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T o  M um  and D a d .



Ab st r a c t

Multi-stage tumourigenesis is associated with the accumulation of co-operating genetic 
lesions. One of the best studied models of carcinogenesis is experimentally induced 
tumours in the skin of mice. In tumorigenesis of the skin, activated Ras co-operates with 
mutations that inactivate the tumour suppressor p53. The absence of the cyclin dependent 
kinase inhibitor p2 1 °‘’\  a p53 target gene, has also been shown to co-operate with 
oncogenic ras in the induction of aggressive and relatively undifferentiated tumours in 
vivo. However, the molecular basis for these co-operations remains unresolved. 
Activation of oncogenes, including Ras, Myc and El A, have been reported to stabilise and 
activate p53 via induction of the tumour suppressor pl9^"^. Therefore, it is thought that 
ARE might be the specific link between oncogene activation and induction of p53. Since 
most malignancies are epithelial in origin and ras and p53 mutations are most frequently 
associated with epithelial derived tumours, I investigated the molecular mechanisms 
involved in co-operation between Ras, p53 and p21 '̂^  ̂ in the skin and the potential 
involvement of p i9"^ .

Primary mouse kératinocytes provide an excellent system to study growth and 
differentiation in the skin. When cultured in low calcium medium they behave similarly to 
the cells found in the basal layer of the epidermis. Here I show that activation of the 
Raf/MAP kinase pathway in primary mouse kératinocytes leads to a G/G^ cycle arrest and 
to terminal differentiation. This is preceded by an increase in p21^‘̂  ̂and p53 protein 
levels while p i6 N̂K4A p i 9^ ^  levels appear unaffected. Raf activation in kératinocytes 
lacking p53 or p21 '̂*’’ genes leads to expression of differentiation markers, but the cells 
do not cease to proliferate. Thus, loss of p53 or p21 '̂^^ function is necessary to disable 
growth-inhibitory Raf/Map kinase signalling, but a cell cycle arrest is not obligatory for 
the onset of terminal differentiation in kératinocytes. However, the response to Raf in 
plçARF-/- kératinocytes was indistinguishable from wild type controls. Thus, p l9 " ^  is 
not essential for Raf-induced p53 induction and cell cycle arrest in kératinocytes, 
indicating that oncogenes engage p53 activity via multiple mechanisms.
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Ch a pt e r  1 -  In t r o d u c t io n

1.1 Overview

Tumorigenesis is a multi-step process that requires the co-operation of several distinct 
oncogenic mutations. This is reflected by many in vitro and in vivo studies which have 
demonstrated that more than one oncogene, or an oncogene and the loss of a tumour 
supressor gene, is required to fully transform most primary cell types (Hunter, 1991). 
For example, oncogenic Ras, or activated Raf, lead to a cell cycle arrest in Schwann cells 
or a cell cycle arrest and premature senescence in fibroblasts (Hirakawa and Ruley, 1988; 
Lloyd et al., 1997; Ridley et al., 1988; Sewing et al., 1994; Woods et al., 1997). 
However, this Ras/Raf-induced arrest is abrogated in the presence of certain 
oncoproteins, such as SV40 large T, adenovirus E l A and Myc, or in the absence of the 
tumour supressors p53 and p i9"^^ (For review see Lowe, 1999 ), and, as a
consequence, effective neoplastic cell transformation ensues. The work described in this 
thesis derives from investigations into the mechanisms of oncogene co-operation in 
epithelial cells. It is now clear that the cellular responses to the oncogene Ras differ 
depending on the cell-type, the presence of other oncogenes and the cellular environment. 
Ras can induce a variety of cellular responses, such as proliferation, cell cycle arrest, 
senescence, apoptosis and differentiation. To date most of our understanding of Ras 
function is derived from studies on rodent fibroblasts. However, most cancers are 
epithelial in origin and epithelial cells behave differently to fibroblasts (Shields et al., 
2000). Thus heightening the importance of investigating the configuration of these 
interactions in epithelial cell types. This introduction will begin with a summary of the 
current understanding of the molecular mechanisms that regulate the cell cycle. Ras and 
its downstream targets will then be introduced, followed by an overview of the cellular 
effects of Ras. Finally, the epidermis as a model for the investigation of the effects of 
Ras/Raf in epithehal cells will be discussed.

1.2 Cell cycle control

The eukaryotic cell cycle can be divided into four stages: G,, S, and M (Fig. 1.1 A). 
Gj is the gap phase where the cell integrates mitogenic and growth inhibitory signals and 
makes the decision to proceed, pause, or exit the cell cycle. It contains the restriction 
point at which a cell becomes committed to DNA replication. Gj is followed by S-phase 
during which the cellular DNA is duplicated. Following DNA duplication, cells enter a 
second growth phase called G .̂ During this time the cells duplicate their infrastructure.
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including the amount of ribosomes, ribosomal RNA, cellular proteins, and other 
functional elements, in preparation for cell division. Following G2, the cells undergo 
mitosis (M), the phase in which replicated chromosomes are segregated into separate 
nuclei and cytokinesis occurs to form two daughter cells, completing the cell cycle. The 
cell can also exit from the cell cycle to differentiate or to enter a state referred to as 
quiescence (or the Gg phase). Cells can be induced to enter Gg through the removal of 
mitogens.

Progression of the cell cycle is controlled by multiple mechanisms and it has become clear 
that tumorigenesis involves the disruption of these controls. The work in this thesis is 
mainly concerned with the Gj to S-phase transition (which is summarised in Figure (Fig.)
1.1 B) and the current understanding of the mechanisms controlling this transition shall be 
discussed below.

1.2.1. Gj to S-phase transition

Mitogen-dependent progression through the mammalian cell cycle is co-operatively 
regulated by a conserved family of serine/threonine kinases, the cyclin-dependent kinases 
(CDKs). CDKs activity is sequentially regulated by cyclin D, E and A proteins. In 
general, CDK activity requires cyclin binding, depends on both positive and negative 
regulatory phosphorylations, and can be constrained by at least two famihes of CDK 
inhibitors (CKIs) (Lees et al., 1992; Morgan, 1995; Nigg, 1995; Roussel, 1999; Sherr 
and Roberts, 1999). Each cyclin maintains a cell-cycle-specific pattern of accumulation 
and rapid proteolysis.

Cyclins function to bind and activate their specific CDK partner. D-type cyclins form 
active complexes with CDK4 and CDK6  (Matsushime et al., 1992; Meyerson and 
Harlow, 1994). Cyclin E forms active complexes only with CDK2 (Dulic et al., 1992; 
Koff et al., 1992). Cyclin A, which is required for both entry into S-phase and onset of 
mitosis (Girard et al., 1991; Pagano et al., 1992), complexes with, and activates both 
CDK2 and CDKl (also known as Cdc2). Cyclin A/CDK2 complexes predominate in late 
Gj and S-phase whereas cyclin A/CDKl appears in G .̂
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A) Stages of the cell cycle. B) The G j to S-phase transition
Mitogen signals promote the assembly of active cyclin D/CDK4/6 com plexes and a Cip/Kip 
protein. Sequestration of the Cip/Kip proteins facilitates the activation o f cyclin E/CDK2 
complexes. Cyclin D and cyclin E dependent kinases contribute to sequential phosphorylation 
of pRb, releaving its ability to repress E2F family members and activating the genes required for 
S-phase ent^. This includes cyclin E and cyclin A. Active cyclin E-CDK2 complexes phospho- 
rylate p27^^P^ and trigger its degradation.
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As well as binding to their specific cyclin partner, the CDK has to be phosphorylated on 
the threonine residue, T160 or T161, to fully open up the catalytic site. This 
phosphorylation is carried out by a CDK-activating kinase (CAK) (Harper and Elledge, 
1998; Solomon et al., 1992). After the cyclin partner has been degraded, this phosphate 
is removed by the phosphatase KAP. In addition, phosphorylation of conserved tyrosine 
residues in the ATP binding site of the CDK can also inactivate the cyclin-CDK complex 
(Gu et al., 1992; Sebastian et al., 1993). In many CDKs it is Y15 that is phosphorylated 
by W eel/M ikl, and an adjacent threonine residue, T14, that is phosphorylated by M ytl. 
These phosphates are removed by members of the Cdc25 family of phosphatases 
resulting in activation of the complexes.

Recently, another level of regulation that has come to light is the possibility that a cyclin- 
CDK complex may be locally activated or inactivated due to compartmentalisation. For 
example, in some cases, two or more sets of regulators exist for the mitotic cyclin-CDK 
complexes, one nuclear and one cytoplasmic. Cdc25C is nuclear whereas Cdc25B is 
cytoplasmic. Similarly, Weel is nuclear but Mytl is an ER-associated protein. 
Furthermore, nuclear import and export play an important role in co-ordinating the 
components of the cell cycle machinery. The decision of whether to enter another round 
of DNA replication can be achieved by importing signalling mediators into the nucleus in 
response to a specific stimulus. For example, in resting cells, MAP kinase kinase 
(MAPKK) and MAP kinase (MAPK) are in a complex that is kept in the cytoplasm by 
active nuclear export, due to a nuclear-export sequence (NES) in MAPKK. However, 
growth factor stimulation of the MAPK pathway results in MAPKK phosphorylating and 
activating MAPK resulting in the two proteins dissociating. Activated MAPK is then 
imported into the nucleus where it is required for Gj progression (Brunet et al., 1999; 
Fukuda et al., 1997). Furthermore, a striking connection between nuclear transport and 
regulated proteolysis has become apparent for some key cell cycle regulators, see section
1.2.4 (for review see (Pines, 1999).

1.2 .2  The C KIs  

1.2.2.1INK4 family

The CKIs fall into two distinct classes: the INK4A proteins and the Cip/Kip family. The 
specific inhibitors of the CDK4 (INK4) family consists of four members: plŜ *̂ "̂̂ ® 
(Hannon and Beach, 1994); (Serrano et al., 1993); p i a n d  p i 91^x40

et al., 1995; Guan et al., 1994; Hirai et al., 1995). These proteins bind to CDK4 and 
CDK6  and prevent their interaction with cyclins. They do not bind other CDKs and thus 
are specific for the inactivation of cyclin D-associated kinase activity (Hannon et al..
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1994). The signals that lead to the synthesis of INK4 proteins are poorly understood. 
p l 6 iNK4A accumulates progressively as cells age (senescence) (Palmero et al., 1997; 
Serrano et al., 1997; Zindy et al., 1997). TGFp-induced Gj arrest is associated with its 
ability to induce p i ( H a n n o n  and Beach, 1994; Reynisdottir and Massague, 1997). 
Importantly, overexpression of INK4 protein arrests the cell cycle in G  ̂ phase, in a 
manner that depends on the integrity of pRb (Sherr, 1994; Weinberg, 1995a). However, 
a recent study has shown that plb^^^'^'^-induced arrest is not mediated exclusively by pRb, 
but also depends on the nonredundent functions of at least two pRb-family members, 
p i07 and p i30 (Bruce et al., 2000). Various studies suggest that increased INK4 
synthesis results in CDK4 being redistributed from cyclin D-CDK4 complexes to INK4- 
CDK4 complexes, and unbound D-type cyclins are then rapidly degraded by the 
ubiquitin-dependent proteasome degradation pathway (Diehl et al., 1997b). As a result, 
release of Cip/Kip proteins that were previously bound to cyclin D/CDK4 occurs. These 
are now free to inhibit cyclin E/CDK2 and cyclin A/CDK2 complexes, thus, pRb 
becomes hypophosphorylated, binds to and represses E2F, which is required for 
progression through Ĝ  (Sherr and Roberts, 1999).

Proper folding of CDK4 is catalysed by a 450 kDa complex composed of Hsp90 and p50 
(Cdc37) but not the D-cyclins (Dai et al., 1996; Stepanova et al., 1996). Unassembled 
CDK4 is relatively unstable and Cdc37 has been shown to inhibit the interaction between 
CDK4 and INK4 proteins, in a concentration dependent manner (Lamphere et al., 1997; 
McConnell et al., 1999). It is not clear whether CDK4 has to be properly folded before it 
can interact with INK4 inhibitors, or whether it can interact with unfolded, unassembled 
CDK4. However, it is clear that CDK4 partitions between INK4 and Cip/Kip-bound 
states (McConnell et al., 1999; Parry et al., 1999).

1.2.2.2 Cip/Kip family

The CDK proteins can also be constrained with the more broadly acting inhibitors of the 
Cip/Kip family. This family consists of p21 '̂^^ (Dulic et al., 1994; el-Deiry et al., 1993; 
Gu et al., 1993b; Harper et al., 1993; Noda et al., 1994; Xiong et al., 1993), p27^^^

(Polyak et al., 1994a; Polyak et al., 1994b; Toyoshima and Hunter, 1994) and p57^^^ 
(Lee et al., 1995; Matsuoka et al., 1995). These proteins affect the activities of cyclin D-, 
E-, and A-dependent kinases and can bind to both cyclin and CDK subunits (Fotedar et 
al., 1996; Gu et al., 1993b; Harper et al., 1993; Xiong et al., 1993).
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Although first thought to be inhibitory of cyclins D, E and A, and have
since been shown to have a positive role in the activity of cyclin D/CDK4 complexes 
(LaBaer et al., 1997) while remaining potent inhibitors of cyclin E- and A-dependent 
CDK2 activity. It has been shown that all of the cyclin D-CDK kinase activity in 
proliferating cells is found in complexes containing Cip/Kip (Blain et al., 1997; Cheng et 
al., 1999; Harper et al., 1995; LaBaer et al., 1997; Soos et al., 1996; Zhang et al., 1994), 
Furthermore, the assembly of the cyclin D-CDK complexes was impaired in primary 
p2 iCipi_/_̂  or p2 7 ^PL/_  ̂and p21‘̂ '‘’*-/-/p27^‘’̂ -/-, mouse embryo fibroblasts (MEFs), with 

assembly of the complexes being restored by réintroduction of p21 '̂^^ or p27^^^ (Cheng 
et al., 1999). p27^^^ can still inhibit cyclin D-CDK complexes in vitro. However, it is 
more effective in antagonising cyclin E-CDK2. Recent reports have shown that a single 
molecule of p21^‘*’* is sufficient to inhibit the kinase activity of cyclin E/CDK2 and cyclin 
A/CDK2 complexes but not cyclin D/CDK2 (Hengst and Reed, 1998), Hence, it is now 
thought that cyclin D/CDK2 binds Cip/Kip proteins without being inhibited, whereas 
CDK2 complexes are inhibited by the same CKIs. It is likely that higher ratios of p21 '̂^  ̂
or p27̂ '^̂ ' are necessary to inhibit cyclin Dl/CDK. Furthermore, it has now been shown 
that Cip/Kp proteins also promote activation of cyclin D-CDK4 complex by directing its 
nuclear import and by increasing its stability (Cheng et al., 1999; LaBaer et al., 1997).

The CKIs are also spatially regulated (Reynisdottir and Massague, 1997). p27*̂ *’̂ is 
thought to be degraded upon entry into S-phase which depends on its nuclear export via 
Jabl (Tomoda et al., 1999; Yew and Kirschner, 1997). This degradation of p27^^^ is 
thought to be important for entry into the cell cycle and may be a key regulator of cyclin 
E/CDK2 activity (Sherr and Roberts, 1999). p21 '̂P  ̂ expression is induced in early Gj- 
phase of the cell cycle and this depends on mitogens and ERK activity (Bottazzi et al., 
1999). Its expression subsequently declines as cells reach mid-late G,-phase enhanced 
by cell anchorage and independent of ERK activity (Bottazzi et al., 1999). Thus, the extra 
cellular matrix (ECM) and growth factors act in parallel to regulate p21*̂ '̂  ̂ expression 
during Gj-phase. p2 1 '̂̂  ̂ can also inhibit cells in G ,̂ this may be through binding to, and 
inhibiting, cyclin B-associated kinase activity (Medema et al., 1998).

1.2.3 pRb and E2F

Active CDKs exert their regulatory function through phosphorylation of key proteins 
involved in cell cycle progression. These include the retinoblastoma gene product, pRb, 
and the related proteins, p i 30 and p i 07, which constitute a family referred to as the 
pocket proteins. Active pRb binds to, and represses, E2F. E2F is bound to E2 elements 
in promoters of G/S-regulated genes, including cyclin E and cyclin A (DeGregori et al..

2 3



C hapter  1 - Introduction

1995; Harbour and Dean, 2000a; Nevins, 1992; Ohtani et al., 1995; Schulze et al., 1995; 
Weintraub et al., 1992). Inhibition of E2F directed transcription is thought to involve 
pRb-mediated histone deacetylation. This occurs, at least in part, through the recruitment 
of a histone deacetylation complex (HDAC). This is followed by chromatin condensation 
in the vicinity of the E2F site, which also results in inhibition of other transcription factors 
on the promoter (Harbour and Dean, 2000b). Recent reports have supported the idea that 
pRb forms a repressor complex containing HDAC and hSWI/SNF (a nucleosome 
remodeling complex), which inhibits the transcription of cyclin E and A. Zhang et al. 
found that phosphorylation of pRb by cyclin D1 disrupted association with HDAC, 
relieving the repression of the cyclin E gene. However, pRb-SWI/SNF complex 
persisted and was sufficient to maintain repression of cyclin A and CDC2 genes, 
inhibiting exit from S-phase, thus maintaining the order of cyclin E and cyclin A 
expression during the cell cycle (Zhang et al., 2000). The importance of regulated E2F 
activity is indicated by overexpression studies in mammalian cells, or during Drosophila 
embryogenesis, where deregulated E2F disrupts the normal control of the cell cycle and 
drives cells into S-phase (DeGregori et al., 1995; Duronio et al., 1995; Lukas et al., 
1996). E2F proteins are also thought to have an important role in tumour suppression 
since mice which are null for E2F1 are tumour prone (Field et al., 1996; Yamasaki et al., 
1996). This may be related to the ability of E2F to promote apoptosis, which can be 
separated from its ability to induce DNA synthesis (Phillips et al., 1997), or its role as a 
transcriptional repressor (Helin, 1998). Recently, it was reported that E2F activity may 
also be directly regulated by phosphorylation via cyclin E/CDK2 complexes, leading to 
increased E2F-dependent transcription (Morris et al., 1999).

1 .2 ,4  C yclins D, E  a n d  A .

D-type cyclins connect extracellular signalling pathways to the cell cycle machinery and, 
as such, they are growth factor sensors, with cyclin D transcription, assembly, spatial 
location and turnover being mitogen-dependent steps. When cells are stimulated to enter 
the cell cycle from quiescence, D-type cyclins (D l, D2 and D3) are induced. They then 
assemble with CDK4 and CDK6  as the cells progress through G j. Assembled complexes 
enter the nucleus where they are phosphorylated by CAK in order to become active. 
Studies from knockout mice demonstrate that cyclin D l, D2 and D3 are, for the most part, 
functionally redundant but that each has unique tissue-specific functions (Lam et al., 
2000; Sicinski et al., 1996; Sicinski et al., 1995). Cyclin D promoters respond to a 
variety of mitogenic signals, such as those transduced through the Ras/Raf/MAPK 
pathway and APC-|3-catenin-TCF/LEF pathways (Morin, 1999; Tetsu and McCormick,
1999). Furthermore, the Ras/Raf-1/MAPK pathway promotes assembly of the newly
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synthesised cyclin/CDK complexes (Peeper et al., 1997), and cyclin D requires an active 
MAPK pathway for nuclear import in the -phase of the cell cycle (Diehl et al., 1998; 
Elledge and Harper, 1998). During S-phase, D-type cyclin/CDK complexes are exported 
into the cytoplasm and this correlates with their ubiquitin-mediated proteolysis. 
Phosphorylation of cyclin D1 by GSK-3P on T286 enhances the shuttling of cyclin D1 
into the cytoplasm and accelerates its degradation. This can shorten cyclin D1 half-life to 
10 min. Cyclin D1 proteolysis is accelerated by mitogens (Diehl et al., 1998; Diehl et al., 
1997b). The Ras pathway inhibits the phosphorylation of cyclin D1 by GSK-Sp (Diehl et 
al., 1998).

In fibroblasts and epithelial cells, mitogens and the extracellular matrix (ECM) are jointly 
required to induce the expression of cyclin D1 mRNA (Bohmer et al., 1996; Radeva et 
al., 1997; Resnitzky, 1997; Zhu et al., 1996a). This is linked to a role of integrin 
signalling in sustaining ERK activity throughout G^-phase (Roovers and Assoian, 2000; 
Weber et al., 1997). Cyclin D1 translation also depends on cell adhesion (Huang et al., 
1998; Zhu et al., 1996a)

The major role for D-type cyclins in cell cycle progression appears to be the 
phosphorylation of pRb. It is generally accepted that cyclin D-dependent kinases initiate 
pRb phosphorylation in mid Gj-phase. D-type cyclins, initially, partially phosphorylate 
pRb, inactivating it sufficiently to free enough E2F to transcribe cyclin E. Cyclin E/CDK 
complexes then become active and complete this process by phosphorylating pRb on 
additional sites (Hinds et al., 1992; Zarkowska and Mittnacht, 1997). This leads to 
complete inactivation of pRb and thus a higher level of E2F activity, which is sufficient 
for cyclin A transcription. Cyclin A/CDK2 complexes then maintain this level of pRb 
phosphorylation beyond G,.

Unlike cyclin E, ectopic expression of cyclin D1 is unable to overcome cell cycle 
inhibition caused by a constitutively active mutant of pRb (Lukas et al., 1997). 
Furthermore, pRb-/- fibroblasts, or cells with inactivated pRb, no longer require D-type 
cyclins for S-phase entry (Lukas et al., 1995; Lukas et al., 1994a; Lukas et al., 1994b). 
Thus, it appears that once pRb is inactivated and E2F transcription can ensue, D-type 
cyclins are no longer required. In support of this view, ectopic expression of E2F is able 
to promote S-phase entry even when D-type cychn activity is suppressed, either by 
expression of inhibitor proteins specific for CDK4 and CDK6 , or by microinjection of 
cyclin D1 neutralising antibodies (Lukas et al., 1996; Mann and Jones, 1996). A second 
non-catalytic function of cyclin D-CDK4 complexes is the binding and sequestration of
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CKIs, such as p27^^ and (Perez-Roger et al., 1999; Sherr and Roberts, 1995;
Sherr and Roberts, 1999), thus relieving cychn E from Cip/Kip constraint.

Cyclin B and cyclin A have important roles in ceU cycle progression, and appear to 
regulate aspects of cell cycle control different from D-type cyclins. Upregulation of cychn 
B protein and associated activity occurs later than D-type cyclins, and peaks just prior to 
S-phase entry. This activity is required for S-phase entry and seems to have two major 
roles in this process (Duronio et al., 1996). Firstly, cychn B/CDK2 participates together 
with cychn D/CDK4 in the control of transcriptional processes that are critical for cell 
cycle progression i.e. control of B2F transcription factors via the phosphorylation of pRB 
family members.

Cychn B/CDK2 can also function in an B2F-independent manner to activate DNA 
replication. Ectopic cychn B/CDK2 expression can bypass the requirement for pRb 
inactivation and B2F activation for S-phase entry (Leng et al., 1997; Lukas et al., 1997; 
Ohtsubo et al., 1995). Cychn A was originally thought to have its main role in Gj since 
that is where its protein level and activity peaks. However, accumulation of cychn A 
occurs prior to S-phase entry (Duhc et al., 1994; Duhc et al., 1992) and cychn A- 
associated kinase activity is required for entry into S-phase, completion of S-phase and 
entry into M phase (Girard et al., 1991; Pagano et al., 1992; Resnitzky et al., 1995).

1.3 Ras

Mutations in a ras allele occur in 30% of all human tumours (Bos, 1989b; McCormick 
and Wittinghofer, 1996). This makes ras the most widely mutated human proto
oncogene, highlighting the importance of this gene. This is mirrored in the multiple 
effects that Ras expression can have on all facets of cell behaviour, including both 
positive and negative effects on cell proliferation, apoptosis, differentiation and 
senescence. With such a diverse spectrum of cellular responses to Ras activation, it is not 
surprising that Ras also uses a multitude of downstream effectors. Overwhelming 
evidence identified the Raf/MAPK pathway as a key effector in Ras signalhng (For 
reviews see (Campbell et al., 1998; Marshall, 1996; McCormick, 1999; Shields et al.,
2000). Ras binds to at least two other types of effector protein: phosphoinositide 3- 
kinases (PI3K) and members of the Ral-guanine nucleotide exchange factor (RalGBF) 
family. In this thesis, I will concentrate on the Ras/Raf/MAPK pathway but it is 
important to remember that other Ras targets are indispensable in ehciting a full Ras 
biological response and these will be discussed briefly.
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1.3.1 Ras: a molecular switch.

Ras proteins act as molecular switches, cycling between inactive GDP and active GTP- 
bound states, and function as important relays in the transduction of signals from 
membrane receptors. Regulation of this cychng is aided by opposing effects of GTPase 
activating proteins (GAPs) (Trahey and McCormick, 1987), which increase the intrinsic 
GTPase activity of Ras, and by Guanosine nucleotide exchange factors (GEFs) (Prive et 
al., 1992; Schaeffer et al., 1998), which promote exchange of GDP for GTP (Fig. 1.2
A). Two GAPs which show catalytic activity towards Ras are p i 20°^^ (Adari et al., 
1988; Trahey and McCormick, 1987; Vogel et al., 1988) and NFl (Ballester et al., 1990; 
Martin et al., 1990; Xu et al., 1990a). GEFs recruitment to the plasma membrane 
activates Ras signalling (Quilliam et al., 1995). The three major manunalian GEFs in Ras 
signal transduction are SOS 1 and 2 (Bowtell et al., 1992; Chardin et al., 1993), 
RasGRFl and RasGRF2, and RasGRP (Fam et al., 1997; Farnsworth et al., 1995). The 
role of other putative Ras GEFs, such as Vav and Smg-GDS, is more controversial 
(Bustelo et al., 1994; Gulbins et al., 1993; Gulbins et al., 1994; Khosravi-Far et al., 
1994; Mizuno et al., 1991; Takai et al., 1993). GAPs and GEFs enzymatic activity 
responds to extracellular stimuli such as growth factors (Lowy and Willumsen, 1993; 
McCormick, 1993). Most receptor tyrosine kinases (RTK) do not bind to GEFs directly 
but do so through adaptor proteins, such as the mammalian protein growth factor 
receptor-bound protein 2 (Grb2).

Ras genes become constitutively activated when point mutated in specific amino acid 
residues. The most common mutations in human tumours are 12,13 and 61 (Lowy and 
Willumsen, 1993). Ras proteins activated by these mutation become immune to the 
effects of GAPs since they have lost their intrinsic GTPase activity and so become GTP 
bound (Adari et al., 1988; Scheffzek et al., 1997; Trahey and McCormick, 1987; Vogel et 
al., 1988). Mutants that act in a dominant negative fashion towards Ras family members 
such as Ras^*  ̂ have a very low affinity for guanosine nucleotides and may act by 
sequestering RasGEFs and preventing normal Ras molecules from utilising GEF 
exchange activity (van den Berghe et al., 1997).

Activation of Ras occurs in response to a wide variety of stimuli, such as growth factors, 
cytokines, hormones, and neurotransmitters. These stimuli signal to transmembrane 
receptors such as RTKs, non-receptor tyrosine kinase-associated receptors and G-protein 
coupled receptors (GPCR). One of the best-characterised Ras-mediated signal 
transduction pathways is the activation of the epidermal growth factor
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A) The Switch mechanism of Ras. Ras cycles between an inactive RasGDP complex 
and an active RasGTP complex in a regulated manner depending on the opposing actions of GEFs 
and GAPs.
B) Activation of Ras by the EGFR.
C) Activation of Ras by different receptors and RasGEFs. Three distinct Ras
GEFs have been identified; SOS 1/2, RasGRFl/2 and RasGRP. RTK activation leads to recruit
ment of Grb2, complexed to SOS, to the plasma membrane. This facilitates SOS activation of 
Ras. GPCRs that signal through heterotimeric G proteins consisting o f a i and Py subunits active 
RasGRF. This involves calcium associated RasGRF-associated calmodulin. Receptor activation 
of PLC results in the production of DAG and the release of intracellular Ca^+ and this may stimu
late RasGRP activation of Ras.
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(EOF) receptor. This is depicted in Fig. 1.2 B. The EGF receptors are single 
transmembrane domain proteins that dimerize and transphosphorylate upon binding to 
their native ligand. These phosphorylated residues then provide binding sites for the Src- 
homology 2 (SH2) domains of Grb2 (Lowenstein et al., 1992; Matsuoka et al., 1995). 
Grb2 is in complex with the carboxy terminus of SOS via its SH3 domains. Therefore, 
SOS is recruited to the EGF receptor complex at the plasma membrane, where it can 
activate plasma membrane associated Ras via catalysing Ras-GTP exchange (McCormick, 
1993; Moodie and Wolfman, 1994). Subsequently, Ras associates with the kinase Raf-1, 
initiating the Raf/MEK/ERK/MAPK cascade, eventually leading to gene expression in the 
nucleus (See section 1.3.2). Feedback phosphorylation of SOS by the activated ERK 
pathway induces the disassembly of the SOS complex and termination of Ras activation. 
Other growth factor receptors use similar mechanisms (Fig. 2.2 C). For example, the 
SOS-Grb2 complex binds to the insulin receptor via another adaptor protein. She and the 
insulin receptor substrate (IRS-1) (Skolnik et al., 1993). A similar though more complex 
mechanism is used by FGF receptors (for review see (Olson and Marais, 2000). GPCR

that signal through G proteins consisting of a i and Py subunits activate RasGRF. This

involves calcium (Ca^^) association of RasGRF-associated calmodulin. Receptor 
activation (GPCR and RTK) of PLC, leading to the production of DAG and the release of 
intracellular calcium, may stimulate RasGRP activation of Ras (reviewed in (Luttrell et 
al., 1999; Reuther and Der, 2000). An increase in GEF activity is just one mechanism by 
which Ras is activated. Phorbol ester treatment of T cells leads to Ras activation 
involving no change in guanine nucleotide exchange activity, and instead coincides with 
downregulation of RasGAP activity (Downward et al., 1990). Furthermore, in 
adipocytes, Ras activity is regulated by PI3K-mediated inhibition of GAP activity 
(DePaolo et al., 1996).

1.3.2 Ras/Raf/MAPK pathway

1.3.2.1 R af as a Ras effector

The Raf/MAPK pathway remains one of the key signalling pathways important for Ras 
biology, ra/genes encode serine/threonine-specific kinases that integrate upstream input 
signals and as such have complex regulation. Raf kinases were first discovered as gain of 
function mutants with the ability to induce growth and morphological transformation of 
established cell lines. Mammals possess three Raf proteins: Raf-1 (also referred to as 

c-Raf) A-Raf and B-Raf (Bonner et al., 1984; Huleihel et al., 1986; Ikawa et al., 1988). 
Raf-1 protein is ubiquitously expressed. On the other hand, B-Raf and A-raf isoforms 
exhibit more restricted expression profiles, being predominately expressed in neuronal and 
urogenital cells (Storm et al., 1990; Wadewitz et al., 1993). The different phenotypes of
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the Raf-1, A-Raf and B-Raf knockout mice strongly suggest that these proteins are non- 
redundant and serve distinct functions ( Pritchard et al, 1996; Wojnowski et al, 1997; 
Wojnowski et al, 1998). A-Raf-/- mice produce intestinal and/or
neurological defects depending on the genetic background. B-Raf-/- mice have
neuroepithelial differentiation defects as well as defects in maturation and maintenance of
endothelial cells. They die in utero due to vascular haemorrhage. In contrast, Raf-1-/-
mice die during midgestation, in an inbred background, and, die shortly after birth, in an
outbred strain. The latter show general growth retardation and developmental defects, the
most apparent in the placenta, lung and skin. This indicates a general role of Raf-1 in
morphogenesis in comparison to the specialised functions of A-Raf and B-Raf. Raf was
originally placed downstream of Ras because genetic evidence from Drosophila and
C.elegans showed that Raf is essential for Ras signalling in eye and vulval development,
respectively (Dickson et al., 1992; Han et al., 1993). Raf was subsequently shown to be
necessary for Ras signalling in mammalian cells since dominant negative Raf molecules
blocked Ras-induced gene transcription (Bruder et al., 1992) and proliferation (Kolch et
al., 1991). Direct binding of Raf-1 to Ras was demonstrated using yeast two hybrid
analyses and direct in vi/ro binding assays. Specifically, the N-terminal portion of Raf-1
binds directly to the effector domain of Ras-GTP (Moodie et al., 1993; Van Aelst et al.,
1993; Vojtek et al., 1993; Wame et al., 1993; Zhang et al., 1993). Moreover, Raf-1 can
reproduce many of the cellular responses of Ras in mammalian cells. For example, both
Ras and Raf-1 can activate ERK, and dominant negative versions of both can block
growth factor induced ERK activation (de Vries-Smits et al., 1992; Schaap et al., 1993).
Furthermore, the Ras^’̂ °̂  ̂effector domain mutant, which can no longer bind to Raf-1, is
defective in ERK activation and this impairment can be complemented by mutations in
Raf-1 which restore an interaction with Ras^^^^^  ̂ (White et al., 1995). In Schwann cells,
PC-12 cells, and fibroblasts, Raf-1 has been shown to mimic many of the effects of
activated Ras (discussed in Section 1.3.7) (Lloyd et al., 1997; Noda et al., 1985; Serrano
et al., 1997; Sewing et al., 1997; Woods et al., 1997; Zhu et al., 1998). These
observations provide strong evidence that Raf-1 is a genuine effector of Ras signalling
responsible for the activation of the ERK/MAPK pathway, with Raf-1 being able to elicit
many of the Ras phenotypes (reviewed in (Katz and McCormick, 1997; Marshall, 1999;
Marshall, 1996; Shields et al., 2000).

13.2.2 Raf activation

Raf-1 activation appears to be a complex, multi-step process involving many components 
and the mechanism remains to be fully deciphered (for review see (Kolch, 2000; 
Morrison and Cutler, 1997). A current model of Raf-1 activation is depicted in Fig. 1.3 
B. Raf-1 is composed of two functional domains, the amino terminal regulatory domain 
(conserved regions, CRl (aa 62-194) and CR2 (aa 254-269)) and the carboxy terminal
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kinase domain (CR3 (aa 330-627)) which interacts with downstream targets of Raf-1 
(Fig. 1.3 A). The amino terminal domain of Raf-1 supresses its catalytic activity and 
deletion of part of this amino-terminal domain results in a constitutively activated Raf-1 
mutant (Morrison and Cutler, 1997).

In its inactive state, Raf-1 is normally located in the cytosol in a multi-protein complex of 
300-500 kDa (Wartmann and Davis, 1994). Ras is known to play a key role in Raf-1 
activation by directly interacting with and translocating Raf-1 to the plasma membrane 
from the cytoplasm (Traverse et al., 1993). Signalling that activates Ras results in the 
formation of Ras-Raf-1 complexes. Mutations in either Ras or Raf-1 that block this 
interaction, or inhibit Ras function, prevent Raf-1 activation (Luo et al., 1997; Marais et 
al., 1998; Marais et al., 1995; Rodriguez-Viciana et al., 1997). However, the discovery 
that purified recombinant Ras is not sufficient to activate Raf-1 in vitro eluded to other 
components being involved (Traverse et al., 1993; Zhang et al., 1993). Furthermore, 
cytosohc Ras (membrane localisation blocked by post-translational modification 
inhibitors) is still able to complex with Raf-1, but these cytosolic complexes are inactive 
(Kikuchi and Williams, 1994; Lemer et al., 1995; Okada et al., 1996). It is now known 
that Ras-GTP cannot activate Raf-1 unless Ras-GTP is membrane bound and an 
unidentified cytosolic factor is present (Dent and Sturgill, 1994; Stokoe and McCormick, 
1997; Tamada et al., 1997).

