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Abstract

ABSTRACT

Characterisation of Raf protein kinases by gene targeting 
Jahan Hussain

Transfection of constructs expressing various human mutants of C-RAF into C -raf' MEFs 
confirmed the MEK kinase activity of C-Raf is not required for its role in cell survival and 
suggested this role is also independent of C-Raf kinase activity, but Ras-dependent.

The role of B-Raf in cell growth and survival was investigated using primary MEFs lacking 
B-Raf. Cell growth and proliferation were found to be reduced and this coincided with 
alterations in the expression levels of various proteins involved in the G1 to S phase of the 
cell cycle. Analysis of B-raf1' cells upon serum withdrawal-induced apoptosis showed this 
was associated with decreased phosphorylation levels of phospho-T125-caspase 9.

A B-raf allele containing a conditional kinase inactivating D594A mutation was generated. 
This was produced by designing a vector containing loxP sites flanking exons 15-18 of B-raf 
upstream of a second B-raf exon 15 containing the mutation. Upon gene targeting 
homologous recombination was successfully achieved for three ES clones and these were 
used to generate chimeric mice. Two of these targeted ES clones led to successful germline 
transmission. Mice carrying the mutation were mated with Cre-expressing mice, allowing the 
generation of mice heterozygous for the D594A mutation, i?-ra/f/Lox D594A. These mice were 
shown to have neoplasia due to splenomegaly and this was attributed to the elevated 
phospho-ERK levels observed.

Intercrossing of B -ra f /Lox'D594A mice did not generate any viable B-rq/Lox‘D594A/Lox’D594A mice, 
suggesting the D594A mutation was embryonic lethal. Analysis of ^_rayLox-D594A/Lox D594A 
primary MEFs showed their phenotype differed from B-ra f ' cells. In ^_rayLoxD594A/LoxD594A 
MEFs, phospho-MEK and phospho-ERK levels were significantly elevated. This was 
attributed to increased C-Raf kinase activity observed within these cells. Further analysis 
indicated increased survival and increased cell growth and proliferation in these cells, 
suggesting the mutation was acting as an oncogene as observed for some B-Raf D594 
mutations in human cancers.
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Chapter 1 Introduction

1. INTRODUCTION

1.1 Cell signalling

Cells contain all the structures and molecular constituents required for life. Cells can 

perceive changes in the extracellular environment and mount an appropriate response to 

maintain correct functioning of the multicellular organism. Cell signalling is a key process 

via which cells are able to respond to extracellular stimuli and regulate cellular events. 

Extracellular signalling molecules can interact with cell surface receptors leading to the 

transduction of the signal across the plasma membrane. These signals can then influence 

cytosolic and/or nuclear events. Signal transduction cascades can regulate many events 

including proliferation, differentiation, cell shape and motility and programmed cell death.

1.1.1 Mitogen-activated protein kinase (MAPK) cascades

One group of cascades activated by cell surface receptors and found to be evolutionarily 

highly conserved from yeast to mammals are the mitogen-activated protein kinase 

cascades. The structure and organisation of these cascades is highly conserved. They 

consist of a module of three cytoplasmic kinases: a mitogen-activated protein kinase 

kinase kinase (MKKK or MEKK), a mitogen-activated protein kinase kinase (MKK or 

MEK) and a MAPK. The module conveys a signal in the form of phosphorylation events, 

and is designed to allow the cytoplasmic kinases to be finely regulated and the opportunity 

of amplification of the initial signal.

In yeast the most well studied MAPK cascades are those of the budding yeast 

Saccharomyces cerevisiae. This organism has 5 different MAPKs which are required to 

respond to environmental changes such as high osmolarity, cell integrity, starvation and 

filamentous growth, and used to regulate mating and sporulation.

1.1.2 The various mammalian MAPK pathways

In mammals 4 different sub-groups of MAPKs are known to exist, namely ERK1/2, 

JNK/SAPK, p38-MAPK and ERK5. Each is involved in a different MAPK cascade 

(Figure 1.1). Each signalling pathway is very complex, involving many proteins such as

1



Chapter 1 Introduction

adapter, scaffold and anchor proteins. Together the proteins can form large multi-protein 

signalling complexes to aid the signalling processes.

The extracellular signal-regulated kinases; ERK 1 (p44 MAPK) and ERK2 (p42 MAPK) 

are phosphorylated and activated by the MKK’s MAPK/ERK kinase (MEK)1 and 2 (Seger 

et al., 1992; Zheng and Guan 1993), which in turn are activated by a number of upstream 

regulators, namely Raf (Kyriakis et al., 1992; Dent et al., 1992; Howe et a l , 1992), MEK 

Kinase (MEKK) (Lange-Carter et al., 1993), Mos (Pham et al., 1995) and tumor 

progression locus-2 (Tpl-2) (Salmeron et al., 1996). Activation of the ERK MAPK 

cascade is mainly via mitogenic stimuli. Upon activation, ERK1/2 can target a number of 

substrates including cytoplasmic, membrane, cytoskeletal and nuclear proteins. These 

include p90 ribosomal S6 kinases (p90RSK) (Sturgill et a l, 1988), Mnk2 (Waskiewicz et 

al., 1997), cytoplasmic phospholipase A2 (CPLA2) (Lin et al., 1993) and transcription 

factors such as c-Myc (Alvarez et al., 1991; Gupta et al., 1993), Elk-1 (Gille et al., 1992; 

Marais et al., 1993; Gille et al., 1995), c-Fos (Chen et al., 1993; Chen et al., 1996) and 

ATF-2 (Abdel-Hafiz et al., 1992).

The mammalian c-Jun N terminal protein kinases (JNKs) family consists of three 

members, namely JNK1, JNK2 and JNK3. Each Jnk gene can be alternatively spliced, 

giving rise to at least 10 different JNK proteins (Gupta et al., 1996). JNKs are activated in 

response to stress stimuli, such as ultraviolet radiation (Derijard et al., 1994), changes in 

temperature and osmolarity, (Galcheva-Gargova et al., 1994) or via inflammatory 

cytokines such as tumour necrosis factor-a (TNF-a) (Sluss et al., 1994) and interleukin-1 

(IL-1) (Bird et al., 1994). The upstream activators of JNKs are MKK4 and MKK7 

(Sanchez et al., 1994; Derijard et al., 1995; Lin et al., 1995; Gerwins et al., 1997). MKK4 

and 7 are in turn activated by MEKK1 (Yan et al., 1994), Tpl-2 (Salmeron et al., 1996), 

mixed lineage protein kinase (MLK) (Rana et al., 1996), apoptosis signal regulating kinase 

1 (ASK1) (Ichijo et al., 1997) and transforming growth factor p-activated kinase 1 (TAK1) 

(Wang et al., 2001). Downstream targets of the JNKs include nuclear targets such as the 

transcription factors c-Jun, ATF2, Elk-1, and p53 (Kyriakis et al., 1995; Gupta et al., 

1995; Cavigelli et al., 1995; Buschmann et al., 2001). JNKs have also been shown to play 

a role in UV stimulated apoptosis by the phosphorylation of the BH3-only proteins Bim 

and Bmf (Lei et al., 2002; Lei and Davis, 2003).



Figure 1.1 The numerous mammalian MAPK kinase cascades. The signalling 
pathways consist of three tiers linking cell surface receptors to cytoplasmic and 
nuclear events.
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The p38-MAPK mammalian family of protein kinases consists of four members produced 

by alternative splicing. These are p38a, p38p, p38y (ERK6, SAPK3) and p388 (SAPK4). 

Activation of p38-MAPK occurs in response to extracellular stimuli including UV light, 

heat, osmotic shock, inflammatory cytokines (TNF and IL-1) and hemopoietic growth 

factors (Rouse et al., 1994; Han et al., 1994; Freshney et al., 1994; Foltz et al., 1997). The 

major upstream activators of p38-MAPKs are MKK3 and MKK6. MKK4, the upstream 

activator of JNKs, has also been observed to activate p38-MAPKs in some cell types 

(Derijard et al., 1995; Han et al 1996; Moriguchi at el., 1996). MKK3 and MKK6 share 

the same upstream activators as MKK4 and MKK7, namely MKK1 (Yan et al., 1994), 

Tpl-2 (Salmeron et al., 1996), MLK (Rana et al., 1996), ASK1 (Ichijo et al., 1997) and 

TAK1 (Wang et al., 2001). p38-MAPK targets include various transcription factors such 

as ATF2 (Raingeaud et al., 1996; Jiang et al., 1996), Elk-1, and Sap-1 (Price at al., 1996; 

Whitmarsh et al., 1997). Cytoskeletal and cytosolic protein targets of p38-MAPK include 

the microtubule-associated protein (tau) (Reynolds et al., 1997) and CPLA2 (Kramer et al., 

1996).

Extracellular signal-regulated kinase 5 (also known as big MAP kinase 1 (BMK1)), is the 

least studied member of the mammalian MAPKs. This protein kinase is larger than the 

other MAPKs and has a distinct C-terminal and loop-12 domain (Lee et al., 1995a). It is 

activated by MKK5 (Zhou et al., 1995; English et al., 1995; Kato et al., 1997). Recent 

studies have shown MKK5a but not MKK5p activates ERK5 (Cameron et al., 2004). 

MKK5 is activated by MEKK2 and MEKK3 (Sun et al., 2001; Chao et al., 1999). ERK5 

activity increases in response to oxidative stress, hyperosmolarity and several growth 

factors including epidermal growth factor and nerve growth factor (Abe et al., 1996; Kato 

et al., 1997; Kamakura et al., 1999; Fukuhara et al., 2000). Substrates of ERK5 include 

members of the myocyte enhancer factor 2 (MEF2) family (Kato et al., 1997; Chao et al., 

1999) and the transcription factors Sap la  (Kamakura et al., 1999), c-Fos and Fra-1 

(Kamakura et al., 1999; Terasawa et al., 2003). ERK5 has been implicated in 

angiogenesis, as homozygous deletion of ERK5 resulted in embryonic lethality showing 

vascular and cardiovascular defects (Regan et al., 2002; Sohn et al., 2002).
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A well studied MAPK signal transduction cascade is the Ras/Raf/MEK/ERK pathway. 

Members of this cascade are the focus of this thesis. The various proteins of this pathway 

are discussed subsequently within this chapter.

