind this work was not to make a model tumour, but to 

investigate the response o f the human CDKN2A locus to oncogenic signalling and 

demonstrate which of its functions are critical for tumour suppression. However, in the 

pursuit o f this work, a model tumour system has been made. It is not an ideal model of 

human tumours because the cells used are fibroblasts rather than more clinically relevant 

epithelial cells. However, this drawback in relevance has an advantage in practicality 

because fibroblasts are easy to explant from mice and propagate in culture.

In all o f the published experiments describing transformation of primary human 

cells, genes are delivered to cells sequentially before injection into nude mice. If one 

element is not delivered, there is no transformation o f the primary cells (Elenbaas et al., 

2001; Hahn et al., 2002; Zimonjic et al., 2001). This implies that the tumour suppressing 

mechanism(s) left intact by the omission of a given element is capable of detecting that the 

cell is damaged and effecting a response, such as arrest, repair or apoptosis, that prevents 

transformation of the cell.

Similarly, it is clear that LTR and LTM cells do not form tumours in nude mice 

(Fig. 5.1) and that wild-type Hs68 cells expressing telomerase, Ras and Myc do not form 

anchorage-independent colonies (Fig. 4.5 and 4.8). This demonstrates that three out of the 

four alterations of p i d e f i c i e n c y ,  active telomerase, constitutive Ras signalling and 

overexpression of Myc are insufficient for tumorigenic conversion of primary human cells.
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Therefore, it would be interesting to investigate if  deliberate reversion o f one of these 

alterations in the new steady-state environment o f tumours T1-T5 would inhibit 

tumorigenicity. could be delivered to T1-T5 cells which could then be tested for

their ability to form anchorage-independent colonies as a measure o f tumorigenicity. If  the 

Rb checkpoint was intact, exogenous p i m i g h t  be expected to arrest the tumour cells 

(McConnell et al., 1999). Similary, inhibitors of hTERT could be delivered, or a dominant- 

negative form of Myc (eg. the Mad.Myc fusion protein that occupies Myc family DNA 

binding sites (Bems et al., 2000)) or inhibitors o f various Ras effector pathways. RNA 

interference may also prove a useful tool for specifically ablating each o f these 

components. If  these experiments proved successful, then potential cancer therapeutic 

agents could be tested in the reasonably well-defined environment o f the LTRM tumour 

cells. The advantage of these cells over those created by the use o f viral oncoproteins or 

tumour cell lines, is that the retention o f wild-type p53 and their near-diploid karyotype 

provide a stable genetic background in which experiments can be performed. One could 

therefore expect the genetic background of the LTRM tumour cells to remain unaltered 

over the course o f a given experiment and from one experiment to another, providing a 

consistent experimental system.

6.4 Future projects

There are a number of ways in which p i c o u l d  be deliberately ablated in 

primary human cells, such as the use o f RNA interference, peptides that would block 

interaction of plb^^'^^ with CDK4 and CDK6, or use of agents that suppress plb^^'^^, such 

as Bmi-1 (Jacobs et al., 1999). It would be interesting to determine if any of these methods
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of ablating could cooperate with telomerase, Myc and Ras to transform wild-type

primary human fibroblasts. As well as confirming the results obtained in Leiden and Q34 

cells, this would enable use o f the source wild-type cells as genetically identical plb^^'^^- 

positive controls.

It would, of course, be interesting to investigate if other oncogenes could substitute 

for Myc and/or Ras in the transformation of p l6 ^ ^ ‘*^-deficient cells. One could envisage 

testing viral oncoproteins as candidates for cooperation with oncogenic Ras based on 

results from transformation studies in MEFs, such as Adenovirus E l A (Ruley, 1983). 

However, it may be more informative to avoid the pleiotropic effects of viral oncoproteins 

by attempting to identify downstream cellular targets that are critical for transformation, 

and substitute altered forms of them instead. An example of this is the demonstration that 

the transforming effect of small t-antigen is dependent on its ability to bind to and inhibit 

PP2A (Section 6.3.4). Thus, immortalised Leiden cells could be infected with H-Ras and 

an inhibitor of PP2A and tested for transformation. Other cellular genes that it would be 

interesting to test are, for example, cyclin E, CDK4 and dominant negative p21^^^  ̂ for their 

ability to substitute for Myc (Hermeking et al., 2000; Perez-Roger et al., 1997; Seoane et 

al., 2002), and activated forms of B-Raf, Akt and RalGDS in order to elucidate the impact 

o f various Ras effector pathways on transformation (Davies et al., 2002; Hamad et al., 

2002; Mettouchi et al., 2001; Weng et al., 2001).

An unbiased approach to this search for new combinations o f transforming genes 

would be to screen a retrovirus-based cDNA library for genes that would confer 

tumorigenicity on Leiden cells. It would be possible to create such a library from the 

LTRM tumours, T1-T5, which presumably contain the necessary alterations for
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tumorigenesis. Anchorage-independence assays or relief from oncogene-induced stasis 

could be used as indicators of success in order to limit the number o f cell isolates assayed 

for tumour formation in nude mice. Any retroviruses isolated from transformed Leiden 

cells could be tested on the Q34 cells in order to confirm the result in a different cell strain. 

One drawback would be that such a screen would identify oncogenes that must be activated 

but not tumour suppressors that must be inactivated.

A future project that is very important, but difficult to achieve, is to test if  our 

findings in primary human fibroblasts hold true in different cell types. Most interesting of 

all would be to investigate the behaviour of plb^^^'^^-deficient epithelial cells, since human 

cancers most commonly arise from epithelial cell layers. It has not been possible to obtain 

epithelial cells from the Leiden and Q34 patients. However, with the advent o f new 

techniques that may allow long-term, complete and specific ablation of pl6^^ "̂^% it may be 

possible to create primary pl6*^^"^^-deficient epithelial cells from their wild-type 

counterparts. This would enable us to find out if  the responses of human epithelial cells to 

oncogenic signalling are the same as those described in this thesis for fibroblasts. Thus, the 

knowledge gained about the essential tumour suppressing mechanisms that exist in primary 

cells and how they are overcome could be applied to the more relevant setting of epithelial 

cells. Then, perhaps, the LTRM model tumour system described in this thesis could be 

recreated in epithelial cells and could provide a realistic and informative laboratory-based 

tool for investigating the mechanisms of tumorigenesis and its inhibition.
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