Ras can interact with two domains in the Raf-1 N-Terminus: the Ras binding domain 
(RED), aa 50-40, and the Cysteine rich domain (CRD), aa 139-186. These have a low 
affinity for RasGDP and a high affinity for RasGTP. The RED alone is sufficient for 
translocation of Raf-1 from the cytosol to the membrane. The CRD is necessary for 
efficient activation (Hu et al., 1997; Luo et al., 1997; Roy et al., 1997). This is 
consistent with the finding that Raf-CAAX (which tethers Raf to the membrane) results in 
only partial activation and that it can be further stimulated by growth factors or RasGTP 
(Leevers et al., 1994; Marais et al., 1998; Marais et al., 1995; Stokoe et al., 1994). This 
appears to be mediated by Ras directly binding to Raf-CAAX, as well as by other Ras- 
initiated signalling processes (Mineo et al., 1997; Sun et al., 2000). Thus Ras supplies 
both direct and indirect activation signais
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Figure 1.3 Activation of Raf

A) Schematic depiction of Raf. Sites o f Raf phosphorylation are shown. RBD, Ras- 
binding domain; CRD, cysteine-rich domain.
B) Putative model for Raf activation. When Raf is in an inactive state, a 14-3-3 dimer is 
bound to it via the S259 and S621 sites. Upon activation Ras brings Raf to the plasma membrane 
resulting in the displacement of 14-3-3 from S259 of Raf. This allows dephosphorylation of S259 
by protein phospatase 2A, which is necessary for its activation. 14-3-3 is then free to recruit other 
upstream activators and promote the activation process.
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The observation that Raf-1 becomes hypeiphosphorylated in response to upstream 
signalling and that Raf-1 activity can be abolished by protein phosphatases suggested that 
phosphorylation plays a role in regulating Raf-1 activity (Morrison and Cutler, 1997). 
Both serine/threonine and tyrosine phosphorylation appear to be important. The binding 
of 14-3-3 proteins to Raf-1 is also essential for regulating its activity and seems to be 
linked to the phosphorlyation of Raf-1 (Fantl et al., 1994; Fu et al., 1994; Tzivion et al., 
1998). 14-3-3 are reported to assemble as dimers (Liu et al., 1995c; Luo et al., 1995). 
The cores of two 14-3-3 binding sites in Raf-1 are formed by phosphorylation of S259 
and S621. Dephosphorylation of Raf-1 disrupts 14-3-3 binding (Tzivion et al., 1998). 
The binding of 14-3-3 to the N-terminus of Raf-1 appears to inhibit Raf-1 activity 
whereas C-terminal binding is essential for activity (Clark et al., 1997; Rommel et al., 
1997; Tzivion et al., 1998). Furthermore, removal of 14-3-3 by competition with 
synthetic phosphopeptides disabled both basal and induced Raf-1 activity. Re-addition of 
recombinant 14-3-3 could revive Raf-1, but only if it had been activated previously. This 
leads to a proposed role of 14-3-3 to stabilise both the inactive and the activated 
conformations of Raf-1. Importantly, Ras interferes with the interaction between amino 
terminal of Raf-1 and 14-3-3 (Rommel et al., 1996). Furthermore, déphosphorylation of 
S259 is one of the first changes in Raf-1 phosphorylation during mitogen induced 
activation and is required for activation (Abraham et al., 2000). This déphosphorylation 
of S259 appears to be carried out by protein phosphatase 2A (Abraham et al., 2000). 
Inhibition of protein phosphatase 2A prevents both dephosphorylation and activation of 
Raf-1. It is thought that on activation, Raf-1 is brought to the membrane via RasGTP 
resulting in the displacement of 14-3-3 from S259 and allowing the necessary 
dephosphorylation of the S259 site by protein phosphatase 2A. 14-3-3 is then free to 
possibly recruit other upstream activators and promote the activation process (Drugan et 
al., 1996). The exact role of S621 is as yet unclear. The presence of S621 is required for 
full CR3 activation by stimulatory factors and the continuous presence of 14-3-3 at this 
site is necessary for retaining activity once the kinase is activated (Yip-Schneider et al., 
2000).

Activated Raf is also phosphorylated at residues Y340 and Y341 residues 
(Fabian et al, 1993; Chow et al, 1995; Marais et al ,1995; Mason et al, 1999). This is 
dependent upon Ras activity in mammalian cells and is performed by tyrosine kinases 
such as the Src family. Furthermore, abl (Skorski et al., 1995; Weissinger et al., 1997) 
and the Janus ædvated kinases (JAKs) also induce Raf-1 activation and tyrosine 
phosphorylation (Stancato et al., 1997; Xia et al., 1996). It has been suggested that 
tyrosine phosphorylation of Raf-1 is also regulated by Raf-1 itself and by the phosphatase 
Cdc25A (Xia et al., 1999). In addition, Ras also indirectly regulates Raf-1 activation 
through the activation of PI3K. Active PI3K leads to p21 activated protein kinase.
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PAK3, directly phosphorylating Raf-1 on S338 (Chaudhary et al., 2000; Sun et al., 
2000).

There appears to be a role for the Wnase supressor of Ras (KSR) in Raf-1 regulation 
(Therrien et al., 1995; Therrien et al., 1996). Several groups suggest KSR interacts 
(possibly via 14-3-3 proteins) with and activates Raf-1 in a membrane bound multi
protein signalling complex (Michaud et al., 1997; Xing et al., 1997; Zhang et al., 1997). 
Other groups show that KSR does not interact with Raf-1, but does interact with MEK 
and ERK in yeast two hybrid screens and by inununoprecipitation of endogenous proteins 
from PC I2 cells (Denouel-Galy et al., 1998; Yu et al., 1998). The physiological role for 
KSR remains enigmatic as both activating and inhibitory effects of KSR have been 
reported (Denouel-Galy et al., 1998; Michaud et al., 1997; Therrien et al., 1996; Xing et 
al., 1997; Yu et al., 1998). Different MAPK modules in yeast share components, and the 
specificity of signalling in response to stimuli is thought to be achieved by the use of 
scaffold or adaptor proteins (For review see(Kolch, 2000). KSR could be a candidate 
scaffold protein for the Raf/MEK/ERK module that binds to MEK and ERK 
constitutively, but only to Raf-1 at the cell membrane. There are also indications that 
KSR is a substrate for ERK, which may be an event connected to a regulatory feedback 
loop (Cacace et al., 1999). Furthermore, a novel gene, connector enhancer of KSR {cnk) 
is also required for efficient signal transmission within the Ras/ERK cascade. CNK is a 
possible target of tyrosine phosphorylation and contains several protein-protein interaction 
domains, suggesting it functions also as a multi valent adapter protein (Therrien et al.,
1998). Other Raf-1 binding proteins, such as the molecular chaperone heat shock 
proteins (HSP), HSP 90 and HSP 50, may have roles in maintaining Raf-1 protein 
stability and its proper localisation. Their binding to Raf-1 is irrespective of its activation 
state (Schulte et al., 1995; Schulte et al., 1996). Finally, forced dimérisation of Raf-1 
proteins has been demonstrated by two groups to activate Raf-1 signalling (Farrar et al., 
1996; Luo et al., 1996) and SUR-8  can also form a ternary complex with RasGTP and 
Raf-1, enhancing Raf activation (Li et al., 2000b). Future experiments are necessary to 
elucidate an exact mechanism of Raf-1 regulation.

1.3.2.3 The Raf/MEK/MAP kinase pathway.

Raf-1 controls a cascade of dual specificity kinases in which Raf-1, a MAP kinase kinase 
kinase, phosphorylates and activates MEK, a MAP kinase kinase. This in turn 
phosphorylates, on both threonine and tyrosine residues, and activates p42 and p44 ERK 
serine/threonine kinases (MAPK) resulting in their translocation into the nucleus and the 
activation of transcription factors (see Fig. 1.4). This sequence of events is generally
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termed the MAP kinase (MAPK) cascade (Reviewed in (Campbell et al., 1998; Marshall,
1996).

ERKs, once in the nucleus, phosphorylate more than 50 substrates. These include 
cytoskeletal proteins, kinases, phosphatases, enzymes and transcription factors (reviewed 
in (Treisman, 1996)). For example, those in the Ets family (such as Elkl; Ets 
transrepressors e.g. ERF; ATFs; c-fos; c-myc and the estrogen receptor) and bZIP and 
MADS box containing transcriptional regulators (Lewis et al., 1998). TBP can be 
upregulated by Ras via either the Raf-1 and RalGDS pathways (Johnson et al., 2000). In 
addition, ERKs can activate protein kinases referred to as MAPK activated protein kinases 
(MAPKAPK) 1, 2 and 3 and Mnks 1 and 2. Some MAPKAPKl substrates are involved 
in transcription and include cAMP response-element binding protein (CREE), CREE 
binding protein (CEP), c-fos, Nurr 77 and serum response factor (SRF) Chen, 1996a 
#2567; (Nakajima et al., 1996; Tan et al., 1996; Xing et al., 1996). MAPKAPK2 and 
MAPKAPK3 phosphorylate HSP27 which is believed to be an actin capping protein 
(Clifton et al., 1996; Engel et al., 1995; McLaughlin et al., 1996; Stokoe et al., 1992). 
Mnkl and 2 phosphorylate Elongation Initiation Factor 4E (EIF4E), implying that they 
have a role in translational control (Waskiewicz et al., 1997). ERKs also activate 
phospholipase A2 which suggests a role for ERKs in agonist stimulated arachidonic acid 
release (Lin et al., 1993; Nemenoff et al., 1993). Furthermore, the duration and intensity 
of MAPK activation may be important in the downstream effectors activated. It has been 
shown that active Raf-1 can elicit either a mitogenic response or cell cycle arrest in 
NIH3T3 cells, depending on the level of pathway activation (Sewing et al., 1997). 
Indeed, it has been demonstrated that the duration of MAPK signalling determines the 
repertoire of Fos and Jun proteins upregulated. The choice of substrates for ERK 1/2 are 
potentially controlled by a number of mechanisms including cell-type and situation 
specific expression. Positive feedback loops also occur within the cascade. For instance 
ERKs can phosphorylate M EKl (Gotoh et al., 1994; Zheng and Guan, 1993), Raf-1 
(Anderson et al., 1991; Kyriakis et al., 1993; Lee and Fain, 1991) and KSR, and MEKl 
can phosphorylate Raf-1 through an ERK dependent pathway (Zimmermann et al.,
1997). Docking domains such as KIM and DEE, which act respectively as ERK specific 
and MAPK generic binding sites and guide the appropriate MAPK to its phosphorylation 
target, could also help achieve specificity (reviewed in (Kolch, 2000)).

Similar to the scaffold protein KSR, adapter proteins have been reported to have a role in 
the proper physical interaction between the components of the MAPK cascades. 
Recently, two non-enzymatic adapter proteins have been identified in mammalian cells;
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JNK-interacting protein-1 (JIP-1) and MEK partner 1 (MPI). JIP-1 is thought to channel 
signals through a specific set of kinases that activate INK (Whitmarsh et al., 1998). MPI 
does not appear to route an entire pathway, but specifically stabilises MEKl and p44^^^^ 
interaction. Overexpression of MPI is able to increase the ability of MEKl and 
to co-activate Elk-1-mediated transcription (Schaeffer et al., 1998). It is probable that 
more proteins with similar functions will be found in mammalian cells, and that such 
proteins will provide a mechanism for retaining that specificity of MAPK modules in 
response to specific signals, even when the components are shared between pathways 
(Lange-Carter et al., 1993; Yan and Templeton, 1994). A protein that interferes with 
adapter proteins, RKIP, has recently been identified (Yeung et al., 1999). RKIP can bind 
Raf-1, MEK and ERK, and can selectively disrupt the physical interaction between Raf-1 
and MEK, resulting in suppression of Raf-1 induced transformation (Yeung et al., 2000). 
Overexpression of RKIP can inhibit ERK-dependent processes and lowering of RKIP 
can cause activation of the pathway (Yeung et al., 2000; Yeung et al., 1999).

Other MAP kinase cascades occur in mammalian cells in addition to the Raf- 1/MEK/ERK 
cascade, for example, the INK and p38 pathways (Kyriakis and Avruch, 1996). These 
are depicted in Figure 1.4. They can be activated by Ras, independently of Raf (Minden 
et al., 1994) as well as being targets of the Rho family of GTPases. Each member of the 
MAP kinase cascade also has many upstream activators and downstream targets. Thus, 
what were once considered linear signalling pathways are now considered parts of a much 
larger signalling network.

1.3.2.4 ERK inactivation

Inactivation of MAP kinases in mammalian cells occurs by dephosphorylation, involving 
phosphatases of two different families. Dual specificity phosphatases such as the MAP 
kinase phosphatases (MKP) 1-4 are able to remove serine, threonine and tyrosine 
phosphorylation concomitantly in vitro, (Alessi et al., 1993; Charles et al., 1993) and also 
inactivate ERKs in vivo (Duff et al., 1995; Sun et al., 1993). Serine/threonine protein 
phosphatases, such as PPl and PP2A also inactivate ERKs as well as MAPKKs. 
Treatment of cells with okadaic acid (which is inhibitory for PPl and PP2A) activates 
ERK activity, which implies a role for these phosphatases in ERK regulation (Casillas et 
al., 1993; Gotoh et al., 1990; Haystead et al., 1990). Recently, PTP-SL and HePTP 
have been shown to be cytosolic anchors for ERK 1/2. They dephosphorylate ERK 1/2 
and keep it in an inactive state (Blanco-Aparicio et al., 1999; Lenormand et al., 1998).
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1.3.3 Other Raf  effectors

The ERK pathway is a major effector of Raf-1, however, there is accumulating evidence 
that this is not the only effector pathway. For example, Raf-1 but not activated MEK 
mutants can drive the differentiation of rat hippocamal neurons (Kuo et al., 1996). 
Moreover, Raf-1 can induce depolymerization of vimentin filaments and this is not 
prevented by MEK inhibitors (Janosch et al., 2000). Raf-1 activity promotes, whereas 
MEK 1/2 activity inhibits, atrial natiuretic factor expression in cardiac myocytes (Jette and 
Thorbum, 2000). Finally, an active Raf-1 kinase which is defective in MEKl 
association, RafBXB (T481A), shows that Raf-1 kinases utilise multiple downstream 
effects to regulate distinct processes. RafBXB(T481A) uncouples Raf from activation of 
ERKl/2, induction of SRE-dependent gene expression and induction of growth and 
morphological changes. However, activation of NF-kB dependent gene expression and 
the induction of neurite differentiation in PC 12 cells were unimpaired. Raf-1 induction of 
p90RSK was only slightly impaired (Pearson et al., 2000b). Consistent with this, some 
alternative Raf-1 effectors have been reported. A recent report invoked Raf-1 as a pRb 
kinase contributing to pRb inactivation (Wang et al., 1998b). Raf-1 can phosphorylate 
and activate Cdc25A (Galaktionov et al., 1995). Bcl-2 interaction with Raf-1 appears to 
target the kinase to the mitochondria where it phosphorylates BAD to promote cell 
survival (Wang et al., 1996a). Others possible Raf effectors include Tpl-2/Cot, CK2a, 
and ERK5 (For review see (Kolch, 2000).

Finally, Raf-1 can be activated independently of Ras. Calcium-induced differentiation in 
kératinocytes is associated with rapid and transient activation of the Raf-l/MEK/MAPK 
pathway and this is reported to be independent of Ras (Schmidt et al., 2000). Raf-1 
activation by signals that activate PKC is mediated through RasGTP activation and the 
formation of RasGTP-Raf-1 complexes but differs from activation by RTK in that it is not 
blocked by dominant negative Ras (NlTRas) (Marais et al., 1998).
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1.3.4 Alternative Ras effectors

Alternative Ras effectors include the PI3K family and the RalGEF family (Fig. 1.5). 
Several other candidate effector proteins have been identified, such as Rinl and AF6 , but 
their biological function is yet unknown (Campbell et al., 1998; Vav vas et al., 1998).

1.3.4.1 PI3K

Several lines of evidence support the case for PI3K as an effector of Ras (Rodriguez- 
Viciana et al., 1994). PI3K comprise of a family of related proteins and are thought to be 
important in a wide range of biological activities, including influencing cell proliferation 
and apoptosis (Vanhaesebroeck et al., 1996). Ras is important for growth factor 
stimulation of PI3K activity (Rodriguez-Viciana et al., 1996), and the role of Ras in PI3K 
activation might be to localise PI3K to the plasma membrane and bring it in contact with 
its lipid substrate. However, oncogenic Ras is a much more potent activator of PI3K 
(McCormick, 1999). Oncogenic Ras suppresses apoptosis through the PI3K pathway, 
partly through the activation of serine/threonine kinase Akt. This could make an 
important contribution to tumour progression via aiding survival of epithelial cells after 
they detach from their surrounding substrates, which normally induces apoptosis. 
Furthermore, it has been shown that PI3K is an important component of Ras 
transformation (Rodriguez-Viciana et al., 1997). Recently, it was shown that PI3K is an 
essential anti-apoptotic effector in the proliferative response of primary human thyroid 
epithelial cells to mutant Ras (Gire et al., 2000).

PI3K can also activate Rac and this Rho-GTPase family member in turn regulates actin 
reorganisation, gene expression and cell cycle progression (Downward, 1998). 
Furthermore, activation of Rac by growth factors can be achieved by pathways requiring 
the activation of P13K, either directly, or indirectly through activation of Ras (Nobes et 
al., 1995a; Rodriguez-Viciana et al., 1997). In contrast to activation of Rac by growth 
factor-induced Ras signalling, sustained signalling by oncogenic Ras can downregulate 
Rac activity via Raf-l/MAPK. This leads to upregulation of Rho activity and epithelial- 
mesenchymal transition (Zondag et al., 2000). On the other hand, activation of Rac can 
lead to the inhibition of Rho in some cell types (Sander et al., 1999). AKT and Rac co
operate in Ras activation of NF-kB, which also serves an anti-apoptotic role. Therefore, 
the Rho GTPase family works as a network of pathways with multiple areas of crosstalk 
occurring with each other and with other Ras subfamilies.
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1.3.4.2 RalGEFs

Ras also activates a family of GEFs for the Ral small GTPases. RalGEFs bind RasGTP, 
become activated and, in turn, activate the ubiquitously expressed Ras family member Ral 
(Feig et al., 1996). Ral-independent activities bave also been described. Several reports 
indicate that redistribution from the cytosol to the plasma membrane may be important for 
activation of RalGEFs, perhaps by recruitment to Ral, which is present in the plasma 
membrane and in cytoplasmic vesicles (Woltbuis and Bos, 1999). Ras may also induce a 
conformational change upon binding to RalGDS and this may be important for activation 
(Geyer and Wittinghofer, 1997; Huang et al., 1998). Stimulation of a variety of 
receptors, including G-protein-coupled serpentine receptors and RTK, induce rapid 
activation of endogenous Ral. There is evidence for a role of RalGEFs in promoting cell 
growth (Woltbuis and Bos, 1999). RalGDS also plays an important role in Ras 
transformation as indicated by experiments using effector domain mutants of Ras. Each 
Ras effector domain mutant displays differential abibties to stimulate Ras-mediated 
effects. These correlate with their abilities to bind or activate specific target or effector 
proteins. These mutants have been invaluable in identifying the role of specific Ras 
effectors in Ras-mediated cellular responses. Ras^'^°^^, which activates RalGEFs, 
reduces the dependence on serum growth factors but does not change cell morphology. 
Mutants that activate Raf (Ras^^^^^  ̂and Ras'̂ *̂ ^̂ ®) induce enhanced growth properties and 
reduced anchorage independence and morphological transformation. Ras^'^^"^ activates 
PI3K, leading to growth promoting cytoskeletal alterations and protection against 
apoptosis (Rodriguez-Viciana et al., 1997; White et al., 1995). These mutants strongly 
synergise in transformation assays upon co-expression. This implies that multiple 
downstream pathways from Ras are required for full transformation.
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Raf, PI3K and RalGDS represent the best-characterized downstream effectors of Ras function. 
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are discussed in the text.
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1.3.5 Ras family

Three human ras genes exist encoding four 188-189 amino acid proteins of 21 kDa in size 
(H-Ras, N-Ras, K-Ras4A and K-Ras4B). There is a high degree of sequence identity 
between them (85%) and all have the ability to transform NIH3T3 and other cell types. 
However, conservation of the three genes through vertebrate evolution argues for distinct 
roles for each and this is becoming more apparent. The strongest evidence comes from 
gene targeting experiments where embryonic lethality was seen in K-Ras, but not H-Ras 
or N-Ras knockout mice. This possibly reflects a unique function of K-Ras in 
development or else an exclusive expression of K-Ras in specific tissues during 
development. Furthermore, recent reports have revealed differences in how the different 
Ras proteins are transported to the plasma membrane and where they localise there 
(Umanoff et al, 1995; Ise et al, 2000; Johnson et al, 1997; Shields et al, 2000).

1.3.6 Ras superfamily

Further complexity exists in that these Ras proteins are also members of a much larger 
Ras-like GTPase superfamily that are separated into sub-groups determined by structure 
and function of >80 mammalian members. These proteins and some of their known roles 
are listed in their family groups in Table 1.1. Importantly there is evidence that cross talk 
occurs between Ras subfamily members. For example, like Ras, activated mutants of R- 
Ras proteins have been shown to promote growth transformation and alter differentiation. 
Furthermore, they use some common RasGEFs and can interact with many common 
effectors. Therefore, they may be activated in a co-ordinate fashion by the same 
extracellular machinery having possible distinct and overlapping roles with Ras (Graham 
et al., 1994; Graham et al., 1996). Moreover, there is evidence for an interrelationship 
between Ras, Rap and Ral, linking at multiple levels (Reviewed in (Reuther and Der, 
2000).
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Table 1.1 Members of the human Ras-like GTPase superfamily

Ras-like
Subfamily

Family/
Class

Members Review/ References

Ras Ras

Rap
Ral
R-Ras

Rheb

Ha-Ras, Ki-Ras, N- 
Ras
lA, IB, 2A, 2B 
A ,B
R-Ras, TC21 (R- 
Ras2), R-Ras3 
Rheb

(Bos, 1997)

Rho Rho
Rac
TCIO
Cdc42
RhoG
RhoE

RhoD
TTF

A ,B ,C
1 ,2 ,3
TCIO
Cdc42, G25K, 
RhoG
RhoE. Rho8/Rnd3,
Rndl/Rho6 ,
Rnd2/Rho7
RhoD
TTF

(Hotchin and Hall, 1996) 
(Scita et al., 2000)
(Van Aelst, 1997) 
(Reuther and Der, 2000)

Rab Rab Over 40 members in 
mammalian family

(Novick and Zerial, 1997)

ADP Ribosylation 
Factor (ARP)

Class I

Class II 
Class in

ARF 1, 2, 3

A R F4,5
A R F 6

(Moss and Vaughan, 1998)

Ran Ran Ran (Mattaj and Englmeier, 1998)
Rad Rad Rad, Gem, Kir, 

Rem
(Cohen et al., 1994; Finlin and 
Andres, 1997; Maguire et al., 
1994; Reynet and Kahn, 1993)

Rin Rin Rin, Rit (Lee et al., 1996; Wes et al., 
1996)

1.3.7 Cellular Effects o f  Ras

Ras is involved in many cellular processes and activation of Ras can stimulate a variety of 
responses including changes in growth control, morphological and structural changes to 
cells, and alterations in gene expression.

Ras was initially isolated because of its ability to induce foci in immortalised fibroblasts 
(Chang et al., 1982; S bib and Weinberg, 1982). These cells showed reduced growth 
factor requirements, loss of contact inhibition, anchorage-independent growth and the 
ability to promote tumour formation (Barbacid, 1987). However, subsequently these 
properties were found to arise only in established cell-hnes and, in contrast, activation of 
Ras in most primary cells lead to either growth arrest, senescence, apoptosis or 
differentiation. Thus, activated Ras alone is unable to transform normal primary cells but
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requires the presence of a second co-operating oncogene (e.g. E l A, Myc) or loss of a 
tumour suppressor gene (p53 or INK4a) to achieve full transformation (Gallimore et al., 
1986; Serrano et al., 1996; Tanaka et al., 1994; Weinberg, 1989). Established cell lines 
have acquired genetic lesions as part of the immortalisation process (Newbold and 
Overell, 1983). Indeed, immortalised mouse embryo fibroblasts have lost function of 
either of the tumour supressor genes p53 or p i9 "^  (Zindy et al., 1998). The 
requirements for multiple genetic defects correlates with the observed multi step nature of 
tumour development and often the changes that co-operate with Ras in primary cells are 
co-mutated with ras in spontaneous tumours. Therefore, it appears that undergoing 
growth arrest, senescence, apoptosis or differentiation in response to inappropriately 
activated Ras may function as a mechanism of tumour suppression. This must be 
overcome in order for Ras to stimulate mitogenesis and lead to tumour formation.

Many recent papers have helped to address the molecular mechanisms involved in Ras 
signalling. These reports indicate that the situation is complex with the exact outcome 
after Ras activation depending on the cell type, i.e. fibroblasts versus epithelial, and on the 
biological context. It has been shown that activated Ras or its downstream effector, Raf, 
induces a cell cycle arrest in various cell types prior to immortalisation and at high 
signalling strength in immortalised fibroblasts (Hirakawa and Ruley, 1988; Lloyd et al., 
1997; Ridley et al., 1988; Sewing et al., 1997; Woods et al., 1997). In non-immortalised 
fibroblasts this cell cycle arrest has been associated with premature senescence (Serrano et 
al., 1997; Zhu et al., 1998). Senescence is a process of cell ageing with cells undergoing 
a limited number of cell doublings in culture. Senescence results in a distinctive flat 
morphology, growth arrest via the induction of p5 3 , p2 1 '̂̂  ̂ and p i6 'NK4A 
accumulation of senescence-associated p-galactosidase (Wynford-Thomas, 1997). Ras, 
or activated Raf-1, are also able to mimic the effects of nerve growth factor (NGF) on a rat 
phaeochromocytoma cell-line, PC I2, and induce cessation of cell growth and neurite 
outgrowth (Noda et al., 1985). On the other hand, in Schwann cells no distinctive 
senescent or differentiated phenotype has been observed upon activation of Ras or Raf-1 
(Lloyd et al., 1997; Ridley et al., 1988). These cells show certain properties of 
transformation in that they develop refractile morphology, increased motility but are 
arrested in the Gj phase of the cell cycle. Finally, Ras has been shown to be proliferative 
in some primary epithehal cell types. Primary kératinocytes and primary thyroid 
epithelium infected with Ha-Ras^^^ have been reported to become hyperproliferative and 
exhibit an extended lifespan relative to controls (Brissette et al., 1993; Lemoine et al., 
1990; Roop et al., 1986; Tremain et al., 2000; Yuspa et al., 1983). The nature of the 
response of different cell types to Raf-1 or Ras activation is thus unpredictable.
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1.3 .8  R as and  the ce ll cycle

1.3.8.1 The CKIs

The Ras/Raf-induced cell cycle arrest can be engaged via multiple pathways (Fig. 1.6). 
In Schwann cells, Ras and activated Raf-1 induce a rapid Gj cell cycle arrest via a p53- 
dependent induction of the cell cycle inhibitor (Lloyd et al., 1997). In mouse
fibroblasts, Ras/Raf activity can induce p21 '̂^^ expression and cell cycle arrest through a 
P I9 ARF p53-dependent (reviewed in (Sherr and Weber, 2000)) or p53-independent 
mechanism (Sewing et al., 1997; Woods et al., 1997). In human fibroblasts, Ras 
effector-loop mutants that retain their ability to bind to Raf-1 also promote cell cycle arrest 
and premature senescence and among a series of Ras downstream components examined, 
only activated Raf-1 and MEK induced p53. In fibroblasts, this growth arrest is also 
associated with induction of p i 6 N̂K4A in one study, Raf-induced senescence

seemed to depend on plb^^ '̂^  ̂alone, being independent of p21 '̂*’̂  and p53 (Zhu et al.,
1998). To disable growth-inhibitory Ras/Raf/MAPK signalling, loss of p i9"^, p53 or 
p2 iCipi function is required. Likewise, null MEFs no longer exhibit growth
arrest in response to Ras (Kamijo et al., 1997; Serrano et al., 1996). However, this may 
also involve the tumour supressor gene, p i9"^^, which is affected in this knockout 
(discussed in section 1.5). Indeed, in primary MEFs lacking p21 '̂^^ and p27^^^, 
oncogenic Ras still resulted in the induction of p i 9^^, but not ^^d growth
arrest. However, this was not a Gj-induced arrest. Ras instead triggered DNA 
synthesis, abnormal nuclear division, failure of cytokinesis and polyploid cells (Groth et 
al., 2000). Furthermore, in human fibroblasts both the p53 and the pRb/pl6 ^̂ ’̂ '̂ '̂  
pathway have to be overcome to relieve the growth inhibition by Ras (Serrano et al., 
1997; Wynford-Thomas, 1997). Recently, it has been shown that oncogenic Ras can 
also induce p%5 N̂K4B and in vivo, in some cell types. Moreover, p l5 ‘̂ "̂̂ ®-/- MEFs
were susceptible to transformation by Ras, unlike there wt counterparts (Malumbres et 
al., 2000). Interestingly, Olson et al. (Olson et al., 1998) found that Rho can suppress 
p21 '̂P% allowing Ras to drive cells into S-phase. Consistent with this, Rho gives a 
tremendous boost to Rafs transforming power (Qiu et al., 1995) and cells lacking p21 '̂^^ 
do not require Rho signalling for the induction of DNA synthesis by activated Ras. 
Several viral oncogenes co-operate with Ras in transformation assays. For example, E6 , 
EIA, SV40 LT (which block the effects of p53) or E7, SV40LT, EIA (which block 
p ĵ iNK4A yy binding pRb) or E7 (binds p21 '̂^^) (For a review see(Lloyd, 1998)). Thus, it 

appears that in order for Ras to be growth stimulatory or tumorigenic, cell cycle inhibitory 
proteins must first be inactivated.
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Figure 1.6 Model of the effects of Ras/Raf activation in different cell types.

A) Activation of Ras or Raf in Schwann cells. Ras/Raf activation in Schwann cells 
leads to a G | cell cycle arrest but no distinctive senescent phenotype. To disable this Ras/Raf-

induced growth arrest loss of p53 or p21^*P^ is required.
B) Activation of Ras in MEFs. Ras/Raf activity can induce p21^ip^ expression and cell 
cycle arrest through a piqARF p53-dependent or a p53-independent mechanism. In fibroblasts 
this growth arrest was also associated with the induction of plb^^^^A
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13.8.2 Ras and the cell cycle: proliferative signals from Ras.

Ras is proliferative and can transform many normal cells in the presence of co-operating 
oncogenes and in most spontaneously immortalised cell lines. Ras activation by growth 
factors is required both early and late during transition through G,- to S-phase 
(Dobrowolski et al., 1994; Downward, 1997; Mulcahy et al., 1985). This explains why 
Ras inhibitory antibodies, or dominant negative Ras*̂ ^̂ , arrested cells in Gj and prevented 
growth factor stimulated cells from leaving Gq to re-enter the cell cycle (Cai et al., 1990; 
Downward, 1997; Feig and Cooper, 1988; Mulcahy et al., 1985). Interestingly, 
inactivation of Ras by dominant negative mutants or inhibitory antibodies has much 
reduced inhibitory effects on mitogen stimulated proliferation in pRb-/- cells, than pRb 
positive cells (Mittnacht et al., 1997; Peeper et al., 1997). This implies that the main 
function of Ras at the G^-S boundary is to inactivate pRb through the activities of the 
CDKs i.e. due to Ras being a positive regulator of cyclin D1 (discussed in section 
1.3.8 .3). However, loss of pRb does not completely overcome the need for Ras- 
dependent signalling, possibly reflecting the need for cyclin E/CDK activity which is still 
required in pRb null cells (Leone et al., 1997b). Moreover, activated Ras in combination 
with Myc, can lead to activation of cyclin E/CDK2 in the absence of growth factor 
stimulation (Leone et al., 1997a). Recently, a role for Ras in promoting cellular growth 
(accumulating mass) was reported in drosophila (Prober and Edgar, 2000). Activation of 
Ras resulted in increased growth rates and cell size, and with loss of Ras activity growth 
slowed and size decreased.

1.3.8.3 Regulation o f cyclin D expression

The ability of Ras to induce cyclin D1 appears to be important for its mitogenic response. 
Cyclin D induction also appears necessary for Ras-induced anchorage-independent 
growth (Liu et al., 1995a). Importantly, Ras can regulate cyclin D1 on many levels. 
Firstly, Ras is able to induce transcription of cyclin D l, increase translation of cyclin D1 
mRNA and stabilize the cyclin D l protein (Aktas et al., 1997; Diehl et al., 1998; Diehl et 
al., 1997b; Kerkhoff and Rapp, 1997; Muise-Helmericks RC, 1998; Weber et al., 1997). 
In both fibroblasts and epithelial cells, expression of activated Ras has been shown to 
induce cyclin D l, resulting in a shortening of the Gj phase (Filmus et al., 1994; Liu et al., 
1995a). It has long been known that Ras activity is required for growth factor induced 
mitogenicity (Downward, 1997), with sustained activation of ERK MAP kinases being 
required for cyclin D expression and for entry into DNA synthesis (Weber et al., 1997). 
The conditional expression of Ras also induces cyclin D l in growth factor deprived cells 
(Filmus et al., 1994), although it is thought that these cyclinDl/CDK complexes are not 
active in the absence of growth factors (Winston et al., 1996). Recently, it was shown
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that Ras dependent induction of cyclin D l expression beginning in phase but not Gj 
phase is critical for continuous cell cycle progression in NIH3T3 cells (Hitomi and 
Stacey, 1999a; Hitomi and Stacey, 1999b). Activation of an inducible Raf-1 and an 
active MEK can directly stimulate expression from cyclin D l promoters and is required 
for growth factor signalling to cyclin D l (Bi et al., 1999; Gille and Downward, 1999; 
Klippel et al., 1998; Lavoie et al., 1996). Furthermore, PI3K activity (via Akt/PKB and 
Rac) is also required for the expression of endogenous cyclin D l, E2F activity and S- 
phase entry, following serum stimulation of quiescent fibroblasts (Bi et al., 1999; Gille 
and Downward, 1999; Klippel et al., 1998). Rac and Ral can elevate cyclin Dl

transcription (Westwick et al., 1997). Moreover, NFkB can transcriptionally regulate

cyclin D l (Guttridge et al., 1999; Hinz et al., 1999) and it has been suggested that NFkB

is required for Ras-activated abnormal proliferation (Jo et al., 1999). Therefore, maximal 
stimulation of the cyclin D l promoter results from the co-operative effect of several Ras 
effectors.

Secondly, the Ras/Raf-1/MAPK pathway also promotes assembly of the newly 
synthesised cyclin-CDK complexes (Peeper et al., 1997), and cyclin D requires an active 
MAPK pathway for nuclear import in the Gj phase of the cell cycle (Diehl et al., 1998; 
Elledge and Harper, 1998). Furthermore, the Ras pathway negatively regulates the

phosphorylation of cyclin D l on T286 by GSK-3P (Diehl et al., 1998), which results in

shuttling of the cyclins to the cytoplasm and degradation. PI3K also regulates the stability 
of cyclin D l through PKB and possibly p70^^^ (Diehl et al., 1998). Interestingly, it has 
been shown that activated Ras in Rati fibroblasts leads to a marked decrease in cyclin D l 
levels and Gj-arrest. This occurred via increased ubiquitin-proteasome dependent cyclin

D l turnover in a GSK-3p-independent manner (Shao et al., 2000b).

1.3 .9  E C M  and  Ras

Oncogenic Ras also relieves the requirement for cells to be adhered to a substratum when 
cultured in vitro and this is a characteristic of most neoplastic cells. In contrast, non
transformed cells require attachment to the extracellular matrix as well as growth factor 
stimulation to divide (Giancotti and Mainiero, 1994). In epithelial cells, the absence of 
signals from integrin and cadherin complexes results in a cell cycle arrest and apoptosis 
(Watton and Downward, 1999). Downward et al. have shown that oncogenic Ras can 
rescue MDCK cells from anoikis (apoptosis on loss of attachment) and this involves the 
activation of PI3K. Interestingly, activated Raf-1 was also able to induce an epithelial-
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mesenchymal transition (EMT) in MDCK cells (Lehmann et al., 2000). Raf-1 induced

TGpp production, which promoted invasive growth, while blocking TGPps ability to

induce apoptosis. This is likely to be important in a number of tumour types, allowing 
survival, invasiveness and metastasis. Many carcinomas with an activated Ras have 
undergone EMT (Birchmeier et al., 1993; Lehmann et al., 2000). In epithelial cells, Ras 
has also been shown to downregulate the expression of cadherins. Cadherins mediate 
cell-cell interactions (Ben-Ze'ev, 1999). Purthermore, Ras and Raf-1 can suppress 
integrin activation. This can be antagonised by R-Ras, via activation of distinct down 
stream effectors, indicating that different Ras family members may act in concert to 
regulate integrin activation (Sethi et al., 1999).

Moreover, adhesion and mitogenic signals have been shown to synergise in their

activation of the Ras/MEK/MAPK pathway. p i integrin and also «4^6 integrins are able

to directly activate the Ras/ERK/MAPK pathway (Mainiero et al., 1997; Wary et al., 
1996; Wary et al., 1998). This co-operates with mitogens to stimulate cell cycle 
progression (Wary et al., 1996). Constitutive activation of MEKl appears to be sufficient 
for both mitogen and anchorage-independent growth, since fibroblasts expressing 
constitutive MEKl are able to form colonies in soft agar, and proliferate in the absence of 
mitogens (Cowley et al., 1994; Inoue et al., 1996; Mansour et al., 1994). Ras co
ordination between growth factors and adhesion status is probably linked to the point 
before entry into S-phase occurs.