1.2 The Raf protein kinases

1.2.1 Discovery o f the Rafproteins

There are three members of the mammalian Raf protein kinase family, namely C-Raf (also 

known as Raf-1), A-Raf and B-Raf. All were discovered for their ability to oncogenically 

transform cells. C-Raf was the first isotype to be discovered, v-raf was initially identified 

as the oncogene of the 3611 murine sarcoma virus and shown to transform cells in vitro 

(Fukui et al., 1985; Rapp et al., 1983) and induces fibrosarcomas and erythroleukaemias in 

newborn mice (Rapp et al., 1985). The cellular homologue of v-raf was found to be 

mammalian C-Raf (Rapp et al., 1983, Bonner et al., 1985). Hybridisation analysis showed 

that the oncogene of the Mill Hill no. 2 (MH2) carcinoma virus, v-Rmil, was the avian 

retroviral homologue of v-raf, and both oncogenes were found to be expressed as gag- 

fusion proteins (Sutrave et al., 1984). A-Raf was subsequently identified from screening a 

murine spleen cDNA library against a v-raf specific probe (Huleihel et al., 1986). B-raf 

was initially discovered, but not characterised, as a novel transforming gene from human 

Ewing sarcoma DNA (Fukui et al., 1985). The B-raf gene was also identified by homology 

to the avian homologue v-Rmil (Marx et al., 1988). Further studies suggested substitution 

of the amino-terminal part of the gene was involved in the transforming activity of the raf 

genes (Ikawa et al., 1988).

1.2.2 raf homologues in other organisms

Raf genes are evolutionarily conserved. Although there have not been any ra/homologues 

found in yeast to date, they are present in higher and lower eukaryotes. In Caenorhabditis 

elegans the ra/homologue lin-45 is essential for larval viability, fertility and the induction 

of cell fates (Hsu et al., 2002). It also promotes muscle degradation in differentiated 

muscle (Szewczyk et al., 2002). The Drosophila melanogaster ra f homologue is Draf 

(Mark et al., 1987). It is important in the induction of terminal development of the larva 

(Ambrosio et al., 1989), can induce R7 photoreceptor cell development of the Drosophila 

eye (Dickson et al., 1992) and may have other roles in the eye (Melnick et al., 1993). 

Probing the Xenopus laevis genome led to the discovery of a ra/homologue (Le Guellec et

5



Chapter 1 Introduction

al., 1991). It is required for fibroblast growth factor induced differentiation of the 

mesoderm (MacNicol et al., 1993). Raf therefore plays a role in cell differentiation in a 

number of organisms.

1.2.3 Expression o f the three raf isoforms in mammals

The C-Raf protein is expressed ubiquitously at high levels in most cell types and tissues 

(Storm et al., 1990). A-Raf is also widely expressed, with the highest levels found in 

tissues that comprise the urogenital system (Storm et al., 1990; Luckett et al., 2000). B- 

Raf mRNA transcripts are present in most tissues. However, it was originally thought the 

B-Raf protein was not widely expressed. High levels were detected in neuronal tissue such 

as the brain and the spinal cord, as well as in the testis and spleen, but at extremely low 

levels in all other cell types and tissues (Bamier et al., 1995). However, this analysis was 

complicated due to the lack of a good antibody against B-Raf. This problem has been 

overcome; studies now show B-Raf is in fact widely expressed, although it is expressed at 

its highest levels in the brain, testis and spleen (personal communication, C. Pritchard).

1.2.4 Structural comparisons o f the three R af isoforms

The three mammalian Raf protein kinases share a high degree of sequence homology. The 

initial identification of the ra f genes as oncogenes occurred in the absence of the non- 

catalytic N-terminus of the protein. This region has since been confirmed as a regulatory 

region and shown to repress C-Raf activity (Cutler et al., 1998), thus explaining the 

transforming potential of the truncated raf genes. The Raf protein kinases are composed of 

three highly conserved regions; CR1 and CR2 in the N terminus, and CR3 in the C 

terminus (Figure 1.2). Between these conserved regions are variable regions that allow the 

proteins to be distinct. Within C-Raf, CR1 consists of amino acid residues 61-194 and 

contains two regions that bind to Ras-GTP. The Ras binding domain (RBD), spanning 

residues 51-131 of C-Raf, is one such region (Vojtek et al., 1993; Scheffler et al., 1994), 

the majority of which lies within CR1 (Figure 1.2). The second region is the cysteine-rich 

domain (CRD) that spans residues 139-184 of C-Raf (Mott et al., 1996). CR1 also contains 

a putative zinc binding domain (Beck et al., 1987; Ghosh et al., 1994). CR2 is a region 

covering 14 amino acid residues, 254-269, of C-Raf. It is a serine and threonine-rich 

region that contains sites of regulatory phosphorylation. CR3 of C-Raf contains the kinase 

domain and encompasses residues 335-627. This domain contains the highest degree of
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homology between the three Raf proteins (Daum et al., 1994). Overall, A-Raf and B-Raf 

are very similar to C-Raf in these CR domains, although B-Raf has the greatest number of 

differing amino acids in the conserved regions when compared to C-Raf and A-Raf 

(Mercer et al., 2003). (The amino acid numbering for B-Raf has changed in recent years. 

B-Raf is described in the current project using numbers corresponding to the correct amino 

acid sequence (see Appendix)).

1.2.5 Crystal structure o f B -Raf

Many attempts have been made to obtain the crystal structure of C-Raf. However, as C- 

Raf binds to a number of chaperones, obtaining crystals of C-Raf that were suitable for 

subsequent analysis has proven to be unsuccessful. Until recently, all information obtained 

on the core structure of the Raf proteins has been via comparison to the crystal structure of 

other protein kinases. Wan et al (2004) originally produced crystals of a C-terminal 

truncated form of B-Raf, containing the kinase domain of B-Raf. However, they also 

found that these crystals were unsuitable for crystallography studies. They overcame this 

problem by expressing the truncated kinase form of B-Raf in the presence of the Raf 

inhibitor BAY43-9006, leading to the production of crystals suitable for further analysis. 

Crystals were also produced of BAY43-9006 attached to a mutated form of B-Raf, namely 

B-Raf V600E, in which a glutamate is substituted for valine 600. By studying the two 

crystal structures they suggested a number of structure-activity relationships.

The overall structure of the B-Raf kinase domain is well ordered, except from two regions; 

one in the N terminus (Gln433-Ser447), and residues Lys601-Gln612 of CR3. The kinase 

domain consists of C and N lobes, an a-E helix, an a-C helix and three regions in the 

CR3, known as the N-region, the glycine-rich P-loop and the activation segment (Figure 

1.2). The activation segment contains the DFG motif, which is a conserved region in 

protein kinases and important for the activation of the protein. The D of the DFG motif is a 

highly conserved residue in all protein kinases and involved in binding an ATP chelating 

metal (Johnson et al., 1998). Mutations in this region can cause the protein to be inactive 

(Wan et al., 2004). Looking at the interactions of the inhibitor BAY43-9006 with B-Raf, 

an indication of the interactions that maintain B-Raf in its inactive conformation have been 

obtained (Wan et al., 2004).
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Figure 1.2 Domain structures of the three mammalian Raf family members. The three conserved regions (CR1, CR2 and 
CR3) are highlighted. The N-region, P-loop, catalytic loop and activation segments are also shown. Abbreviations; RBD 
= Ras binding domain; CRD = cysteine rich domain
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The overall structure adopted is typical of an active kinase, involving a small and a large 

lobe, separated by a catalytic cleft. The N region aspartic acid at position 448 helps to 

stabilise the small lobe. There are distinctive hydrophobic interactions between the glycine 

rich P-loop and the activation segment. The side chains of Leu597 and Val600 of the 

activation segment are observed to contact Gly466, Phe468, and Val471 of the P-loop. 

These interactions appear to displace the DFG motif, thus rendering it in a position that is 

incompatible with catalysis (Wan et al., 2004). Thr599 is a residue present in the 

activation segment and its phosphorylation is required for activation of B-Raf (Zhang and 

Guan, 2000). Within the crystal structure, this residue is observed as being located at the 

interface of the glycine-rich P-loop and the activation segment. It is therefore predicted 

that upon phosphorylation of Thr599, the hydrophobic interactions between the glycine- 

rich P-loop and the activation segment are disrupted, allowing the DFG motif to adopt an 

active confirmation (Figure 1.3)

In C-Raf and A-Raf the equivalent residues to Asp448 require phosphorylation to allow 

their full activation, suggesting this may be required to help stabilise the small lobe. 

Thr599 is conserved in C-Raf and A-Raf and therefore it is likely that the method of 

activation described above is also important for C-Raf and A-Raf, although this is yet to be 

proven.

1.2.6 Differential splicing o f B-Raf

B-Raf is subject to differential splicing, leading to the production of at least 10 different 

isoforms of the protein being expressed in adult mouse tissues (Bamier et al., 1995). 

Alternative splicing is observed between exons 8 and 9 giving rise to exon 8b, and also 

between exons 9 and 11 producing exon 10a. Exon 8b consists of 36 nucleotides and B-raf 

cDNA containing this exon was found to be widely distributed in the central nervous 

system, heart, ovaries, testes and spleen. The 120 nucleotides of exon 10a showed a more 

limited pattern of expression and were mainly observed in neuronal tissue. Two different 

N termini of B-Raf have also been found. The two N termini give rise to long and short 

forms of B-Raf. The long forms contains an extra 115 amino acids, consisting of exons 1, 2 

and part of exon 3 and are rich in glycine residues. This region contains no sequence 

homology with either C-Raf or A-Raf. The role of this extra N terminal domain is
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Figure 1.3 Crystal structure of the B-Raf kinase domain bound to the BAY43- 
9006 inhibitor, with various catalytic and structural features highlighted. (Taken 
from Wan et al., 2004. For clarity, the amino acid number has been altered to 
reflect the updated B-Raf amino acid sequence).
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currently unknown. The differential splicing of B-Raf gives rise to a variety of proteins 

that range from 67 to 99 kDa (Bamier et al., 1995). A-Raf is the smallest isoform at 68 

KDa and C-Raf is 72-74 kDa (Storm et al., 1990). The differential splicing of B-Raf has 

been shown to affect its activity. The presence of exon 10a leads to increased affinity and 

basal kinase activity towards MEK, whilst the presence of exon 8b has been observed to 

have the opposite effect.

1.3 Activation of the Raf protein kinases

1.3.1 Signalling through receptor tyrosine kinases

The initial step in the activation of the Raf proteins involves signalling through cell surface 

receptors. Receptors known to be involved in Raf activation include G-protein coupled 

receptors and receptor tyrosine kinases (RTKs). Activation of Raf in response to RTKs has 

been most studied. RTKs include the platelet derived growth factor (PDGF), nerve growth 

factor (NGF) and epidermal growth factor (EGF) receptors. Binding of receptor specific 

growth factors leads to homo-dimerisation of RTKs and/or a conformational change that 

can lead to autophosphorylation of multiple tyrosine residues in the cytoplasmic portion of 

the receptor (Van der Geer et al., 1995; Heldin et al., 1995). This in turn allows several 

steps to take place that can ultimately lead to the activation of the Ras/Raf/MEK/ERK 

transduction cascade (Figure 1.4). Signalling proteins can bind to the autophosphorylated 

tyrosine sites of the receptors via Src homology 2 (SH2) or phosphotyrosine binding 

(PTB) domains that results in recruitment of signalling complexes to the plasma 

membrane. Growth factor receptor-bound protein 2 (Grb-2) associates with RTKs via its 

SH2 domain (Lowenstein et al., 1992). This mediates the recruitment of guanine 

nucleotide-exchange factors (GEFs) such as the Ras-specific nucleotide exchange factor 

Son of Sevenless (Sos) (Egan at al., 1993; Buday and Downward., 1993; Aronheim et al., 

1994). In addition, another adaptor protein, She, may bind to Grb2. In resting cells Sosl 

forms a stable interaction with the Src homology 3 (SH3) domain of Grb2. Upon receptor 

stimulation, the Grb2-Sos complex is recruited to the plasma membrane, allowing it to be 

in close proximity to membrane-bound Ras. Sos forms a complex with Ras that results in 

the expulsion of nucleotides that are otherwise bound tightly to Ras (Nimnual and Bar- 

Sagi., 2002; Boriack-Sjodin et al., 1998). In its basal state, Ras exists in a GDP-bound 

form (Ras-GDP). Upon interaction with Sos, Sos is able to stimulate the exchange of GDP
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Figure 1.4 The role of the Raf family of protein kinases in the Ras/Raf/MEK/ERK 
pathway, from transduction of signals at the plasma membrane from receptors, to 
the induction of altered patterns of gene expression in the nucleus that can effect 
cell fate.
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for GTP, leading to an activated GTP-bound form of Ras (Ras-GTP). The catalytic region 

of Sos contains the CDC25 homology domain and this interacts directly with Ras. Binding 

of the CDC25 homology domain to Ras induces the structural changes necessary for Sos 

catalyzed nucleotide dissociation (Boriack-Sjodin et al., 1998). The activity of Ras is 

controlled by a regulated GDP/GTP cycle. Ras cycles between an inactive GDP-bound 

form and an activated GTP-bound form (Bourne et al; 1990). Two types of regulatory 

proteins are involved in the tight regulation of this cycle. GEFs including RasGRF and 

SOS promote the active form of Ras by accelerating GTP loading (Orita et al., 1993; 

Bar-Sagi., 1994), whereas Ras GTPase activating proteins (GAPs), such as pl20GAP and 

neurofibromin, are involved in promoting the intrinsic weak GTPase activity of Ras 

leading to its inactivation (Lowy et al; 1991). The activation of Ras-GTP involves the 

conformational change of the protein leading to the exposure of residues 32-40, known as 

the effector domain (switch I region), to which Ras effectors bind (Polakis et al., 1993). 

Mutations within a second region, residues 60-72 known as the switch II region, have 

shown this is also important for the binding of Ras effector proteins (Moodie et al., 1995).

1.3.2 Ras family ofproteins

The Ras family of proteins are 21 kDa membrane associated guanine nucleotide binding 

proteins. There are four members of the family; Ha-Ras, N-Ras, Ki-Ras 4A, Ki-Ras 4B 

encoded by three functional ras genes. The Ki-Ras members arise as a consequence of 

alternative exon splicing events. Ras proteins are located at the inner surface of the plasma 

membrane and serve as binary molecular switches that transduce extracellular ligand- 

mediated signals to cytoplasmic signalling cascades.

The role of Ras in cell growth control was initiated by two findings. Firstly, Ras was found 

to be mutated in ~30 % of human cancers including colon, lung and pancreatic cancers. 

The incidence of mutations varied between different types of cancers and specific Ras 

isoforms were found to be mutated in the various types of cancer (Bos et al., 1989). 

Secondly, it was shown that Ras induced DNA synthesis and morphological 

transformation in NIH3T3 cells (Feramisco et al., 1984).
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1.3.3 Downstream of Ras

Ras has a diverse range of effector targets that transduce signals via a number of pathways. 

The most well characterised target is C-Raf, although Ras also targets the other isoforms 

o f Raf; A-Raf and B-Raf. Other targets of Ras include class I phosphoinositide 3-kinases 

(PI3-K) (Rodriguez-Viciana et al., 1994) and members of the Ral guanine nucleotide 

exchange factor (RalGEF) family (Wolthuis et al., 1998). Ras interacts with the pi 10 

catalytic subunit of PI3-K to stimulate its activity. PI3-K in turn phosphorylates the D3 

position of phosphoinositides-4,5-P2 (PtdIns-4,5-P2) to yield PtdIns-3,4,5-P3. PtdIns-3,4,5- 

P3 is involved in a wide range of cellular responses. One well established target of PI3-K 

mediated production of PtdIns-3,4,5-P3 is Akt/PKB, which has been shown to play a role 

in cell survival (Khwaja et al., 1997). Activated Ras promotes RalGEF (RalGDS, Rgl, Rif) 

activation of the RalA and RalB Ras-related small GTPases (Urano et al., 1996; Murai et 

al., 1997; Wolthuis et al., 1997). RalA activates phospholipase D and is an important 

mediator of transformation and tumourigenesis in vivo.

1.3.4 Interaction o f Ras with Raf

Initial interactions of Ras with Raf were shown using C-Raf. Studies showed that using 

dominant negative mutations of C-Raf and C-Raf antisense, proliferation and 

transformation induced by activated Ki-Ras and Ha-Ras could be blocked (Kolch et al.,

1991). Other studies to suggest a link between the two proteins showed 

hyperphosphorylation of C-Raf in cells that were treated with agonists known to activate 

Ras (Morrison et al., 1988) and also in cells expressing oncogenic Ras (Wood et al.,

1992). A direct physical interaction between the proteins was subsequently shown by 

various groups via in vitro binding assays and the in vivo yeast two-hybrid system (Vojtek 

et al., 1993; Koide et al., 1993; Van Aelst et al., 1993; Wame et al., 1993; Zhang et al.,

1993). Co-immunoprecipitation of Ras and C-Raf was observed in stimulated but not 

unstimulated mammalian cells (Hallberg et al., 1994). Ras has subsequently been shown to 

interact with C-Raf specifically in two domains of the N-terminal of C-Raf. It interacts 

with the Ras binding domain (RBD; amino acids 51-131) and the cysteine-rich domain 

(CRD; amino acids 139-184) which forms a zinc finger structure (Brtva et al., 1995; Hu et 

al., 1995). The strength of the Ras interactions with the two domains of C-Raf varies. The 

strongest interaction occurs between Ras-GTP and the RBD region of C-Raf and has been 

shown to be essential for C-Raf activity (Chuang et al., 1994). Binding to the CRD of C-
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Raf occurs at a lower affinity than to the RBD, nevertheless, this interaction has also been 

shown to be required for the activation of C-Raf (Hu et al., 1995; Drugan et al., 1996: Luo 

et al.,. 1997; Mineo-ef al., 1997; Roy et al., 1997). All four isoforms of Ras interact with 

Raf proteins although the efficiency of binding varies between the four isoforms (Voice et 

al., 1999). The two forms of K-Ras are the most efficient, followed by N-Ras, which is 

more efficient than Ha-Ras.

1.3.5 Ras is required to recruit C-Raf to the plasma membrane

Upon interaction of Ras with C-Raf, it has been shown that Ras localises C-Raf to the 

plasma membrane. Examining the structure of C-Raf showed that in its inactive state C- 

Raf is found in the cytosol as part of a multi-subunit complex (Wartmann and Davis.,

1994). In vitro studies showed that Ras-GTP was unable to activate C-Raf unless it was 

membrane bound (Traverse et al., 1993; Dent and Sturgill, 1994; Stokoe and McCormick,

1997). Furthermore, it was suggested that the role of Ras-GTP was in mediating a 

conformational change in inactive Raf that induced its recruitment to the plasma 

membrane, as this was only observed in the presence of over-expressed or activated Ras 

(Traverse et al., 1993; Wartmann and Davis, 1994). This was confirmed in studies that 

targeted C-Raf to the plasma membrane in the absence of activated Ras, by fusing the 

carboxy terminal of C-Raf to the membrane localisation signal of K-Ras (Raf-CAAX) 

(Leevers et al., 1994; Stokoe et al., 1994). It was shown that addition of oncogenic Ras or 

dominant negative Ras had no effect on this constitutively active Raf-CAAX. In addition, 

further activation of Raf-CAAX occurred by stimulating with epidermal growth factor 

(Leevers et al., 1993). This showed that Ras plays a role in recruiting C-Raf to the plasma 

membrane but further mechanisms may be required for the full activation of C-Raf.

It has also been shown that Ras also recruits A-Raf and B-Raf to the plasma membrane. 

Cells were micro-injected with expression vectors for A-Raf or B-Raf constructs in the 

presence or absence of expression vectors for oncogenic Ras. When expressed alone, the 

Raf proteins were found to be located in the cytoplasm, but upon co-expression with 

oncogenic Ras, both A-Raf and B-Raf were found to be translocated to the plasma 

membrane (Marais et al., 1997).
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1,3.6 Interaction o f Raf with other Ras family members

The Ras super-family of proteins includes at least 21 members. Studies have shown that 

some of the other members of the Ras family can also interact with the Raf proteins. TC21 

binds to C-Raf in a GTP-dependent manner (Movilla et al., 1999). Oncogenic TC21 can 

interact with C-Raf and B-Raf, but not A-Raf, and this results in the recruitment of the two 

Raf isoforms to the plasma membrane (Rosario et al., 1999). It was observed that Raf was 

required for TC21-mediated transformation via the ERK pathway (Rosario et al., 1999). 