Oncogenic Ras enables cells to overcome the constraints of growth inhibition by cell-cell 
contact and this could be linked to its ability to downregulate p27^^^. p27‘̂*’‘ is induced 
in fibroblasts upon cell-cell contact and detachment and downregulates cyclin E-associated 
kinase activity (Polyak et al., 1994a). Several reports show that Ras activation results in 
a lowering of p27 '̂^  ̂ levels by decreasing the translation and stability through ubiquitin- 
mediated degradation of the protein (Jones et al., 2000; Kawada et al., 1997; Leone et al., 
1997b; Takuwa and Takuwa, 1997). This is thought to involve both the Raf/MAPK and 
PI3K signalling pathways (Hu et al., 1999; Kawada et al., 1997; Treinies et al., 1999; 
Weber et al., 1997). Degradation of p27^’’* is an important step for entry into cell cycle 
and the regulation of cyclin E/CDK2 activity (Sherr and Roberts, 1999), and 
downregulation of p27^‘̂  ̂ late in Gj requires Ras activity (Takuwa and Takuwa, 1997). 
Since the peak of Ras activity late in G  ̂ (which correlates with the reduction of p27*̂ ^̂  
levels) does not actually activate MAPK, PI3K activity probably plays a more important 
role in this downregulation (Taylor and Shalloway, 1996). PI3K can stabilise cyclin Dl 
expression, which could allow cyclin D l to titrate out p27*^P', resulting in cyclin E 
activity and phosphorylation of p27^'^^, promoting its degradation. PI3K can also 
activate Rho and it is thought that Rho could be a key effector in p27^'^' downregulation.
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Blocking Rho activity inhibited growth factor mediated degradation of (for review
see (Marshall, 1999; Ren et al., 1999). Finally, activation of Raf-1 could contribute to 
tumour progression and survival in many other ways. For example, activation of the 
MARK cascade induces the transcription of proteases such as urokinase-type plasminogen 
activator (uPA), which would affect cell motility and invasion. Moreover, transcription 
of genes that induce angiogenesis, such as VEGF could also play a role.

1.3.10 Ras and Apoptosis

Apoptosis serves as a mechanism to remove unwanted cells. Abrogating the apoptotic 
response seems to represent an important step in tumour development (Evan, 1997; Reed, 
1997). Ras can sensitise cells to apoptosis induced by a variety of stimuli and high level 
expression of oncogenic Ras can induce apoptosis, however, Ras can suppress Myc and 
ElA-induced apoptosis (Joneson and Bar-Sagi, 1999; Kauffmann-Zeh et al., 1997; Lin et 
al., 1995; Nalca et al., 1999). Ras can also protect epithelial cells from apoptosis induced 
by their detachment from the ECM (Khwaja and Downward, 1997).

The Raf-l/MAPK pathway can influence apoptosis either positively or negatively,

possibly depending on the degree of activation. Raf has been shown to activate NFkB in

many cell types where it was shown to confer a survival advantage (Arsura et al., 2000). 
Activated Ras is sufficient to activate INK in some cell types (Rausch and Marshall, 
1997; Russell et al., 1995) and INK activation nearly always associates with apoptosis, 
however, the importance of this still remains to be resolved. Activation of the PI3K/PKB 
pathway protects cells from apoptosis and this may be mediated by GSK3, BAD and

NFkB (del Peso et al., 1997; Gire et al., 2000; Pap and Cooper, 1998). Akt

phosphorylates a member of the Bcl2 family that promotes cell death, BAD, and a 
protease that degrades cellular substrates as part of the process of apoptosis, caspase 9. It 
also regulates transcription through phosphorylation of the forkhead proteins, which in

turn regulate other effectors of apoptosis. It has been demonstrated that NFkB activation

is required to suppress p53-independent apoptosis induced by oncogenic Ras (Mayo et 
al., 1997). PKB has been shown to bind and phosphorylate IKK, this presumably

stimulates degradation of IKK and permits nuclear translocation of NFkB (Ozes et al.,

1999). Furthermore, NFkB is phosphorylated by active PKB and p i 10, leading to its

activation (Sizemore et al., 1999). Oncogenic Ras has been shown to effectively inhibit 
expression of the death receptor Fas (via the PI3Kinase pathway) and can render cells 
from both fibroblast and epithelial origin resistant to Fas-ligand-induced apoptosis (Peli et
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al., 1999). Moreover, downregulation of Par-4 (via Raf/MEK, but not PI3K) is critical 
for Ras-induced survival in primary fibroblast cultures (Barradas et al., 1999). Finally, 
the RASSFl tumour supresssor may serve as a novel Ras effector that mediates the 
effects of pro-apoptotic Ras (Vos et al., 2000).

1.3.11 Ras and Differentiation

Positive and negative effects on differentiation have also been reported for activated Ras 
depending on the cell type and surrounding signals. Both Ras and Raf-1 have been 
shown to inhibit muscle cell differentiation (Kong et al., 1995; Konieczny et al., 1989; 
Winter and Arnold, 2000). However, recently it has been shown that Ras/MAPK 
signalling has a positive central role in the differentiation of slow muscle fibres (Murgia et 
al., 1989). Monocytes in which Ras activation is blocked are defective for normal 
differentiation (Jin et al., 1995). Furthermore, a dominant negative Ras expressed in a B 
cell lineage suppresses maturation from pre-pro-B cells to pro-B cells (Iritani et al.,
1997). Ras activation in primary thyroid epithelial cells induces proliferation without loss 
of differentiation and this was partially mimicked by Raf-1 (Gire et al., 2000). This 
differs from the large number of studies done in rat thyroid cell lines in which Ras 
induced a loss of differentiation (Francis-Lang et al., 1992; Gallo et al., 1992). This 
highlights the importance of looking at the effects of Ras in primary epithelial cells as 
opposed to cell lines. As mentioned previously, activation of Ras or ERK2 in PCI2 cells 
induces cell differentiation and activation of the Ras signalling pathway is a prerequisite 
for NGF-induced differentiation (Cowley et al., 1994; D'Arcangelo and Halegoua,
1993). Interestingly, in primary kératinocytes, Ras is thought to inhibit differentiation 
(Dotto et al., 1988; Roop et al., 1986; Yuspa et al., 1983) (dicussed in section 1.8.1.1)

1.4 Ras and p53

The transcription factor p53 is mutated in up to 50% of human cancers. p53 is activated 
by a variety of cellular stresses including DNA damage, hypoxia, and mitogenic 
oncogenes, and functions to prevent growth of abnormal or damaged cells. It does this 
through several mechanisms the best understood being the induction of a cell-cycle arrest 
and apoptosis (for review see (Prives and Hall, 1999)). p53 is an important component 
of a cell’s defence against tumour development. As discussed in section 1.3.8.1, Ras 
and Raf-1 can induce cell cycle arrest via p53 and p21 '̂^  ̂ dependent mechanisms in many 
cell types. p21 '̂^  ̂ is a direct downstream target for p53 (el-Deiry et al., 1993) and p21 '̂^^ 
is involved in many p53 mediated cellular responses, such as the DNA damage response 
and response to oncogenes such as Ras, Myc and EIA (Dulic et al., 1994; el-Deiry et al.,
1994). However, p21^^' can also be transcriptionally upregulated in the absence of p53
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function in response to specific DNA damaging agents (etopiside), growth factor

stimulation (PDGF, FGF, EGF and TGFp but not insulin), serum deprivation and

differentiation agents in a variety of cell types (Elbendary et al., 1994; Jiang et al., 1995a; 
Liu et al., 1996; Michieli et al., 1994; Steinman et al., 1994; Zhang et al., 1995). The 
mechanism by which this occurs has not yet been fully elucidated however there is some 
evidence that p53 independent upregulation of p2 1 ^‘P'̂  involves the transcription factors 
Spl and Sp3 (Biggs et al., 1996; Nakano et al., 1997).

Accumulating evidence indicates that activation of p53 is mainly achieved by protein 
stabilisation via posttranslational modifications in the N- and C- terminal regions of the 
protein (reviewed in (Giaccia and Kastan, 1998)). In normal cells, p53 is maintained at a 
low level by rapid turnover of the protein. Exposure of cells to a range of different stress 
signals, including inappropriate activation of oncogenes, results in a dramatic increase in 
the half life of p53 and a consequent increase in the level of the protein (Fritsche et al., 
1993; Kastan et al., 1991; Lowe, 1999; Maltzman and Czyzyk, 1984; Prives and Hall,
1999). p53 stability depends on MDM2, which binds to the amino terminus of p53 and 
targets p53 for ubiquitination and degradation. Preventing the interaction of MDM2 with 
p53 is sufficient to promote its stabilisation. At least 11 posttranslational modifications 
including both positive and negative phosphorlyations and acétylation have been reported 
to affect p53 stability. MDM2 is the main ubiquitin ligase for p53 (Prives, 1998; Prives 
and Hall, 1999). MDM2 appears to export p53 to the cytoplasm where it can be degraded 
by the 26S proteasome (Lain et al., 1999). Furthermore, tumours overexpressing MDM2 
do not have detectable levels of p53 and do not carry p53 mutations (Lain et al., 1999). 
MDM2 itself is a transcriptional target of p53 (Barak et al., 1993; Leng et al., 1995; Wu et 
al., 1993) and this establishes a negative feedback loop, in which p53 itself initiates its 
own destruction (Picksley and Lane, 1993). In addition, it has been shown in primary 
MEFs that p i9^^  ̂is essential for activation of p53 in response to Ras by inhibiting 
MDM2 (discussed in section 1.5).

1.5 p l 9 ^

Like p53, the INK4a-ARF locus also is disrupted frequently in human cancers (Ruas and 
peters, 1998). It was recently discovered that this locus encodes two distinct tumour 
suppressor proteins: plb̂ *̂̂ "*̂  (see section 1 .2 .2 .1) and p i9"^. p i 9"^^ associates with 
and inhibits MDM2. It has been shown to sequester MDM2 into the nucleoli thereby 
allowing accumulation of p53 (Kamijo et al., 1998; Pomerantz et al., 1998; Quelle et al., 
1995; Stott et al., 1998; Tao and Levine, 1999; Weber et al., 1999; Zhang et al., 1998). 
P I9 ARF also been shown to directly inhibit MDM2 ubiquitin ligase activity (Honda and
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Yasuda, 1999; Midgley et al., 1992). Furthermore, cells lacking functional p53 express 
unusually high levels of p i9 "^  and p i9 ^  levels are reduced after réintroduction of wild- 
type p53 (Kamijo et al., 1999b; Quelle et al., 1995; Stott et al., 1998) However, the 
mechanism in which p53 negatively feeds back to regulate p i9 "^  expression is unknown 
(Inoue et al., 1999; Robertson and Jones, 1998). pl9^^-null mice are highly prone to 
spontaneous tumor development early in life. Virtually all die of various forms of cancer, 
including lymphomas, sarcomas, carcinomas, and tumors of the central nervous system 
(Kamijo et al., 1999a; Kamijo et al., 1997; Sherr, 1998) showing ARE to be a bona fida 
tumour supressor.
In most tissues the normal expression of p l 9 ^  is extremely low (Zindy et al., 1998). 
However, p i9 ^  is rapidly induced when MEFs are explanted into culture and 
accumulates progressively as cells are passaged and become senescent (Zindy et al.,
1998). In contrast, MEFs derived from animals lacking p l9 " ^  become established in 
culture without undergoing senescence. In wild type MEFs, Ras induced growth arrest, 
induction of p53, and senescence all depend on the presence of the tumour supressor 
P I9 ARF et al., 1998; Groth et al., 2000; Palmero et al., 1998; Quelle et al., 1995). 
Moreover, pl9^^^ -/- MEFs can be transformed by oncogenic Ha-Ras, bypassing the 
usual requirement for so-called immortalizing oncogenes, such as c-Myc or adenovirus 
EIA (Kamijo et al., 1997; Land et al., 1983; Ruley, 1983). Furthermore, pl9^"^ has also 
been shown to be induced by oncogenic signals resulting from overexpression of c-myc, 
E2F1, adenovirus EIA and v-abl (Bates et al., 1998; de Stanchina et al., 1998; Palmero et 
al., 1998; Radfar et al., 1998; Zindy et al., 1998). Therefore, ARE quenches 
inappropriate mitogenic signaling by forcing mutated cells to undergo p53 dependent 
growth arrest or apoptosis, depending on the biological setting (For review, see (Lowe, 
1999; Sherr, 1998).

Interestingly, it has now been demonstrated that a Ras driven Raf-l/MEK/MAPK 
pathway can transcriptionally activate MDM2 in a p53 independent manner. This can then 
actively degrade p53 (Ries et al., 2000 ). The levels of p53 could therefore be determined 
by opposing effects of Raf-1 induced p i9 ^  and MDM2, the balance changing depending 
on the cell type or other surrounding signals.

DMPl and E2F family proteins are the two transcription factors thought to transactivate 
murine and human ARE promoters directly (Bates et al., 1998; Inoue et al., 1999; 
Robertson and Jones, 1998). DM Pl-/- mice mimic many but not all aspects of ARF-/- 
mice (Inoue et al., 2000). Moreover, cells lacking functional DM Pl, like those lacking 
ARE or p53, are susceptible to transformation by oncogenic Ras.
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1.6 The Epidermis

The epidermis is a stratified epithelium that is continuously renewed throughout adult life. 
It forms the outer covering of the skin and is essential for keeping microorganisms out 
and essential body fluids in. It must also survive the physical and chemical traumas of the 
environment. As a result, proliferation and differentiation in the skin must be tightly 
regulated and co-ordinated in order to maintain skin homeostasis and determine effective 
response to injury (Fuchs, 1990).

1.6.1 The skin

Skin is composed of three layers, the epidermis that forms the protective outer layer of the 
skin, the dermis which primarily contains fibroblasts and macrophages as the resident 
cells and the innermost layer consisting of subcutaneous fat, (nasemann et al., 1983). 
The basement membrane (BM) separates the epidermis from the dermis (Fig. 1.7 A).

1.6.2 The dermis

The dermis is a loose connective tissue derived from the mesoderm. The dermis and 
epidermis interdigitate in a complex fashion: the upper pegs of the dermis are the dermal 
papillae, the downward facing pegs of the epidermis are the rete ridges (Goldsmith, 
1991). Throughout the dermis are the cutaneous adnexa and numerous nerves as well as 
blood and lymphatic vessels. The cutaneous adnexa are the hair follicles, the sweat and 
sebaceous glands. Hair follicles are an apparent downgrowth of the epidermis in which 
an ordered array of keratinized cells are gradually pushed upwards in the form of hair 
shafts (For review see (Holbrook and Minami, 1991; Odland, 1991). Hair follicles are 
found all over the body, apart from the palms, soles and foreskin. The epithelial 
components of the follicle are the outer root sheath, the inner root sheath, and the cells 
surrounding the dermal papilla, which are called the matrix. The major cell type of the 
hair follicle is the keratinocyte (Chapman, 1986). The hair follicles undergo cycles of 
growth and regression, reflecting cyclical activation of the follicle stem cells. The 
sebaceous glands develop from the neck of the hair follicle and secrete lipid-rich sebum 
into the upper hair follicle in order to lubricate the skin and hair.

1.6.3 The epidermis

Within the epidermis the predominant cell is the keratinocyte. The major constituent of 
kératinocytes is keratin (Odland, 1991). Different keratins are expressed in different 
layers of the epidermis and act as specific markers for the layers (reviewed in (Fuchs, 
1990; Watt, 1989)). There are three other cell types recognised in the epidermis, these
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are the melanocytes (melanin-synthesising cells), the langerhans’ cells (which play a role 
in antigen presentation to the immune system) and the Merkel cells (sensory receptors).

In normal epidermis only the cells that reside at the base of the epidermis (basal 
kératinocytes) possess proliferative potential as well as the capacity to undergo terminal 
differentiation. Sequential changes in gene expression occur that are coincident with the 
phenotypic evolution from a proliferating basal cell to the mature nonviable squame (this 
is responsible for the barrier function of the skin). The outcome of this program is the 
assembly of a stratified epithelium consisting of four histologically distinct layers; the 
basal, spinous, granular and cornifed layers (reviewed in (Fuchs, 1990; Watt, 1989) 
(Fig. 1.7 B).

1.6.3.1 The Basal Layer.

The cells in the basal layer are in contact with an underlying basement membrane. The 
main components of the basement membrane include type IV collagen (Timpl, 1989), 
laminins, proteoglycans and nidogen (Burgeson, 1997). These extracellular matrix 
(ECM) proteins are formed through the co-operative secretion by both kératinocytes and 
dermal fibroblasts (Marinkovich, 1993).

It is believed that basal kératinocytes divide, detach from the underlying basal lamina and 
migrate vertically into the layer of suprabasal cells that constitute the spinous layer. 
Concurrently, it is thought that they withdraw from the cell cycle while initiating terminal 
differentiation (Fuchs, 1993; Gandarillas and Watt, 1995). Three subpopulations of basal 
kératinocytes have been defined by cell kinetic analysis (reviewed by (Potten, 1988): stem 
cells, transit-amplifying (TA) cells and committed cells. Stem cells are the cells with the 
capacity for unlimited or prolonged self-renewal that can produce at least one type of 
highly differentiated descendant. In the skin, the daughters of the stem cells are TA cells. 
These are destined to withdraw from the cell cycle and terminally differentiate after a small 
number of rounds of division within the basal layer, estimated at 3-5 (Jones et al., 1995; 
Jones, 1997; Potten, 1981). Committed cells are TA cell daughters that detach from the 
basement membrane, move upwards from the basal layer (Adams, 1991; Hotchin and 
Watt, 1992), and undergo terminal differentiation.

Integrins, which are heterodimeric glycoproteins comprised of an a  and a p subunit 
(Hynes, 1999), play a key role in basal keratinocyte growth and differentiation. They not 
only mediate adhesion to the underlying extracellular matrix, but they are also involved in 
regulating the initiation of terminal differentiation (Hynes, 1999; Zhu et al., 1999a). 
Within the basal layer, epidermal stem cells express higher levels of pi integrins than cells
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of lower proliferative potential (Jensen et al., 1999; Jones et al., 1995; Jones and Watt, 
1993; Zhu et al., 1999a). Downregulation of integrin function and expression ensures 
that committed kératinocytes are selectively expelled from the basal layer (Adams and 
Watt, 1990; Hotchin et al., 1993; Jones et al., 1995). Keratin 5 (K5) (58kDa) and keratin 
14 (K14) (58kDa) are the predominant keratins expressed in basal epidermal layers 
(Breitkreutz et al, 1984; Roop et al, 1983).

1.6.3.2 The Spinous Layer

Migration into the spinous layer is associated with loss of proliferative capacity. A series 
of transcriptional changes occur, including suppression of K5 and K14 gene expression 
(although the proteins persist), and the upregulation of transcripts of K1 and KIO. K1 
and KIO synthesis continues through 4-8 spinous layers, forming cytoskeletal filaments 
that aggregate into thin bundles, and as such they are markers for an early stage of 
keratinocyte differentiation (Fuchs and Green, 1980). The kératinocytes become 
progressively larger and flatter and abundant spiny-looking intercellular junctions, known 
as desmosomes, and a large number of keratin filaments appear. The desmosomes form 
the junctions between the epithelial cells and help explain the resilience and plasticity of 
normal epidermis (Holbrook, 1994). In addition, spinous cells make envelope proteins 
such as involucrin, envoplakin and periplakin, which are deposited on the inner surface of 
the plasma membrane of each cell (Rice and Green, 1979; Ruhrberg et al., 1997; 
Ruhrberg et al., 1996). Involucrin in vivo starts to appear several layers above the basal 
layer. Lamellar granules are membrane bound structures containing the disk-like, lipid 
bilayers which appear in the uppermost spinous layers (Swartzendruber et al., 1989). 
These contribute to the barrier properties of the epidermis.

1.6.3.3 The Granular Layer

Upon further maturation and migration into the granular cell compartment, K1 and KIO 
are suppressed and loricrin, filaggrin and keratinocyte transglutaminase are upregulated. 
These proteins are required for full terminal differentiation and have important roles in 
aggregating and homogenising keratin filaments (Rothnagel and Steinert, 1990). The 
granular layer is so called because of the presence of keratohyaline granules seen in the 
cytoplasm. These contain profilaggrin (the precursor of filaggrin), loricrin and finally the 
remenants of keratinocyte nuclei. As the cells migrate further through the granular to the 
comified layers, they become flatter, lose many of their cytoplasmic organelles and 
eventually become anucleate.
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1.6.3.4 The comified envelope

Activation of keratinocyte transglutaminase in granular cells cross-links loricrin and other 
substrates to form a rigid, nonpermeable comified envelope. This replaces the plasma 
membrane in cells of the comified layer. In the comified envelope, loss of intracellular 
organelles and eventually shedding of the mature squames occur (Nemes and Steinert, 
1999). These dead squames are continually lost from the surface of the skin with all of 
the squames that make up the outermost cell layer being shed from the body 
approximately every 24 hr.

1.6.4 Terminal differentiation

1.6.4.1 Compartmentalisation and differential expression o f signalling molecules in skin

Clues to regulatory pathways involved in epidermal differentiation are provided by 
compartmentalisation and differential expression of signalling molecules in skin and 
cultured kératinocytes (Fig. 1.8 A)

In vivo there is a gradient of extracellular and intracellular Ca^  ̂across the epidermis that is 
low in the basal cell compartment and high in the granular layer. There also is an 
opposing vitamin A gradient, which may also contribute to the regulation of gene 
expression (for a review see (Yuspa, 1994)). Increased Ca^  ̂is associated with increase 
activity of phospholipase C (PLC) (Lee and Fain, 1991; Punnonen et al., 1993) and the 
associated rise in PLC-generated diacyglycerol may contribute to the activation of protein 
kinase C (PKC) that is essential for full terminal differentiation. Activated PKC is 
necessary for the downregulation of K1 and KIO and the up-regulation of loricrin, 
filaggrin and transglutaminase during the spinous to granular layer transition (Dlugosz et 
al., 1994; Dlugosz et al., 1992; Dlugosz and Yuspa, 1993). Furthermore, a balance of 
TGFpl and TG Fa (and other EGF receptor ligands) is thought to control basal cell 
proliferation whereas autocrine expression of TGFp2 and downregulation of the EGF 
receptor inhibits suprabasal keratinocyte proliferation (Glick et al., 1993; King et al., 
1990; Vassar and Fuchs, 1991). The important role of TGFp in the skin is further 
supported by the observed basal cell hyperproliferation in TGFp -/- mice (Glick et al., 
1993). Mechanistically, it has been shown that addition of TGFp to human kératinocytes 
(HaCaT) results in a G, arrest via the co-operative action of pl5̂ ^̂ "̂ ® (both
induced) and p27 '̂^^ (redistributed) inhibiting CDK2 activity (Hannon and Beach, 1994; 
Reynisdottir et al., 1995).

The expression of the transcription factor C/EBPp is highly compartmentalised in mouse 
epidermis, being exclusive to the nuclei of a three-cell cluster of suprabasal kératinocytes
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which is morphologically consistent with the differentiated column of the epidermal 

proliferative unit (Oh and Smart, 1998). C/EBPa is also expressed mainly in suprabasal

kératinocytes. It has been demonstrated that C/EBPa can interact with p i07 and this

results in the disruption of E2F/pl07 S-phase complexes (Timchenko et al., 1999).

Moreover, forced expression of C/EBPp induces a growth arrest and K1 and KIO

expression in primary mouse kératinocytes (Zhu et al., 1999b)./ It is suggested that 
upregulation of C/EBPs alsocontributesto the inhibition of integrin transcription during

keratinocyte differentiation. Thus C/EBPp and a  appear to have a role in the regulation of

genes involved in or specifically expressed during epidermal differentiation. Studies also

implicate API, AP2, NFkB, CCAAT enhancer binding protein, ets, SPl, SP3 and POU

domain transcription factors as regulatory proteins in the epidermis (Corbi et al., 2000;

Eckert et al., 1997; Prowse et al., 1997). NFkB plays a central role in epidermal

biology, the proliferative cells of the epidermis potentially relying on NFkB activation for

protection against apoptosis and survival against the harmful UV rays of the sun (Fisher 
et al, 1996; Qin et al, 1999). It has also been implicated in balancing growth and 
differentiation in the epidermis. Present literature seems to indicate that NFkB plays a 
role in either inducing an epidermal cell to withdraw from the cell cycle and/or in 
maintaining this state once achieved. Myc, E-cadherin and p-catenin may also act to 
regulate stem cell fate and initiation of differentiation (Gandarillas and Watt, 1997; 
Pelengaris et al., 1999; Zhu et al., 1999a; Zhu and Watt, 1996).
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1.6.4.2 Cycle proteins and Dijferentiation

The precise link between cell growth and differentiation is still very poorly understood. It 
was previously thought that a keratinocyte had to withdraw from the cell cycle in order to 
undergo terminal differentiation (Fuchs, 1993; Harvat et al., 1998; Hauser et al., 1997; 
Hurlin et al., 1995). Conversely, other reports found no temporal separation between 
prohferation and differentiation in culture, and epidermal kératinocytes were found 
expressing differentiation markers while undergoing S-phase (Bata-Csorgo et al., 1993; 
Dover and Watt, 1987). This indicates that a keratinocyte does not necessarily have to 
undergo a cell cycle arrest before it can initiate the differentiation program.

However, some molecules that regulate cell cycle progression have been proposed to play 
a role in regulation of cell differentiation. Human kératinocytes immortalised by forced 
expression of viral proteins that bind to and inactivate the pRb family, such as T antigen 
(Taylor-Papadimitriou et al., 1982), HPV E7 (Hudson et al., 1990; McCance et al., 
1988) and EIA (Barrandon et al., 1989), display a reduced ability to differentiate. This is 
reinforced by alterations observed in transgenic mice in which the expression of these 
viral proteins (Arbeit et al., 1994; Auewarakul et al., 1994; Missero et al., 1993) or cyclin 
D1 is targeted to the epidermis (Robles et al., 1996). Differentiatial expression of the pRb 
family of proteins occurs during both in vitro and in vivo differentiation (Paramio et al.,
1999). Co-transfection of pRb and p i07 induces early differentiation in mouse 
kératinocytes, whereas all three pRb protein family members (pRb, p i07 and p i30) are 
required to induce a later stage of differentiation.

p21 '̂p^ has been implicated in playing an important role in keratinocyte differentiation but 
its precise function remains unclear. p21^'^' expression is induced at early times of 
keratinocyte differentiation in parallel with a strong decrease in total CDK2 and p21^'^^- 
associatedCDK activity (Missero et al., 1995). This induction of the p21 '̂^  ̂promoter 
depends on the transcriptional coactivator p300 and can occur in the absence of p53 
(Missero et al., 1995; Missero et al., 1996). Sp3 has been shown to act as a specific 
transcription factor involved in induction of p21 '̂^^ promoter during keratinocyte 
differentiation (Prowse et al., 1997). Conversely, an inhibitory function of p21^'^\ 
which is independent of cell cycle control, has been shown in the later stages of 
differentiation of primary mouse kératinocytes (Di Cunto et al., 1998). However, loss of 
the p21 '̂P* was found to promote keratinocyte subpopulations with increased 
growth/differentiation potential and a downmodulation of some differentiation markers 
(Missero et al., 1996; Topley et al., 1999). Interestingly, induction of mouse epidermal 
differentiation also resulted in an induction of p27*'‘̂  ̂ protein and a significant 
downmodulation of cyclin D l and D2 protein levels. Cyclin D3 is not expressed at

61



C hapter  1 - Introduction

detectable levels in mouse primary kératinocytes. CDK2, CDK4, CDK6, cyclin A and 
cyclin E levels remained constant (Missero et al., 1996). Upregulation of p21‘̂ ‘P\ p27"^^  ̂
and has been shown to be associated with, but not sufficient for, the induction of
differentiation in primary human kératinocytes (Harvat et al., 1998; Hauser et al., 1997; 
Missero et al., 1996). Moreover, a decrease in E2F activity is associated with primary 
human kératinocytes differentiation, with E2F1 and E2F4 being expressed differentially. 
The former is uniformly present throughout the process, whilst the latter is predominantly 
expressed at the onset of differentiation (Dicker et al., 2000; Paramio et al., 2000). It has 
been shown that E2F1 can induce proliferation specific genes and suppress squamous 
differentiation genes in human kératinocytes (Dicker et al., 2000). Finally, it has been 
suggested that the differential expression of cytokeratins that occurs during differentiation 
may be important in cell cycle regulation. For example, it has been reported that 
expression of KIO can inhibit keratinocyte proliferation via the pRb pathway (Paramio et 
al., 1999)

1.7 Cancers of the epidermis

The incidence of neoplasms in the skin is on the increase. The two most frequent skin 
cancers are basal cell carcinoma (BCC) and squamous cell carcinoma (SCC). BCC is a 
locally malignant tumour and metastasis are rare. It is a tumour derived from the basal 
cells and the cutaneous adnexa of the epidermis. This correlates with some of the genes 
whose expression is diagnostic of BCC. The basal keratins, 5 and 14, and the hair 
follicle-derived keratins, 15 and 17, are expressed in all BCCs (Stoler et al., 1988), 
whereas markers of the suprabasal epidermis such as involucrin are generally absent in 
BCC tumour nests (Murphy et al., 1984; Said et al., 1984; Sumitomo et al., 1986). SCC 
is another neoplasm that arises from the basal layer of the epidermis. SCCs appear to 
acquire multiple mutations in multiple genes in a similar fashion to the multistep 
carcinogenesis model proposed by Vogelstein (Vogelstein and Kinzler, 1993). SCCs are 
usually well differentiated with abundant keratin formation. They carry a much higher 
incidence of metastasis than BCCs (Yuspa, 1986; Yuspa, 1994).

Other common human skin tumours are malignant melanomas and keratocanthomas. The 
former arises from epidermal melanocytes and has a high mortality rate, the latter is 
usually regarded as a benign tumour because of a spontaneous tendency to regress. The 
most important aetioloigical factor for all types of skin cancer is excessive exposure to 
ultraviolet B (UVB) light (wavelength 290-320nm) in the natural form of sunlight.
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1.7.1 Ras activation and loss of  p 53 in human skin cancers

As in many other cancers, Ha-Ras mutations have been detected in human skin tumours 
(Jin et al., 1992; Pelisson et al., 1992; Sawey et al., 1987; Suarez, 1989) and functional 
inactivation of p53 is the most frequently observed mutation in skin cancer associated 
with exposure to UV radiation (Campbell et al., 1993).

Ras is found mutated in human keratocanthomas and to a lower extent in SCCs with the 
most prevalent mutation present in both types of lesions being at the position 61 (A-T to 
T-A) (Corominas et al., 1989; Leon et al., 1988). It has also been observed that there is a 
significant incidence of amplification of ras in SCCs suggesting that ras gene dosage is 
important in determining the neoplastic phenotype. Fifty percent of non-melanoma-skin 
cancers (NMSCs) from Xeroderma pigmentosum (XP) patients (clinically characterised 
by a very high incidence of skin cancers on exposed skin at an early age) had mutations in 
p53 (Nishigori, 2000). p53 mutations are also observed in 15% of human epidermal 
SCCs (Urano et al., 1992) and overexpression of p53 has been found in BCCs (Shea et 
al., 1992). It has been shown that exposure to sunlight can induce mutations in p53 in 
actinic keratosis, the pre-cancerous lesion for SCC of the skin. Finally, in some human 
skin tumours Ras has been found activated in combination with mutations that inactivate 
p53 (Boukamp et al., 1995; Nishigori, 2000).

1.8 Epidermis as a model for m ultistage carcinogenesis

The murine epidermis is one of the best-studied experimental models of multi-stage 
carcinogenesis. It has provided remarkable insights into the biochemistry and genetics of 
carcinogeneis and resulted in the separation of mechanistically distinct stages in cancer 
pathogenesis: initiation; promotion; premalignant progression; and malignant conversion. 
(Fig 1.8 B). Furthermore, the importance of p53 and Ras in skin carcinogenesis in vivo 
is reflected in experimentally-induced tumours in the murine epidermis [reviewed in 
(Frame and Balmain, 2000; Yuspa et al., 1994).

The earliest premalignant component of skin carcinogenesis is exposure to initiators and 
promoters. Initiation is mutational, carcinogen-induced and produces a subtle change in 
keratinocyte phenotype. In vitro kératinocytes display an altered response to terminal 
differentiation, giving them a selective growth advantage under conditions favouring 
differentiation (Yuspa et al., 1994). Importantly, initiation of the epidermis by the 
carcinogen dimethlybenzanthracene (DMB A) results in mutations in a cellular ras allele in 
over 90% of resulting tumours. Furthermore, ras mutations were found to be frequently 
heterozygous in papillomas and could be detected in the initiated skin prior to the
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emergence of tumours (Nelson et al., 1992). Mutant ras alleles are also found in a high 
proportion of human premalignant tumours, indicating that ras mutation is an early event 
(Balmain et al., 1984). Selective outgrowth of the initiated cells to produce multiple 
benign squamous cell papillomas results after the application of tumour promoters. The 
mechanism is usually epigenetic and in general is a rate limiting early step in 
carcinogenesis with hereditary factors influencing both initiation and promotion. The 
most potent exogenous skin tumour promoters are the phorbol esters, which activate PKC 
and accelerate terminal differentiation of normal kératinocytes (the initiated ones being 
resistant). In skin, squamous papillomas usually have a high rate of proliferation and 
delayed expression of differentiation markers, like initiated kératinocytes in vitro.

Premalignant progression of a papilloma in mouse skin to a carcinoma is generally a 
spontaneous process. Non-random, sequential chromosomal aberrations are associated 
with this premalignant progression, especially trisomies of chromosome 6 and 7 (Aldaz et 
al., 1988; Aldaz et al., 1989; Bianchi et al., 1990; Conti et al., 1986). One function of 
the genetic changes must result in a growth advantage for the affected cell and will be 
inconsequential unless the differentiation process of the cell has been altered. Malignant 
conversion of benign tumours is relatively rare. Changes in ras and p53 have been 
closely identified with malignant conversion of mouse skin tumours (Brown et al., 1990; 
Quintanilla et al., 1986; Ruggeri et al., 1991). Supporting the evidence that ras gene 
dosage is clearly important in determining the neoplastic phenotype. Mutation of p53 
would indicate that they produce a growth advantage for the recipient neoplasmic cells in 
UV-induced skin cancer. It is probable that there are multiple mechanisms that influence 
this late stage of carcinogeneiss. Other genes typically altered on the way to a chemically 
induced carcinoma include members of the TGF family, PKC, with later hits including 
changes in expression of integrins, and proteases, both of which promote invasion of 
malignant kératinocytes (Reviewed in (Yuspa et al., 1994). Constitutive activation of

NFkB transcription factors also occurs during mouse skin carcinogenesis (Budunova et

al, 2000), and high levels of phosphorylated c-Jun, Fra-1, Fra-2 and ATF-2 proteins 
correlate with malignant phenotypes (Zoumpourhs et al., 2000).

1.8.1 Transgenic mice, knockout mice and in vitro keratinocyte culture

Transgenic mice, knockout mice and in vitro keratinocyte culture experiments have 
enhanced the understanding of the mechanisms involved in the different stages of this 
skin model, as well as, the control of normal epidermal growth and differentiation.
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1.8.1.1 Ras

Murine kératinocytes expressing Ha-Ras^^^ have been reported to become 
hyperproliferative, resistant to Ca^^-induced terminal differentiation and exhibit an 
extended lifespan relative to control,uninfected kératinocytes in culture (Dotto et al., 1988; 
Roop et al., 1986; Yuspa et al., 1983). Ras leads to loss of K1 and KIO induction while 
loricrin and filaggrin are overexpressed and the simple keratins K8/K18 are anomalously 
expressed upon Ca^^-induced differentiation (Cheng et al., 1990; Dlugosz et al., 1997). 
The hyperproliferation is thought to be linked to overexpression and autocrine response to 
EGFR hgand TGFa and loss of TGFp (Lee et al., 1992; Tremain et al., 2000; Yue et al.,
1999). Transgenic mice expressing the TGFa in basal and suprabasal kératinocytes 
display thickening of the epidermis and develop papillomas, prevalently at sites of 
wounding (Dominey et al., 1993; Vassar and Fuchs, 1991). Co-operation between

transgenic coexpression of TGFa and Ras in the induction of epidermal hyperplasia,

spontaneous tumour formation and malignant conversion has been shown (Wang et al.,
2000). Furthermore, EGFR provides an essential survival signal for SOS-dependent 
mouse skin tumour development (Sibilia et al., 2000). TGFp has been shown to inhibit 
the formation of benign skin tumours, but enhances progression to invasive spindle 
carcinomas in chemically induced TGFp transgenic mice (Cui et al., 1996). TGFp has 
also been shown to mediate epithelial-mesenchymal conversion of a malignant metastatic

keratinocyte cell line (Portella et al., 1998). Co-operation between Ras and TGFp loss

results in the formation of carcinomas after grafting. Recently, Tremain et al. suggested 
that loss of TGFp signalling overcomes senescence of mouse kératinocytes expressing

Ras (Tremain et al., 2000). Thus, TGFp can have both positive and negative effects on

Ras-induced tumour formation, being inhibitory at a very early stage and promoting at 
later stages of the tumour process.
Various studies have supported an essential role for PKC activation in the Ras 
keratinocyte phenotype. In the presence of bryostatin, a PKC inhibitor, K1 and KIO are 
expressed and the filaggrin, loricrin and transglutaminase are suppressed in ras infected 
kératinocytes (Dlugosz et al., 1994; Sako et al., 1987). Moreover, Ca^"^-dependent PKC

activity is elevated in lysates from Ras kératinocytes (probably due to PKCa) but Ca^^-

independent PKC activity is reduced when compared to controls (probably due to

phosphorylation of PKCy). Activation of PKCa and inhibition of PKCy produces

kératinocytes with enhanced proliferative capacity and reduced sensitivity toi differentiation 
(Denning et al, 1993). Diacetylglycerol levels are also constitutively elevated in Ras

I kératinocytes.
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Many reports have shown that activated Ras is able to induce skin neoplasia upon 
keratinocyte transplantation (Brissette et al., 1993; Dotto et al., 1988; Roop et al., 1986). 
Moreover, Ras activity can give rise to papillomas, squamous carcinomas and spindle cell 
carcinomas depending on the target cell population in the epidermis in which transgenes 
are expressed (Bailleul et al., 1990; Brown et al., 1998; Greenhalgh et al., 1993; 
Greenhalgh et al., 1995). Transgenic mice which express Ras under the K1 or KIO 
promoter have increased differentiation of the epidermis and also papillomas at sites 
exposed to wounding or tumour promoters (Bailleul et al., 1990; Greenhalgh et al.,
1993). In contrast, a K5 ras transgene, which targets the hair follicle and therefore the 
putative stem cell compartment, gives rise to squamous carcinomas and spindle cell 
carcinomas (Brown et al., 1998). This suggests that benign tumours that are at risk of 
malignant conversion are primarily derived from the cells located in the hair follicle and 
that the nature of the cell targeted is a major determinant of malignant potential. The 
question of the importance of the target cell is still open to debate with other reports 
showing that interfollicular epidermal cells also give rise to malignant conversion 
(Greenhalgh et al., 1990; Jensen et al., 1999).

Ca^^-induced differentiation of kératinocytes results in rapid and transient activation of the 
Raf-l/MEK/ERK pathway. However, at the same time it leads to down regulation of Ras 
activity and a dominant negative Ras does not impair ERK activation. p21^* '̂ and 
involucrin seemed to be sensitive to MEK inhibition, which suggests a role for Raf in the 
early stages of keratinocyte differentiation (Schmidt et al., 2000). Raf-1 deficient mice 
showed specific abnormalities in the skin. Skin defects were found in the dermal and 

epidermal layers, both of which were thinner and less differentiated than normal 
(Wojnowski et al, 1998). The keratinzation of the comified layer was reduced ' and 
hair follicles were much smaller and less well developed similar to the EGFR mutants 

I  (Sibilia and Wagner, 1995). This suggests that Raf could be important for transmission

of signals through the EGFR in the mouse as well as having a positive role in differentiation. 

L 8 .L 2 p 5 3

Clearly p53 plays a critical role in growth regulation in response to external signals or 
signalling pathways involved in keratinocyte development and division. For example, 
p53-/- kératinocytes have altered response to TGFp induced growth suppression 
(Weinberg et al., 1994) and p53 loss co-operates with Ras to produce cells that are less 
responsive to Ca^^-induced growth inhibition and to TGFp (Donehower et al., 1992; 
Gerwin et al., 1992; Reiss and Sartorelli, 1987; Weinberg et al., 1994). Furthermore,
Ras and loss of p53 have been directly shown to co-operate in the transformation of 
murine kératinocytes m v/rro (Kemp et al., 1993; Weinberg et al., 1994). Tumours
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arising from p53-/+ or p53-/- kératinocytes in the presence of oncogenic Ras have growth 
rates approximately 5-fold higher than those derived from p53+/+ kératinocytes and 
rapidly form carcinomas. This is in contrast to the benign phenotype observed in the 
p53+/+/Ras grafts (Azzoli et al., 1998; Weinberg et al., 1994).

However, the available evidence from p53-/- mice suggests p53 protein does not play a 
crucial role in differentiation. p53 protein synthesis and half life decreases in 
differentiating kératinocytes and immunohistochemical analysis of p53 demonstrates that 
it is only detectable in the basal layers and not supra basal layers of the skin. On the other 
hand, p53-mediated transcriptional activity seems to be increased in differentiating 
kératinocytes (Weinberg et al., 1995).

L 8 J .3  CKIs

Skin carcinogenesis studies have also been carried out using p21 '̂*’*-/-, p27 '̂^^-/- and 
pl6iNK4A _i_ It was reported that expression of activated Ras co-operates with the 

loss of p21 '̂^^ in skin tumour formation, although it is not clear during which stage of 
tumour formation this form of co-operation is important (Missero et al., 1996; Philipp et 
al., 1999; Topley et al., 1999; Weinberg et al., 1999; Weinberg et al., 1997). Phillipp et 
al. found that there was no difference between the Ras-initiated-papilomas developed in 
normal or p21^’'’*-/- mice but that the malignant carcinomas were less well differentiated. 
On the other hand, Topley et al. showed that disruption of the p21 '̂^^ gene results in 
increased susceptibility to DMBA-induced skin carcinoma formation but a marked 
reduction in the number of papillomas (Topley et al., 1999). This latter finding supports 
the recent discovery that p21^'P*-/-cells can in fact be refractory to neoplastic 
transformation by Ras (Pantoja and Serrano, 1999). However, they also found that 
p21 '̂P* loss did promote subpopulations with increased growth/differentiation potential. 
Weinberg et al. found an increased number of papillomas in p21^'^'-/- mice, with no 
effect on differentiation or the degree of malignant progression (Weinberg et al., 1997). 
Finally, Missero et al. showed that absence of p21 '̂^^ but not p27"̂ '̂  ̂ promotes Ras- 
tumour progression in the skin (Missero et al., 1996). These all suggest an important co
operation between Ras and p21 '̂^^ in the skin, being consistent with the observed role of 
p21 '̂P  ̂ in Ras-induced arrest shown in fibroblasts and Schwann cells. The explanation 
for the differences between these sets of experiment is presently unclear.

Almost all studies of p27 '̂^  ̂ expression in tumours report a decreased expression of 
p27""P' in more aggressive tumours indicating that its loss must be important in giving a 
growth advantage to these tumours. In chemically induced skin tumours, there is no 
difference between control and p27'"‘P*-/-mice as regards numbers of papillomas and
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carcinomas however, the tumours did show more rapid growth and carcinomas developed 
earlier (Philipp et al., 1999). Loss of the INK4A locus /p i9 ^ )  appears to
enhance the sensitivity to both UV and UV/DMBA induced tumouiigenesis, as the 
pĵ iNK4A /p%gARF y developed more mahgnant skin tumours than the wild type 

(Serrano et al., 1996). It has been shown that increasing Ras dose is important for 
facilitating malignant progression in vivo through the modulation of VEGF-mediated 
angiogenesis (Larcher et al., 1996). Interestingly, it was shown that not only melanoma 
genesis but also the tumour maintenance are strictly dependent upon expression of an 
inducible Ras in mice null for plb^'^'^^ and p i9"̂ ^̂ . Here the regulation of VEGF was 
found to be Ras-dependent in vitro but enforced VEGF expression was not enough to 
sustain tumour viabihty. This indicates that the tumour maintenance actions of Ras extend 
beyond the regulation of VEGF expression in vivo (Chin et al., 1999).

1.8.1.4 Cyclin D

DMBA-induced skin tumours overexpress cyclin D l and also show low-level 
amplification of the cyclin D l gene (Bianchi et al., 1993; Robles and Conti, 1995). 
Furthermore, cyclin D l deficiency has been reported to result in an 80% decrease in the 
development of squamous tumours generated after grafting of kératinocytes expressing 
activated Ras (Robles et al., 1998). Oncogenic Ras-mediated expression of cyclin D l 
was dependent on autocrine stimulation through the EGFR. This data indicates that cyclin 
D l is a critical target for oncogenic Ras in mouse skin. Overexpression of cyclin D2 in 
transgenic mice in the epidermis results in epidermal hyperplasia and thus could also be an 
important target (Rodriguez-Puebla et al., 2000).

1.9 Mouse Keratinocyte culture

Mouse primary kératinocytes provide an excellent system to study growth and 
differentiation in the skin. When cultured in low-Ca^^ medium they behave similarly to the 
cells found in the basal layer of the epidermis (Hennings et al., 1980). Intercellular 
adhesion is inhibited, kératinocytes are unable to stratify and therefore grow as a 
monolayer. These cells are not susceptible to cell-contact inhibition but prohferate even at 
confluence. Kératinocytes in low-Ca^ monolayers still initiate terminal differentiation 
(Hodivala and Watt, 1994; Watt and Green, 1982) but the differentiated cells are shed into 
the medium. Addition of high-Ca^ (>1 mM) to the kératinocytes inhibits proliferation and 
induces the well-characterised terminal differentiation program (Hennings et al., 1980; 
Holbrook and Hennings, 1983; Watt et al., 1984). In cultures of normal kératinocytes, 
involucrin expression is observed in all suprabasal layers and not in basal cells 
(Asselineau et al., 1989). Involucrin, K l, filaggrin, loricrin and C/EBPp expression are
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upregulated in Ca^^-induced differentiation (Yuspa et al., 1989). K5 and K14 are 
constitutively expressed in basal and suprabasal kératinocytes (Missero et al., 1996).

1.10 Aim

Most malignant forms of cancer are of epithelial origin and activation of the Ras/Raf- 
1/MAPK pathway frequently occurs in conjunction with loss of p53 function. However, 
the molecular basis of the co-operation between these two oncogenic defects has not been 
explored in epithelial cells. This is particularly relevant, as the interactions between 
Ras/Raf-1 and p53/p21^'^^ differ between fibroblasts and Schwann cells and there is 
evidence that Ras does not induce cell cycle arrest in some primary epithelial cell types. It 
thus heightens the importance of investigating the configuration of these interactions in 
epithehal cell types. Both in vivo and in vitro experiments show changes in Ras, p53 and 
p2 icipi yg important in skin carcinogenesis and mouse primary kératinocytes provide 

an excellent system to study growth and differentiation in the skin. Thus, I have 
investigated the molecular mechanisms involved in the co-operation between Raf 
activation and p53, p i9^^  ̂or p21^'^' loss of function mutations in cultures of primary 
murine kératinocytes.
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CHAPTER 2  

M a t er ia l s a n d  M e t h o d s

2.1 M aterials

2.1.1 Equipment

Centrifuses

Centaur 2, MSE 
Megafuge 1.0 R, Heraeus 
Microcentrifuge, MSB 
Centra-4R centrifuge, lEC 
J-6M/E centrifuge, Beckman

Incubators

Water Jacketed Incubators, Forma Scientific and Heraeus

Asarose sel electrophoresis equipment

Mini gel system, Hybaid Ltd
Midi gel system, Northumbria Biologicals Ltd

Western Transfer Equiyment

Trans-blot Semi-dry Electrophoretic Transfer Cell, Bio-Rad

Polyacrylamide sel electrophoresis equipment

Mini-protean U, Bio-Rad 
Midi gel system, Atto

Spectrophotometer

UV-Visible spectrophotometer DU-20, Beckmann
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Microscopes

Diaphot, Nikon 
TMS, Nikon 
Axiophot, Zeiss

PCR machine 

PTC 200, MJ Research

Power packs 

Power-pac 300, Bio-Rad
DC power supply ISOTECH IPS 302 A, RS Components 
Power supply model 500/200, Bio-Rad 
Power supply model 3000/300, Bio-Rad 
Power supply model 200/2.0, Bio-Rad

Shaking Bacterial Incubators

Controlled Environment Incubator Shaker and G24 Environmental Incubator Shaker, 
New Brunswick Science

Miscellaneous

Milli-Q Water system, Millipore 
Transilluminator model TL-33, UVP 
Transilluminator cabinet model CC-60 
Luminometer 1251, Bio Orbit, with LKB wallac pump 
RIOO/TW Rotatest Shaker platform, Luckham Ltd 
Rocking platform 3013, Jencons Ltd

2.1.2. General Cell Culture Solutions

The Central Cell Services of Imperial Cancer Research Fund provided sterile distilled 
deionised water (dH^O) and solutions that are indicated by TCRF’. All reagents used 
were of tissue culture grade and kept sterile.

Unless otherwise stated, all laboratory chemicals were supplied by Sigma Chemical 
Company Ltd.
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Phosphate buffered saline A (PBSA, ICRF)
6.5 mM Na^HPO^, 1.5 mM KH^PO^, 2.5 mM KCl, 140 mM NaCl

Tris saline
24 mM Trizma base (Sigma), 0.8% (w/v) NaCl, 0.38% (w/v) KCl, 0.01% (w/v) 
Na^HPO^, 0.1% (w/v) dextrose, pH 7.7 (adjusted with HCl)

TE buffer
10 mM Tris (pH 8.0), 1 mM EDTA 

50 X TAB
2 M Tris-acetate, 50 mM EDTA (pH 8.0) 

lO xT B E
0.9 M Tris-borate, 20 mM EDTA (pH 8.0)

EDTA solution (versene, ICRF)
8 g NaCl, 0.2 g KCl, 1.15 g Na2HP0 4 , 0.2 g KH^PO^ and 0.2 g ethyldiaminotetraacetic 

acid, disodium salt (EDTA) and 1.5 ml 1% (w/v) phenol red solution were dissolved in 1 
1 dHjO, the pH was adjusted to 7.2 and the solution was autoclaved.

Trypsin solution (ICRF)
8 g NaCl, 0.1 g Na^HPO^, 1 g D-glucose, 3 g Trizma Base, 2 ml 19% (w/v) KCl solution 
and 1.5 ml of 1% phenol red solution were dissolved in 200 ml dH^O. The pH was 
adjusted to 7.7 and 0.06g penicillin and 0.1 g streptomycin (Gibco ERL) were added.
2.5 g pig trypsin (Difco, 1:250) was dissolved in 200 ml dH20; air was bubbled through 
the solution until the trypsin dissolved. The trypsin solution was added to the Tris- 
buffered saline, made up to 1 1 with dH2 0 , sterilised by filtration through 0.22 pm filter 
(Millipore) and stored at -20°C.

Mitomycin C stock solution
Mitomycin C is an inhibitor of DNA synthesis and nuclear division. It is used to 
metabolically inactivate GP+E cells for infection. 2 mg mitomycin C powder (Sigma) 
was dissolved in 1 ml PBS. The stock solution (2 mg/ml) was sterilised by filtration 
through a 0.22 pm filter, aliquoted and stored at -20°C. In the treatment of GP+E cells, 
mitomycin C solution was added to the cell culture medium at a final concentration of 25 
pg/ml.
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2.1.3 Antibodies

Table 2.1 Primary antibodies used in t lis thesis
Antibody
name

Detected
Antigen

Source Antibody type Dilution for 
purpose

Anti-DPERK
M8159

Phosps
MAPK

Sigma mouse
monoclonal (MM)

1:1000 for Western

anti-BrdU BrdU Becton
Dickinson

MMl 2 fxl per cell pellet for 
FACS analysis

RPN 202 BrdU Amersham MM undiluted for
immunofluorescence
(IF)
and LSC

sc-198 human 
Cyclin E

Santa Cruz rabbit polyclonal 1:500 for Western

AC-20 actin Sigma MM 1:1000 for Western
sc-163 cdk2 Santa Cruz rabbit polyclonal 1:150 for Western
SC-260 cdk4 Santa Cruz rabbit polyclonal 1:1000 for Western
SC-596 Cyclin A Santa Cruz rabbit polyclonal 1:200 for Western
SC-450 Cyclin Dl Santa Cruz MM 1:500 for Western
SC-593 Cyclin D2 Santa Cruz rabbit polyclonal 1:500 for Western
SC-481 (M20) Cyclin E Santa Cruz MM 1:500 Western. 0.5 

pg per 100 pg of 
protein for IP

PRB-165P keratin 1 BAbCO rabbit polyclonal 1:250 for Western
PRB-160P keratin 5 BAbCO rabbit polyclonal 1:500 for Western
PRB-155P keratin 14 BAbCO rabbit polyclonal 1:500 for Western

PRB-169P keratin 6 BAbCO rabbit polyclonal 1:500 for Western; 
1:1000 for IF

sc-150 C/EBP B Santa Cruz rabbit polyclonal 1:500 for Western
SC-965 MDM2 Santa Cruz mouse

monoclonal
1:250 for Western

ERLi-3 involucrin Elizabeth Li, 
ICRF

rabbit polyclonal 1:1000 for Western 
and IF

DPAR 14 p l6 l N K 4 A Dr. GP rabbit polyclonal 1:200 for Western
pAb421 p53 ICRF mouse

monoclonal
1:2000 for Western

SC-397 p2r'P" Santa Cruz rabbit polyclonal 1:150 for Western
sc-1641 p 2 7 i u p - i Santa Cruz mouse

monoclonal
1:250 for Western

SC-543 hbER Santa Cruz rabbit polyclonal 1:250 for Western
sc-1647 Total ERK2 Santa Cruz MM 1:2000 for Western
R562 p l 9 ^ K T Abeam rabbit polyclonal 1:1000 for Western
HL-14 p l9 ^" ICRF rabbit polyclonal 1:100 for Western
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Table 2.2 Secondary antibodies used in this thesis

Antibody
name

Detected Antigen Source Antibody type Dilution for 
purpose

NA9340 Rabbit
immunoglobulins

Amersham Donkey anti-rabbit 
coupled to horseradish 
peroxidase (HRP)

1:2000 for 
Western

NA931 Mouse
immunoglobulins

Amersham Sheep anti-mouse 
coupled to HRP

1:2000 for 
Western

115-096-
006

Mouse
immunoglobulins

Jackson
immunore-
search
laboratories

Goat anti-mouse 
conjugated to FTTC

1:1000 for 
IF

211-165-
109

Rabbit
immunoglobulins

Jackson
immunore-
search
laboratories

mouse anti-rabbit 
conjugated to Cy™3

1:1000 for 
IF

F313 Mouse
immunoglobulins

DAKO Rabbit anti-mouse FTTC 
conjugated

1:10 for
FACS
analysis

2.1.4 Plasmids and expression vectors used in this thesis

Table 2.3 Plasmids and expression vectors used in this thesis
Name Details Source
pLXSN moloney murine leukaemia virus retroviral vector 

with neomycin resistance gene
AL (Miller 
and Rosman, 
1989)

pLXSN RafER The CR3 domain of c-Raf-1 was ampUfied by 
PCR and blunt-end cloned into the Eco-RV site of 
pBluescript 11. This fragment was ligated to the 
HBD of the ER (EcoRl-Clal fragment) (Samuels 
et al, 1993). The RafER fragment (Xhol- 
Clal/blunted) was sub-cloned into the Xhol- 
BamHI/blunted site of the replication defective, 
neomycin resistant retroviral vector, pLXSN 
(Miller and Rosman, 1989; Lloyd eta l, 1997).

AL (Miller 
and Rosman, 
1989)

pB abepuro-ERGFP EGFP-ER inserted as Xhol-Clal fragment into 
pBabe retroviral vector with puromycin resistance 
gene

Martin
McMahon

pBabepuro-
RafERGFP

EGFPRafER inserted as BamHl/Xhol-Clal 
fragment into pBabepuro (Samuels et al., 1993; 
Woods et al., 1997).

Martin
McMahon

pLXSNRas'*" human H a - R a s c D N A  inserted as EcoRI 
fragment into pLXSN

AL (Miller 
and Rosman, 
1989)

AL: Alison Lloyd, UCL: MMM: Martin McMahon, UCSF, San Francisco..
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2.1.5 Parental cells-lines

Table 2.4 Parental cells and cell-lines used in this thesis

Cell line Cell Type Source
NIH 3T3 immortalised mouse embryo fibroblast C. Marshall, ICR, 

London
Rat-1 immortalised rat embryo fibroblast HL
GP+E ecotropic packaging cell-line 

(Markowitz era/., 1990)
HL

Bose 23 ecotropic packaging cell-line (Pear et 
al., 1993)

HL

2.1.6 Stable cell-lines

Table 2.5 Cell-lines used in this thesis.
Name Parental

cell-line
Vectors
stably
integrated

Infection / 
Transfection

Resistance pool/
clone

OPE LXSN, 
AL

GP+E pLXSN Transfection 1 mg/ml 
G418

pool

OPE RER, 
AL

GP+E pLXSN RafER Transfection 1 mg/ml 
G418

pool

GPERas'^'^
AL

GP+E pLX SNRas"'' Transfection 1 mg/ml 
G418

pool

GPE
ERGFP,
MMM

GP+E pBabepuro-
ERGFP

Transfection 2.5ug/ml
puro

pool

GPE
RafERGFP,
MMM

GP+E pBabepuro-
RafERGFP

Transfection 2.5ug/ml
puro

pool

NIH RER, 
AL

NIH 3T3 pLXSN RafER Infection 1 mg/ml 
G418

pool

NIHEV,
ML

NIH 3T3 GST-EV Transfection / pool

NIH ARE, 
ML

NIH 3T3 GST-pl9ARF Transfection / pool

Rati EV, 
ML

Rati GST-EV Transfection / pool

Rati ARE, 
ML

Rati GST-pl9ARF Transfection / pool

AL: Alison L 
Lomax, ICRF

oyd, HL: Hartmut Land, ICRF, MMM : Martin McMahon, Martine
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2.2 Cell culture methods

2.2.1 Mouse Keratinocyte culture medium (FAD^- FCS  + HICE)

FAD

FAD powder (F12 + adenine + DMEM: Imperial Labs) was supplemented with 3.07 g/1 
NaHCOg, 100 IU/1 penicillin and 100 p,g/l streptomycin. FAD medium (ICRF) was 
bubbled with COj until the pH dropped below 7.0, then sterilised by filtration through a 
0.22 pm filter. Medium was stored at 4°C until use.

Unless otherwise stated, kératinocytes were cultured in medium with a reduced 
concentration of calcium ions in order to prevent assembly of adherens and desomosomal 
junctions (Hodivala and Watt, 1994). Low calcium FAD medium was prepared in the 
same way as normal FAD except that calcium salts were omitted from the DMEM and 
F12.

HICE

HICE stock solutions were kindly prepared by Simon Broad (Keratinocyte Lab, ICRF). 
10  ̂M cholera enterotoxin (ICN) was stored at 4°C. Hydrocortisone (Calbiochem) was 
dissolved in 95% ethanol at 5 mg/ml and stored at -20°C. 100 mg/ml recombinant human 
epidermal growth factor (Austral Biologicals) was prepared by first dissolving in 1/100 
volume 0.1 M acetic acid (BDH) before adding to FAD medium containing 10% (v/v) 
batch-tested foetal calf serum (FCS, Imperial Labs.) and stored at -20°C. The additives 
were combined into a lOOOx ‘cocktail’ (HCE): 1ml hydrocortisone, lOOpl cholera 
enterotoxin and 1 ml epidermal growth factor stock solutions were added to 7.9 ml FAD 
medium with 10% FCS and stored at -20°C. The final concentrations in the medium were 
10' °̂ M cholera enterotoxin, 0.5 pg/ml hydrocortisone and 10 pg/ml epidermal growth 
factor. lOOOx insulin stock solution (5 mg/ml in 5 mM HCl, Sigma) was stored at -20°C. 
The final concentration in the medium was 5 pg/ml insulin.

Complete keratinocyte medium

Complete low-calcium (low-Ca^^) keratinocyte medium (low-Ca^^ FAD + FCS + HICE) 
was prepared by adding 8% (v/v) chelex treated FCS to low calcium FAD, supplementing 
with HICE cocktail and adding 1% of complete high calcium keratinocyte medium 
(Carroll et al., 1995). The calcium concentration of complete low-Ca^^ FAD medium is 
0.05 mM Ca^ .̂ Kératinocytes expressing fusion proteins containing the hormone binding 
domains of steroid receptors were grown as above, but in charcoal stripped serum.
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Complete high-Ca^^ keratinocyte medium (FAD + FCS + HICE) was prepared by adding 
8% (v/v) FCS and HICE solutions to the FAD medium prior to use. Kératinocytes stably 
expressing selection markers had antibiotics added to their media thus: Neomycin 
resistance: kératinocytes were selected and cultivated in 200 [Ag/ml G418 geneticin (Gibco 
BRL) from 100 mg/ml stock in 10 mM Hepes pH 7, Puromycin resistance: kératinocytes 
were selected and cultivated in Ipg/ml puromycin (Sigma) in dH^O (Zhu and Watt, 
1996). Complete medium was stored at 4°C for up to 10 days.

Chelex Treatment o f Serum

The FCS used to supplement low-Ca^^ FAD was pre-treated with Chelex to remove 
calcium ions, as follows: Chelex 100 resin (100-200 mesh, sodium form; BioRad) was 
swollen at 150 g/ 21 in distilled water, titrated to pH 7.4 with HCL and filtered through a 

0.22 [Am filter. 150 g swollen resin was added to 500 ml FCS and the mixture was stirred 
at room temperature for 3 hr. The Chelex was then removed by filtration through a 0.22 

[im filter. Sterile chelated FCS was stored at -20°C.

Charcoal stripping o f serum

Cells expressing fusion proteins containing the hormone binding domains of steroid 
receptors were grown as above, but using serum that has been charcoal stripped. 0.5% 
(w/v) activated charcoal (Sigma) and 0.05% (w/v) dextran (Sigma) was mixed into 500

mis of serum and stirred at 37°C for 3 hr. The charcoal was then pelleted at 3000 rpm 
(Beckman J-6M/E centrifuge) for 10 min and then filtered through a 0.45 \iM filter unit 
(Nalgene Ltd or Millipore Ltd) and frozen in 50 ml aliquots.

2.2.2 Isolation and culture of  primary mouse kératinocytes

Primary keratinocyte preparations were derived from pools of 3 day old mice (modified 
from (Hennings et al., 1980). Neonatal mice were sacrificed and placed on ice for 1 hr. 
The mice were then washed in 10% pevidine and rinsed twice with 80% ethanol. Under 
sterile conditions, using a pair of curved forceps and small scissors the tail and limbs 
were amputated. An incision was made from the tail to the neck along the back and the 
skin was removed using sterile forceps. The skin was stretched with the dermis-side 
down, on a petri dish. Freshly thawed trypsin was dropped over the skin so that it was 
covered and left at 4°C overnight.

Curved forceps were used to separate the dermis from the epidermis. The skins were 
then placed in a petri dish containing Low-Ca^"  ̂FAD+FCS+HICE and minced with two 
curved forceps to dissociate cells from the skin. Isolated cells were filtered through sterile
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70 |xm filters. They were then pooled, pelleted and plated at a density of 10  ̂cells per 10 
cm collagen coated dish (Biocoat, Becton Dickinson). The number of cells obtained was 
estimated using a coulter counter (Coulter Electronics Ltd). The yield from a neonatal 
skin was usually between 6-7 x 10® cells. Cells were cultured until just confluent.

Primary kératinocytes were cultured on collagen coated dishes of tissue culture grade () in 
a humidified incubator at 34°C with 8% CO2. Medium was changed every 2 days. 
Kératinocytes were induced to undergo terminal differentiation by placing them in high- 
Ca^  ̂FAD medium for 24 hr. For all experiments, cells were used within the first 3 
weeks after explantation. Genetically unmodified kératinocytes were derived from Balb/C 
mice. p53 (ICRF colony) and p i9 "^  mutations and respective littermate controls were 
kept in C57BL/6 background, the p21 '̂ '̂^ mutation in 129/SVEV (Weinberg et al., 
1999). p i9^^-/- kératinocytes were received from Drs Sherr and Roussel.

2.2.2.1 Passaging o f Kératinocytes

Kératinocytes were washed two times with PB SA and 2 ml of freshly thawed trypsin (2.5 
mg/ml in Tris saline) (media production, ICRF) was added to a 100 mm dish. They were

returned to the 37°C incubator until they had lifted off the dish. The kératinocytes were 
then taken up in normal growth media, counted and seeded on new dishes as required. 
Cells were counted by adding 200 fxl of cells in suspension to 10 ml of Isoton (Coulter 
Electronics Ltd) and 0.5 ml was counted with a Coulter Counter (Coulter Electronics 
Ltd).

2.2.2.2 Collagen coat for culture dishes/chamber slides

For manual collagen coating of culture dishes/chamber slides, a collagen/fibronectin 
coating solution was used: 100 ml of low-Ca^^ FAD medium, 1 ml of Img/mL 
Fibronection (Collaborative Biomedical Products), 10 mis of 1 mg/ml BSA, 1 ml of 
Vitrogen 100 (Collagen Corporation) and 1 ml of 2 M HEPES. The solution was stored 
at 4°C and kept for up to one month. The culture dishes/chamber slides were coated with 
collagen coat for 1 hr at 37°C. They were rinsed thoroughly with low-Ca^^ FAD.

2.2.2.3 Freezing o f cells

Cells were trypsinised and taken up in growth media. They were then pelleted at 1200 
rpm (MSE Centaur 2) for 3 min. The supernatant was removed and the cells were 
resuspended in freezing medium (50% (v/v) chelexed serum, 40% (v/v) low-Ca^^ FAD 
and 10% (v/v) Dimethyl sulphoxide (DMSO) (Gibco BRL, Sigma). One 90% confluent 
100 mm dish would be resuspended in 2 ml of cold freeze media and aliquoted into four
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freezing vials (Nunc). Vials were then frozen at -80°C in polystyrene freezing boxes 
(Whatman) for two days before placing them into liquid nitrogen storage.

2.2.2A Retrieval o f cell stocks from liquid nitrogen

Vials were removed from liquid nitrogen storage and immediately incubated at 37°C until 
thawed. As soon as the cell suspension was thawed, it was added to 10 ml complete low- 
Câ "̂  medium before centrifuging at l,000rpm for 4 min to remove DMSO from the cells. 
The recovered cells were plated onto appropriate culture flasks. Antibiotics used for 
selection were not added to resistant cells until at least 24 hr after retrieval.

2.2.2.5 Quiescence o f cells

To arrest cells in the Gg phase of the cell cycle, the cells were washed twice with low-Ca^^ 
FAD and cultured in low-Ca^^ FAD containing 0.05% (v/v) serum and incubated for 48 
hr.

2.2.2.5 FACS sorting on the basis o f EGFP fluorescence.

Cells were harvested and resuspended in ice-cold culture medium at a density of 5 x 10̂  
cells/ml. EGFP positive cells were sorted within 30 min after trypsinisation. No 
processing is required to detect EGFP fluorescence. The FACS machine was chilled to 
approximately 4°C and cells were collected directly into complete ice-cold culture 
medium. After collection, cells were spun down at lOOOrpm and replated in pre-warmed 
culture medium.

2.2 .3  G eneral cu lture  cond itions fo r  cell lines

2.2.3.1 Maintenance o f cell lines

All cell lines were cultured on plastic dishes or flasks of tissue culture grade (Becton- 

Dickinson or Nunc) in water-jacketed humidified incubators at 37°C with 10% CO2 

Cells were routinely maintained in DMEM (Media production, ICRF) with 10% (v/v) 
serum, 100 pg/ml kanamycin (Sigma), 2 pg/ml gentamycin (Gibco BRL). NIH-3T3 
cells were grown in new bom calf serum (Gibco BRL), GP+E (Markowitz et al, 1990) 
and Bose 23 (Pear a/., 1993), Rat 1 cells were grown in foetal calf serum (Bioclear UK 
Ltd). Cells expressing fusion proteins containing the hormone binding domains of 
steroid receptors were grown as above, but in DMEM minus phenol red (Media 
production, ICRF) and the semm was charcoal stripped. Media or any solutions added to 
cells were first warmed to 37°C.
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2.23.2 Passaging o f cell-lines

NIH-3T3 fibroblasts, GP+E cells and their derivatives were passaged every three days 
and diluted to a 1:10 ratio. Rat 1 cells were passaged every three days and diluted to a 
1:20 ratio. Bose 23 cells were passaged every two days and diluted to a 1:3 ratio.

4 ml of trypsin (2.5 mg/ml in Tris saline) (media production, ICRF) was added to 16 ml 
of versene (0.2 mg/ml BDTA in PB SA) (media production, ICRF). Cells were washed 
two times with PBS A and 1 ml of trypsine-versene mix was added to a 100 mm dish.

Cells were returned to the 37°C incubator until they had lifted off the dish, cells were then 
taken up in normal growth media, counted (Coulter Electronics Ltd) and seeded on new 
dishes as required.

2.2.3.3 Selection markers fo r cell lines

Cells stably expressing selection markers had antibiotics added to their media thus: 
Neomycin resistance: All cells were selected and cultivated in 1 mg/ml 0418 geneticin 
(Gibco BRL) from 100 mg/ml stock in 10 mM Hepes pH 7. Puromycin resistance: Cell- 
lines were selected and cultivated in 2.5-4 mg/ml puromycin (Sigma) in dH^O.

2.2.4 Transfection

2.2.4.1 Calcium phosphate transfections (after [Wigler, 1979 #3845])

Cells were seeded to 60-80% confluency the day before transfection. The cells were 
changed into 6 ml of normal growth medium 30 min before transfection. 5-20 pg of 
DNA in polystyrene 6 ml tubes (Falcon) was mixed with 500 pi of Ix HEPES buffered 
saline (HBS) (25 mM HEPES pH 7.1, 140 mM NaCl, 1.5 mM Na2HP0 4 ) then 20-25 pi 

of 2.5 M CaCl2 was added and immediately shaken. Tubes were incubated at room 

temperature for 10 min until a fine white precipitate had formed: this solution was then 
added drop-wise onto the cells which were then incubated in the incubator overnight. 
Next morning cells were changed into fresh growth media.

2.2.5 Retroviral infections

2.2.5.1 Preparation o f retroviral supernatants 

GP+E cell-lines

GP+E cell-lines were grown to 90% confluency on a 100 mm dish. They were then 
washed with DMEM to remove selective antibiotics and 4 ml of fresh media (containing
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the serum requirements of the cells to be infected) was added to the cells. 36-48 hr later 
the media were collected from the cells and filtered through a 0.45 \i M filter and either

used immediately or frozen in aliquots on dry ice in methanol and stored at -80°C. 

Transient transfection o f Bose 23 cells

Bose 23 cells were seeded or grown to a density of 90% confluency on a 100 mm dish 24 
hr before transfection. Cells were then transiently transfected using the calcium 
phosphate method with retroviral DNA, using a similar method to that described above. 
However, in addition, 25 pM chloroquine (Sigma) was added to the media prior to 
transfection and the precipitate was only applied to the cells for 8-10 hr. After the 
precipitate was removed the cells had fresh growth media added overnight and the next 
morning 4 ml of fresh media (containing the serum requirements of the cells to be 
infected) was added. The virus was harvested as described above.

2.2.5.2 Retroviral infection o f cells 

Supernatant

Cells to be infected were seeded 24 hr prior to infection at a confluency of 70-80%. Viral 
supernatants were mixed with 8 pg/ml polybrene (Sigma) (from a lOOx stock solution of

0.8 mg/ml kept at 4°C). 2 ml of this mix was applied to one 100 mm dish and incubated 

at 37°C for 2 hr. After which the viral supernatant was aspirated from the cells and the 
cells were incubated with normal growth media for 24-48 hr.

Infection ofkeratinoctyes via Cocultivation

GP+E producers to be used for infection were treated with mitomycin C solution which 
was added to the cell culture medium at a final concentration of 25 pg/ml for 3 hr. GP+E 
producers were then trypsinised, transferred into a 15 ml tube and spun at 1500rpm for 
5 min. They were resuspended in 5 ml of low calcium FAD + 8% chelex treated, 
charcoal stripped FES + HICE and counted. Kératinocytes to be infected were 
trypsinised just prior to infection, spun at 1500rpm in MSE for 5 min, resuspended in 5 
ml of low calcium FAD + 8% chelex treated, charcoal stripped FBS + HICE and counted 
(Lloyd et al., 1997). Keratinocyte cultures were plated at a 1:2 ratio with the mitomycin 
C pre-treated virus producer cells. Three days after plating the cultures were transferred 
into selective medium containing 200 pg/ml G418 (GIBCO). The selective media were 
changed every 2 days until equivalent cells, not expressing selection markers, all died. 
Drug-resistant keratinocyte colonies were pooled and passaged once or twice at a 1:2 
ratio, while being maintained in absence of 40H-tamoxifen.
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2.2.53 Selection o f stably transfected or infected cell lines

Newly infected or transfected cells were split into selective growth media containing 
relevant selective antibiotics 36-48 hr post-infection or -transfection. The dilution to 
which cells were split depended on whether pools were required or individual colonies. 
If pools were required cells were split at two times the dilution they were normally 
passaged. If individual colonies were required the cells were split much more harshly at 
titrated dilutions. The selective media were changed every 3 days until equivalent cells, 
not expressing selection markers, all died. Cells were then pooled or ring-cloned and 
maintained in selective media.