The interaction of TC21 with C-Raf has also been observed more recently via co­

expression studies (Rodriguez-Viciana et al., 2004). These findings showed C-Raf was the 

only isoform to be activated upon co-transfection. This study also looked at the ability of 

other Ras family proteins to activate the Raf protein kinases, and downstream effectors. 

C-Raf was also found to be activated by R-Ras3 and Rit. R-Ras3 also stimulated A-Raf, 

but no additional Ras family members were able to activate B-Raf (Rodriguez-Viciana et 

al., 2004). Conflicted results have been proposed for the role of the Ras family member 

RaplA in its interaction with the Raf proteins. RaplA can bind to C-Raf but cannot 

activate it; instead it has been shown to suppress its Ras-dependant activation (Cook et al., 

1993). It is thought this may be due to RaplA recruiting C-Raf to membrane domains that 

do not allow its full activation (Carey et al., 2003). However, B-Raf is activated by RaplA 

(Ohtsuka et al., 1996). Furthermore, B-Raf activation induced by cyclic AMP and nerve 

growth factor in PC 12 was reported to be mediated by RaplA and not Ras (Vossler et al., 

1997; York et al., 1998) and B-Raf is required for RaplA mediated differentiation of 

megakaryocytes (Garcia et al., 2001). The difference in activation is thought to be in the 

strength of the interaction of RaplA with the CRD of C-Raf (Okada et al., 1999). RaplA 

binds very strongly to the CRD of C-Raf, but more weakly to B-Raf. It was shown that if 

the CRD of C-Raf and B-Raf are switched, C-Raf is activated by RaplA, but B-Raf losses 

its response to RaplA (Okada et al., 1999). A RaplA interaction with Drosophila Raf 

(which of the three mammalian Rafs shares the strongest sequence homology with 

mammalian B-Raf) has also been observed (Lee et al., 2002), suggesting the interaction 

with RaplA may be evolutionarily conserved.

1.4 Phosphorylation events of C-Raf

The full activation of C-Raf requires additional events upon the recruitment of C-Raf to 

the plasma membrane by Ras. The observations that hyperphosphorylation of C-Raf in
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response to many signalling events (Morrison et al., 1993) have for some time suggested 

that phosphorylation plays a role in the activation of C-Raf. Studies have shown a number 

of key residues require phosphorylation or dephosphorylation to allow C-Raf to be fully 

activated (Figure 1.5).

1.4.1 Phosphorylation o f tyrosine 341

Tyrosine residue 341, which lies within the kinase domain of C-Raf (Figure 1.5), is 

phosphorylated during the activation of C-Raf. It was initially shown using a baculovirus 

expression system that tyrosine residues 340 and 341 were major phosphorylation sites in 

insect cells (Fabian et al., 1993). Furthermore, mutations of these sites to phenylalanines 

(RafFF) resulted in a C-Raf protein that could not be activated by tyrosine kinases. 

Over-expression studies in NIH3T3 cells, again expressing RafFF, indicated that 

phosphorylation of tyrosine residues 340 and 341 is required in mammalian cells (Marais 

et al., 1995). Phosphorylation of the tyrosines could be mediated by the membrane 

associated protein tyrosine kinase Rous sarcoma virus (v-Src) in vitro. This correlated with 

data stating C-Raf was required for the transformation of cells by v-Src (Qureshi et al.,

1993). Indeed findings demonstrated a synergistic relationship between oncogenic Ras, v- 

Src and C-Raf, as expression of the three proteins led to increased activity of C-Raf in 

vitro (Williams et al., 1992; Fabian et al., 1993; Dent and Sturgill., 1994; Marais et al., 

1995). However, it is still unknown if Src is the activator of the tyrosines residues in vivo. 

It was later observed that phosphorylation of Tyr341 was crucial for the activation of C- 

Raf but phosphorylation of Tyr340 was not essential (Mason et al., 1999). Substitution of 

either Tyr340 or Tyr341 with alanine was performed, followed by expression of these 

mutant forms of C-Raf in COS cells. A reduction in kinase activity was observed for 

Y341A mutants but not for Y340A mutants. These findings were confirmed using 

phosphospecific antibodies to show Ser338 and Try341 were phosphorylated upon 

activation of C-Raf via oncogenic Ras and Src, but Tyr340 was not (Mason et al., 1999).

In A-Raf the corresponding tyrosine residue at 340 and 341 are conserved (residues 301 

and 302). Like C-Raf, A-Raf is activated by both oncogenic Ras and oncogenic Src, and 

together they lead to a synergistic stronger activation of A-Raf (Marais et al., 1997). This 

activation requires the phosphorylation of tyrosine 302, as mutating this site to 

phenylalanine (along with tyrosine 301) did not lead to activation by oncogenic Src. In B-
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Raf the homologous sites to tyrosine 340 and 341 are aspartic acid residues 448 and 449. 

Due to the negative charge of these amino acids it is thought they may mimic the 

phosphorylated tyrosines of C-Raf and A-Raf. This leads to an increased basal activity of 

B-Raf when compared to C-Raf and A-Raf. Thus B-Raf requires Ras for translocation to 

the plasma membrane, but does not require phosphorylation by tyrosine kinases, such as 

Src for its activity (Marais et al., 1997). As mentioned earlier, within B-Raf, Asp448 has 

been shown to help stabilise the small lobe of the protein kinase (Wan et al., 2004). It is 

therefore likely that the phosphorylation of Tyr340/341 of C-Raf, and Tyr301/302 of A- 

Raf, are required during the activation of the protein to aid this stabilisation.

1.4.2 Phosphorylation of Serine 338

Serine 338 is another residue essential for C-Raf activation. Like Tyr341, it is located in 

the N-region, within the kinase domain of the protein kinase (Figure 1.5). It has been 

shown that mutating this residue has a detrimental effect on C-Raf activity (Diaz et al., 

1997; Barnard et al., 1998; Mason et al., 1999). The protein suggested to be responsible 

for the phosphorylation of Ser338 is p21-activated kinase 3 (Pak3) (King et al., 1998). 

Pak3 phosphorylation of C-Raf on Ser338 in vitro and in vivo was observed and further 

observations suggested both Pak3 and Ras were required for signal transduction via C-Raf. 

Pak3 is activated by binding to Cdc42 and Rac (Manser et al., 1994), which are 

themselves phosphorylated and activated by PI3-K (Rodriguez-Viciana et al., 1994). PI3- 

K is also an effector of Ras-GTP, therefore implying that Ras indirectly can activate C-Raf 

by activating Pak3 (Sun et al., 2000). However, observations have been made to challenge 

the role of Pak3 in C-Raf activation. Chiloeches et al. (2001) found PI3-K inhibitors were 

unable to prevent serine 338 phosphorylation, and that activated mutants of Pak3 were 

able to induce serine 338 phosphorylation but not C-Raf activation. Both these findings 

suggest that, although Pak3 is able to phosphorylate Ser338, it may not play a role in the 

activation of C-Raf.

In A-Raf, the corresponding residue to Ser338 is Ser299. The role of this serine in the 

activation of A-Raf has not been investigated. The homologous site in B-Raf is also a 

serine, located at position 446. Unlike C-Raf Ser446 is constitutively phosphorylated. The 

constitutive phosphorylation of Ser446, together with the location of aspartic acid residues 

at 448 and 449, contribute to the higher basal level activity of B-Raf. This basal activity is
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Figure 1.5 Domain structures of the three Raf protein kinases indicating key residues thought to be important in the 
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10-20-fold higher than that for C-Raf and A-Raf in unstimulated cells as measured by 

immunoprecipitation (IP) kinase assays (Marais et al., 1997).

In summary, Ras recruits C-Raf to the plasma membrane where additional 

phosphorylation events are required to fully activate the protein kinase. The crucial sites 

for activation of C-Raf are Tyr341 phosphorylation by a tyrosine kinase, possibly Src, and 

phosphorylation of Ser338. It is yet to be confirmed if the latter is phosphorylated by Pak3 

during C-Raf activation, or if this occurs via a currently unidentified protein. The 

conservation of these residues in A-Raf suggests it is also activated in a similar manner. 

However, key differences exist in the way B-Raf kinase activity is regulated. Due to 

Asp448/449 and Ser446, additional phosphorylation events at these sites are not required; 

therefore recruitment of B-Raf to the plasma membrane by Ras is sufficient for B-Raf 

kinase activity (Marais et al., 1997). Additional phosphorylation events within the 

activation loop, as discussed later, are required for the full activation of B-Raf (Zhang and 

Guan, 2000).

1.4.3 Negative regulation by phosphorylation o f  residues 43, 259 and 621

Other proteins have been implicated in the regulation of Raf activity. Cyclic AMP (cAMP) 

is an intracellular secondary messenger. Elevated levels of cAMP can inhibit growth factor 

stimulation of the Ras/Raf/MEK/ERK pathway, and this was shown to occur downstream 

of Ras but upstream of C-Raf (Burgering et al., 1993; Cook and McCormick., 1993). It 

was found that the inhibition of the pathway upon elevated levels of cAMP was occurring 

via the cAMP-dependent kinase (PKA). cAMP is responsible for the activation of PKA. 

Binding of PKA to cAMP causes the dissociation of the two regulatory subunits of PKA, 

releasing its two active catalytic subunits (McKnight 1991).

PKA was discovered as a protein responsible for the inhibition of the ERK signalling 

cascade via observations upon phosphorylation of various residues of C-Raf. The 

inhibitory phosphorylation of C-Raf has been correlated with the phosphorylation of serine 

43 (Morrison et al., 1993; Wu et al., 1993a), serine 621 (Hafner et al., 1994; Mischak et 

al., 1996) and serine 259 (Dhillon et al., 2002a; Dhillon et al., 2002b). Phosphorylation of 

Ser43 lowered the affinity of C-Raf for Ras-GTP (Wu et al., 1993a). However, subsequent 

studies showed upon mutating Ser43, cAMP did not alter the inhibition of C-Raf activity
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(Sidovar et al., 2000; Dhillon et al., 2002a), thus indicating this was not a crucial site for 

negative regulation by PKA.