2.3. Cell cycle analysis

2.3.1 BrdU staining fo r  immunofluorescence

Preparation o f cells for immunofluorescence staining

Kératinocytes were cultured on tissue culture 8-well chamber slides (Nalge Nunc Int.). 
The chamber slides were first coated with collagen coat for 1 hr at 37°C. They were 
rinsed thoroughly with low-Ca^^ FAD. Cells were incubated for 1 hr with 10 pM BrdU

(Sigma) (from 2 mM stock in dH20 stored at -20°C in the dark).

Fixation staining of cells

Culture medium was discarded from cells and they were rinsed twice in PB SA before 
fixing in 4% paraformaldehyde solution for 10 min at room temperature. The specimens 
were rinsed twice in PBS A, incubated for 10 min with 2 M HCl and 0.5% (v/v) Triton X- 
100 in PBS A, washed twice in PBS A, and then blocked for 30 min to reduce binding to 
non-specific proteins in blocking solution (3% (w/v) BSA, 10% (v/v) serum (foetal 
bovine or goat (Gibco-BRL)), 5% (w/v) fat-free dried milk powder, 0.01% (v/v) Tween- 
20 in PBSA). Cells were then washed twice in PBSA and incubated with 60 pi of 
undiluted anti-BrdU antibody (Amersham-Pharmacia) for 45 min in the dark. Cells were 
washed 5-6 times with 0.01% (v/v) Tween-20 in PBSA. A fluoroescein isothiocyanate 
(FITC) conjugated goat anti-mouse secondary antibody (Jackson Immunoresearch 
Laboratories) was diluted 1:300 in blocking solution with 0.1 pg/ml Hoechst 33258 and 
incubated on the cells for 30 min. Cells were washed 5-6 times and mounted in mounting 
medium under a coverslip.

Mounting medium was prepared by mixing 6 g of glycerol and 2.4 g of MOWIOL 
(Harlow Chemical Company) to 6 ml of dH20 with occasional agitation for 2 h at RT.
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Then 12 ml of 200 mM Tris-HCl (pH 8.5) was added and medium was heated to 50°C 
for 10 min with occasional mixing and then spun at 5000 rpm (Heraeus Megafuge 1.0 R)

for 15 min. The supernatant was aliquoted and stored at -20°C, a working solution was

kept at 4°C for 1 month and brought to RT before use.

2.3.2 Cell cycle analysis by FACs

Cells were treated with 10 pM BrdU for 1 hr. Cells were then trypsinised, resuspended 
in low- Ca^  ̂FAD medium and pelleted at 1200 rpm (MSE Centaur 2) for 5 min. The 
supernatant was removed. Cells were washed twice with PBSA and resuspended in 250 
pi of PBSA. The cells were then vortexed whilst 700 pi of ice-cold ethanol was 
gradually added to the cells, which were subsequently incubated on ice for 30 min. Cells 
were pelleted and washed twice in PBSA, prior to the addition of 2 M HCl for 20 min at 
room temperature with frequent mixing. After which cells were washed twice in PBSA 
and once with PBS-BT (0.5% (v/v) Tween 20 and 0.05% (w/v) BSA in PBSA). 2 pi of 
anti-BrdU antibody (Becton-Dickinson) was added directly to the cell pellet for 15 min at 
room temperature, then washed twice in PBS-BT. 50 pi of FITC-conjugated rabbit-anti
mouse immunoglobulins (DAKO) was added for 15 min at room temperature and cells 
were washed once in PBS-BT. 100 pi of 100 pg/ml Ribonuclease (Rnase) (Sigma) and 
400 pi of propidium iodide (PI) (50 pg/ml) was added to the cells which were analysed 
on a fluorescence activated cell scanner (FACScan) by flow cytometry, using pulse 
processing to gate out cell doublets and clumps.

2.3.3 Laser scanning cytometer: Proliferation assay

Cells were grown on collagen coated chamber slides for experiments to be analysed on a 
Laser scanning cytometer (LSC). Cells were incubated for 1 hr with 10 pM BrdU. This 
was followed by the protocol for cell cycle analysis by immunofluorescence until after 
incubation in the primary BrdU antibody (Amersham). The cells were then treated with 
RNase (lOOpg/pl) for 30 min. A fluoroescein isothiocyanate (FITC) conjugated goat 
anti-mouse secondary antibody (Jackson Immunoresearch Laboratories) was diluted 
1:300 in blocking solution with 50 pg/ml PI and incubated on the cells for 1 hr. Cells 
were then washed 5-6 times and mounted in mounting medium under a coverslip.

BrdU incorporation and DNA content was analysed by a LSC according to 
manufacturers' recommendations (LSC; CompuCyte) (Rew et al., 1998). After 
establishing the scan area on the LSC, the slide was analyzed using a 20X objective and 5 
mW of Argon laser power (see Fig. 2.1 A). The green (FITC) and red (PI) fluorescence
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were collected by separate photomultipliers. Up to 5,000 events were collected for each 
sample using Wincyte software.

The LSC recognises cells on the basis of a single marker referred to as the threshold 
parameter. This can be either fluorescence or forward scatter and the recorded shape and 
size of the cell will be determined by the nature of the threshold marker. Here, the red, 
PI, fluorescence was used as the thresholding contour (i.e. used to define each cell) (Fig.
2.1 B). A data contour was made to follow slightly outside the outline of the nucleus. 
For each cellular contour, the green and red fluorescence intensities within that contour 
area were automatically processed by the software to generate a list of properties for that 
cell. Max pixel corresponds to the highest pixel value within an individual contour, area 
corresponds to the total number of pixels within the contour and integral intensity is the 
sum of all the pixel values within the contour. Furthermore, following quantitative 
analysis of the samples, morphological and fluorescence confirmation can be performed 
on chosen cells. An example of this is shown in Fig. 2.3 (Courtsey of CompuCyte).
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Figure 2.1 Operation of the LSC

A) LSC optical path. The LSC is a static microscope-based cytometry system similar in 
many respects to conventional flow cytometry systems. It is capable of measuring multi-colour 
fluorescence and light scatter, allowing statistical analysis of populations on a single cell basis. 
However, unlike flow cytometry, the measurements are made on a microscope slide instead of 
being in suspension.
B) An example of data acquisition on the LSC. In these experiments PI was used as 
the thresholding contour and the data contour followed the outline of the thresholding contour.
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Hela cells were stained with PI and analysed on the LSC. The cells were then restained for visual
ization with Hematoxalin and Eosin. Therefore, after quantitative analysis of a sample, morpho
logical confirmation can be performed on chosen cells.
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2.4 Protein analysis

2.4.1. General Solutions

Lysis buffer A:
50 mM Tris (pH 7.4) containing 150 mM NaCl, 0.5% NP-40, 1% Aprotinin, 10 mM 
sodium fluoride (NaF), 1 mM sodium orthovanadate (NagVOzt), 100 pg/ml phenyl- 

methyl-sulphonyl fluoride (PMSF) and 1 mM DTT.

Lysis buffer B:
1% (v/v) Triton X-100, 50 mM Tris-HCl pH 8.0, 150 mM NaCl, 1% (v/v) aprotinin, 
100 ug/ml PMSF, 10 mM NaF, 1 mM Na3V0 4  and 1 mM DTT.

0.5 M  Tris-HCL, pH  6.8:
15.3 g Tris in 240mls of dH^O adjusted to pH 6 .8 . Followed by the addition of 10 ml of 
10% SDS.

1.5M Tris-HCL, pH  8.8:
90.75 g Tris in 480ml of dH^O adjusted to pH 8 .8 . Followed by the addition of 20 ml of 
10% SDS.

IX  Sample Buffer:
3% (w/v) SDS, 62.5 mM Tris-HCl pH 6 .8 , 10% (v/v) glycerol, 3.2% (v/v) - 
mercaptoethanol, 0.05% (w/v) bromophenol blue

Ix  SDS-PAGE running buffer:
20mM Tris base, 190 mM glycine (Sigma), 0.1% SDS, pH 8.3 

Blocking buffer:
5% (w/v) fat-free milk powder (Mikrobiologie) and 0.01% (v/v) Tween-20 in PBSA 

Semi-dry transfer blotting buffers:
Blotting buffers 1: 40 nM Norleucine, 25mM Tris ph9.4, 20% methanol 
Blotting buffers 2: 25 mM Tris pHlO.9, 20% methanol 
Blotting buffers 3: 300 mM Tris pHlO.9, 20% methanol

Glycine stripping solution 
200mM Glycine pH 2.5, 0.4% SDS
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Kinase reaction mix
50 mM Tris-HCl pH 7.5, 10 mM MgCl2, 1 mM DTT, 30 fxM Adenosine triphosphate

(ATP), 0.5 pg/pl Histone HI (Boehringer Mannheim), 0.1 pCi/pl [̂ ^P] pATP 
(Amersham)

Kinase buffer
50 mM Tris-HCl pH 7.5, 10 mM MgCl2, 1 mM DTT

Stock solutions fo r  SDS-polyacrylamide gels

Solution A 
Solution B 
Solution C 
APS 
TEMED

30% aciylamide / 0.8% bisacrylamide (Millipore), 
1.5M Tris-HCl, pHS.S + 0.4%SDS 
0.5M Tris-HCl, pH6 .8  + 0.4%SDS 
10% ammonium persulphate (Bio-Rad)
N,N,N’ ,N’ -tetramethylethylenediamine (Bio-Rad)

Resolving gels stock solutions

A B Water TEMED APS

7.5% 4.25 ml 4.25 ml 18.45 ml 8.5 pi 10 0  pi

1 0 % 5.7 ml 4.25 ml 15.95 ml 8.5 pi 10 0  pi

12.5% 7.1 ml 4.25 ml 13.45 ml 8.5 pi 10 0  pi

Stacking gels stock solutions

A C Water TEMED APS

5% 1.5 m 1 2.5 ml 5 ml 15 pi 10 0  pi

2.4.2 Cell lysate preparation fo r  Western blotting

Cell monolayers were washed twice with ice-cold PBSA. Cells were then scraped with a 
rubber policeman and transferred to an Eppendorf tube. Cells were pelleted by a 3 min 
spin at 6500 rpm in an MSE Microcentrifuge and the PBSA was removed. Samples were

immediately flash frozen on dry-ice in methanol and stored at -80°C.

Cell pellets were lysed in 100-250 pi of lysis buffer A, vortexed, left on ice for 15-30 
min, then spun at 13000 rpm at 4°C for 20 min. The supernatant was transferred to a 
new Eppendorf tube and the protein concentration was determined (see below). SDS-
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PAGE sample buffer was then added, heated to 95°C for 5 min and if not used 

immediately, lysates were stored at -20°C.

2.4.3 Protein concentration determination

In most cases the Bio-Rad Protein Assay (Bio-Rad) was used according to the 
manufacturer's instructions. 1 pi of lysate was added to 1 ml of Bio-Rad reagent (diluted 
1:5 in dH2 0 ) in a spectrophotometer cuvette. These were mixed and incubated at room 

temperature for 5 min. Its absorbance was then read at 595 nm using a 
spectrophotometer, against a blank of diluted Bio-Rad reagent. Concurrently a BSA 
standard curve was made. 0, 1, 2 ,4 , 6  and 8 pg of BSA in lysis buffer were each added 
to Bio-Rad reagent and the absorbances were determined after 5 min. This standard curve 
was then used to calculate the protein concentrations of the cell lysates.

In cases where the lysis buffer was incompatible with this system, the Bio-Rad assay 
was used. Reagent S was diluted with reagent A in a 1:50 ratio to make reagent A/S. In 
the following order, 10 pi of lysate, 50 pi of reagent A/S and 400 pi of reagent B were 
added to the spectrophotometer cuvette, mixed and incubated at room temperature for 15 
min. The absorbance of the samples was measured at 750 nm and concentrations were 
calculated against a BSA standard curve as above.

2.4.4 SDS-polyacrylamide gel electrophoresis (Laemmli, 1970).

A resolving gel of 7.5-12.5% (w/v) acrylamide:bisacrylamide (37.5:1) was prepared. 
This was poured between the glass plates of a gel apparatus, to approximately 1 cm below 
the reach of the comb. Butan-2-ol-saturated TE was layered on top of the gel, which was 
left to polymerise. After which the gel border was washed three times with dH2 0  and 

blotted dry with Whatman 3MM paper. A stacking gel of 5% (w/v)
acrylamide:bisacrylamide (37.5:1) was then prepared and poured on top of the resolving 
gel. A comb was inserted into the gel and the gel was left to polymerise, upon which the 
comb was removed.

The gel was put into the electrophoresis apparatus and Ix SDS-PAGE running buffer was 
added. SDS-PAGE sample buffer to a IX  concentration was added to the cell lysate

which was heated to 95°C for 3 min and then loaded onto an SDS polyacrylamide gel 
using a Hamilton syringe. Molecular weight markers (Amersham Rainbow Markers) 
were also loaded. The gel was subject to electrophoresis at 80 V until the samples had 
entered the resolving gel, then the voltage was increased to 150-250 V.
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2.4.5 Western blotting

After electrophoresis 1000 ml of blotting buffer was prepared, a PVDF membrane 
(Immobilon, Millipore) was cut to the size of the resolving gel, soaked for 2 min in 
methanol then washed with dH2 0  and equilibrated in blotting buffer 2 for 5 min. The 

electrophoresis apparatus was dismantled, the stacking gel was discarded and the 
resolving gel was equilibrated in blotting buffer for 5 min. 6  sheets of 3MM paper, cut to 
size, soaked in blotting buffer 1, followed by 3 sheets of 3 MM paper soaked in blotting 
buffer 2 were placed onto a semi-dry transfer unit (BioRad). The polyvinylidene 
difluoride (PVDF) membrane (Millipore) was then placed on the 3MM paper. The gel 
placed on top of this and 9 more pieces of 3MM paper soaked in blotting buffer 3 placed 
on top. At each stage, bubbles were excluded from the 'sandwich'. The apparatus was 
put together and subject to at 200 mA for 1 hr. Then the membrane was washed twice in 
PBSA. If required, the membrane was then stained for total protein with Ponceau S 
solution (Sigma) to look at efficiency of transfer and then washed 5-6 times with PBSA.

The membrane was then blocked in western blocking buffer for 1 hr to prevent non
specific binding. Primary antibody was then added, diluted in western blocking buffer,

for 1 hr at room temperature or over-night at 4°C, with agitation (on a shaking or rocking 
platform or on a rotating wheel). The membrane was then washed five times in western 
washing buffer (0.01% (v/v) Tween-20 in PBSA). Secondary antibody conjugated to 
horseradish peroxidase was then added, diluted in blocking buffer for 1 hr at room 
temperature, then washed five times. The membrane was then rinsed in PBSA and ECL 
detection reagent was added (Amersham) for 1 min exactly. The membrane was then 
wrapped in Saranwrap and exposed to Kodak X-OMAT AR film.

2.4.6 Membrane stripping

Western blot membranes were stripped of bound antibodies to allow detection of other 
proteins on the same filter. Filters were rinsed in PBSA and incubated, with rocking, in 
a glycine stripping buffer at room temperature for 20 min. The membrane was then 
rinsed in 1 M Tris pH 7.5 and washed 5-6 times with PBSA. Finally, the membranes 
were blocked and reprobed as described above.

2.4.7 Cyclin E Kinase assay

Cell pellets were collected as described above. Cells were then lysed in 500 pi of lysis 
buffer B and vortexed, incubated on ice for 5 min, vortexed again and then centrifuged at 

13000 rpm (lEC Centra-4R centrifuge) at 4°C for 10 min. The supernatant was removed
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to a new Eppendorf tube and the protein concentration determined. Samples were either 

used immediately or flash frozen on dry-ice in methanol and stored at -80°C.

30 pi of protein A sepharose beads (4 Fast Flow, Pharmacia) for each 
immunoprécipitation (IP) were washed twice in lysis buffer and then blocked with 3%

BSA in PBSA for 30 min on a rotating wheel at 4°C. They were then washed twice in 
lysis buffer. Primary antibody (1 pg of anti-Cyclin E (sc-481) and the blocked protein 
sepharose beads were added to 200 pg of cell lysate in 800 pi of lysis buffer. Tubes were

then incubated on a rotating wheel at 4°C for 2 hr to overnight. Beads were then pelleted 
at 6000 rpm (MSE Microcentrifuge) and washed 3 times with lysis buffer.

After washing with lysis buffer, the protein bound beads were then washed three times 
with kinase buffer and then pelleted and all buffer removed with a 25 G needle and 
syringe. The beads were resuspended in 30 pi kinase reaction mix, vortexed briefly and

incubated at 30°C for 30 min in a shaking heating block. 7 pi of 5x SDS-PAGE sample

buffer was added to stop the reaction and the samples were heated to 95°C for 5 min. The 
beads were then pelleted and the supernatant was loaded onto a SDS-PAGE gel. After the 
gel was run, it was fixed in gel fixative (10% methanol and 10% acetone) for 5 min. The

gel was then dried for 45 min at 85°C on a gel dryer (Bio-Rad) onto Whatman 3MM

paper and then exposed to X-OMAT film (Kodak) at -80°C.

Beads were then pelleted a final time and resuspended in 25 pi of Ix SDS-PAGE sample

buffer, heated to 95°C for 5 min, the beads were pelleted again and the supernatant was 
loaded on an SDS-PAGE gel.

2.5 M olecular Biology

2.5.1. General Solutions

LB media (ICRF)

LB comprised 1% Bacto-Tryptone (Difco), 0.5% yeast extract (Difco) and ITOmM NaCl 
and was sterilised by autoclaving.

L-agar (ICRF)

L-agar comprised 1.5% bacto-agar (Difco, w/v) in L-broth. The agar was dissolved by 
heating in a microwave oven and allowed to cool to 50°C before adding the selection
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antibiotic. The solution was then poured into 100 mm bacteriological petri dishes and left 
to set on a level platform. Agar dishes were stored at 4°C, agar side up.

Ampicillin stock solution

Ampicillin (Sigma, stock 100 mg/ml in dH2 0 ) was used as a selection antibiotic and was 
added to LB or L-agar to a final concentration of 100 [xg/ml.

5x DNA loading dye

50 mM EDTA pH 8.0, 100 mM Tris pH 8.0, 50% (v/v) glycerol, 0.4% (w/v) 
bromophenol blue

Ix  TAE buffer

40 mM Tris, 2 mM EDTA pH 8.0)

Digestion buffer

50 mM Tris pH 8.0, 100 mM NaCl, lOOmM EDTA, 1 % (w/v) SDS.

2.5.2. General DNA Techniques

2.5.2.1 Restriction enzyme digestion

Reactions were carried out in 20 pi total volume with lOx reaction buffer (NEB) and 5

units of enzymes (NEB unless otherwise stated) on 0.5-2 pg DNA, at 37 °C for 1 hr. The 
reactions were stopped by addition of 5x DNA loading dye and were subject to agarose 
gel electrophoresis.

2.5.3.2 Agarose gel electrophoresis

The percentage of agarose used to make the gels depended on the size of the fragments 
analysed, but varied between 0.75% (w/v) for fragment over 2 kb to 5% (w/v) for 
fragments of around 100 bp. In addition the type of agarose used also depended on the 
application. In most instances SeaKem agarose (EMC Bioproducts) was used. For 
retrieval of DNA from low gelling temperature agarose SeaPlaque agarose (EMC 
Bioproducts) was used and for resolving fragments less than 500 bp, Nusieve GTG 
agarose (EMC Bioproducts) was used.

To form the gel, agarose was added to 100 ml of Ix TAE buffer and heated on a high 
setting in a microwave until the agarose had fully dissolved. Upon cooling, ethidium
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bromide to a concentration of 0 .0 1  |ig/ml was added and the gel poured into a gel-forming 
tray of the appropriate size with a teflon comb. When set, the gel was submerged in Ix 
TAE buffer, in an appropriate gel electrophoresis tank. The samples in DNA loading 
buffer were carefully loaded and subject to electrophoresis at a constant voltage of 80-100 
V, depending on the size of gel used. A molecular weight marker (1 kb ladder, Gibco 
BRL) was added to one lane. DNA bands were visualised on a long wave UV 
transilluminator and if necessary bands were excised using clean razor blades.

2.5.23 Extraction o f DNA from agarose gels 

Various methods of DNA extraction were used:
1) Low gelling temperature agarose was used for the electrophoresis and the required 
band was excised in as small an amount of agarose as possible. The volume was 

increased to 100 (xl with dH2 0  and the mixture was heated to 6 8 °C to melt the agarose and 

then maintained at 37°C, before addition to the hgation reaction.

2) 100 fil of dH2 0  was added to a spin column (GenElute Agarose spin columns, Supelco 

Inc) and spun for 1 min (Eppendorf centrifuge 5414), the column was removed to a fresh 
Eppendorf tube and the excised band was added to the column and spun for 10 min. This 
eluate was used for the ligation reaction.

2.5.2.4 Ligation reactions

Ligation reactions were carried out in 20 fxl total volume, with lOx ligation buffer (NEB), 
10 mM ATP and 0.4 units of ligase (NEB), using 20-50 ng vector DNA and a vector to 
fragment ratio of 1:2-5. Reactions were carried out either at room temperature for 2 hr or 
overnight.

2.5.2.5 Dephosphorylation o f vector DNA

Restriction digestion reactions were incubated at 6 8 °C for 20 min to inactivate the 
restriction enzymes. Then 1 unit of calf intestinal alkaline phosphatase (GIF) (NEB) was 

added to the reaction and incubated at 37°C for 30 min. Reactions were incubated with 5 

mM EDTA at 6 8 °C for 20 min to inactivate the GIF.

2.5.2.6 Phenol/Chloroform extraction o f DNA

This was used to remove protein from preparations of DNA. The volume of the sample 
was increased, if necessary, to 100 pi with dH2 0 . An equal volume of phenol-
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chloroform (1:1) (Sigma) was added. The reaction was then vortexed for 10 sec and 
spun at 13000 rpm in an MSE Microcentrifuge for 1 min. The aqueous upper phase was 
transferred to another tube and the DNA was precipitated.

2.5.2.7 Ethanol precipitation o f DNA

To precipitate DNA out of a sample, 10% of the sample volume of 3 M sodium acetate 
was added to the sample. Then twice the sample volume of 100% (v/v) ethanol was 
added. The sample was then incubated on dry-ice for 10 min. followed by centrifugation 
at 13000 rpm (MSE Microcentrifuge) for 10 min. The supernatant was removed and 500 
[xl of 70% (v/v) ethanol was added. The DNA was pelleted for 5 min at 13000 rpm. The 
supernatant was removed and the pellet was air dried and resuspended in dH^O or TE.

2.5.2.& Transformation o fD H Sa E.coli

To prepare competent bacteria, a single colony of DH5a was picked from a fresh LB agar 

plate into 3 ml of LB media and grown overnight. 100 ml of LB was inoculated with 1

ml of overnight culture and left to grow, with vigorous shaking at 37°C, until the 
absorbance of the culture at 600 nm reached 0.5. The flask was transferred to ice and 
rapidly cooled down. The bacteria were pelleted at 2000 rpm (Heraeus Megafuge 1.0 R) 

for 10 min at 4°C and the supernatant discarded. The pellet was resuspended in 15 ml of 
sterile ice cold 50 mM CaCl2 by gentle pipetting on ice. After incubating 30 min on ice 

the bacteria were pelleted again and the supernatant discarded and the pellet resuspended 
in 3 ml sterile ice cold 50 mM CaCl^ and 20% (v/v) glycerol by gentle pipetting on ice.

The bacteria were then frozen on dry ice in 100 fil aliquots and stored at -80°C.

To transform bacteria with DNA, 100 fil aliquot of competent D H 5a thawed on ice, was

mixed with 10 fil of a 20 fil ligation reaction or 50 ng plasmid DNA and incubated on ice

for 20 min. The bacteria were then heat-shocked at 37°C for 2 min and incubated on ice

for a further 2 min. They were then incubated in 700 fil of LB at 37°C for 45 min. After 
which the bacteria were pelleted at 6500 rpm (MSE Microcentrifuge). The cell pellet was 
resuspended in 100 fil of LB and plated onto LB/Amp agar plates containing 100 mg/ml

ampicilhn. Plates were incubated at 37°C overnight. Bacterial colonies were grown up in

2 ml LB containing 100 fig/ml ampicillin overnight, shaking at 37 °C and miniprepped.
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2.5.2.9 Qiagen Spin-prep Mini-preps

Bacteria were pelleted and resuspended in 250 pi of PI buffer. 250 pi of P2 buffer was 
added and the tube was inverted gently for lysis, then incubated on ice for 5 min. 350 pi 
of N3 buffer was then added and the tube inverted gently to mix and then incubated on ice 
for 10 min. The tube was then spun at 13000 rpm (MSE microfuge) for 1 min and the 
supernatant was transferred to a Qiagen spin-prep column. It was spun through the 
column at 13000 rpm for 30 sec into a 2 ml Eppendorf tube and the spin-through was 
discarded. The column was then washed with 750 pi of buffer PE with a 30 sec spin and 
the spin-through discarded. The column was then spun for a further 30 sec to remove all 
liquid. 50 pi of TE was then applied, allowed to absorb for 30 sec, then the column was 
spun for 1 min into a fresh tube. DNA was analysed by restriction digest.

2.5.2.10 Qiagen Maxi-prep

1 ml of a mini-prep culture were added to 100 ml of LB and incubated at 37°C with 
shaking overnight. 50 ml of the culture was pelleted in polypropylene tubes at 5800 rpm 
(Heraeus 1.0 R) for 8 min. The pellet was resuspended in 10 ml of PI buffer, then lysed 
in 10 ml of P2 buffer and mixed by gentle inversion. It was then incubated at room 
temperature for 5 min. 10 ml of ice-cold P3 buffer was added, mixed by gentle inversion 
and tubes were incubated on ice for 20 min. Tubes were then spun at 5800 rpm (Heraeus 
1.0 R) for 30 min. In the mean-time Qiagen Maxi columns were equilibrated with 10 ml 
of QBT buffer. The bacterial supernatants were then applied to the columns through 
gauze to filter out the white precipitate. After the supernatants had run through, the 
columns were washed with 30 ml of QC buffer, then the columns were transferred to 
fresh 50 ml polypropylene tubes and 15 ml of QF elution buffer was applied. When run 
through, 10.5 ml of isopropanol was added to the eluted DNA, mixed and the tubes were 
spun at 5800 rpm (Heraeus 1.0 R) for 30 min. The DNA pellet was then washed with 1 
ml 70% (v/v) ethanol, dried and resuspended in 250 pi of TE.

2.6 GENOTYPING

2.6.1 Mouse tail genomic DNA isolation:

To extract genomic DNA from 0.5 cm of tail from a 3 day old mouse. The tail end was 
digested in 700 pi of digestion buffer and 40 pi of 10 mg/ml proteinase K (Sigma), 
vortexed and incubated at 55°C overnight. The DNA was then extracted with 
Phenol/Chloroform, ethanol precipitated and resuspended in 100 pi of TE.

95



C hapter  2  - M aterials a n d  M ethods

2.6.2 PCR fo r  P53 Genotyping:

Reactions were prepared on ice in 25 pi total volume with 2 pi of the extracted DNA, lOx 
PCR reaction buffer (Promega), 0.6 pi of 50 mM MgCL^, 0.2 pi dNTPs (lOmM each), 
0.1 pi of each primer (1 mg/ml) and 0.2 pi of Taq polymerase (PICTAQ, ICRF). For 
each reaction, control reactions were perfomed with either template DNA or primers 
absent.

PCR cycling conditions:
PCR was performed with a denaturing temperature 94“C for 4 min. Then an extension 
time of 20 seconds at 94°C, annealing temperatures were 62°C followed by 72°C for 1 
min.(for 30 cycles) and finally at 72°C for 3 min. 15 pi of the reaction was subject to 
agarose gel electrophoresis to analyse the PCR products.

Primers:
F8neo: TCTCCTGTCATCTCACCTTGC 
3W2: ATGGGAGGCTGCCAGTCCTAACCC 
5N: GTGGGAGGGACAAAAGTTCGAGGCC

2.6.3 PCR f o r  Genotyping: (Kamijo et al., 1997)

2.6.3.1 Wild type PCR

Primers: ARFl and ARF2
pl/rxn

DNA 0.5 ul
Primer (14 pmol/ul) 1 ul
Primer (14 pmol/ul) 1 ul
Buffer 1 (lOx) 2 ul
dNTP's (2.5 mM each) 1.6 ul
Taq polymerase 0.2 ul
H^O 13.7 ul

Buffer 1:

10 X Cloned Pfu polymerase buffer Stratagene (100 mM KCl, 100 mM (NH4)2SO^, 

200 mM Tris-HCl (pH 8.75), 20 mM MgSO^, 1% Triton X-100, 1000 pg/ml BSA)

PCR cycling conditions:

5 min 95 °C, (1 min 95 °C, 1 min 6 6  °C, 1 min 72 °C ) for 35 cycles and 10 min 72 °C
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2.63.2 Knock Out PCR 

Primers: ARF2 and NE02
pl/rxn

DNA 0.5 ul
Primer (14 pmol/ul) 0.7 ul
Primer (14 pmol/ul) 0.7ul
Buffer 2 (lOx) 2  ul
dNTP's (2.5 mM each) 1 .6 ul
Taq polymerase 0 .2  ul
H^O 14.3 ul

PCR cycling conditions:

5 min 95 °C, (1 min 95 °C, 2 min 72 °C) for 35 cycles and 10 min 72 °C 

Primers:
ARFl : ACT ACA GCA GCG GGA GCA TGG 
ARF2: TTG AGG AGG ACC GTG AAG CCG 
NE02: ACC ACA CTG CTC GAC ATT GGG

2.6.4 PCR f o r  Genotyping: (Weinberg et al., 1997).

2.6.4.1 Wild type PCR

\i\/rxn
DNA 1
Primer A1 (5^iM stock) 7.94
Primer B 1 (5 jaM stock) 7.8
In vitrogen Buffer J 10
dNTP's (2.5 mM each) 5
Taq polymerase 0.5
H^O 17.23

PCR cycling conditions:

4 min 94°C, (1.5 min 94°C, 1.5 min 60°C, 1.5 min 72°C) for 35 cycles, 4°C
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2.6.4.2 Knock Out PCR

|xl/rxn
DNA 1
Primer RIN-IA (5uM stock) 2
Primer P21-5 (5uM stock) 2
Perkin-Elmer lOx bufer 5
dNTP's (2.5 mM each) 5
Taq polymerase 0.5
DMSO 1
H^O 34.5

PCR cycling conditions:

4 min 94°C, (1.5 min 94°C, 1.5 min 55°C, 1.5 min 72°C), 4°C 
Primers :
Al: TCTTGTGTTTCAGCCACAGGC 
B2: TGTCAGGCTGGTCTGCCTCC 
P21-5 : ATTTTCCAGGGATCTGACTC 
Rin-IA: CCAGACTGCCTTGGGAAAAGC

2.7 Northern blotting

2.7.1. General Solutions

Solutions for RNA work were left overnight in 0.1% DEPC and autoclaved.

Cocktail A:

1ml deionised formamide, 100 pi lOx formaldehyde gel running buffer and 350 pi 12.3 
M formaldehyde

Cocktail B:

50% glycerol, 1 mM EDTA and 0.25% EDTA, and 1 pg ethidium bromide

lOx formaldehyde gel running buffer:

0.2M MOPS, lOmM EDTA and 80mM sodium acetate

98



C hapter  2  - M aterials a n d  M ethods

20 X SSC (ICRF):

175.3 g NaCl, 88.2 g NagCgHg0 ^.2 H2 0  and water up to 1000 ml 

Northern hlot hybridisation solution:

0.2M sodium phosphate buffer pH7.2, ImM EDTA, 1% BSA, 7% SDS, 45% 
formamide

Northern hlot wash bujfer:

40mM sodium phosphate buffer pH7.2, ImM EDTA and 1% SDS)
Washes for 60°C: 60mM NaPi, ImM EDTA, 1% SDS.

2.7.2 RNA Extraction

Cells to be analysed were washed twice with PBS. Total RNA was extracted using 2 ml 
of RNAzol (Biogenesis Ltd) per 10x10^ cells according to manufacturers' 
recommendations and the RNA pellet was resuspended in 50 pi DEPC treated water.

2.7.3 Preparation o f  RNA in Formaldehyde gel sample buffer

Up to 12 pg RNA was resuspended in 4 pi DEPC dH^O and added to 14.5 pi of a 
cocktail A. The sample was heated at 65°C for 15 min, chilled on ice and centrifuged 
briefly. 2 pi of cocktail B was added. The sample was then loaded on a formaldehyde 
gel.

2.7.4 Formaldehyde RNA gel

1.8g agarose was melted in 108 ml dH^O and cooled to 60°C and was then added to 15 ml 
of lOx formaldehyde gel running buffer and 27 ml stock formaldehyde solution (37%, 
BDH). The solutions were mixed and then poured into a gel casting tray. The gel casting 
tray and apparatus were treated with 3% hydrogen peroxide solution and DEPC-dH^O 
prior to use. The final composition of the gel was 1.2% agarose gel in 2.2 M 
formaldehyde and Ix formaldehyde gel running buffer.

2.7.5 RNA gel electrophoresis

The 1.2% agarose formaldehyde gel was electrophoresed in Ix formaldehyde gel running 
buffer for 4-6h at lOV/cm at room temperature in a fume hood. After electrophoresis, the 
gel was photographed.
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2.7.6 Northern blotting

After electrophoresis, RNA was partially hydrolysed by soaking the gel for 20 minutes in 
50mM NaOH and then neutralising the gel for 30 min in several batches of 20x SCC, 
The RNA was transferred from the gel to Hybond-N (Amersham) membrane by capillary 
action using 20x SSC as the transfer buffer. The transfer was completed overnight at 
room temperature. The membrane was then rinsed in PBS, baked for 2 hr at 80°C and 
stored in Saran wrap at room temperature until required for hybridisation.

2.7.7 Radiolabelling probes for  Northern hybridisation

25-200 ng gel-purified DNA fragments were denatured at 95°C for 5 min and 
radiolabelled by random priming using the Rediprime DNA labelling system (Amersham)

and 50pCi P^P]-a-dCTP (ICN). The kit was essentially based on the method of 
Feinberg and Vogelstein (Feinberg and Vogelstein, 1983) with the exception that the heat- 
denatured DNA fragments were labelled for only 15 min at 37°C, using nonamers as

primers instead of hexamers. Un-incorporated [32p]-a-dCTP was removed using a Nick 
column (Pharmacia). The cDNAs used as probes for Northern hybridisation are listed in 
table 2.4.

Table 2.4 List of cDNAs used as probes for Northern hybridisation

cDNA Expected band size

Human p53 - 1.8  kb

Human GAPDH - I k b

2.7.8 Northern hybridisation and washing

Hybridisation was carried out following the method of Church and Gilbert (Church and 
Gilbert, 1984). To prevent the non-specific binding of probe to RNA the blot was 
incubated in 7.5 ml of Northern blot hybridisation solution in a Techne Hybridiser HB-1 
for 4 hr at 42°C. The labelled probe (2x 10® cpm/ml) was heat denatured for 5 min at 
95°C, rapidly cooled on ice, then added to the membrane in 12.5 ml of Northern blot 
hybridisation solution. The hybridisation was completed overnight at 42°C. The 
hybridisation solution was discarded and the membrane was washed once in Northern 
blot wash buffer for 30 min at 42°C. This was followed by 2 washes for 15 min at 65°C. 
The membrane was monitored with a Geiger counter to check background. Membranes 
were wrapped in Saran wrap and exposed to Kodak XAR-5 film for autoradiography.
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Ch a p t e r s

R a s  o r  RAF ACTIVATION IN PRIMARY MOUSE 
KERATINOCYTES INDUCES A CELL CYCLE ARREST 

_______________AND DIFFERENTIATION._______________

3.1 Introduction

Ras and Raf can induce a cell cycle arrest via multiple signalling pathways with distinct 
mechanisms operating in different cell types. In Schwann cells, Ras and Raf induce a 
rapid cell cycle arrest via a p53-dependent induction of the cell cycle inhibitor p2 1 '̂̂  ̂
(Lloyd et al., 1997). Similarly, p53 and p i9^^ expression is elevated in Ras-arrested, 
prematurely senescent MEFs, and MEFs resistant to Ras-mediated arrest can easily be 
selected from both p53-/- (Serrano et al., 1997) and p i 9"^^ -/- (Palmero et al., 1998) 
mouse embryos. In human fibroblasts, Ras effector-loop mutants that retain their ability 
to bind to Raf-1 also promote cell cycle arrest and premature senescence and among a 
series of Ras effectors examined, only activated Raf-1 and Mek induced p53 (Lin et al., 
1998; Zhu et al., 1998). Thus it appears that Ras and Raf can cause a cell cycle arrest via 
induction p i9"^^ expression which in turn upregulates p53 by inhibition of MDM2- 
mediated p53 degradation (Kamijo et al., 1998; Pomerantz et al., 1998; Stott et al., 1998; 
Weber et al., 1999; Zhang et al., 1998). In contrast, Raf-1 can also induce p 2 l‘̂ '‘’’ 
expression and effective cell cycle arrest in p53-/- MEFs but not in p2 1 '̂^L/_ MEFs 
(Sewing et al., 1997; Woods et al., 1997). Moreover, high Ras and Raf-1 activity 
induces a p21^'PLdependent cell cycle arrest in p i9^^'' and p l 6 *^^"^^-defective NIH3T3 
cells (Sewing et al., 1997; Woods et al., 1997), indicating that in fibroblasts Ras/Raf 
activity can induce p21^’̂  ̂ expression and cell cycle arrest via at least two independent 
mechanisms.

In addition, Ras or Raf has been shown to be proliferative in some epithelial cell types. 
Primary kératinocytes and primary thyroid epithelium infected with Ha-Ras^^^ have been 
reported to become hyperproHferative and exhibit an extended lifespan relative to controls 
(Brissette et al., 1993; Roop et al., 1986; Tremain et al., 2000; Yuspa et al., 1983) 
(Lemoine et al., 1990). The nature of the response of different cell types to Raf or Ras 
activation is thus unpredictable.

Most malignant forms of cancer are of epithelial origin and activation of the 
Ras/Raf/MAPK pathway frequently occurs in conjunction with loss of p53 function. 
However, the molecular basis of the co-operation between these two oncogenic defects

101



C hapter  3  - E ffects o f  R a s /R a f  activatiqn  in  kératinocytes

has not been explored in epithelial cells. This is particularly relevant, as the interactions 
between Ras/Raf and p53/p21^'^^ differ between fibroblasts and Schwann cells and there 
is evidence that Ras does not induce a cell cycle arrest in some primary epithelial cell 
types.

The murine epidermis is one of the best-studied experimental models of multi-stage 
carcinogenesis [reviewed in (Frame and Balmain, 2000). Treatment of mouse skin with 
the carcinogen DMBA results in the activation of the ras oncogene with p53 mutations 
appearing as a later event during progression to malignancy (Brown et al., 1990; 
Quintanilla et al., 1986; Ruggeri et al., 1991). Ras and loss of p53 have been directly 
shown to co-operate in the transformation of murine kératinocytes both in vitro and in 
vivo (Kemp et al., 1993; Weinberg et al., 1994). This is also reflected in many human 
benign and malignant skin tumours (Boukamp et al., 1995; Nishigori, 2000). Moreover, 
expression of activated Ras co-operates with the loss of p21 '̂^^ in mouse skin tumour 
formation (Missero et al., 1996; Philipp et al., 1999; Topley et al., 1999; Weinberg et al., 
1999; Weinberg et al., 1997). Furthermore, mouse primary kératinocytes provide an 
excellent system to study growth and differentiation in the skin. Thus, I have investigated 
the molecular mechanisms involved in the co-operation between Raf activation and p53, 
P I9 ARF Qj. p2 icipi iQgg function mutations in cultures of murine kératinocytes.

In this chapter, the effects of Ras or Raf activation on primary mouse keratinocyte growth 
and differentiation were explored.

3.2 Results

3.2.1. Introduction o f  R a f  into primary mouse kératinocytes.

To investigate the response of primary mouse kératinocytes to the activation of Raf, a 
conditional Raf-estrogen receptor chimera (RafER) (Samuels et al., 1993) was introduced 
into primary mouse kératinocytes using recombinant retroviruses. RafER is a fusion 
molecule in which a constitutively active Raf-1 kinase allele was ligated to the hormone 
binding domain (HBD) of the estrogen receptor (ER) (Samuels et al., 1993). This Raf-1 
allele encodes the kinase domain contained in conserved region 3 (CR3 domain) of c-Raf- 
1 but none of the conserved regulatory regions 1 or 2 (CRl and CR2). Catalytic proteins 
have previously been made regulatable by the addition of the hormone binding domain 
(HBD) of a steroid hormone receptor (Godowski et al., 1988). The presence of the HBD 
inactivates these proteins, but addition of the relevant hormone, in this case, 17-B- 
estradiol (EST) or its analogue, 4-hydroxy tamoxifen (OHT), releases the inhibition and 
causes rapid activation of the chimeric protein.
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The CR3 domain of c-Raf-1 was amplified by PCR and blunt-end cloned into the Eco-RV 
site of pBluescript 11. This fragment was ligated to the HBD of the ER (EcoRl-Clal 
fragment) (Samuels et al., 1993). The RafER fragment (XhoI-Clal/blunted) was then 
sub-cloned into the XhoI-BamHI/blunted site of the replication defective, neomycin 
resistant retroviral vector, pLXSN (Lloyd et al., 1997; Miller and Rosman, 1989). This 
retroviral vector is depicted in Fig. 3.1 A and is referred to as RafER. The ecotropic 
retroviral producer cell-line GP+E was stably transfected with RafER. Pools of 0418 
resistance colonies were selected. GP+E cells were grown in media containing 10% 
charcoal-stripped PBS and without phenol red. This is because phenol red and residual 
steroids in serum are able to activate steroid hormone receptors. GP+E cells producing 
the empty control virus, LXSN, were also made.

Primary keratinocyte preparations were derived from pools of 10-15 newborn mice 
(between 2-3 days old). The kératinocytes were cultured in keratinocyte medium with 
low-Ca^^ concentration (0.05mM). Under these conditions kératinocytes behave similarly 
to cells of the basal layer of the epidermis (Hennings et al., 1980). All experiments were 
carried out in low-Ca^^ because kératinocytes grow better in low-Ca^^ medium than in 
standard medium and therefore retroviral infection is enhanced.

3.2.2 RafER is expressed and active in primary kératinocytes.

Primary mouse kératinocytes were cocultivated for 2 days with virus producer cells 
shedding either the retroviral vector LXSN or its derivative RafER. Infected 
kératinocytes were selected for G418 resistance. To confirm that RafER was expressed 
in the infected kératinocytes, cell lysates from RafER or LXSN infected kératinocytes 
were separated by SDS-PAGE and analysed for RafER expression by western blotting 
using an anti-ER antibody. The chimeric protein could be detected in RafER virus- 
infected kératinocytes but not in cells infected with control virus (Fig. 3.1 B).

To analyse the proportion of kératinocytes expressing RafER in the infected population, 
immunoflourescent analysis was carried out using the anti-ER antibody (Fig. 3.1 C). 
Statistical analysis of three separate experiments showed that an average of 65 ± 6  % of 
the RafER infected cells were expressing RafER as detectable by immunofluorscence.

As an indicator of the activity of RafER in response to OHT the phosphorylation of 
MAPK was monitored (Fig. 3.1 D and Fig. 3.12B). 200nM OHT or the equivalent 
volume of ethanol (the solvent used to dissolve OHT) was added to RafER or LXSN 
kératinocytes for the indicated time points. Treatment with OHT resulted in rapid and
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sustained activation of MAPK. This increase in MAPK activity did not occur upon 
addition of ethanol to RafER infected kératinocytes or upon addition of OHT to LXSN 
cells.

3.2.3 R a f  activation in primary mouse kératinocytes induces a cell cycle 
arrest.

Ras and Raf-1 have been implicated in inhibition of DNA synthesis in primary human and 
rodent fibroblasts and Schwann cells (Lloyd et al., 1997; Serrano et al., 1997; Sewing et 
al., 1997; Woods et al., 1997). In contrast, cultured murine kératinocytes infected with 

V I 9Ha-Ras have been reported to become hyperproliferative (Dotto et al., 1988; Roop et 
al., 1986; Tremain et al., 2000; Yuspa et al., 1983). In order to address the effects of the 
activation of RafER on the prohferation of primary mouse kératinocytes, RafER and 
control LXSN kératinocytes were treated with 200nM OHT or ethanol for 48 hr and then 
pulse labelled with bromodeoxyuridine (BrdU) for 1 hr. BrdU incorporation labels the 
cells in S-phase. Initially, the cells were analysed by immunostaining with an anti-BrdU 
antibody and counter stained with Hoechst (stains the DNA). The proportion of cells 
incorporating BrdU was counted (Fig. 3.2 A). This revealed a 70% reduction in BrdU 
incorporation in kératinocytes upon Raf activation when compared to cells that had been 
treated with ethanol. This inhibition of growth was specific to RafER since the growth of 
LXSN infected kératinocytes were unaffected by the addition of OHT (Fig. 3.2 B). 
Hence, activation of Raf induces a growth arrest in primary kératinocytes.

3.2.4 Analysis o f  Raf  induced growth arrest hy the LSC and FACs.

Large numbers of infected primary kératinocytes are difficult to prepare. Thus for many 
experiments, a Laser scanning cytometer (LSC) (CompuCyte) (Kamada et al., 1997; Rew 
et al., 1998) was used to analyze cell cycle distribution and proliferation state of the cells. 
The LSC is a static microscope-based cytometry system similar in many respects to 
conventional flow cytometry systems. It is capable of measuring multi-colour 
fluorescence and light scatter, allowing statistical analysis of populations on a single cell 
basis. However, unlike flow cytometry, the measurements are made on a microscope 
slide instead of being in suspension. As a result, quantitative cell cycle data can be 
obtained from small numbers of cells (5-10,000 cells). This was crucial for working with 
primary kératinocytes as it permitted obtaining quantitative cell cycle data as well as 
having cells left for biochemical analysis. In addition, as the physical location of each cell 
was recorded, the LSC has the abihty to relocate individual cells based on their 
fluorescence characteristics. This enables quality control of the data obtained.
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Initially, it was necessary to optimize the staining conditions for the LSC and compare 
results to those obtained by fluorescent activated cytometry (FACs). An example of a 
typical LSC data print out is shown in Fig. 3.3. The kératinocytes were pulse labeled 
with BrdU for 1 hr, fixed in 4% paraformaldehyde (PF) and immunostained with an anti- 
BrdU antibody. Subsequently, the cells were treated with RNase (100 tig/[xl) for 30 min, 
followed by incubation with a fluorescein conjugated secondary antibody (FITC) and PI 
(50 |ig/[xl) for 1 hr. After establishing the scan area on the LSC, the slide was analyzed 
using a 20X objective and 5 mW of Argon laser power. The green (FITC) and red (PI) 
fluorescence were collected by separate photomultipliers. Up to 5,000 events were 
collected for each sample using Wincyte software.

The red, PI, fluorescence was used as the contouring parameter (i.e. used to define each 
cell, see materials and methods). For each cellular contour, the software to generate a hst 
of properties for that cell automatically processed the green and red fluorescence 
intensities within that contour area. Max pixel corresponds to the highest pixel value 
within an individual contour, area corresponds to the total number of pixels within the 
contour and integral intensity is the sum of all the pixel values within the contour. In Fig 
3.3, histogram 1 (Dot plot of PI Max Pixel versus Area) show how debris and aggregates 
were gated out to exclude them from further analysis. From this, dotplots of Area vs. PI 
integral, PI integral vs. FITC integral and a PI profile (PI integral vs. cell count) were 
generated. A region was then set about the BrdU labeled cells, the Gj and G2 cell 
populations and region statistics were obtained (this displays the number, mean and CV 
of histogram/scatter gram regions).

Asynchronously growing RafER infected kératinocytes were pulse labelled with BrdU for 
1 hr, after treatment with 200nM OHT or ethanol for 30 hr. The cells were then fixed, 
immunostained and analysed on both the LSC and FACs (Fig. 3.4). Direct comparison 
of the data derived from both the LSC and FACs shows that they produce equivalent 
statistics for BrdU incorporation. Activation of RafER with OHT caused a dramatic 
reduction in the number of cells incorporating BrdU. Only 7.7% of cells in the presence 
of OHT for 30 hr incorporated BrdU compared to 31.6 % of cells treated with ethanol 
when analysed on the LSC. Similarly, only 7% of cells in the presence of OHT for 30 hr 
incorporated BrdU compared to 27% of cells treated with ethanol when analysed on the 
FACs. Hence, results from both the LSC and FACs analysis confirm that activation of 
Raf induces a growth arrest in primary kératinocytes and show that the LSC is a reliable 
technique to use for analysis of the cell cycle.

To analyse the nature of the arrest, the DNA profile of the RafER cell populations after 
treatment with either OHT or ethanol was examined. This was performed by staining
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their DNA with PI and quantifying the total DNA content of each cell using the LSC at the 
same time as looking at the % BrdU incorporated. RafER cells treated with OHT for 24 
hr arrested in the Gj and phases of the cell cycle (Fig. 3.5 A- C).

The kinetics of the Raf induced inhibiton of the cell cycle was analyzed. This was 
achieved by measuring, on the LSC, the incorporation of BrdU in RafER or LXSN 
infected kératinocytes pulse labelled at various time points after the addition of OHT. 
These experiments showed that the growth inhibition induced by RafER commenced 
between 12-15 hr after OHT addition with significant decrease in BrdU incorporation 
seen by 24 hr (Figure 3.5 D). Hence, activation of RafER in infected kératinocytes leads 
to inhibition of the cell cycle with similar kinetics to that observed in Schwann cells, 
primary MEFs and NIH3T3 cells (Lloyd et al., 1997; Sewing et al., 1997).

3.2.5 RafER activation induces keratinocyte differentiation in vitro.

Cultured murine kératinocytes infected with Ha-Ras^^^ have been reported to become 
resistant to Ca^"’-induced terminal differentiation (Dotto et al., 1988; Roop et al., 1986; 
Yuspa et al., 1983). It was observed that RafER activation resulted in a dramatic change 
in keratinocyte morphology by 30 hr after addition of 200 nM OHT (Fig. 3.6). As 
compared with cells infected with empty LXSN vector or cells with inactive RafER (i.e. 
no OHT addition), kératinocytes containing activated RafER spread out, becoming much 
larger with less distinct intercellular spaces. The controls retained basal cell morphology, 
which tends to be a small, polygonal and refractile cell with distinct intercellular spaces. 
Fewer cells were found on the RafER plus OHT dishes with more cells floating in the 
medium compared to controls. The increase in cell size and cell detachment are 
characteristic of differentiating kératinocytes in low-Ca^^ medium and suggest that Raf 
may be inducing differentiation in kératinocytes.

To determine whether RafER activation was causing primary kératinocytes to initiate 
differentiation, the expression of various differentiation markers in response to Raf 
activation was measured. Involucrin and K1 are suitable markers for keratinocyte 
differentiation in vitro (reviewed in (Watt, 1989; Yuspa, 1994). Immunofluorescent 
analysis revealed an increase in the number of involucrin positive cells in RafER cultures 
after OHT treatment for 48 hr when compared to control cells (Fig 3.7 A). To study the 
kinetics of involucrin induction by Raf, 200nM OHT was added to RafER or LXSN 
kératinocytes for the indicated time points followed by western analysis. Cell lysates 
from RafER infected kératinocytes were separated by SDS-PAGE and analysed for 
involucrin, K1 and actin expression. This revealed an induction of involucrin in RafER- 
keratinocytes 8-14 hr after OHT treatment (Fig 3.7 B). Multiple forms of murine
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involucrin are detected (Li et al., 2000). An induction of K1 was also observed 14 hr 
after OHT treatment (Fig 3.7 B). This increase in involucrin and K1 did not occur upon 
addition of ethanol to RafER infected kératinocytes or upon addition of OHT to LXSN 
cells. As a control, kératinocytes were also analysed after the addition of Ca^  ̂ to the 
medium. As expected, addition of Ca^  ̂ (2mM) to primary mouse keratinocyte cultures 
triggered the induction of K1 and involucrin. Thus RafER activation induces keratinocyte 
differentiation in vitro.

A range of other markers of terminal differentiation were examined using Câ "̂  addition as 
a positive control. In cultured mouse kératinocytes K5 and K14 are constitutively 
expressed (Missero et al., 1996). K5 and K14 expression remained constant upon 
RafER activation and addition of (Fig. 3.8 A and B). C/EBP(3 expression is 
upregulated in Ca^  ̂induced differentiation (Oh and Smart, 1998; Yuspa et al., 1989) and 
C/EBPp levels increased between 8-14 hr after RafER activation (Fig. 3.8 A).

Finally, another differentiation specific keratin, keratin 6 (K6) was studied (Weiss et al., 
1984). Immunofluorescence analysis of K6 expression in RafER cells showed a dramatic 
induction of K6 by 48 hr after addition of OHT (Fig 3.9 A). Statistical analysis of three 
separate experiments showed that 47 ± 5 % of the RafER plus OHT cells were expressing 
K6 compared to only 6 ± 3 % of the control cells (Fig 3.9 B). Western analysis revealed 
an induction of K6 in RafER-keratinocytes 14-16 hr after OHT treatment (Fig. 3.9 C), an 
effect not seen in kératinocytes infected with control virus.

In summary, the changes in protein expression show that Raf activation induces terminal 
differentiation.

3 .2 .6  Ras, like Raf, can induce a proliferation arrest and terminal 
differentiation of  primary mouse kératinocytes.

Ras is able to directly activate Raf (Moodie et al., 1993; Van Aelst et al., 1993; Vojtek et 
al., 1993; Zhang et al., 1993). Similar to Raf, activated Ras can inhibit cell proliferation 
in various normal cell types (Hirakawa and Ruley, 1988; Lloyd et al., 1997; Ridley et al., 
1988; Serrano et al., 1997) and at high signaling intensity in NIH 3T3 cells (Sewing et 
al., 1997). In contrast, cultured murine kératinocytes infected with Ha- Ras^^  ̂have been 
reported to become hyperproliferative and exhibit an extended lifespan relative to control 
uninfected kératinocytes (Brissette et al., 1993; Roop et al., 1986; Yuspa et al., 1983). 
Importantly, Ras, but not Raf, is frequently found activated in human tumours (Barbacid, 
1987). This heightens the importance of understanding the molecular mechanisms behind 
its regulation of cell growth. Therefore, we were interested to know whether activated

107



C hapter  3 - E ffects of  R a s /R a f  acitvatign  in  kératinocytes

Ras was also able to provoke similar cellular responses to activated Raf-1 in the 
experimental system used here.

Primary mouse kératinocytes were infected via coculture with GP+E cells that produced 
either the empty virus, LXSN or its derivative pLXSNRas^^^. In order to avoid long 
exposure to activated Ras, I examined the effect of activated Ras on primary kératinocytes 
24, 48 and 72 hr after infection by monitoring BrdU incorporation. As compared to 
kératinocytes infected with control virus, activated Ras induced a significant inhibition of 
DNA synthesis (Fig 3.10 B). Moreover, Ras-infected kératinocytes showed a dramatic 
change in morphology when compared with control-infected cells (Fig. 3.10 A). This 
change in keratinocyte morphology is similar to what was observed with kératinocytes 
containing activated RafER. Ras-infected kératinocytes also showed increased expression 
of involucrin, as measured by indirect immunofluorescence (Fig 3.11 A). Statistical 
analysis of three separate experiments showed that 40 ± 2% of the Ras infected cells were 
expressing involucrin compared to only 20 ± 4% of the control cells (Fig 3.11 B). Thus, 
Ras, like Raf, can induce a proliferation arrest and differentiation in primary mouse 
kératinocytes.

3 .2 .7  R a f  a c tiv a tio n  in d u c es  a n d  re su lts  in  the loss o f  cyclin  D
p ro te in s .

Raf and Ras-induced cell cycle arrest has been linked to a variety of proteins such as the 
cyclin dependent kinase inhibitors (CKI) p21^‘‘’* (Lloyd et al., 1997; Serrano et al., 1997; 
Sewing et al., 1997) and plô* '̂ '̂^  ̂(Lin et al., 1998; Serrano et al., 1997; Zhu et al., 1998) 
and the tumour suppressors p i9"^^ (Groth et al., 2000; Palmero et al., 1998) and p53 
(Lloyd et al., 1997; Serrano et al., 1997). To determine whether the RafER induced cell 
cycle arrest in kératinocytes is linked to any of these proteins, cell lysates were prepared at 
various time points after RafER activation and analysed by immunoblotting. In parallel, 
the kinetics of the Raf induced inhibition of the cell cycle was analysed for the same pool 
of kératinocytes as used for the western analysis. Measuring the incorporation of BrdU 
in RafER or LXSN infected kératinocytes pulse labelled at various time points after the 
addition of OHT confirmed that the growth inhibition induced by RafER consistently 
commenced between 12-15 hr lag period (Fig 3.12 A, see also Fig 3.5). The western 
blot analysis showed that the chimeric RafER protein could be detected in RafER virus- 
infected kératinocytes but not in cells infected with control virus (Fig 3.12 B). Treatment 
with OHT resulted in sustained activation of MAPK. Concomitant with the cell cycle 
arrest, activation of RafER led to a dramatic increase in the levels of p21^'^' between 8 
and 14 hr after addition of OHT. RafER activation had no effect on plb^^ '̂ '̂  ̂ levels 
expression. CDK2 and CDK4 expression levels remained relatively constant and cyclin E
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expression increased slightly after RafER activation. Cyclin A and cyclin D1 and D2 
expression was down-regulated in Raf-arrested kératinocytes, although the decrease in 
expression of the D cyclins was not observed until 18-22 hr and thus might be a 
consequence of the growth arrest. In agreement with several recent reports that Ras 
activation can result in a lowering of p27*^‘’̂ levels by decreasing synthesis rates and 
stability of the protein (Jones et al., 2000; Kawada et al., 1997; Leone et al., 1997b; 
Takuwa and Takuwa, 1997), Raf activation also induces a reduction of p27^^^ levels.

3.2.8 Raf  activation induces p53

Primary rat Schwann cells and primary human fibroblasts infected with either an 
oncogenic Ras or an activated Raf undergo a p53 dependent cell cycle arrest (Lloyd et al., 
1997; Serrano et al., 1997). However, it has been reported that an activated Raf can 
induce a p53 independent cell cycle arrest in primary mouse embryo fibroblasts (Sewing 
et al., 1997). As p53 loss is important in skin cancer (Kemp et al., 1993) and it has been 
shown that p53 loss of function can co-operate with Ha- Ras^^^ in the transformation of 
mouse keratinocyte cell lines (Azzoli et al., 1998), we were interested in whether p53 was 
induced upon activation of RafER. Immunoblot analysis of lysates taken at different time 
points after the addition of OHT showed that p53 is upregulated between 8-14 hr after 
RafER activation (Fig. 3.13 A). Thus p53 is induced with the same kinetics as the 
induction of p21 '̂*’’ and a cell cycle arrest (Fig 3.12 A and B). MDM2, which has a role 
in inhibiting p53 activity, was also slightly upregulated after addition of OHT in primary 
mouse kératinocytes.

3.2 .9  A more detailed kinetic analysis o f  the induction o f  cell cycle 
proteins and differentiation markers.

The kinetics of the Raf-induced changes in gene expression was examined in more detail. 
As an indicator of the activity of RafER in this experiment, the phosphorylation of MAPK 
was monitored (Fig 3.14). Treatment with OHT resulted in activation of MAP kinase by 
30 min and activation was sustained throughout 48 hr of OHT treatment. Both p21 '̂^  ̂
and p53 were not induced until 12-14 hr after RafER activation (Fig 3.13 B). Cyclin D1 
and cyclin D2 started to decrease between 14-18 hr. Involucrin was induced between 12- 
14 hr after addition of OHT whereas keratin 1 was first upregulated 16-18 hr after 
addition of OHT (Fig. 3.15).
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3.2.10 R a f  activation leads to a downregulation o f  cyclin E-associated 
kinase activity.

Cyclin E-associated kinase activity is necessary for mitogen stimulation of DNA 
synthesis. I have shown by western blot analysis that activation of RafER in 
asynchronously growing kératinocytes does not downregulate cyclin E, CDK2 and 
CDK4 protein levels (Fig. 3.12 B) yet RafER activation causes a cell cycle arrest. This 
indicates that the cyclin E/CDK2 complexes may not be active and that concurrent 
upregulation of p21^'^' may be responsible for their inactivation. Therefore, the kinase 
activity of the cyclin E complexes was assessed. Asynchronously growing RafER cells 
were stimulated with OHT or, as a control, ethanol. Cyclin E was immunoprecipitated 
and the ability of the cyclin associated complex to phosphorylate Histone HI was 
determined. At the same time expression levels of the relevant proteins was monitored. 
CDK2 and CDK4 levels remained constant. In the same lysates, p21 '̂^^ and cyclin E 
were induced and cyclin D1 was downregulated by 14 hr after RafER activation (Fig. 
3.16 A). However, the associated kinase activities of cyclin E decreased almost to 
backround levels in the arrested cells upon activation of RafER (Fig. 3.116 B).

Kératinocytes that had been serum starved for 48 hr or transferred to serum containing 
medium for 24 hr were used as controls (Fig. 3.16 B and C). As expected, lysates from 
serum starved cells and samples lacking addition of antibody or lysate have low 
backround levels of cyclin E kinase activity (Fig 3.16 C). Stimulation of RafER must 
therefore induce an activity inhibitory to the cyclin E complexes. Since p21 '̂^^ was 
upregulated by RafER activation, loss of cyclin E kinase activity is presumably due to the 
increase in p21 '̂^* levels, as previously demonstrated in Schwann cells and fibroblasts 
(Lloyd et al., 1997; Sewing et al., 1997; Woods et al., 1997).

3.3 Summary

Here, I have demonstrated that activation of inducible Raf-1 protein or oncogenic Ras in 
primary kératinocytes leads to a growth arrest and initiation of differentiation. In the 
RafER-infected kératinocytes this is preceded by an increase in p21^‘'’* and p53 protein 
levels while plb*^ '̂ '̂  ̂levels appear unaffected. A down regulation of cyclin D1/D2 and 
cyclin A protein levels, together with a decrease in cyclin E-associated kinase activity, 
was observed. The kinetics of p53 and p21^‘‘’̂  upregulation is consistent with their 
involvement in causing the cell cycle arrest. This indicates that the arrest could be 
dependent on p53 and its target gene as seen in the Schwann cell system. The
involvement of p53 or p21 '̂^  ̂in the RafER induced differentiation is unclear. In the next 
chapter, I explore the dependency of the Raf induced cell cycle arrest on p53 by testing
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the ability of p53 loss to attenuate Raf-1-mediated induction and inhibition of
DNA synthesis. The effect of p53 loss on Raf induced differentiation is also addressed.

3.4 LSC: Exploitation in the future.

Comparison of data derived from both the LSC and FACs analysis confirms that 
activation of Raf induces a growth arrest in primary kératinocytes and indicates that the 
LSC is a reliable technique to use for analysis of the cell cycle. As a technique the LSC 
offers several advantages over FACs and has the potential for valuable experimental use 
in the future. The main advantage of LSC over FACs is possibility of analysing 
extremely small specimens. This is especially beneficial when analysing epithelial cells, 
where cells numbers are usually small. As specimens can be fixed in position on 
microscope slides, the LSC can be used to examine adhered cells, live cells, cytospins, 
smears, cells grown to confluence, tissue sections and fine needle aspirate biopsies. 
Exploiting the ability of the LSC to perform mutiparameter fluorescence (up to 5 different 
fluorescence parameters can be measured from the same cell) and light scatter analyses on 
complex cell samples, then to recall, relocate and reanalyse the cells of interest should be 
valuable. LSC allows visual confirmation that specific events are being interpreted 
correctly. For example, it allows the analyses of polyploidy where visual identification 
enables truly polyploid or multiploid cells to be distinguished from aggregates. There are, 
however, some limitations, notably the speed of data acquisition and the lack to reliable 
information on appropriate sample preparation and data acquisition. However, as the 
LSC is a new technology this should improve with time.

I l l



Figure 3.1 RafER is expressed and active in primary kératinocytes

A) pLXSN RafER: A RafER fragment encoding the kinase domain contained in 
conserved region 3 (CR3) of c-Raf-1 but none of the conserved regulatory regions 1 or 2 
(CRl and CR2) was fused to the hormone binding domain of the human estrogen 
receptor (HBD huER) and cloned into the replication deficient retroviral vector pLXSN.

B) Expression of RafER in primary mouse kératinocytes infected with RafER or empty 
vector (LXSN) retrovirus. Protein (20 pg) was separated on SDS-12% polyacrylamide 
gels and probed with antibodies specific for ER or actin.

C) Analysis of the proportion of kératinocytes expressing RafER in the infected 
population by immunofluorescence. The cells were analysed by immunostaining with an 
anti-ER antibody and counter stained with Hoechst.

D) RafER is activated by addition of OHT. RafER or LXSN infected kératinocytes were 
lysed at the indicated time points following addition of 200 nM OHT. The lysates were 
normalised for protein content followed by western blotting using either an anti-phospho- 
MAPK or a p42ERK2 antibody.
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Figure 3.2 Activation of Raf induces a growth arrest in primary 
kératinocytes.

A) Raf induces a cell cycle arrest. RafER and control, LXSN, kératinocytes were treated 
with 200nM OHT or ethanol for 48 hr and then pulse labelled with BrdU for 1 hr. The 
cells were analysed by immunostaining with an anti-BrdU antibody and counter stained 
with Hoechst.

B) Statistical analysis of A. The proportion of cells incorporating BrdU versus nuclear 
staining with Hoechst was counted for three separate experiments.
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Figure 3.3 An example of a typical LSC data print out.

Kératinocytes were pulse labelled with BrdU for 1 hr. The cells were immunostained 
with an anti-BrdU antibody and counter stained with PI. BrdU incorporation and DNA 
content was analysed by a LSC. After establishing the scan area on the LSC, the slide 
was analysed using a 20X objective. The PI signal was used as a contouring parameter.
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Figure 3.4 A nalysis of the Raf induced growth arrest by the LSC and 
FACs.

Asynchronously growing RafER-infected kératinocytes were pulse labelled with BrdU 
for 1 hr, after treatment with 200nM OHT or ethanol for 30 hr. The cells were then fixed, 
immunostained with an anti-BrdU antibody, counterstained with PI and analysed either 
on the LSC or by FACs.
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Figure 3.5 Further analysis of Raf induced growth arrest by the LSC.

A-C) RafER arrested kératinocytes in the G, and G2 phases of the cell cycle. RafER 
infected kératinocytes were cultured in the absence or presence of OHT for 24 hr. Cells 
were analysed on the LSC for BrdU uptake (A) and examined for DNA content by PI 
staining (B). C) Quantification of the total DNA content of each cell in B.

D) Kinetic analysis of the Raf-induced inhibition of the cell cycle. RafER or LXSN- 
infected kératinocytes were analysed, in triplicate, for BrdU incorporation via LSC, at 
different time points after the addition of OHT.
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Figure 3.6 RafER activation induces a morphological change in 
keratinocytes.

A) RafER activation resulted in a dramatic change in keratinocyte morphology. Phase 
contrast micrographs of RafER or LXSN-infected keratinocytes, after the addition of 200 
nM OHT or ethanol for 30 hr.
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Figure 3.7 RafER activation induces keratinocyte differentiation.

A) Involucrin is induced by RafER. RafER and LXSN-infected keratinocytes were 
analysed for involucrin expression, by indirect immunofluorescence, after OHT treatment 
for 48 hr. The cells were counterstained with Hoechst.

B) Time course of the RafER-induction of the differentiation markers involucrin and 
keratin 1. Protein lysates were prepared from RafER infected keratinocytes after addition 
of OHT at the time points indicated. These were then analysed by western blotting with 
antibodies specific for involucrin, keratin 1 and actin. Multiple forms of murine 
involucrin are detected. As a control, keratinocytes were analysed after the addition of 2 
mM Ca^  ̂to the medium for 24 hr or kept in low-Ca^^ (0.05 mM).
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Figure 3.8 RafER activation induces keratinocyte differentiation.

A-B) RafER induces the differentiation marker C/EBPp. Protein lysates of RafER 
infected keratinocytes, after addition of OHT at the time points indicated, were separated 
by SDS-PAGE and analysed for K5, K14, C/EBPp and actin expression. As a control, 
keratinocytes were analysed after the addition of 2 mM Ca^  ̂ to the medium for 24 hr or 
kept in low-Ca^^ (0.05 mM).
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Figure 3.9 RafER activation induces Keratin 6.

A) RafER induces Keratin 6. RafER or LXSN-infected keratinocytes were analysed for 
keratin 6 expression, by indirect immunofluorescence, after OHT treatment for 48 hr.

B) Statistical analysis of A. The proportion of cells visibly expressing keratin 6 versus 
nuclear staining with Hoechst was counted for three separate experiments.

C) Time course of the RafER-induction of the keratin 6. Protein lysates were prepared 
from RafER-infected keratinocytes after addition of OHT, at the time points indicated. 
These were then analysed by western blotting with antibodies specific for keratin 6 and 
actin.
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Figure 3.10 Ras induces a m orphological change and cell cycle arrest in 
keratinocytes.

A) Ras induces a dramatic change in keratinocyte morphology. Phase contrast 
micrographs of keratinocytes infected with RafER or control virus, LXSN, for 48 hr.

B) Ras induces a cell cycle arrest in keratinocytes. Ras or LXSN-infected keratinocytes 
were analysed for BrdU incorporation. The ratio of BrdU-positive and Hoechst-stained 
nuclei was determined in triphcate cultures at the indicated time points.
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Figure 3.11 Ras induces the differentiation marker involucrin.

A) Ras induces the differentiation marker involucrin. Ras and LXSN-infected 
keratinocytes were analysed for involucrin expression by indirect immunofluorescence.

B) The ratio of involucrin-positive and Hoechst-stained nuclei was determined in 
triphcate cultures 48 hr after infection.
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Figure 3.12 Raf activation induces and results in the loss of cyclin
D proteins.

A) Kinetic analysis of the Raf-induced inhibition of the cell cycle. RafER or LXSN- 
infected keratinocytes were analysed for BrdU incorporation in triplicate, via the LSC, at 
different time points after addition of OHT.

B) RafER induces and results in the loss of cyclin D proteins. Protein lysates
were prepared from the RafER infected keratinocyte pool used in A at the time points 
indicated after addition of OHT. They were then analysed by western blotting with 
antibodies specific for the indicated proteins. CTRL: The positive control used was a 
lysate made from RafER-infected NIH3T3s in which RafER had been activated for 24 hr 
with 200mM OHT. *The negative ER control was a lysate made from LXSN-infected 
keratinocytes. **The positive plô^ '̂ '̂^  ̂control was a lysate made from RafER-infected 
p2 iCipi_/_ jjj \Yhich RafER had been activated for 7 days.
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F ig u re  3.13 R a f in duces p53.

A) RafER induces p53. Protein lysates were prepared from the RafER infected 
keratinocytes at the time points indicated after addition of OHT and were analysed by 
western blotting with antibodies specific for the p53, MDM2 and actin expression.

B) A more detailed kinetic analysis of the effect of Raf on the cell cycle proteins. Protein 
lysates were prepared from the RafER infected keratinocytes at the time points indicated 
with or without the addition of OHT. They were then analysed by western blotting with 
antibodies specific for the indicated proteins. CTRL: The positive control used was a 
lysate made from RafER-infected NIH3T3s in which RafER had been activated for 24 hr 
with 200mM OHT.
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Figure 3.14 A more detailed kinetic analysis of the activation of Raf.

Sustained activation of MARK by addition of OHT. The western blot used in Fig. 3.13 
was reprobed using either an anti-phospho-MAP Kinase or a p42ERK2 antibody. CTRL: 
The positive control used was a lysate made from RafER-infected NIH3T3s in which 
RafER had been activated for 24 hr with 200mM OHT.
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Figure 3.15 A more detailed kinetic analysis of the induction of the 
differentiation markers.

Kinetic analysis of the induction of the differentiation markers by RafER, The western 
blot used in Fig. 3.13 was reprobed with antibodies specific for involucrin and keratin 1 
proteins. Total p42/ERK2 is used as a loading control.
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Figure 3.16 Raf activation leads to a downregulation of cyclin E- 
associated kinase activity.

A) Analysis of the expression levels of the relevant proteins for the cyclin E kinase assay. 
Half of each lysate used for the cychn E kinase assay was taken and monitored by 
western analysis with antibodies specific for proteins indicated.

B) RafER downregulates cyclin E-associated kinase activity. RafER infected 
keratinocytes were cultured in the presence of OHT for the indicated time points. Lysates 
(200 fig) were immunoprecipitated with a cyclin E antibody and then assayed for histone 
HI kinase activity. Keratinocytes that had been serum starved for 48 hr or transferred to 
serum containing medium for 24 hr were used as controls.