The role o f Ser621 as an inhibitory site was suggested due to its phosphorylation leading 

to inhibition of catalytic activity (Mischak et al., 1996). However, these studies were 

carried out using only the isolated kinase domain of C-Raf, so the role of Ser621 in full 

length C-Raf is less clear. Mutations of Ser621 are incompatible with the kinase function 

of C-Raf (Morrison et al., 1993; Mischak et al., 1996) so have further hindered the study 

of this residue. However, it has since been discovered that Ser621 is a site of 

autophosphorylation during the activation of full length C-Raf (Thorson et al., 1998), 

indicating that its phosphorylation may not play a role in the inhibition of C-Raf.

It appears that Ser259 may be the major target for inhibitory phosphorylation of full length 

C-Raf by PKA. Mutation of this site led to C-Raf being largely resistant to PKA inhibition 

(Dhillion et al., 2002a). Furthermore, mutating Ser259 resulted in elevated levels of C-Raf 

kinase activity by enhanced binding to Ras (Dhillion et al., 2002b). The dephosphorylation 

of Ser259 is suggested as an important event in C-Raf activation, allowing release of the 

repression of C-Raf.

Recent findings have also indicated elevated cAMP can cause C-Raf inhibition by 

phosphorylation of C-Raf on Ser43 or Ser259, as previously reported, but also upon 

phosphorylation of Ser233 (Dumaz et al., 2002 and 2003). Elevated levels of cAMP 

blocked NIH 3T3 cell growth by independent phosphorylation of C-Raf on Ser43, Ser233 

and Ser259, leading to C-Raf inhibition via Ras-dependent and Ras-independent 

mechanisms. Furthermore, mutating the three serine residues to alanine, in the presence of 

elevated cAMP, rescued ERK activity but did not rescue DNA synthesis. This indicates 

cAMP targets other pathways, as well as the C-Raf pathway, in the suppression of NIH 

3T3 cell growth (Dumaz et al., 2002). In CCL39 cells it has been shown cAMP targets 

cyclin D1 expression, but over-expression of cyclin D1 was only able to partially restored 

growth in these cells (Dumaz et al., 2002).

The relationship between B-Raf and cAMP appear to differ to that of C-Raf and cAMP. 

Whereas elevated levels of cAMP led to an inhibition of C-Raf activity, increased cAMP 

levels have been shown to lead to B-Raf induced elevated ERK activity in various cell
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lines (Vossler et ah, 1997). cAMP activates a small G-protein, Rapl via cAMP dependent 

phosphorylation by PKA (Altschuler and Lapetina., 1993). Several studies have indicated 

a relationship between Rapl and B-Raf. Rap-1 was shown to activate ERKs in PC 12 cells 

despite C-Raf being inhibited. This required the activity of B-Raf and was independent of 

Ras (Vossler et ah, 1997). Rap-1 was observed to directly activate B-Raf in vitro (Ohtsuka 

et al., 1996; Vossler et ah, 1997) and a Rap-l/B-Raf complex formation has been observed 

upon PC12 cell stimulation with cAMP and NGF (Vossler et ah, 1997; York et ah, 1998). 

Therefore elevated cAMP levels lead to increased B-Raf activity via Rapl, which in turn 

promotes increased ERK activity. Studies to investigate the role of A-Raf in relation to 

PKA, cAMP or Rap-1 have not been reported.

1.4.4 C-Raf regulation by feedback phosphorylation o f numerous serine residues

A recent study identified six sites of phosphorylation that may play a key role in the 

negative regulation of C-Raf (Dougherty et ah, 2005). NIH3T3 cells were stimulated with 

various growth factors and the C-Raf kinase activity measured by IP kinase assays. 

Activity peaked after 5 min of PDGF treatment and returned close to basal levels by 15 

mins. An electrophoretic mobility shift of C-Raf due to increased phosphorylation was 

observed 15 mins after mitogenic stimulation and persisted for several hours (Dougherty et 

ah, 2005). The hyper-phosphorylation of C-Raf appeared to coincide with its inactivation. 

Subsequent analysis identified Ser29, Ser43, S289, S296, S301 and S642 as the sites of 

phosphorylation. Furthermore, mutation of these sites led to loss of the hyper­

phosphorylation, pro-longed membrane localisation and sustained mitogen-induced C-Raf 

kinase activity (Dougherty et ah, 2005). S43 has previously been identified as a site of 

negative phosphorylation (Morrison et ah, 1993; Wu et ah, 1993a), but no reports have 

suggested the other five serines as inhibitory sites in C-Raf regulation. Hyper­

phosphorylation of these sites was shown to occur via ERK and this desensitized C-Raf to 

prevent any additional activation events. This therefore indicated regulation of C-Raf via 

feedback phosphorylation. It was further observed that PP2A and Pinl interact with the 

desensitized C-Raf to return it to its resting and activation-competent state (Dougherty et 

ah, 2005).

A study has indicated B-Raf is also subject to an ERK-mediated feedback mechanism. 

Using chicken DT40 B cells it was observed that upon B-cell antigen receptor signalling,
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during which B-Raf is known to activate ERK (Brummer et al., 2002), B-Raf became 

hyper-phosphorylated. This was shown to occur on a C-terminal SPKTP sequence of B- 

Raf by ERK2 (Brummer et al., 2003).

1.4.5 Other potential phosphorylation sites o f C-Raf

Two other sites have been implicated in C-Raf activation. Ser497 and Ser499 can be 

directly phosphorylated by protein kinase C (PKC)a, a member of the PKC family of 

proteins. PKC proteins can be activated by tyrosine kinase linked or seven transmembrane 

receptors via diacylglycerol (Liscovitch, 1992), or by tumour-promoting phorbol esters 

such as 12-O-tetradecanoyl-phorbol-13-acetate (TPA) (Arcoleo and Weinstein, 1985). 

Phosphorylation of Ser497 and Ser499 was shown to lead to activation of C-Raf in vitro 

and in vivo (Kolch et al., 1993; Carroll and May, 1994). Ser499 was required for the 

transformation of NIH3T3 cells via a synergistic cooperation of C-Raf and PKCa. 

Mutating Ser499 impeded C-Raf activation by PKCa, but had no effect on stimulation via 

Ras or Src. However, later studied observed that the loss of Ser499 and Ser497 did not 

have any effect on C-Raf stimulation by PKCa or Ras (Barnard et al., 1998; Schonwasser 

et al., 1998; Chong et al., 2001). It has been suggested that Ras-GTP/Raf complexes are 

required for C-Raf activation by PKC (Marais et al., 1998). Mutating C-Raf to prevent it 

associating with Ras blocked PKC activation of C-Raf. Furthermore, dominant negative 

Ras did not have an effect on C-Raf activation by PKC, suggesting although Ras is 

required for C-Raf activation by PKC, the mechanism is likely to be distinct from that 

involving the downstream activation of C-Raf via receptor tyrosine kinases (Marais et al.,

1998).

1.4.6 B-Raf specific phosphorylation sites

The phosphorylation of residues Thr599 and Ser602 of B-Raf are additional 

phosphorylation sites required for full activation of B-Raf (Zhang and Guan, 2000). 

Mutation of these sites to alanine abolishes B-Raf activity by oncogenic Ras and replacing 

them with acidic residues leads to constitutively active B-Raf (Zhang and Guan, 2000). 

The kinase responsible for the phosphorylation of these sites is yet to be identified. As 

discussed earlier, Thr599 is important in the hydrophobic interactions between the P-loop 

and the activation segments of B-Raf. Its phosphorylation is thought to aid the adoption of 

the DFG motif into its active conformation (Wan et al., 2004). In C-Raf and A-Raf, these
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sites are conserved and also require phosphorylation for activation. The equivalent 

residues in C-Raf are Thr491 and Ser494. Phosphorylation of these sites aid activation, but 

alone is not sufficient for the full activation of C-Raf (Chong et al., 2001).

The equivalent residue of B-Raf to the negatively phosphorylated Ser259 of C-Raf is 

Ser365. It is thought that Ser365 negatively regulates B-Raf activity. The serum and 

glucocorticoid-inducible kinase (SGK) phosphorylates Ser365 and strongly inhibits B-Raf 

kinase activity (Zhang et al., 2001). Mutating this residue to alanine does not allow SGK 

induced inhibition of B-Raf.

1.4.7 Autoregulation o f the Rafprotein kinases

In Xenopus oocytes it has been shown that the amino terminus of C-Raf contains an 

autoinhibitory domain that can block the function of the catalytic domain (Cutler et al.,

1997). More recently, using HEK 293 cells it was shown that an autoinhibitory domain 

also exists in mammalian cells. This domain was found to be located at the N-terminus of 

C-Raf and consists of at least the first 247 amino acids of C-Raf, encompassing the RBD 

and a portion of the CRD, but not CR2 (Tran et al., 2003). Furthermore it was shown that 

this regulatory domain functioned by interacting with the catalytic domain of C-Raf and 

thus prevented activation of ERK2. Phosphorylations of Ser338 and Tyr340/341 were 

shown to relieve the autoinhibitory effect by reducing the affinity of the amino terminus 

for the phosphorylated catalytic domain. Thr491 and Ser494, two sites within the 

activation loop of C-Raf, that have been shown to require phosphorylation during the 

activation of the protein, were observed as not being involved in relieving the 

autoinhibition.

Studies have also found a functional N-terminal autoinhibitory domain in B-Raf (Tran et 

al., 2005). Similar to C-Raf, the N-terminal domain of B-Raf was found to inhibit the 

catalytic domain of B-Raf in HEK 293 cells. The autoinhibitory domain was found to 

contain at least residues 100 to 345 of B-Raf. This region includes both the RBD and CRD 

of B-Raf. The first 100 amino acids were found not to be required for this autoinhibitory 

regulation. The regulation of this autoinhibition by other residues within the protein was 

found to be distinct to that observed for C-Raf. Ser446, the equivalent residue to Ser338 of 

C-Raf, was found not be as important in relieving the autoinhibitory effect for B-Raf.
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However, both Ras and PAK1 were shown to slightly increase the phosphorylated levels 

of Ser446 and it was shown that constitutively phosphorylated Ser446 primes the protein 

for activation, as upon its mutation, the affinity of the autoinhibitory domain for the 

catalytic domain increases. However, unlike observations for C-Raf, residues of the 

activation loop were found to be important in relieving the autoinhibition of B-Raf. Acidic 

substitutions of Thr599 and Ser602 were seen to block the autoinhibition by affecting the 

manner in which the two domains interacted. This was also the case upon introduction of 

V600E B-Raf (Tran et al., 2005). It was also shown that the regulatory domain of C-Raf 

was able to interact with the catalytic domain of B-Raf, albeit with lower affinity, 

suggesting cross-regulation may exist between the proteins.

1.5 Chaperones

There is growing evidence that the Raf proteins are part of multi-protein complexes. They 

have been observed to bind to themselves (Luo et al., 1996), bind to the other Raf isoforms 

(Weber et al., 2001; Wan et al., 2004) and to other members of the Ras/Raf/MEK/ERK 

pathway, as well as numerous scaffold proteins (Kolch et al., 2000). It is thought the Raf 

proteins form part of a large signalling complex to aid their activation. Many chaperones 

are thought to be involved in the activation of the Raf protein kinases. They include; 14-3- 

3 proteins, heat-shock protein of 90KDa (Hsp90), p50 (Cdc37), suppressor of Ras-8 (Sur- 

8), Raf kinase inhibitor protein (RKIP) and kinase suppressor of Ras (KSR). The roles 

each of these are thought to play is described in more detail below.

1.5.114-3-3

The 14-3-3 family of adaptor-scaffold proteins are highly conserved acidic proteins that 

can bind to a large number of client proteins (Muslin and Xing, 2000). In some cases 

phosphorylation of the client protein is required for binding, but in other cases binding is 

phosphorylation independent (Petosa et al., 1998). It is thought that a major role of 14-3-3 

proteins is to bind and sequester client proteins into inappropriate subcellular 

compartments and thereby preventing their activity (Muslin and Xing, 2000). 14-3-3 has 

been shown to bind to C-Raf and some suggest its binding is essential for C-Raf activity 

(Fantl et al., 1994; Freed at al., 1994; Irie at al., 1994; Li et al., 1995; Thorson et al., 1998; 

Yip-Schneider et al., 2000). However, others have concluded 14-3-3 is not essential for C- 

Raf activity (Fu et al., 1994; Michaud et al., 1995; Suen et al., 1995). This controversy
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arises from the fact that there appears to be two 14-3-3 binding sites on C-Raf that may 

play opposing roles. 14-3-3 binds to Ser259 in the CR2 region and Ser621 in the CR3 

region of C-Raf (Morrison et al., 1993; Morrison, 1995). As mentioned earlier, 

phosphorylation of Ser259 is thought to suppress C-Raf activity, as mutating this residue 

to alanine leads to a constitutively active form of C-Raf (Morrison et al., 1993; Clark et 

al., 1997). Also, Akt and PKA can suppress C-Raf activity by directly phosphorylating 

Ser259 (Zimmermann and Moelling, 1999; Dhillon et al., 2002b), and it has been shown 

that protein phosphatase 1 (PP1) and 2A (PP2A) mediate dephosphorylation of Ser259, 

allowing growth factor stimulated C-Raf activation (Abraham et al., 2000; Jaumot and 

Hancock, 2001; Kubicek et al., 2002). As mutations of Ser621 inactivate the protein 

(Morrison et al., 1993), it is difficult to fully understand the role 14-3-3 binding to the CR3 

plays. It has been suggested that displacement of 14-3-3 from CR3, together with the 

dephosphorylation of Ser621, are required for C-Raf activity (Roy et al., 1998; Mischak et 

al., 1996). However, others state that 14-3-3 binding to, rather than the displacement from, 

CR3 is required for C-Raf activation. Reduced catalytic activity of C-Raf was observed 

upon addition of phosphopeptides that displaced 14-3-3 from the catalytic domain of C- 

Raf (Yip-Schneider et al., 2000). Furthermore, binding of 14-3-3 to CR3 has been shown 

to protect Ser621 from dephosphorylation, maintaining C-Raf activity (Thorson et al.,

1998). Overall, the full mechanism for the role of 14-3-3 in C-Raf activation is yet to be 

attained.

B-Raf was first shown to interact with 14-3-3 in bovine brain, where it was isolated in a 

complex with 14-3-3 proteins (Yamamori et al., 1995). It was subsequently shown that the 

binding involves separate interactions with the N- and C-terminals of B-Raf. Serine 729 in 

the catalytic domain, equivalent to Ser621 of C-Raf, was suggested as part of a consensus 

14-3-3 interaction motif (Papin et al., 1996).

Using current knowledge, Kolch et al. (2000) have produced a model proposing the 

mechanism of C-Raf activation, including the role that 14-3-3 may play (Figure 1.6A). In 

unstimulated cells, 14-3-3 is bound to C-Raf at phospho-Ser259 and phospho-Ser621 

(Morrison et al., 1993; Morrison, 1995) to maintain it in an inactive state. Activation of 

Ras leads to it binding to C-Raf, and C-Raf being translocated to the plasma membrane 

(Leevers et al., 1993; Stokoe et al., 1993). Here, PP2A removes the phosphate group from 

Ser259 and 14-3-3 binding is lost (Abraham et al., 2000). This enables activating tyrosine
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Figure 1.6 Models to show the proposed mechanisms of activation of (A) C-Raf 
and (B) B-Raf. Both proteins reside in the cytoplasm in an inactive state bound to 
14-3-3. Recruitment to the plasma membrane by Ras-GTP allows 
phosphorylation/dephosphorylation events to occur which allows dissociation 
from 14-3-3 and results in a fully activated Raf protein kinase. Various 
chaperones, other than 14-3-3, are also thought to be involved in this process, but 
are not shown on the diagram. (See Section 1.5).
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and serine kinases to phosphorylate Tyr341 and Ser338 respectively, for full C-Raf 

activation.

The model for the activation of B-Raf is thought to be similar, but has a number of 

variations (Mercer and Pritchard 2003). B-Raf has been shown to interact with 14-3-3 

proteins in vitro (Papin et al., 1996). It is postulated that B-Raf resides in the cytoplasm 

bound to 14-3-3. Although the binding sites have not been determined the conserved sites 

to phospho-Ser259 and phospho-Ser621 of C-Raf are phospho-Ser365 and phospho- 

Ser729. B-Raf is thought to be in a more open conformation in comparison to C-Raf 

(Figure 1.6B) due to the presence of phosphorylated Ser446, Asp449, and the possibility 

of amino acids coded by exon 10a being present in between CR1 and CR3. Upon ligand 

stimulation, Ras-GTP is thought to translocate B-Raf to the plasma membrane, where 

Ser365 is dephosphorylated and 14-3-3 released. Phosphorylation of Thr599 and Ser602 

can then take place to allow full activation of B-Raf.

The role of 14-3-3 in A-Raf activation has not been studied. However, due to the structural 

similarities o f A-Raf with C-Raf it is thought that it may also bind 14-3-3 on residues 

equivalent to Ser259 and Ser621. The proposed model of A-Raf activation is also thought 

to be similar to that proposed for C-Raf.

1.5.2 Hsp90 andp50

Hsp90 is a highly abundant protein that is essential for normal cell function. It is involved 

in chaperoning a large number of client proteins. p50 (Cdc37) is a heat shock protein and a 

co-chaperone that is required for the Hsp90 folding and activation of a number of protein 

kinases (Zhang et al., 2004). Inactive C-Raf has been found in the cytosol in a complex 

with Hsp90 and p50 (Stancato et al., 1993; Wartmann and Davis, 1994). The association 

of Hsp90 with C-Raf was subsequently suggested upon treatment of cells with 

geldanamycin, a drug that prevents Hsp90 from interacting with its binding partners 

(Schulte et al., 1995). Addition of geldanamycin to cells led to a large and rapid depletion 

of C-Raf via geldanamycin-induced degradation (Schulte et al., 1995; Schulte et al., 

1997). Additional studies showed p50 was required for Hsp90 association of C-Raf 

(Silverstein et al., 1998; Grammatikakis et al., 1999). Co-expressing p50 with C-Raf led to 

enhanced Ras and Src induced activity of C-Raf in insect cells. Furthermore, over­
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expression of mutant p50, which prevents recruitment of Hsp90 to C-Raf, inhibited C-Raf 

activation by growth factors (Grammatikakis et al., 1999). It was therefore suggested that 

formation of a ternary C-Raf/p50/Hsp90 complex is crucial for C-Raf activity. No studies 

have reported the role of Hsp90 and p50 in the activation of A-Raf. B-Raf has been shown 

to complex with Hsp90 upon NGF treatment of PC 12 cells (Jaiswal et al., 1996), but the 

involvement o f p50 in this association is not known.

1.5.3 Sur-8

Suppressor of Ras-8 (Sur-8) is a non-enzymatic accessory protein identified in 

Caenorhabditis elegans. Sur-8 has been observed to positively regulate Ras-mediated 

signalling. It was suggested Sur-8 acts downstream or at the level of Ras and may function 

as part of a Ras/Raf complex (Sieburth et al., 1998). It was subsequently shown that Sur-8 

complexed with Ras and Raf, and led to enhanced ERK activity in the presence of C-Raf 

(Li et al., 2000). The biochemical mechanism of Sur-8 in the activation of C-Raf remains 

unclear. It is also unknown whether Sur-8 plays a role in A-Raf and B-Raf activation.

1.5.4 KSR

The role of the kinase suppressor of Ras (KSR) in Ras signalling is as a scaffold protein 

(Muller et al., 2001; Roy et al., 2002). Upon growth factor stimulation KSR promoted 

MEK phosphorylation by Raf, in a Ras dependent manner. Furthermore, the activity of 

KSR was shown to be dependent on its ability to independently bind Raf and MEK, 

suggesting it is involved in co-ordinating a C-Raf/MEK complex (Roy et al., 2002). 