C) Further controls for cyclin E kinase assay. Keratinocytes that had been serum starved 
for 48 hr or transferred to serum containing medium for 24 hr were used as controls as 
well as samples lacking the addition of antibody or lysate.
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Ch a pter  4  

Raf-in d u c e d  c e l l  c y c l e  a r r e s t , b u t  n o t  

DIFFERENTIATION, IS p53 DEPENDENT

4.1 Introduction

In the previous chapter, it was demonstrated that, concomitant with the cell cycle arrest, 
activation of RafER in keratinocytes led to a dramatic increase in the levels of p53 and its 
target p21‘̂ '‘’* (Fig. 3.12 B and 3.13 A). This suggested a role for p53 in the Raf-induced 
arrest. p53 loss is important in skin cancer (Kemp et al., 1993) and it has been shown 
that p53 loss of function can co-operate with Ha-Ras^^^ in the transformation of mouse 
keratinocyte cell lines (Azzoli et al., 1998). To explore whether p53 is required for the 
Raf induced cell cycle arrest in primary mouse keratinocytes, I have investigated the effect 
of an inducible Raf on keratinocyte growth and differentiation in p53-/-, p53-/+ and wild 
type (wt) primary mouse keratinocytes.

4.2 Results

4.2.1 Genotyping and introduction o f  R a f  into mouse keratinocytes with 
different p53 status.

To determine the role of p53 in the RafER-induced arrest in keratinocytes, p53-/-, p53-/+ 
and wt primary mouse keratinocytes derived from littermates were infected with RafER.

Initially, genotyping of the different litters of newborn mice from p53-/+ X p53-/- or p53- 
/+ X p53-/+ crosses was necessary to determine the p53 status of the individual 
littermates. PCR was used to analyse genomic DNA extracted from tail snips. A 
targeting vector containing 3.7 kilobases (kb) of the genomic p53 gene interrupted in exon 
5 by a Polll-neo (FSneo) expression cassette was used in the knockout animals 
(Donehower et al., 1992). The insertion of the neo cassette was accompanied by deletion 
of a 450-base-pair fragment of the p53 gene, containing 106 nucleotides of exon 5 and 
350 nucleotides of intron 4. Therefore, to analyse the p53 status of the mice by PCR 3 
primers were used: a FSneo primer, a 5N primer (a p53 primer upstream of the FSneo 
cassette) and 3W2 primer (a p53 primer downstream of the FSneo cassette and the deleted 
region of exon 5) (Fig. 4.1 A). Using these primers a larger PCR product was present if 
the gene has been replaced by the targeted vector, i.e. knocked out, when compared to the
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wt PCR product. A heterozygote animal showed two PCR products: the targeted p53 
gene and the wt p53 gene. Examples of this can be seen in (Fig. 4.1 B).

Keratinocytes extracted from individual mice were isolated and cultured separately until 
their genotype was determined. Subsequently, keratinocytes with the identical p53 status 
were pooled. p53-/-, p53-/+ and wt primary mouse control keratinocytes were infected, 
via coculture, with GP+E producer cells containing either the retroviral control vector 
pBabepuro-ERGFP or its derivative, pBabepuro-RafERGFP, for 2 days, followed by 
selection for puromycin resistance. These constructs, consisting of the RafER chimera 
fused to the enhanced version of green fluorescent protein (EGFP) or the empty vector 
alone, had been kindly received from Martin McMahon (Samuels et al., 1993; Woods et 
al., 1997). RafERGFP expression was detected by the presence of green 
immunofluorescence via microscopic (Fig. 4.1 C) or FACs analysis (Fig. 4.1 D). The 
keratinocytes were FACs sorted for GFP expression (Fig. 4.1 D).

4.2.3 Raf-induced cell cycle arrest is p53 dependent

To investigate the effects of the activation of RafERGFP on the proliferation of p53-/-, 
p53-/+ and wt keratinocytes, asynchronously growing infected keratinocytes were pulse 
labelled with the DNA analogue bromodeoxyuridine (BrdU) for 1 hr, after treatment with 
200nM OHT or ethanol at different time points. The proportion of cells incorporating 
BrdU was analysed on the LSC (Fig. 4.2 A). Wild type and p53-/+ cells arrest equally 
well in response to RafERGFP. There was no change in the time course of the arrest 
after loss of one copy of p53, as both the wild type and p53-heterozygous keratinocytes 
revealed over 70% reduction in BrdU incorporation upon RafERGFP activation for 16 hr. 
This inhibition of growth was specific to RafERGFP since the growth of ERGFP infected 
keratinocytes were unaffected by the addition of OHT. Hence, activation of RafERGFP 
induces a growth arrest in wild type and p53-heterozygous primary mouse keratinocytes 
similar to the RafER. In contrast, following RafERGFP activation, p53 -/- keratinocytes 
remained in cycle. Hence, similar to Schwann cells, the RafER-induced arrest in primary 
mouse keratinocytes is p53-dependent (Lloyd et al., 1997).

4.2.3 Raf-induction o f  p21^‘̂  ̂ in p53-/~ cells is lost.

To determine whether the RafERGFP induction of p21 '̂^^ is dependent on p53 in 
keratinocytes, cell lysates were prepared at various time points after RafERGFP or 
ERGFP activation in p53-/-, p53-/+ and wt primary keratinocytes. These time points 
were taken at the same time and from the same pool of cells as used in the previous BrdU
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incorporation experiment. Activation of RafER in the p53-/+ cells still leads to the 
induction of p21^‘̂  ̂ by 16 hr as seen by western blotting (Fig. 4.2 B). The induction of 
p21 '̂P  ̂ in p53-/+ keratinocytes correlates with the time they undergo a cell cycle arrest. In 
contrast, following Raf activation, the induction of p21 '̂^^ in p53-/- cells is lost (Figure
4.2 B). No induction of p21^‘*’̂  was seen in the control ERGFP p53-/- and p53-/+ 

infected cells. Thus, RafERGFP induction of p21̂ *'’’ in keratinocytes is p53 dependent.

4.2.4 Confirming that the Raf-induced cell cycle arrest is p53 dependent  
using a different construct.

Unfortunately the RafERGFP or ERGFP retroviruses did not have a very high infection 
frequency so it was very difficult to obtain sufficient numbers of infected keratinocyes to 
do any repeated or detailed biochemistry. I discovered however that p53-/- and 53-/+ 
keratinocytes were unexpectantly sensitive to selection with G418. Therefore, I decided 
to use the RafER construct used in the previous chapter in order to gain a higher 
frequency of infection and therefore enable more detailed biochemical analysis.

p53-/-, p53 -/+ and wt primary keratinocytes cells were infected, via coculture, with 
GP+E cells containing either the retroviral control vector LXSN or its derivative LXSN- 
RafER for 2 days and selected for G418 resistance. It was necessary to establish that 
RafER was also inducing a cell cycle arrest in wt and p53-/+ keratinocytes but not in p53- 
/-keratinocytes as had been observed with the RafERGFP construct.

RafER or LXSN infected p53-/-, p53 -/+ and wt primary keratinocytes were pulse 
labelled BrdU for 1 hr, after treatment with 200nM OHT or ethanol for 24 hr, and 
analysed on the LSC. Similar to what was observed with the RafERGFP, one copy of 
p53 was sufficient to arrest the keratinocytes upon Raf activation (Fig. 4.3). In contrast, 
the p53-/- cells did not undergo a cell cycle arrest after activation of RafER. Hence

this confirms that RafER induced arrest is p53 dependent in primary mouse keratinocytes.

4.2.5 Raf-induction o f  p21̂ ^̂  ̂ in p53-/-  cells is lost but Raf-induction o f  
cyclin D1 is revealed.

In the previous chapter, it was shown that concomitant with the cell cycle arrest, 
activation of RafER led to a dramatic increase in the levels of p53 and its target p21^‘̂ * 
between 8 and 14 hr after addition of OHT (Fig. 3.12 B). In contrast, cyclin A 
expression and cyclin D1 and D2 levels were down-regulated in Raf-arrested 
keratinocytes. I therefore investigated what effect the loss of p53 had on the expression 
levels of these proteins after Raf activation. Immunoblot analysis of lysates was
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performed at different time points after the addition of OHT to RafER infected p53-/- and 
p53-/+ keratinocytes (Fig. 4.4 A). Raf was expressed in all samples as seen by probing 
the western with an anti-ER antibody, which detects the RafER fusion protein at the 
predicated molecular mass of 6 6 kDa. The abundance of the RafER protein increased 
upon activation. This is previously documented and is thought to be due to stabilisation 
of the protein (Samuels et al., 1993). As a comparison of the activity of RafER in the 
p53-/- and p53-/+ keratinocytes in response to OHT, the phosphorylation of MARK was 
monitored (Fig. 4.4 A). Treatment with OHT resulted in rapid and sustained activation of 
MARK in both genotypes. Although MARK activation occurs to a similar extent in p53-/- 
and p53-/+ cells, the induction of p21^‘P‘ in p53-/- cells was lost. p53 protein was not 
detectable in the p53-/- cells induced by Raf, as expected, however p53 is still induced in 
the p53-/+ infected keratinocytes. These results confirm that RafER induction of p21^‘‘’̂  
in keratinocytes is p53 dependent.

We investigated the expression levels of the cyclin proteins after addition of OHT to the 
p53-/- and p53-/+ keratinocytes. Remarkably, the loss of a single copy of the p53 gene 
renders cyclin D expression responsive to Raf activation in keratinocytes, as observed in 
wild type fibroblasts and Schwann cells. Similarly, the downregulation of cyclin A 
expression following Raf activation in wild type keratinocytes is partially relieved even by 
loss of a single copy of the p53 gene (Figure 4.4 B), suggesting that down-regulation of 
cyclin A or cyclin D levels is not essential for estabhshing Raf-induced cell cycle arrest.

4.2.5  R a f  activation in p53-/-  cells is not enough to push the cells into 
cycle.

As shown earlier, cyclin D1 was upregulated by RafER activation in p53-/- cells whereas 
it was downregulated in wt cells. Cyclin D1 overexpression is able to stimulate 
proliferation (Resnitzky, 1997; Zhu et al., 1996a) but has also been implicated in cell 
cycle inhibition (Del Sal et al., 1996) and senescence (Dulic et al, 1993; Lucibello et 
al., 1993). Constitutive activation of the cyclin D pathway has be shown to reduce or 
overcome certain mitogen requirements for cell proliferation and thereby contribute to 
oncogenic transformation (For reviews see, (Frame and Balmain, 2000; Sherr, 1996). It 
has also been shown that Ras-mediated tumourigenesis in the skin depends on its ability 
to superinduce cyclin D1 (Robles et al., 1998). Since loss of p53 was sufficient to render 
cyclin D expression responsive to Raf activation in keratinocytes and low levels of Raf 
has been imphcated in stimulation of DNA synthesis in NIH 3T3 cells (Fukui et al., 1985; 
Rritchard et al., 1995; Rapp et al., 1983; Smith et al., 1990), I wished to determine if 
activation of RafER is sufficient to induce DNA synthesis in p53-/- keratinocytes. 
Serum-deprived cultures of p53-/- or p53-/+ RafER keratinocytes were treated OHT or
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ethanol for 24 hr. Their entry into S-phase was then analysed by BrdU incorporation. 
Addition of OHT lead to no increase in the incorporation of BrdU. In contrast, G^-S 
transition could be induced in cells exposed to serum (Fig. 4.3 B).

4.2,6 Raf-induced differentiation is independent o f  p 5 3.

Basal keratinocytes are thought to withdraw from the cell cycle before they initiate 
terminal differentiation (Bata-Csorgo et al., 1993; Dover and Watt, 1987; Fuchs, 1993; 
Gandarillas and Watt, 1995). However, other reports (Dover and Watt, 1987) indicate 
that a keratinocyte does not necessarily have to undergo a cell cycle arrest before it can 
initiate the differentiation program.

In the previous chapter the results showed that activation of RafER in primary mouse 
keratinocytes induces growth arrest and keratinocyte differentiation. Since p53-/- 
keratinocytes did not undergo a cell cycle arrest upon Raf activation, I decided to 
investigate whether Raf could still induce keratinocyte differentiation. To test if loss of 
p53 has an effect on the ability of Raf to induce the differentiation, keratinocyte 
morphology and the differentiation markers, K1 and involucrin, were analysed after Raf 
activation in p53-/- and p53-/+ primary keratinocytes. Analysis of the differentiation 
markers in p53-/- and p53-/+ cells after RafER induction, revealed that the induction of 
involucrin and keratin 1 by Raf was independent of p53 and still occurred in the absence 
of cell cycle arrest with the same kinetics as in the wild type cells (Figure 4.4 C). Thus 
Raf-induced differentiation can be uncoupled from cell cycle arrest.

Raf activation results in a dramatic change in keratinocyte morphology by 30 hr after 
addition of 200 nM OHT (Fig. 3.6). As compared with control-infected cells or cells 
with inactive RafER, keratinocytes containing activated RafER spread out becoming much 
larger with less distinct intercellular spaces suggesting that Raf may be inducing 
differentiation in keratinocytes. Raf activation also resulted in a dramatic change in 
keratinocyte morphology by 30 hr after addition of 200 nM OHT in p53-/+ and wt 
primary keratinocytes, however in p53-/- keratinocytes the morphology change was not 
as dramatic (Fig. 4.5). Many more cells retained the basal cell morphology, which tends 
to be a small, polygonal and refractile cell with distinct intercellular spaces. This suggests 
that in the absence of p53, Raf may initiate certain but not all differentiation parameters.

4.3 Effects of Raf activation on p53 transcription

Activation of RafER results in a dramatic increase in the levels of p53 in mouse 
keratinocytes (Fig. 3.13 A). To determine if RafER regulates p53 mRNA expression.
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RNA from RafER keratinocytes collected at various time points after the addition of OHT 
was analysed (Fig. 4.6 A and B). At each time point, RNA was made, separated by 
agarose gel electrophoresis and the RNA samples were hybridised with probes specific 
for p53 or GAPDH. Using GAPDH as a loading control, quantification of the change in 
p53 expression following normalisation for GAPDH shows that RafER activity was 
unable to induce p53 at the RNA level. This suggests that RafER is regulating p53 at the 
protein level.

4.4 Summary

We have shown genetically that in keratinocytes the cell cycle arrest caused by the 
activation of inducible Raf protein in primary keratinocytes is dependent on p53. In turn, 
the induction of p21 '̂*’* by Raf is p53 dependent. Remarkably, the loss of a single copy 
of the p53 gene renders cyclin D expression responsive to Raf activation in keratinocytes. 
In addition, activated Raf is unable to stimulate mitogen-independent DNA synthesis in 
p53-/- keratinocytes even when it induced cyclin D l, suggesting that elevation of cyclin 
D 1 levels are not sufficient to effect the cell cycle distribution of these cells as seen in 
Schwann cells (Lloyd et al., 1997). In keratinocytes lacking p53, Raf induced 
differentiation marker without growth arrest. This strengthens the argument that growth 
arrest and initiation of differentiation pathways can be uncoupled.

Activation of RafER results in a dramatic increase in the levels of p53 in mouse 
keratinocytes. We have demonstrated that the p53 induction by activation of Raf-1 in 
keratinocytes is not regulated at the RNA level suggesting that RafER is regulating p53 at 
the protein level. This agrees with the accumulating evidence that activation of p53 is 
mainly achieved by protein stabilisation via posttranslational modifications in the N- and 
C- terminal regions of the protein (Reviewed in (Giaccia and Kastan, 1998)).
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Figure 4.1 The introduction of Raf into mouse kératinocytes with different 
p53 status.

A) Disruption of the p53 gene in mouse embryonic stem cells (Donehower et al., 1992). 
The targeting construct used to disrupt the endogenous p53 gene is shown at the top. The 
hypothetical crossovers between the endogenous p53 allele and the targeting construct are 
indicated by the crossed lines. The disrupted p53 allele is shown at the bottom. Vertical 
lines below the altered gene indicate the boundaries of the targeting construct. The 
primers used for p53 genotyping are indicated in red.

B) Genotyping of mouse kératinocytes with different p53 status by PCR.

C-D) RafERGFP expression was detected by the presence of green immunofluorescence 
via microscopic or by FACs analysis. The kératinocytes were FACs sorted for GFP 
expression via FACs analysis (D). The GFP positive cells lie within the region marker 
M l.
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Figure 4.2 Raf-induced p21^^*and cell cycle arrest is p53 dependent.

A) The RafERGFP-induced arrest is p53-dependent. RafERGFP or ERGFP-infected 
littermate wt, p53-/+ or p53-/- kératinocytes were analysed for BrdU incorporation, by 
the LCS, in triplicate, at different time points after addition of OHT.

B) The Raf-induction of p21 '̂^^ is p53 dependent. Protein lysates were prepared from 
RafERGFP or ERGFP infected p53-/+ or p53-/- kératinocytes at the time points indicated 
after addition of OHT and were analysed by western blotting for expression of p21^'^\ 
CTRL: The controls used are lysates from RafER-infected kératinocytes after the addition 
of OHT for 22 hr or from RafER-NIH3T3s after the addition of OHT for 24 hr.
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Figure 4.3 Raf activation in p53-/- ceils is not enough to push the cells 
into cycle.

A) The RafER induced arrest is p53 dependent. RafER or LXSN-infected littermate wt, 
p53-/+ or p53-/- kératinocytes were analysed for BrdU incorporation by LSC in triplicate 
after addition of OHT or ethanol for 24 hr.

B) RafER activation in p53-/- cells is not enough to push the cells into cycle. Serum- 
deprived cultures of p53-/- or p53-/+ RafER-infected kératinocytes were treated OHT or 
ethanol for 24 hr. Their entry into S phase was then analysed by BrdU incorporation. 
Uninfected kératinocytes that had been serum starved for 48 hr or transferred to serum 
containing medium for 24 hr were used as controls.
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Figure 4.4 Raf-induction of in p53-/- cells is lost but Raf-induction
of cyclin D1 is revealed. Raf-induced differentiation is independent of 
p53.

A-B)'p.af-induction of in p53-/- cells is lost but Raf-induction of cyclin D1 is
revealed. Protein lysates were prepared from RafER infected p53-/+ or p53-/- 
keratinocytes at the time points indicated after addition of OHT and were analysed by 
western blotting for expression of the specified proteins.

C) Raf-induced differentiation is independent of p53 and the cell cycle arrest. The blot in 
A was reprobed for expression of involucrin, keratin 1 and actin protein.
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Figure 4.5 Effects of Raf activation on the morphology of mouse 
kératinocytes with different p53 status.

A) Phase contrast micrographs of RafER-infected p53-/-, p53-/+ and wt kératinocytes 
after addition of 200 nM OHT or ethanol for 30 hr.
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Figure 4.6 Effects of Raf activation on p53 transcription.

A) RafER does not induce p53 at the RNA level. RNA from RafER-infected 
kératinocytes, collected at various time points after the addition of OHT, was analysed. 
At each time point RNA was made, separated by agarose gel electrophoresis and the RNA 
samples were hybridised with probes specific for p53 or GAPDH. GAPDH was used as 
a loading control.

B) Quantification of the change in p53 mRNA expression following normalisation for 
GAPDH.
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C h a p t e r s  

R a f  in d u c e d  c e l l  c y c l e  a r r e s t  is

INDEPENDENT BUT -DEPENDENT.

5.1 Introduction

PI9 ARF been shown to be induced by oncogenic signals resulting from the 

overexpression of c-Myc, E2F1, adenovirus E l A, v-Abl, and activated Ras (Bates et al., 
1998; de Stanchina et al., 1998; Palmero et al., 1998; Radfar et al., 1998; Zindy et al., 
1998). This quenches inappropriate mitogenic signaling by forcing mutated cells to 
undergo p53 dependent growth arrest or apoptosis, depending on the biological setting 
(For review, see (Sherr, 1998). Therefore, it is thought that pl9^^^ might by the specific 
link between oncogene activation and induction of p53. Since Raf induces p53 and a 
p53-dependent cell cycle arrest in primary mouse kératinocytes, I decided to investigate 
the potential involvement of p i9^^ in this process.

In mouse primary kératinocytes an induction of p21^‘P’ protein can be seen 8-14 hr after 
RafER induction. Previously, it has been shown that Ras and Raf can induce a cell cycle 
arrest via a p21^'P‘ dependent mechanism in many cell types. Furthermore, expression of 
oncogenic Ras in primary MEFS lacking p21^'^ and p27^^ still resulted in the induction of 
P I9 ARF, not p l6 *̂ "̂̂ ,̂ and growth arrest (Groth et al., 2000). Therefore, Ras and Raf 
can also induce a p21 '̂P* independent arrest. However, since activated Ras co-operates 
with the loss of p21^'‘’’ in skin tumour formation, the Raf-induced keratinocyte arrest is 
likely to be p21^'^^-dependent (Missero et al., 1996; Philipp et al., 1999; Topley et al., 
1999; Weinberg et al., 1999; Weinberg et al., 1997). Interestingly, p21^'P’ bas been 
implicated in playing an important role in keratinocyte differentiation but its precise 
function remains unclear. p2 1 '̂̂  ̂ expression is induced at early times of keratinocyte 
differentiation (Missero et al., 1995). Conversely, an inhibitory function of p21^‘P‘, 
which is independent of cell cycle control, has been shown in the later stages of 
differentiation of primary mouse kératinocytes (Di Cunto et al., 1998). To investigate the 
role of p21^'P’ in RafER-induced arrest and differentiation, RafER was introduced into 
p2 icipi-/-, p2 %cipi and wt kératinocytes.
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5.2 Results

5.2 .1 Raf  activation has no effect on p l9 ^ ^  expression.

To determine whether the RafER induction of p53 and the resulting cell cycle arrest in 
kératinocytes is linked to an induction of p i9 ^ ,  cell lysates were prepared at various 
time points after RafER activation and analysed by immunoblotting. As previously 
observed, activation of RafER led to an increase in the levels of p53 between 8 and 14 hr 
after addition of OHT (Fig. 5.1 A). Conversely, RafER activation had no effect on p l9 ^  
expression. The p i9^^  ̂protein could not be detected in either the uninduced or induced 
kératinocytes. To establish that this p i9"̂ ^̂  antibody could detect p i9"̂ ^̂ , in vitro 
translated (IVT) p i9"^^ was used as a control. However, although the IVT signal could 
be detected it was weak. Therefore, the possibility existed that this antibody was not 
sufficiently sensitive to detect the p i9"^^ induction in kératinocytes. Various p i9 ^  
antibodies were tested. One antibody, from Abeam, gave a strong signal. A series of 
controls were investigated to confirm that this antibody is sensitive enough to p i9^^  ̂
detection. It has been reported that cells lacking functional p53 express unusually high 
levels of p l9^^  (Kamijo et al., 1998; Quelle et al., 1995; Stott et al., 1998). Therefore, 
lysates made from p53-/- primary kératinocytes were used as a control to show that 
P I9 ARF yg detected in primary kératinocytes. Furthermore, a GST-tagged p i9 "^  or 

GST-tagged empty vector was transfected into NIH3T3 (p i9"̂ ^ -̂/-) and Rat-1 cells. 
Western analysis showed that p i9^’̂*' can be detected in all the controls but is not induced 
by Raf in primary mouse kératinocytes (Fig. 5.1 B). pl9'^*’ was also not induced upon 
Ca^^-induced differentiation. Therefore, p i 9̂ '̂ *' is not induced upon RafER activation in 
primary kératinocytes.

5.2.2 Induction o f  p53 and cell cycle arrest by R a f i s  p  19^^-independent.

In mouse primary kératinocytes, no induction of p l9 " ^  protein can be seen after Raf 
induction. To test the role of p i 9"^^ in Raf-mediated cell cycle arrest we introduced 
RafER into p i9 ^ - / -  kératinocytes. Kératinocytes from p i9"^-/-, p l 6 ^̂ "̂̂ +̂/+ mice 
(Kamijo et al., 1997) were received from Drs Sherr and Roussel.

Genotyping of the different litters of newborn mice from p i9"^-/- X p i 9 '^ - /-  or wt X 
wt crosses was necessary to confirm the p i9^^ status of the individual littermates. PCR 
was used to analyze genomic DNA extracted from tail snips. Like the p53-/- mice, a 
conventional targeting vector was used to ablate p i9"̂ ^̂  exon Ip in mouse embryonic stem 
cells, replacing it with a neomycin cassette (Fig. 5.2 A). Therefore, to analyze the 
p t 9 R̂p_/_ status of the mice by PCR, 2 primers were used, ARF2 and NE02, which give
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a 250bp PCR product only if the gene is knocked out (see materials and methods). PCR 
primers, ARFl and ARF2, were also used resulting in a 415bp product only if ARF is 
wild type. Examples of this can be seen in (Fig. 5.2 B). Kératinocytes extracted from 
each mouse were isolated and cultured separately until their genotype was confirmed. 
Subsequently, the kératinocytes with the same p i9 "^  status were pooled. These 
kératinocytes were then infected via coculture, with GP+E cells containing either the 
retroviral control vector LXSN or its derivative LXSN-RafER for 2 days and selected for 
0418 resistance.

To investigate the role of p i9^^ in Raf-mediated cell cycle arrest, asynchronously 
growing RafER or LXSN infected p i9^^^-/- kératinocytes were pulse labelled with BrdU 
for 1 hr, after treatment with 200nM OHT or ethanol for 24 hr (Fig. 5.3 A). The 
proportion of cells incorporating BrdU was analysed on the LSC. Activation of RafER 
for 24 hr in the p l9"^-/- cells still led to a cell cycle arrest. To investigate if p l9"^-/- 
loss effected the kinetics of the Raf induced inhibition of the cell cycle, the incorporation 
of BrdU in RafER or LXSN infected kératinocytes pulse labelled at various time points 
after the addition of OHT was measured on the LSC. These experiments showed that the 
growth inhibition induced by RafER commenced between 12-15 hr after OHT addition 
with significant decrease in BrdU incorporation seen by 24 hr (Figure 5.3B). Hence, 
upon activation, RafER induces proliferation arrest in the p i9^^^-/- cells with similar 
efficiency as in wt cells (Fig. 5.3 B and Fig. 3.5 A-D). This inhibition of growth is 
specific to RafER since the growth of LXSN infected kératinocytes were unaffected by 
the addition of OHT. Therefore, activation of RafER in primary mouse kératinocytes 
induces a growth arrest that is pl9'^^‘"-independent.

In parallel, cell lysates were made from the same pool of RafER or LXSN infected 
piqARF./. kératinocytes after addition of OHT or ethanol for different time points. These 
were separated by SDS-page and analysed by western blot analysis for the induction of 
p53. RafER induced p53 in the p l9 '^ - /-  kératinocytes with the same efficiency and 
kinetics as in wild type kératinocytes (Fig. 5.4 A). Raf was expressed in all samples as 
seen by probing the western with an anti-ER antibody. Furthermore, MAPK activation 
and the induction of p2 1 '̂*’̂  occurred to a similar extent in p i9 ^ - / -  and wt kératinocytes 
upon Raf activation (Fig. 5.4 B and Fig. 3.1 D).

Moreover, RafER-infected p i9^^^-/- kératinocytes also showed a dramatic change in 
keratinocyte morphology compared with control-infected cells (Fig. 5.5 A). This change 
in keratinocyte morphology is similar to what was observed with wt kératinocytes 
containing activated RafER or oncogenic Ras (Fig. 3.6). Furthermore, RafER-infected 
piqARF-/- kératinocytes also induced expression of involucrin and keratin 1 after the
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addition of OHT, as measured by western blotting (Fig. 5.5 B). Therefore the induction 
of differentiation markers and alterations in cell morphology are also indistinguishable 
from wild type controls and thus independent of p i9"^ .̂

Thus all effects of RafER including the induction of p53 is p i 9"^^ independent in this 
primary epithelial cell type. This implies that Raf is acting through a novel mechanism to

upregulate p53 at the protein level independently of p l9^^ .

5.3 Raf activation in and p21^***V+ prim ary mouse

kératinocytes.

5.3 .1  The R a fE R  arrest is dependent.

Primary kératinocytes isolated from p21^‘P’-/- mice can be transformed by Ras unlike their 
wild type counterparts. Furthermore, absence of p21 '̂^^ promotes Ras-tumour 
progression in the skin (Missero et al., 1996). In mouse primary kératinocytes an 
induction of p21^'^' protein can be seen 8-14 hr after RafER induction. To investigate the 
role of p21 '̂P  ̂ in RafER-induced arrest, RafER was introduced into p21^'^^-/-, p21^'^‘-/-i- 
and wt kératinocytes. Kératinocytes from p21 '̂^^ mice (Weinberg et al., 1997) were 
kindly received from Dr Wendy Weinberg. The kératinocytes were isolated from p21^'^'- 
/4- X p21^'P^-/+ crosses. In parallel, tail DNA from these mice was genotyped by PCR 
(Weinberg et al., 1997). A 430bp fragment of the wildtype gene was amplified using 2 
primers: A1 and B l. The interrupted allele was identified by amplification of a 150bp 
product with primers P21-5 and Rin-IA (See M&M). Examples of this can be seen in 
(Fig. 5.6 A). Kératinocytes extracted from each mouse were isolated and cultured 
separately until their genotype was confirmed. Subsequently, the kératinocytes with the 
same p21 '̂̂  ̂status were pooled.

To investigate the role of p21 '̂^^ in RafER-induced arrest, RafER was introduced into 
p2 iCipi_/_, p2 %C'pi_/+ and wt kératinocytes and the cells were analysed for BrdU 

incorporation after addition of OHT (Fig. 5.6 B). Activation of RafER in the p21^'^^-/+ 
and wt infected cells resulted in inhibition of DNA synthesis with similar kinetics. In 
contrast, the p21 '̂^^-/- cells did not undergo a cell cycle arrest after activation of RafER, 
although MAPK activation was similar in all genotypes analysed (Fig. 5.7 A). The extent 
of p2 1 '̂*’̂  induction was similar in both p2 1 '̂P -̂/+ cells and wt cells, and p2 1 '̂̂  ̂protein is 
not detectable in the p21^‘‘’̂ -/- cells (Fig. 5.7 B).
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5.3.2 Raf-induced differentiation is independent o f

As in p53-/- cells, analysis of the differentiation markers after Raf activation showed that 
involucrin is still induced in the p21^'^^-/- kératinocytes (Fig. 5.7 B), albeit to a lesser 
degree than in p21^'P’-/+ and wt cells. Thus indicating again that Raf-induced 
differentiation can be uncoupled from cell cycle arrest.

However, RafER-infected p21‘̂ ‘P -̂/+ and p21^'^^-/- kératinocytes didn’t show as dramatic 
a change in keratinocyte morphology when compared with wt RafER infected cells (Fig. 
5.8). Thus, p21^‘P^gene copy number appears to effect some Raf induced differentiation 
parameters.

Thus, p21^‘P‘ is essential for Raf-induced cell cycle arrest but is not required for induction 
of differentiation markers in tissue culture.

5.4 Summary

It is thought that p i9^^^ might by the specific link between oncogene activation and 
induction of p53, however, 19^^ was not induced upon RafER activation in primary 
kératinocytes. Moreover, 19^^ -/- kératinocytes responded to Raf in the same way as wt 
cells. Therefore, all effects of RafER including the induction of p53 are pl9"^^- 
independent in this primary epithelial cell type. This implies that Raf is acting through a

novel mechanism to upregulate p53 at the protein level independently of p i9"^^.

Furthermore, we have demonstrated genetically that p21 '̂^  ̂was essential for Raf-induced 
cell cycle arrest. However, like p53, p21 '̂^^ is not required for induction of 
differentiation markers in tissue culture. Interestingly, although involucrin is still induced 
in the p2 1 '̂^^-/- kératinocytes, it is induced to a lesser degree than in p2 1 ^'^^-/+ and wt 
cells. Therefore, even though p21^'P’ is not required for the induction of the 
differentiation markers, it might be involved in the differentiation process.
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Figure 5.1 Raf activation has no effect on pl9 expression.

A) RafER does not induce p i9 "^  protein. Protein lysates were prepared from the 
RafER-infected kératinocytes at the time points indicated after the addition of OHT. The 
lysates were analysed by western blotting with antibodies specific for the p53, p i 9 ^  
(ICRF) and actin expression. In vitro translated (IVT) p i9 "^  was used as a control

B) Analysis of p l9 " ^  protein levels, after RafER activation, using the p i 9̂ *̂" Abeam 
antibody. Protein lysates were prepared from the RafER-infected kératinocytes at the time 
points indicated after the addition of OHT and were analysed by western blotting with 
antibodies specific for p l9 " ^  (Abeam) and actin expression. CTRLs: A series of 
negative and positive controls were used: IVT p i9 ^ ,  lysates made from p53-/- primary 
kératinocytes or from GST-tagged p i9^^ or GST-tagged empty vector transiently 
transfected NIH3T3 (p i9 ^ - / - )  or Rat-1 cells.
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CHAPTER 5 -  E f f e c t s  o f  R a f  in  p 1 a n d  p2  1 - /-  k e r a t t n o c y te s .

Figure 5.2 Genotyping of mouse kératinocytes with different p l9^^ status 
by PCR.

A) Disruption of the p l 9 ^  gene in mouse embryonic stem cells (Kamijo et al., 1997). 
The targeting construct used to disrupt the endogenous p l 9 ^  gene is shown in the 
middle. The disrupted p i9"^^ allele is shown at the bottom.

B) Genotyping of mouse kératinocytes with different p l9 "^  status by PCR.
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Figure 5.3 Induction of p53 and cell cycle arrest by Raf is pl9^^- 
independent.

A) Induction of the cell cycle arrest by RafER is p 19^^^-independent. RafER or LXSN- 
infected p i9^^-/- kératinocytes were analysed for BrdU incorporation, in triplicate, on 
the LSC after addition of OHT for 24 hr.

B) Kinetic analysis of the Raf-induced arrest in wt and p i9"^-/- kératinocytes. RafER 
or LXSN-infected p i9"^^-/- kératinocytes were analysed for BrdU incorporation, in 
triplicate, on the LSC at different time points after addition of OHT.
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C hapter  5  -  Effects of  R a f  in  p 1 9 ^ ^ -/-  a n d  kerattnocytes.

Figure 5.4 Induction of p53 by Raf is pl9^“^-independent.

A) The induction of p53 by Raf is p 19^^-independent. Protein lysates were prepared 
from RafER infected p i9^’̂ -/- kératinocytes after addition of OHT at the time points 
indicated and were analysed by western blotting with antibodies specific for p53, ER or 
actin. Two independently derived littermate-controlled cell batches produced consistent 
results. A lysate of p53-/- kératinocytes after the addition of OHT for 24 hr was used as a 
negative control for p53.

B) The activation of MAPK and the induction of p21^'^' by RafER are p l9 '^ -  
independent. Protein lysates were prepared from RafER infected p i9 ^ -/- kératinocytes 
after addition of OHT at the time points indicated and were analysed by western blotting 
with antibodies specific for indicated proteins. A lysate of p53-/- kératinocytes after the 
addition of OHT for 24 hr was used as a negative control for p21^'^\
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C hapter  5  -  E ffects o f R a f  in  p 1 9 ^ ^ - /-  a n d  p2  1 - /-  kératinocytes.

Figure 5.5 Induction of differentiation markers and alterations in cell 
morphology by Raf are pl9^^-independent.

A) The induction of a change in keratinocyte morphology by Raf is pl9"^^-independent. 
Phase contrast micrographs of RafER and LXSN infected p i9^^  ̂-/- and wt kératinocytes 
after addition of 200 nM OHT or ethanol for 30 hr.

B) The induction of involucrin and keratin 1 by RafER is p 19"^^^-independent. Protein 
lysates were prepared from RafER infected p i9'^^-/- kératinocytes after addition of OHT 
at the time points indicated and were analysed by western blotting with antibodies specific 
for indicated proteins.

175



pigARF./. -OHT +OHT

B
p ig A R F ./ , RafER

0 8 16 24 hr
—  Actin

  Involucrin

—  Keratin 1



C hapter  5  -  Effects of  R a f  in  p 19'^^-/- a n d  p21^'^^-/- kératinocytes.

Figure 5.6 The Raf-induced cell cycle arrest is dependent.

A) An example of the genotyping of mouse kératinocytes with different p21^'’’̂  status by 
PGR.

B) The RafER arrest is p21 -dependent. RafER-infected littermate wt, p21^'P*-/+, and 
p2 iCipi_/_ kératinocytes were analysed, in triplicate, on the LSC, for BrdU incorporation 

at different time points after addition of OHT.
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C h a p te r  5 -  E ffects o f  R a f  in  p1 9^*^-/- a n d  p2 1 - /-  kératinocytes.

Figure 5.7 Raf-induced differentiation is independent of

A) MAPK activation was similar in all genotypes analysed, RafER infected p21^'P^-/+, 
and p21^'’’̂ -/- kératinocytes were lysed at the indicated time points following addition of 
200 nM OHT. The lysates were normalised for protein content followed by western 
blotting using either an anti-phospho-MAP Kinase or a p42ERK2 antibody.

B) Raf induction of involucrin is independent of p21^'^\ RafER infected wt, p21^'^^-/+, 
and p21^*P -̂/- kératinocytes were lysed at the indicated time points following addition of 
OHT. The lysates were analysed by western blotting with antibodies specific for p21^'^\ 
involucrin or actin.
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C hapter  5  -  E ffects  o f  R a f  in  p l9 ^ ^ - / -  a n d  p2  1 - /-  kératinocytes.

Figure 5.8 Effects of Raf activation on the morphology of mouse 
kératinocytes with different status.