Studies using RNA interference have confirmed KSR is required for Ras-mediated MAP 

kinase activation (Anselmo et al., 2002; Ohmachi et al., 2002). A number of proteins 

involved in the mechanisms of C-Raf activation may play a part in the ability of KSR to 

facilitate the formation of a C-Raf/MEK complex. 14-3-3 has been shown to bind to KSR 

(Cacace et al., 1999) and sequester it in the cytoplasm (Muller et al., 2001). More recently 

it has been discovered that PP2A dephosphorylates KSR as well as C-Raf, and this is 

required for KSR-mediated ERK activation (Ory et al., 2003).

KSR was identified as a putative kinase protein based on sequence homology to Raf. 

However, the majority of studies have suggested KSR acts as a scaffold protein and do not 

report a functional role for the kinase domain. Furthermore, two predicted kinase dead
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mutants o f KSR were able to complement far-1 loss-of-function alleles in C. elegans and 

reported kinase independent functions in mice (Stewart et al., 1999).

1.5.5 RKIP

Raf Kinase Inhibitory Protein (RKIP, also known as PEBP) is a ubiquitously expressed, 

evolutionary conserved protein. It has been shown that RKIP can interact and inhibit the 

activity of a number of kinases including C-Raf (Yeung et al., 1999). RKIP was reported 

to be an interacting partner of C-Raf, and a negative regulator of the MAPK cascade 

(Yeung et al., 1999). RKIP was found to be a selective inhibitor of the activation of MEK 

by C-Raf (Yeung et al., 1999). It was thought that RKIP was involved in competitive 

interference leading to the dissociation of a C-Raf/MEK complex (Yeung et al., 2000). 

PKC phosphorylation of RKIP was seen to overcome the inhibition caused by RKIP on 

MAP kinase signalling, by releasing RKIP from C-Raf (Corbit et al., 2003). Recently a 

new mechanism has been suggested in which RKIP regulates MAPK signalling. RKIP was 

shown to bind to subdomains I and II of C-Raf, a region that contains Ser338 and Tyr341 

(Yeung et al., 2000). It was shown that RKIP expression inhibited the phosphorylation of 

Ser338 by Pak and the phosphorylation of Try341 by Src. Moreover, mutating Ser338 and 

Try341 led to resistance to RKIP inhibition (Trakul et al., 2005).

B-Raf also interacts with RKIP. RKIP has been shown to inhibit B-Raf induced cell 

signalling in COS-1 and PC 12 cells (Park et al, 2005). Another study recently showed that 

RKIP associates with B-Raf in 293T cells and that this binding is more robust than with C- 

Raf (Trakul et al., 2005). However, RKIP depletion in both rat hippocampal H I9-7 cells 

and human 293T cells had no effect on EGF-stimulated B-Raf activity (Trakul et al., 

2005). Taken together, the data suggests that the role of RKIP in suppressing B-Raf- 

mediated MAP kinase activity is likely to be cell specific.

1.6. Downstream of the Raf protein kinases

1.6.1 MEKs andERKs

Early links were made between Ras and ERK upon the findings that oncogenic Ras leads 

to the activation of ERK1/2 (Leevers and Marshall, 1992; Wood et al., 1992), and growth 

factor stimulation was unable to activate ERK in the presence of a dominant negative form 

of Ras (de Vries-Smits et al., 1992; Thomas et al., 1992; Wood et al., 1992). C-Raf was
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shown to be the protein downstream of Ras that activates ERK (Dent et al., 1992; Howe et 

al., 1992). Both, v-Raf transformed NIH 3T3 cells and COS cells transfected with C-Raf, 

were able to activate ERK2. Dominant negative mutants of C-Raf were found to block Ras 

signalling to ERKs by binding to the Ras effector domain (Kolch et a l , 1996). Stimulation 

of Raf transfected cells with TPA or EGF led to ERK2 activation independent of Ras 

(Howe et al., 1992). Raf protein kinases do not directly activate ERK. MAPK/ERK 

kinases (MEKs) are responsible for the phosphorylation and activation of ERK (Gomez 

and Cohen, 1991; Crews et al., 1992; Nakielny et al., 1992; Seger et al., 1992; Matsuda et 

al., 1992).

Mek cDNAs of two differing forms have been cloned from mouse, rat, human and 

Xenopus (Seger et al., 1992, Wu et al., 1993b, Zheng and Guan, 1993). These give rise to 

two forms of the protein, namely MEK1 and MEK2. These are dual specificity threonine 

and tyrosine protein kinases. MEKs are the major and only widely accepted downstream 

effectors of the Raf protein kinases. All three members of the Raf family can 

phosphorylate and activate MEK1 and MEK2 in vitro (Dent et al., 1992; Howe et al., 

1992; Kyriakis et al., 1992; Catling et al., 1994; Pritchard et al., 1995; Reuter et al., 1995). 

MEK1 is activated by the phosphorylation of Ser218 and Ser222, located in the activation 

loop of the kinase (Alessi et al., 1994; Zheng and Guan., 1994; Yan and Templeton.,

1994). MEK1/2 contain a proline-rich sequence in their kinase region. The role of this 

sequence is thought to be for the recognition and activation of the MEKs by Raf proteins 

(Catling et al., 1995). It is thought this sequence may be important for MEK activation by 

Raf protein kinases, as no other MKKs have been found to contain this sequence.

Other proteins have been shown to activate MEK, but to a lesser degree than the Raf 

protein kinases. These include MEKK-1 (Lange-Carter et al., 1993), Mos (Pham et a l,

1995) and Tpl-2 (Salmeron et al., 1996). Although the Raf protein kinases are the 

predominant MEK activators, the ability of each Raf isoform to activate MEK also varies. 

B-Raf is by far the strongest activator of MEK in many cell types. This has been 

concluded for a number of cell types including fibroblasts, neuronal tissue and 

lymphocytes (Huser et al., 2001; Catling et al., 1994; Reuter et al., 1995; Jaiswal et al., 

1994; Eychene et al., 1995; Jaiswal et al., 1996; Kao et al., 2001). C-Raf activates MEK to 

a lesser extent than B-Raf, but to a greater extent than A-Raf, which shows very little 

activity towards MEK (Pritchard et al., 1995; Marais et al., 1997, Papin et al., 1998; Huser
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et al., 2001). The differing abilities of each Raf isoform in activating MEK suggests they 

may play different roles in cell signalling.

In mammals there are two forms of ERK proteins; ERK1 and ERK2. The ERKs are 

phosphorylated by MEK 1/2 on threonine and tyrosine residues within the sequence -Thr- 

Glu-Tyr-. The exact phosphorylation sites were mapped to residues Thrl83 and Tyrl85 

(Payne et al., 1991). ERK proteins are serine/threonine protein kinases that can activate a 

wide range of substrates. They are located both in the cytoplasm and the nucleus, so 

provide a physical link between these two regions of the cell. Upon mitogenic stimulation 

ERK has been observed to translocate from the cytoplasm to the nucleus (Chen et al., 

1992; Sanghera et al., 1992). ERK1/2 provide a link from the outside of the cell to the 

nucleus.

1.6.2 Other R af protein binding partners

The Raf protein kinases have been shown to interact with other proteins besides MEK1 

and MEK2. A-Raf interacts with the p regulatory subunit of casein kinase 2 (CK2) 

(Boldyreff and Issinger, 1997) and been shown to interact with two proteins that may be 

involved in the mitochondrial transport of A-Raf, namely hTOM and hTIM (Yuryev et al., 

2000). C-Raf has been shown to have MEK-independent roles in apoptosis (Huser et al., 

2001; Mikula et al., 2001) that may involve binding to other proteins. This is discussed in 

more detail later in this chapter. A large number of Raf-associating proteins have been 

described in the literature. Some of which are phosphorylated by Raf in in vitro kinase 

assays. However, none have yet been proven to be true physiological substrates of Raf. (A 

summary of Raf-associating proteins are reported in the review by Kolch, 2000.)

1.6.3 Downstream o f ERKs

ERK1/2 have a wide substrate specificity and the identification of new substrates is still 

underway. ERK 1/2 are proline-directed protein kinases and have been shown to have 

specificity for substrates containing the sequence ser-(Thr)-Pro ((S/T)P) with a trans prolyl 

bond adjacent to the reactive serine residue (Weiwad et al., 2000). It is thought ERK1/2 

may be involved in a feedback mechanism, as two of their targets are their upstream 

activators C-Raf and MEK (Anderson et al., 1991; Lee et al., 1992; Matsuda et al., 1993). 

ERK has been observed to hyperphosphorylate specific sites and desensitize C-Raf,
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preventing any additional activation events, and indicating regulation of C-Raf via 

feedback phosphorylation. It was further shown that PP2A and Pinl interact with the 

desensitized C-Raf to return it to its resting and activation-competent state (Dougherty et 

al., 2005). PP2A dephosphorylates p(S/T)P sites in the trans form and this would agree 

with the role of ERK in its phosphorylation of trans (S/T)P sites. Pinl isomerase binds to 

p(S/T)P sites and can convert them between trans and cis forms. It is thought some of the 

hyperphosphorylated sites of C-Raf may switch to a cis formation after ERK 

phosphorylation, therefore requiring Pinl activity before dephosphorylation by PP2A can 

occur (Dougherty et al., 2005).

1.6.4 Cytoplasmic substrates ofERKs

Downstream substrates of the ERKs include membrane and cytoplasmic substrates (Figure 

1.7) including the EGF receptor (Northwood et al., 1991; Takishima et al., 1991) and 

CPLA2 (Lin et al., 1993).

ERK1/2 target protein kinases such as the p90 ribosomal S6 kinases (p90RSKs) (Sturgill et 

al., 1988). There are four human RSK isoforms, all of which are activated by ERK1/2.
R Q kInactive p90 s reside in the cytoplasm. Like ERKs, upon activation they can either 

remain in the cytoplasm or translocate to the nucleus. Once activated, downstream targets
n p t /

phosphorylated by p90 s include proteins involved in transcriptional activation, such as 

the c-AMP-response element binding protein (CREB) (Xing et al., 1996; Pende et al., 

1997; Xing et al., 1998), c-Fos (Chen et al., 1993; Chen et al., 1996), and the serum 

response factor (SRF) (Rivera et al., 1993). As well as their role in transcriptional 

regulation, p90RSKs may play a part in cell cycle control. A role for p90RSKs in promoting 

cell cycle progression via the possible phosphorylation of the cyclin-dependent kinase 

inhibitor p27KIP1 has been reported (Fujita et al., 2003). p90RSKs are also involved in cell 

survival, as discussed later in this chapter.