Phase contrast micrographs of RafER infected p53-/-, p53-/+ and wt kératinocytes after 
addition of 200 nM OHT or ethanol for 30 hr.
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C h a p t e r  6  - D is c u s s i o n

Ras or Raf activation can induce variable cellular responses, from proliferation to cell 
cycle arrest, depending on the cell type and the surrounding environment. Here I show 
that Ras or Raf activation in primary mouse kératinocytes leads to cell cycle arrest and the 
induction of differentiation. Similar to Schwann cells (Lloyd et al., 1997), kératinocytes 
lacking p53 or p21^‘̂  ̂ do not arrest in response to Raf, although still inducing expression 
of keratinocyte differentiation-specific genes. Importantly, all effects of RafER, including 
the induction of p53, are independent of p i9^^  in this primary epithelial cell type. This 
implies that Raf is acting through a novel mechanism to upregulate p53 at the protein level 
independently of p l9 "^ .

6.1 The mechanism of the Raf-induced cell cycle arrest in 

kératinocytes is via a p53-dependent upregulation of

My experiments support the idea that inappropriate activation of Ras/Raf signalling is 
growth inhibitory in most primary cells, requiring the loss of a tumour suppressor gene, 
or alternatively, the presence of a second co-operating oncogene, to allow growth and 
transformation (Gallimore et al., 1986; Lloyd et al., 1997; Ridley et al., 1988; Serrano et 
al., 1997; Tanaka et al., 1994; Weinberg, 1989). I show that in primary mouse 
kératinocytes, an epithelial cell type, activation of the Ras/Raf pathway results in a growth 
arrest and differentiation. In kératinocytes, this Raf induced arrest can occur in both 
and G2 phases of the cell cycle. This contrasts to Schwann and NIH3T3 cells where a 
G]-specific cell cycle arrest occurs. Kératinocytes lacking p53 or p21 '̂^^ do not undergo 
cell cycle arrest in response to Raf activation. Thus both p53 and p21 '̂^* determine how 
kératinocytes respond to high Ras or Raf activity. This concurs with the observation in 
Schwann cells where expression of antisense p21 '̂^^ constructs or a dominant negative 
p53 reduces the degree of DNA synthesis inhibition caused by Raf activation (Lloyd et 
al., 1997). In NIH3T3 cells, p21 '̂ '̂^ enters and specifically inhibits the associated kinase 
activities of Ĝ  cyclin/CDK complexes (Sewing et al., 1997). As a consequence, pRb 
becomes hypophosphorylated, binds to and represses E2F, which is required for 
progression through G^ Similarly, our results suggest that p21 '̂^^ is responsible for the 
suppression of cyclin E kinase activity and the resulting Gj cell cycle arrest (Fig. 6.1 A 
and B). In G^, p21^'^^ could potentially arrest the cells by reducing cyclin B kinase 
activity. It has recently be reported that p21 '̂^* expression in U20S-derived cell lines 
results in a Ĝ  arrest which is associated with a loss of cyclin B kinase activity (Medema 
et al., 1998).
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6.2 Evidence that Raf is acting through a novel mechanism to 

upregulate p53 independently of pl9^®* în kératinocytes.

plQARF been shown to function as an essential link between the activation of a variety 
of oncogenes, including Ras, and the induction of p53-dependent cell cycle arrest in 
fibroblasts (reviewed in (Sherr and Weber, 2000)). To our surprise, p l9"^-/- 
keratinocytes responded to Raf in the same way as wild type cells. Analysis of p53 RNA 
levels after Raf activation shows that p53 is not induced at the RNA level. Thus, in 
primary mouse kératinocytes, Raf is acting through a novel mechanism to upregulate p53 
protein levels independently of p l9 "^ . This is reminiscent of early p53 activation in 
response DNA damage by ionising radiation (IR), where p53 activation is pl9"^^- 
independent (Kamijo et al., 1997). However, a recent report shows that the long term, 
sustained p53 induction in response to IR, is dependent on p l9 " ^  (Khan et al., 2000). A 
p53-dependent arrest induced by DNA damage induced by ribonuleotide depletion or 
actinomycin D treatment has also been shown to be intact in p i9' ’̂̂ -/- fibroblasts (Khan et 
al., 2000). Therefore, this emphasises the complexity of the biochemical responses that 
can occur to diverse stresses that activate p53 pathway.

While the mechanism for p i9^^ induction by Ras remains to be elucidated, there is 
evidence that implicates E2F-1. The ARF promoter was shown to contain several E2F-1 
binding sites and its activity was shown to be enhanced by overexpression of E2F-1 
(Bates et al., 1998). Furthermore, the Ras/Raf/MEK/MAPK pathway has been reported 
to activate cyclin D1/CDK4 kinase in many cell types where p i9 "^  is activated, thereby 
phosphorylating pRb, which in turn releases E2F-1 (Albanese et al., 1995; Bates et al., 
1998; Peeper et al., 1997). Therefore, one possible reason why p i9"^^ is not induced in 
kératinocytes could be that Raf does not induce cyclin D1 in kératinocytes, therefore, 
potentially E2F-1 is not released. Indeed, a decrease in E2F activity is associated with 
primary human keratinocyte differentiation (Dicker et al., 2000; Paramio et al., 2000).
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Figure 6.1 Model of the effects of Ras/Raf activation in prim ary  mouse 
kératinocytes.

A) Ras/Raf activation induces a cell cycle arrest and differentiation in kératinocytes. This Raf- 

induced cell cycle arrest is p53 and p21^^P^-dependent but pl9'^^^‘-independent. Cyclin D 1/2, 

p2?Kipl proteins and cyclin E-assocaited kinase activity are downregulated after Raf activation. 

Since the induction of p53 protein by Raf is plQ'^^^'-independent, this implies that Raf is acting 

through a novel mechanism to upregulate p53 at the protein level independently of pi9 ^ ^  (X). 
The exact role of p21^^Pl in differentiation is unclear. It is not required for the induction of the 
differentiation marker involucrin, but may affect the levels of the protein induced.

B) Loss of p53 reveals the ability of Raf to induce cyclin D1 and abrogates Raf-induced cell 
cycle arrest. However, Raf still induces differentiation markers in the absence of a cell cycle 
arrest. Therefore, Raf induced differentiation can be uncoupled from the Raf induced arrest.
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6.3 Putative mechanisms for p l 9 ^  independent induction of 

p53.

In normal cells, p53 is maintained at a low level by rapid turnover of the protein. 
Exposure of cells to a range of different stress signals, including oncogenes, DNA 
damage, hypoxia and heat shock, results in a dramatic increase in the half life of p53 and 
a consequent increase in the level of the protein (Fritsche et al., 1993; Kastan et al., 1991; 
Maltzman and Czyzyk, 1984). There are many possible candidate regulators of p53 
protein levels. One of the key regulation points is the interaction between p53 and 
MDM2. p53 stability depends on MDM2, which binds to the amino terminus of p53 and 
targets p53 for ubiquitination and degradation (Haupt et al., 1997; Kubbutat et al., 1997; 
Kubbutat and Vousden, 1998). MDM2 binding to p53 also inactivates the transactivating 
and transrepression function of p53 (Chen et al., 1996; Momand et al., 1992; O liner et 
al., 1993). Preventing the interaction of MDM2 with p53 is sufficient to promote its 
stabilisation and activation.

As discussed, p53 activation in response to certain types of DNA damage has also been 
shown to be pl9"^^^-independent. Phosphorylation is widely believed to be a major 
mechanism for regulating p53 stability in response to DNA damage (Sakaguchi et al., 
1998). Similarly, pl9^*^*'-independent Raf activation in kératinocytes may possibly 
regulate p53 stability via phosphorylation. Many candidate kinases have already been 
documented. Hirao et al (Hirao et al., 2000) reported that the CHK2 kinase was 
necessary for stabilisation of p53 in response to IR. CHK2 phosphorylates p53 on S20 
and phosphorylation of this site is thought to be important for stabilisation (Chehab et al., 
2000; Shieh et al., 2000). Loss of ATM kinase has associated with an inabihty to 
stabilise p53 in response to IR induced DNA damage. ATM can bind p53 directly and 
phosphorylate p53 on S15 in response to IR and this contributes to the activation and 
stabilisation of p53 possibly by facilitating p53 dissociation from MDM2 (Banin et al., 
1998; Khanna et al., 1998; Shieh et al., 1997). Moreover, modification of p53- 
interacting proteins such as MDM2 by ATM and CHK2 could be involved (Khosravi et 
al., 1999). Phosphorylation of p53 by DNA dependent protein kinase (DNA-PK) 
reduces the affinity of the interaction between p53 and MDM2 (Shieh et al., 1997) and as 
a consequence phosphorylated p53 is a poor substrate for the ubiquitin protein ligase 
activity of MDM2 (Honda and Yasuda, 1999). Interestingly, MCF-7 cells, expression of 
p38 kinase results in p53 stabilisation and this depends on p38 phosphorylation of p53 at 
S33 and S46 (Bulavin et al., 1999). p38 kinase is one of the downstream components of 
the Ras/MEK pathway. Furthermore, expression of the constitutively active form of 
apoptosis signal-regulating kinase ASKl (ASKl-DN) in kératinocytes induced significant
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morphological changes, differentiation markers, transglutaminase-1, loricrin, and 
involucrin, an increase in p21 '̂^*, reduced DNA synthesis. This is a similar response as 
seen upon Raf activation in kératinocytes. p38 MAP kinase inhibitors, SB202190 and 
SB203580, abolished the induction of differentiation markers by ASKl-DN (Sayama et 
al., 2000). In addition, normal human skin expresses ASKl protein in the upper 
epidermis, implicating ASKl in in vivo keratinocyte differentiation. Potentially, the 
ASKl-p38 MAP kinase cascade could be a target of high Raf activity in kératinocytes. 
Finally, ATR has been implicated in phosphorylation of p53 in response to UV light and 
gamma irradiation (Tibbetts et al., 1999). The significance of multiple phosphorylation 
sites on p53 is poorly understood. Potentially a balance of different phosphorylations, as 
well as stabilising p53, may confer promoter selectivity. On the other hand, perhaps a 
requirment for phosphorylation of multiple sites, potentially by several different kinases, 
is a fail-safe mechanism to ensure p53 is only activated by the appropriate stimulus. Thus 
it is possible that Raf may regulate p53 stability via phosphorylation by a single kinase or 
multiple kinases.

Phosphorylation is not the only possible regulatory mechanism. Alternative post- 
translational mechanisms have been proposed to effect p53 stability and function. These 
are SUMO-1 modification and acétylation (Gostissa et al., 1999; Liu et al., 1999; 
Rodriguez et al., 1999). p53 has been reported to be conjugated to SUMO-1 and SUMO- 
1 modification on K386 of p53 results in increased transactivation ability of p53 (Gostissa 
et al., 1999; Rodriguez et al., 1999). p53 sites acetylated in vitro by PCAF and p300, are 
acetylated in vivo in response to DNA damage (Liu et al., 1999). The mechanism by 
which SUMO-1 modification or acétylation regulate p53 function is unclear, however, 
acétylation is thought to regulate p53 more at the level of activity.

Subcellular localisation is important in regulation of p53 stabilisation and activity. p53 
uses microtubule network and the activity of dynein, a minus-end-directed microtubule 
motor, to aid nuclear localisation in response to stress (Giannakakou et al., 1999). 
Moreover, several lines of evidence indicate that p53 degradation occurs in the cytoplasm 
and p53 has to be exported from the nucleus to be degraded. Inhibiting the nuclear export 
machinery results in p53 stabilisation and activation (Freedman et al., 1999; Stommel et 
al., 1999). Furthermore, MDM2 ubiquitin ligase activity has been shown to be necessary 
for p53 export (Boyd et al., 2000; Geyer et al., 2000). Raf could potentially enhance 
nuclear import of p53 and/or inhibit export, allowing stabilisation of p53.

In conclusion, there are many different possible mechanisms Unking Raf to p53 induction 
at the protein level, however, the mechanism is unclear. It will be important to elucidate
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this mechanism by which Raf is inducing p53 protein levels in primary mouse 
kératinocytes.

6.4 Possible involvem ent of PML.

Recently, another protein, PML, has been implicated in the Ras/Raf induction of p53 
activity (Ferbeyre et al., 2000; Pearson et al., 2000). In primary mouse kératinocytes, it 
is possible that Raf-induced p53 activity is dependent on PML-induced activation of p53 
co-operating with a p 19^^-independent factor, (X), which is necessary for p53 protein 
stabilisation. In primary MEFs, PML is required for Ras-induced senescence, with p53 
and p21 '̂P  ̂being crucial for this PML-induced response. Indeed, Ras induces p i9 "^  in 
these cells, however, the induction of p i9^^ and p53 levels by Ras appear not to be 
affected in PML-/- cells where Ras-induced senescence is abrogated (Pearson et al., 
2000). Thus the authors suggest that PML regulates p53 activity rather than stability. In 
vivo, PML physically associates with CBP/p300, which acetylates p53 on site K382. 
Pearson et al. show that expression of either oncogenic Ras, or PML, induces acétylation 
of K382 in p53, and that PML is required for both acétylation of p53 and optimal p53 
transactivation by Ras. Furthermore, they show that a p53-CBP-PML tricomplex is 
increased after expression of Ras. Expression of PML, or Ras, induced a colocalization 
of PML, p53 and CBP within a subset of PML oncogenic domains (PODs), and this did 
not occur in PML-/- fibroblasts. PODs are cell cycle-regulated, matrix associated 
subnuclear structures that appear as punctuate foci in the interphase nuclei (Seeler and 
Dejean, 1999). In human fibroblasts, Ras induced arrest and senescence is also 
associated with increased PML (Ferbeyre et al., 2000). Furthermore, like Ras, 
overexpression of PML is able to induce pl6^^^"^\ pRb hyperphosphorylation, 
phosphoserine-15 p53, p53 transcriptional targets and senescence. Moreover, they see 
relocalisation of both pRb and p53 to the PODS with expression of oncogenic Ras. 
Potentially these PODs might recruit pRb and p53 to sites of transcriptional repression, or 
activation, respectively. In addition, the formation of specific protein-protein interactions 
(hke the p53-PML-p300 complex), or distinct post-translational modifications could occur 
in PODs, which could regulate the recognition of specific target genes.

Raf, like Ras, is able to increase the size and intensity of the PODs suggesting that 
Raf/MAPK signalling may contribute to PML induction (Ferbeyre et al., 2000). 
Interestingly, in human diploid fibroblasts no induction of p i4"^^ (human ARF) was 
observed by oncogenic Ras (Ferbeyre et al., 2000). Since PML itself does not increase 
p53 levels to the extent of Ras, this suggests that in these cells, possibly like 
kératinocytes, a PML and pl4"^^^-independent factor is also responsible for the induction 
of p53 protein level via Ras.
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PML-null mice are highly prone to papilloma formation following skin treatment with 
DMB A and TPA, implying that Ras co-operates with PML loss in skin tumour formation 
(Wang et al., 1998). Therefore, it would be interesting to investigate if oncogenic Ras or 
Raf upregulated PML and PODs in mouse kératinocytes. Furthermore, to see if p53 
activation by Raf was dependent on PML in combination with a pl9"^^-independent 
factor which is necessary for p53 protein stabilisation, in primary mouse kératinocytes.

6.5 Raf leads to downregulation of

Oncogenic Ras enables cells to overcome the constraints of growth inhibition by cell-cell 
contact and anchorage dependent growth and this could be linked to its ability to 
downregulate p27^^^. Density arrested cells or loss of substrate attachment induce the 
accumulation of p27^^^ (Fang et al., 1996; Polyak et al., 1994a; Zhu et al., 1996a). 
Furthermore, degradation of p27^^^ is an important step for regulation of cyclin E/CDK2 
activity and entry into the cell cycle (Sherr and Roberts, 1999). Downregulation of 
p2 7 Kipi requires Ras activity (Takuwa and Takuwa, 1997). Several reports
show that Ras activation results in a lowering of p27^^^ levels by decreasing the 
translation and stability through ubiquitin mediated degradation of the protein (Jones et 
al., 2000; Kawada et al., 1997; Leone et al., 1997b; Takuwa and Takuwa, 1997). This is 
thought to involve both the Raf/MAPK and PI3K (via Rho) signalling pathways (Hu et 
al., 1999; Kawada et al., 1997; Treinies et al., 1999; Weber et al., 1997) with the latter 
playing a more important role in this downregulation (Taylor and Shalloway, 1996). In 
thyroid cells, activated Ras results in prolonged growth stimulation, does not lead to 
increased p21^'’’* or pl6 '̂^ '̂‘'^, and results in a dramatic fall in protein levels (Jones
et al., 2000). This contrasts to the Ras/Raf induced arrest in NIH3T3 cells or IMR-90, 
where p27^^' levels remain constant (Sewing et al., 1997; Zhu et al., 1998). In thyroid 
cells, p27* '̂’’’ downregulation is thought to be due to the high Rho levels of activation, 
which are high enough to prevent p21 '̂^  ̂ induction and to degrade p27^^^. However, in 
primary kératinocytes, Raf alone was able to downregulate p27 '̂^^ protein levels. 
Interestingly, both p21 '̂^  ̂ and are induced during keratinocyte differentiation
(Harvat et al., 1998; Missero et al., 1995). However, only p21^'^'-/- but not p27^P*-/- 
keratinocytes can induce tumours when challenged with activated Ras (Missero et al., 
1996). The different behaviour of p21^'^^-/- and p27^P*-/- kératinocytes in response to 
activated Ras may be explained by the fact that activation of Ras/Raf signalling induces 
p2 icipi whereas p27 '̂^* expression is downregulated.
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6.6 Loss of p53 was sufficient to render cyclin D expression  

responsive to Raf in kératinocytes.

The abihty of Ras to induce cyclin D1 appears to be important for its ability to promote a 
mitogenic response, anchorage-independent growth and tumour formation (Liu et al., 
1995a). This makes it an important target of Ras activation. Cyclin D1 is also part of a 
cell cycle control pathway that is consistently deregulated in most human cancers. The 
Raf/MEK/MAPK pathway has been shown to induce cyclin D1 transcription and promote 
assembly of newly synthesized cyclin/CDK complexes (Peeper et al., 1997). In both 
fibroblasts and epithelial cells, expression of activated Ras has been shown to induce 
cyclin D1 resulting in a shortening of the phase (Filmus et al., 1994; Liu et al., 
1995a). Kératinocytes, in contrast to Raf-arrested Schwann cells, MEFs and NIH3T3 
cells, do not show an induction of cyclin D expression after Raf activation (Lloyd et al., 
1997; Sewing et al., 1997; Woods et al., 1997). Indeed, cyclin D1 and D2 proteins are 
dramatically downregulated after Raf activation. However, Ca^^-induced keratinocyte cell 
cycle arrest and differentiation also results significant downmodulation of cyclin D1 and 
D2 levels between 12-24 hours after Ca^^-treatment (Missero et al., 1996). Thus Raf 
induced differentiation, like normal differentiation, results in the loss of cyclin D1 
proteins. A recent report by Shao et al., where activated Ras in Rati fibroblasts leads to a 
marked decrease in cyclin D1 levels and subsequent Gj arrest, supports the ability of 
Ras/Raf pathway to downregulate cyclin D l. This occurred via increased ubiquitin- 
proteosome dependent cyclin Dl turnover in a GSK3 independent manner (Shao et al., 
2000a).

Consistent with the loss of the arrest phenotype in p53-/- kératinocytes, the mode of cyclin 
D regulation by Raf is p53 copy number-dependent. In wild type kératinocytes Raf 
activity induces a down-regulation of cyclins Dl and D2. However, in p53-/+ 
keratinocytes Raf does not inhibit cyclin D expression, although they still under go 
p21^'p’-niediated arrest. This suggests that, unlike Rati fibroblasts, cyclin Dl is unlikely 
to be involved in the growth arrest of these cells. Furthermore, in p53-/- cells Raf induces 
cyclins D l. In this context it is notable that cyclin D l deficiency results in an 80% 
reduction in the development of squamous tumours generated after grafting of 
kératinocytes expressing activated Ras (Robles et al., 1998). This implicates cyclin D l as 
a critical target for oncogenic ms in mouse skin. As loss of p53 was sufficient to render 
cyclin D expression responsive to Raf in kératinocytes, this could be one important way in 
which Raf and p53 loss of function co-operate. It also implies that the specificity of the 
cellular response to activated Raf depends on the surrounding cell environment, i.e. loss 
of tumour supressor genes or the presence of other oncogenes.
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Constitutive activation of the cyclin D pathway has been shown to reduce or overcome 
certain mitogen requirements for cell proliferation and thereby contribute to oncogenic 
transformation (For reviews see (Sherr, 1996; Weinberg, 1995a). Furthermore, low 
levels of Raf activity have been implicated in stimulation of DNA synthesis in NIH 3T3 
cells (Sewing et al., 1997). However, even though loss of p53 is sufficient to render 
cyclin D expression responsive to Raf, activated Raf is unable to stimulate mitogen- 
independent DNA synthesis in p53-/- kératinocytes. This suggests that elevation of cyclin 
D l levels are not sufficient to affect the cell cycle distribution of these cells as seen in 
Schwann cells (Lloyd et al., 1997). Interestingly, constitutively activated Ras or Raf can 
cause full transformation of NIH3T3 cells whereas activated Ras alone can transform rat 
intestinal epithelial (RIE-1) cells (Oldham et al., 1998). Potentially, Raf-independent Ras 
effectors are required for stimulation of mitogen-independent DNA synthesis by Ras in the 
absence of p53. It has been shown that maximal stimulation of the cyclin D l promoter 
results from the co-operative effect of several Ras effectors. Also, Olson et al. found that 
Rho can suppress p21^'‘’\  allowing Ras to drive cells into S-phase in Swiss 3T3 (Olson et 
al., 1998). Consistent with this is the co-operation of Rho with Raf in cell transformation 
(Qiu et al., 1995). Moreover, there is significant incidence of amplification of Ras in 
human SCCs and stepwise increases in Ras levels have been closely identified with 
malignant conversion of mouse skin tumours. Thus suggesting that Ras gene dosage is 
important in determining the neoplastic phenotype in the skin. This might reflect the 
engagement of different effectors with increasing Ras levels and selective advantages to 
tumour growth at each step (Frame and Balmain, 1999). Sewing et al. have shown that, 
in NIH3T3 cells, Raf signal specificity can be determined by modulation of signal strength 
(Sewing et al., 1997). Here a moderate Raf signal induces cyclin D l and DNA synthesis. 
However a strong Raf signal induces cyclin D l but also p21 '̂ '̂^ and a cell cycle arrest 
(Sewing et al., 1997). Indeed, in normal signalling, Ras only has a minor role in growth 
factor receptor activation of PI3K, wheras, oncogenic Ras is a much more potent activator 
of PI3K (van Weering et al., 1998). In addition to the Raf-independent Ras effectors, 
other genetic changes may also be required for stimulation of mitogen-independent DNA 
synthesis by Ras in the absence of p53 in kératinocytes. This would be in keeping with 
the multi-step nature of tumourgenesis and is supported by experiments in Schwann cells. 
In Schwann cells lacking functional p53, Raf results in an increase in cyclin E/cdk2 
activity and no cell cycle arrest, however, this does not lead to increased proliferation. On 
the other hand, expression of LT in Schwann cells, in addition to inhibiting p53, results in 
overexpression of cyclin A/cdk2 complexes and in co-operation with Raf, leads to 
increased proliferation (Lloyd et al., 1997).
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6.7 Raf could have a positive role in the differentiation of 

kératinocytes.

Both positive and negative effects on differentiation have been reported for activated Ras, 
and Raf, depending on the cell type and surrounding signals. Here I find that activated 
Raf induces keratinocyte differentiation. This is supported by reports where Ca^^-induced 
differentiation of kératinocytes results in rapid and transient activation of Raf/MEK/ERK 
pathway. Schmidt et al. found that the p21^‘P̂ and involucrin induction after addition of 
Ca^  ̂is sensitive to MEK inhibition, suggesting a role for Raf in the early stages of 
keratinocyte differentiation (Schmidt et al., 2000). Furthermore, c-Raf-1 deficient mice 
show specific abnormalities in the skin. Skin defects were found in the dermal and 
epidermal layers, both of which were thinner and less differentiated than normal 
(Wojnowski et al., 1998). This suggests that Raf could have a positive role in 
differentiation.

6.8 Growth arrest and differentiation can be uncoupled.

It is believed growth arrest is an early event in the process of keratinocyte differentiation 
occurring prior to the expression of early differentiation markers such as K1 (Fuchs, 
1993; Gandarillas and Watt, 1995). However, the precise relationship between growth 
arrest and differentiation is unclear. Like in other cell types, p21 '̂^^ expression is 
increased at the onset of keratinocyte differentiation and this increase may contribute to 
differentiation-associated growth arrest (Missero et al., 1996). However, in both p53-/- 
and p21^'^'-/- kératinocytes, Raf still induces differentiation-specific markers, indicating 
that cell cycle arrest is not required for initiation of keratinocyte differentiation in vitro.

This confirms earlier reports that cell cycle arrest is not obligatory for the onset of terminal 
differentiation in kératinocytes (Dover and Watt, 1987; Gandarillas and Watt, 1997). It 
has also been recently supported by Huges et al, (Hughes et al., 2000) where they report 
that NGF induced arrest, but not differentiation, is dependent on p53 in PCI2 cells. 
Furthermore, Ras activation in primary thyroid epithelial cells induces proliferation 
without loss of differentiation and this was partially mimicked by Raf (Gire et al., 2000). 
This differs from the large number of studies done in rat thyroid cell lines in which Ras 
induced a loss of differentiation (Francis-Lang et al., 1992; Gallo et al., 1992). Again 
this highlights the importance of looking at the effects of Ras in primary cells as opposed 
to cell lines.
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Raf induces an arrest in both Gj and phases of the cell cycle. This supports the idea 
that kératinocytes can differentiate at different points of the cell cycle (Bata-Csorgo et al., 
1993; Dover and Watt, 1987; Gandarillas and Watt, 1997).

6.9 and its role in differentiation.

Even though p21^‘‘’* is not a prerequisite for initiating keratinocyte differentiation, with 
involucrin being induced by Raf in the p21^''’’-/- kératinocytes, it is interesting that 
involucrin is induced to a lesser degree in p21^'^^-/- than in p21^'^^-/+ and wt cells. So 
while p21 '̂P  ̂ is dispensable for the induction of this differentiation marker, it might have 
a role in the levels of the involucrin induced. This was not the case with the p53-/- 
keratinocytes. Concurring with this, p21 '̂^^ but not p53 has been implicated in playing 
an important role in keratinocyte differentiation. Loss of p21 '̂^^ was found to promote 
keratinocyte subpopulations with increased growth/differentiation potential and a 
downmodulation of some differentiation markers (Gandarillas and Watt, 1997; Missero et 
al., 1996). p21^'^^ expression is induced at early times of keratinocyte differentiation, 
however, overexpressing is not sufficient for the induction of differentiation in
primary human kératinocytes (Harvat et al., 1998; Hauser et al., 1997; Missero et al., 
1996). Conversely, an inhibitory function of p21 '̂^% which is independent of cell cycle 
control, has been shown in the later stages of differentiation of primary mouse 
kératinocytes (Di Cunto et al., 1998). It would be interesting to investigate if activated 
Raf could induce the late markers of differentiation, such as loricrin and fillagrin, and if 
this was affected by p21 '̂''^ loss.

6.10 Ras, like Raf, induces growth arrest and differentiation.

Murine kératinocytes expressing Ha-Ras^*^ have been reported to become 
hyperproliferative, resistant to Ca^^-induced terminal differentiation and exhibit an 
extended lifespan relative to control uninfected kératinocytes in culture (Dotto et al., 1988; 
Roop et al., 1986; Yuspa et al., 1983). However, the cells used in these experiments 
were derived after cultivating retrovirally-infected cells expressing constitutively activated 
Ras for one week. I examined the effect of activated Ras on primary kératinocytes only 
24 and 48 hr after virus exposure by monitoring BrdU incorporation. As compared to 
kératinocytes infected with control virus, activated Ras induced a significant inhibition of 
DNA synthesis. Moreover, Ras-infected kératinocytes also show induced expression of 
involucrin, as measured by indirect immunofluorescence. Thus, Ras, like Raf, can 
inhibit proliferation and induce differentiation in primary mouse kératinocytes. I therefore 
suspect that the outgrowth of Ras^^^-positive kératinocytes is a consequence of selecting 
cells expressing Ras at low levels.
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The ability of Ras to induce differentiation of kératinocytes is supported by in vivo 
experiments where a transgenic KlORas stimulates differentiation of suprabasal 
kératinocytes, although subsequent wounding stimulates development of benign 
papillomas (Bailleul et al., 1990). Conversely, expression of K5Ras in follicular (basal) 
kératinocytes promotes the development of malignant carcinomas (Brown et al., 1998). 
This suggests that the nature of the cell targeted in the skin is a major determinant of the 
malignant potential. It would be of interesting to investigate the differences between a 
transgenic inducible Raf expressed either basally or suprabasally.

6.11 Co-operation between Ras and p53 or p21^‘**̂ in the skin.

The very high and increasing incidence of human skin neoplasms has heightened interest 
in investigating how oncogenes, known to be involved in development of these 
malignancies, co-operate at the molecular level (Quinn, 1997; Rees, 1994). Furthermore, 
the importance of p53 and Ras in skin carcinogenesis in vivo is reflected in 
experimentally-induced tumours in the murine epidermis [reviewed in (Frame and 
Balmain, 2000; Yuspa, 1994). I show that activated Raf induces a cell cycle arrest that is 
dependent on p53 and its downstream effector p21^'^\ Removal of such growth 
inhibitory signals emitted by Raf was necessary for proliferation and the potential of these 
cells to become tumorigenic. Therefore, the failure of kératinocytes to arrest in response 
to deregulated Raf signalling when p53 function is lost may explain the co-operation seen 
between Ras and p53 loss in chemically-induced skin carcinogenesis. Furthermore, p53 
loss also reveals R af s ability to induce cyclin D l, which has been shown to be important 
for ras tumorgenesis in the skin.

As Ras mediates its actions in mechanistically distinct ways depending on the cell-type, 
species and the surrounding environment, it is important to look at the configurations of 
these interactions in primary epithelial cells, the cells where most cancers occur. Most of 
our understanding of Ras function is derived from the study of Ras transformation in 
rodent fibroblasts and these have provided valuable insight into Ras function. However, 
fibroblasts behave very differently to epithelial cells. For example, the prolonged growth 
stimulation induced by Ras in normal thyroid epithelial cells stands in sharp contrast to the 
response in fibroblasts where proliferation is limited by growth arrest and senescence 
(Lemoine et al., 1990; Serrano et al., 1997). Furthermore, fibroblasts and epithelial cells 
differ in their susceptibility to transformation, with epithelial cells being more resistant to 
oncogene transformation. Moreover the transformed phenotype is distinct. For example, 
MCF-7 human breast epithelial cells have dismpted adherens junctions and the appearance 
of stress fibers and focal adhesions, in contrast to fibroblasts, which loose stress fibres
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upon Ras transformation (Kinch and Burridge, 1995). Indeed, transformation of RIE-1 
cells required upregulation of TGFa gene expression and protein secretion whereas Ras 
transformation by NIH3T3 cells did not (Oldham et al., 1996; Oldham et al., 1998). 
Therefore, the fact that Ras mutations occur most frequently in epithelial cells and that 
most cancers are of epithelial origin raises questions as to how meaningful the fibroblast 
studies are. As we show here, the mechanism of the Raf induced arrest in kératinocytes 
is partly different to what occurs in fibroblasts. It was thought that the link between 
oncogenes and p53 induction was p i9 ^ ,  however, in this system Raf induction of p53 
was p 19^-independent. Furthermore, in contrast to the Ras and Raf-induced arrest in 
fibroblasts, plb'^̂ "̂ "̂  or cyclin D l are not induced by Raf in kératinocytes. Furthermore, 
differentiation instead of senescence or apoptosis occurs. Therefore, the results in this 
thesis emphasise the importance of looking at the mechanism of oncogene co-operation in 
primary cells where most cancers occur. Understanding these pathways is likely to be 
critical in the endeavour to identify the proper targets at which to aim therapeutic strategies 
for skin cancers.

6.12 Conclusions

As in many other cancers, Ha-Ras mutations have been detected in human skin tumours 
(Jin et al., 1992; Pelisson et al., 1992; Sawey et al., 1987; Suarez, 1989) and functional 
inactivation of p53 is the most frequently observed mutation in skin cancer associated 
with exposure to UV radiation (Campbell et al., 1993). Our experiments provide insight 
into the molecular mechanisms that underlie oncogene co-operation in epithelial cells. 
Activated Raf induces cell cycle arrest in conjunction with terminal differentiation in 
kératinocytes. The cell cycle arrest is mediated via induction of the tumour suppressor 
p53 and its target p21^‘*’’. This explains why loss of p53 or p21^'^^ function is required 
for keratinocyte proliferation in presence of Raf activity. Surprisingly, Raf activation of 
p53 does not require the tumour suppressor p i9^* ,̂ indicating that oncogenes can engage 
p53 activity via multiple mechanisms.

6.13 Future directions

Many questions remain about the mechanism of Raf induced arrest and differentiation in 
kératinocytes. It will be important to elucidate the mechanism by which Raf is inducing 
p53 protein in primary kératinocytes. There are a number of approachs one could use to 
shed light on this process. A phage display library of keratinocyte cDNA could be used as 
a source of kinase substrate for a recombinant active Raf. This may identify direct 

downstream signalling molecules that are serine/threonine phosphorylated by Raf. One 
could also take lysates from Raf-/- kératinocytes and saturate them with cold ATP to 
inhibit Raf-independent phosphorylation later on (excess ATP has to be removed).
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Immunoprecipated active Raf and [^^P]yATP could then be added leading to

[^^P]-labeled substrates of Raf in these lysates. This may also identify direct downstream 

signalling molecules of Raf that are serine/threonine phosphorylated. It has been 
suggested that Raf function is not due only to its’ kinase activity. Therefore, it would be 

interesting to look at Raf/protein interactions in kératinocytes. Raf can be used as a probe 
to detect interacting proteins from a phage-display library or in conventional 
co-immunopreciptitions. Furthermore, one could compare a kinase dead Raf to wild type 
Raf to investigate how important the kinase activity of Raf is for the p53 induction, 
growth arrest and differentiation in primary mouse kératinocytes. To look downstream of 
active Raf and/or upstream of p53 upregulation a substraction hbrary of cDNAs from 
unstimulated or stimulated RafER-infected lysates could be made. An alternative method 
would be the use of DNA microarrays. One would obviously have to test that protein 
synthesis is a required step between Raf activation and upregulation of p53 by using 
protein synthesis inhibitors such as cycloheximide. Furthermore, proteosome inhibitors 
could be used to check that it is p53 stability that is being affected upon Raf activation. 
Phospho-specifc p53 antibodies and site specific mutagenesis of different phosphorylation 
sites on Raf might indicate what phosphorylation sites are important for p53 
stabilisation/activation by Raf.

Furthermore, investigating the differences between Ras and Raf activation as well as 
looking at the role of the other Ras effectors in kerartinocytes will be important. The Ras 
effector mutants, or the downstream effectors themselves, could be used to infect mouse 
keratinocyte cultures or to create transgenes targeted to the skin to examine the effects of 
activation of the different Ras effector pathways in kératinocytes. These could then be 
bred with other knockouts (e.g. EGFR knockouts to see if the effects depend on 
secrection of EGF ligands) or bred with other transgenic mice (e.g. with the MycER). 
Combining the skin carcinogenesis model with transgenic mice, knockout mice and in 
vitro keratinocyte culture to study the co-operation of oncogenes in vivo and at a 
molecular level should help increase our understanding of the process of tumour 
development and the role of Ras activation in this process. Using the mechanistically 
distinct stages in cancer pathogenesis that have been defined in the murine epidermis, one 
could investigate what changes are required at the different stages of skin tumour 

development. Since it has been observed that there is a significant incidence of 
amplification of ras in both human SCCs and in experimentally-induced skin tumours this 
suggests that ras gene dosage is important in determining the neoplastic phenotype.
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Therefore, looking at the effects of Ras/Raf expression levels will be important in these 

models. With a RafER transgenic one could look at the differences between high and low 
copy number mice as well as varying the amounts of tamoxifen used. Furthermore, it 

would be important from a therapeutic point of view to look at the effects of Ras and its 

downstream effectors in human kératinocytes as what happens in a mouse keratinocyte 
does not necessarily translate to human kératinocytes.

Finally, the epidermis does not exist in isolation but is closely associated with the BM and 

the dermis. Epithelial-mesenchymal interactions are thought to play a key role in 
epidermal growth and differentiation. Therefore, to look at the effects of activating Ras or 
its downstream effectors in different knockout or transgenic backrounds in a more 
physiological setting, in vitro skin equivalents (DEDs) could be set up and analysed by 
immunohistochemistry.
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