Another subfamily of proteins that are ERK substrates are the mitogen- and stress 

activated kinases (MSKs). There are two members of this subfamily, MSK1 and MSK2.
net/  t RSK.

These proteins share a high sequence homology with the p90 s, but unlike the p90 s, 

are known to be activated by stress stimuli as well as mitogens. MSKs are involved in 

transcriptional regulation by mediating activation of CREB and ATF-1 (Deak et al., 1998;
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Figure 1.7 Substrates of the ERK1/2 protein kinases. ERK1/2 target both 
cytoplasmic and nuclear substrates.
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Wiggin et al., 2002; Lee et al., 2003a) and the transcriptional regulation of nurr77 

(Darragh et al., 2005). MSKs are also involved in nucleosomal responses by the 

phosphorylation of histone H3 (Soloaga et al., 2003).

Another set of ERK1/2 substrates are the serine/threonine kinases; MAP kinase interacting 

kinases (MNKs) 1 and 2 (Waskiewicz et al, 1997). Activated MNK1 and MNK2 

phosphorylate the eukaryotic initiation factor 4E (eIF-4E), which leads to ribosomes and 

additional protein synthesis initiation factors being recruited to mRNA (Waskiewicz et al, 

1997).

ERKs also play a role in cell shape and motility via interactions with integrins (Hughes et 

al., 1997), direct phosphorylation of myosin light chain kinase (MLCK) (Klemke et al., 

1997) and activation of Calpain II (Glading et al., 2000). Recently it was shown that via B- 

Raf, activation of ERKs leads to increased protein levels of the Rho effector ROCKII 

(Pritchard et al., 2004). This in turn affects actomyosin contraction via activation of LIMK 

and the subsequent inactivation of the actin-depolymerising protein cofilin.

1.6.5 Nuclear substrates o f ERKs

ERKs can modulate gene expression via nuclear substrates (Figure 1.7). This can occur via
net/

intermediary kinases, such as p90 s and MSKs as mentioned above. ERKs directly 

target and phosphorylate ternary complex factors (TCFs), such as Elk-1 (Gille et al., 1992; 

Marais et al., 1993; Gille et al., 1995). TCFs are members of the ETS family of 

transcription factors. Upon phosphorylation, TCFs assemble complexes with SRF proteins 

at the serum response element (SRE). The SRE is located in the promoter region of many 

immediate early genes (IEGs) including c-fos and promotes the transcription of the genes 

(Marais et al, 1993). The protein products of c-fos and c-jun form a heterodimeric complex 

that interacts with the AP-1 binding site in numerous genes, affecting their expression.

ERKs have been observed to directly phosphorylate a number of IEG products. These 

include members of the AP-1 family of transcription factors, such as c-Jun (Pulverer et al., 

1991; Smeal et al., 1991), c-Fos (Chen et al., 1993; Chen et al., 1996) as well as ATF-2 

(Abdel-Hafiz et al., 1992). Other transcription factors phosphorylated by the ERKs include
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c-Myc (Alvarez et al., 1991; Gupta et a l , 1993), and the TNF Ets-2 (McCarthy et al., 

1997).

Recently a mechanism has been discovered that allows cells to interpret differences in 

ERK activity. This has been shown to occur via c-Fos (Murphy et a l, 2002). It appears the 

phosphorylation of c-Fos by ERK is dependent on the duration of ERK activity. Transient 

ERK activity was observed upon treatment of fibroblasts with EGF, but sustained ERK 

activity was seen upon stimulation with PDGF. The latter stimulation promoted cell 

proliferation (Murphy et a l, 2002). It was discovered that upon transient ERK activity c- 

Fos was present in the nucleus but not phosphorylated, leading to it being unstable and 

therefore degraded. However, sustained ERK activity led to the phosphorylation of c-Fos, 

this in turn exposed a DEF domain on c-Fos, which promoted further phosphorylation by 

ERK, resulting in a stabilised form of c-Fos. This stabilised form of c-Fos was found to 

take part in mechanisms to promote cell proliferation (Murphy et a l, 2002), as described 

in Section 1.7. It is thought ERK activity may influence other IEGs in this way, as putative 

DEF domains have been located in c-Myc, as well as the AP-1 proteins Fra-1, Fra-2, JunB 

and JunD (Murphy et a l, 2002).

1.7 Proliferation

The cell cycle is made up of four phases; G l, S, G2 and M. When no growth factor 

stimulation is supplied to a cell it remains in a resting state known as GO. Progression from 

the resting state into the cell cycle leads to entry into Gl. This transition is stimulated by 

growth factors, and these are also required to ensure subsequent continuation through Gl 

and into the S phase. S phase is where DNA duplication takes place and is followed by G2. 

Transition through G2 leads to the M phase where chromosome segregation and 

cytokinesis occur. There are many check points during the cell cycle to try to ensure 

inappropriate proliferation does not take place. The control of the cell cycle relies on a 

series of kinase activities that promote transition though each phase. Cyclin-dependent 

kinases (cdks) are key regulatory proteins important in these transitions. Cdks rely on 

protein binding partners for their activity, namely cyclins.

The cyclins involved early on in the Gl to S phase transition are cyclins D l, D2 and D3. 

The cdk binding partners of the D type cyclins are cdk4 and cdk6. Cyclin D-cdk4/6
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complexes were found to be essential for entry into the Gl phase (Sherr, 1994). Cyclin E, 

which associates with cdk2, regulates the Gl to S phase transition towards the end of Gl 

(Ohtsubo et a l, 1995). Cyclin D is synthesised as long as mitogenic stimulation persists. 

Upon stimulation, during early to mid G l, D-type cyclins and their associated cdks 

phosphorylate the retinoblastoma protein (Rb) (Kato et al., 1993). Phosphorylated Rb 

(pRb) is disrupted from the complex it forms with E2F transcription factors. Upon release 

E2F transcription factors can positively regulate the transcription of genes whose products 

are required for the latter part of G l, including cyclin E (Buchkovich et al., 1989; Kato et 

al, 1993; Brehm et al., 1998). Cyclin E-cdk2 complexes are partly responsible for 

maintaining pRb in a hyperphosphorylated state for the remainder of the cell cycle. 

Hyperphosphorylated pRb is unable to bind to its complex partners, enabling them to 

promote expression of genes required for S phase such as cyclin A and cdc25.

Cdk activity can be counteracted by cell cycle inhibitory proteins known as Cdk inhibitors 

(CKIs). CKIs bind to cdks alone or to cdk-cyclin complexes in order to regulate cdk 

activity. There are two distinct families of CKIs; the cyclin-dependent kinase-interacting 

protein/kinase-interacting protein (Cip/Kip) family and the inhibitor of cyclin-dependent 

kinase 4 (INK4) family (Sherr and Roberts, 1995). The INK4 family includes p i5 

(INK4b), p i6 (INK4a), p i8 (INK4c) and p i9 (INK4d). These inhibitory proteins 

specifically inactivate cdk4 and cdk6. They form stable complexes with the cdks before 

cyclin-binding can take place, thus preventing binding with the D-type cyclins (Camero 

and Hannon, 1998). The Cip/Kip family includes p21 (Wafl, Cipl), p27 (Cip2, Kipl) and 

p57 (Kip2). These CKIs can inactivate the cyclin E-cdk complexes as well as the cyclin D- 

cdk complexes (Polyak et al., 1994; Harper et al., 1995; Lee et al., 1995b). However 

p21CIP1 has also been shown to promote the cell cycle by attaching to cyclin D-cdk4
ty- fp

complexes (LaBaer et al., 1997), and p27 has been shown to play a role in 

tumourigenesis and may also promote proliferation under some circumstances (Nho and 

Sheaff et al., 2003). Therefore these proteins may be involved in cell proliferation as well 

as inhibition.

Entry from GO and progression through Gl requires mitogenic stimuli and it has long been 

thought that the sustained expression of D-type cyclins via mitogenic stimuli is required 

for progression from Gl to S phase (Sherr and Roberts, 1999). However, recent findings 

from the generation of mice lacking all three cyclin D genes question this view (Kozar et
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al., 2004). Cyclin D-null mice survived to mid-gestation and only showed abnormalities at 

E l3.5. Many of the cyclin D-null MEFs generated were able to resume proliferation upon 

serum stimulation after a brief period of quiescence, and this was thought to be due to 

cyclin E-cdk2 complexes being able to compensate for the lack of activity of cyclin D- 

cdk4/6 complexes (Kozar et al., 2004). These findings suggest D-type cyclins are non- 

essential for somatic cell cycles. A role for cyclin D was suggested for the exit from 

quiescence, as not all cells were able to re-enter the cell cycle and severe re-entry defects 

were observed upon stimulation with low serum concentrations. Similar conclusions were 

also drawn upon the production of cyclin E-null mice (Geng et al., 2003). Production of 

null mice for the cdk4 and cdk6 protein kinases has also questioned their essential 

requirement during the cell cycle, as cdk2 was shown to compensate in their absence 

(Reviewed in Sherr and Roberts, 2004).

1.7.1 The Raf/MEK/ERK cascade and proliferation

The RafrMEK/ERK pathway couples signals from cell surface receptors to transcription 

factors, including many involved in cellular proliferation. ERKs have been shown to play a 

role in the regulation of the Gl to S phase of the cell cycle. Upon activation ERKs 

translocate to the nucleus where they can phosphorylate transcription factors including 

members of the c-Fos (c-Fos, FosB, Fra-1 and Fra-2) and c-Jun (c-Jun, Jun-B and Jun-D) 

families of proteins (Whitmarsh and Davis, 1996; Balmanno and Cook, 1999; Cook et al., 

1999; Shaulian and Karin, 2002). Members of these families form heterodimeric AP-1 

complexes that are able to bind to AP-1 binding sites found in the promoter region of 

many genes, including cyclin D1 (Angel and Karin, 1991; Albanese et al., 1995). This 

promotes the expression of cyclin D l, leading to the phosphorylation and derepression of 

the Rb protein by the cyclin D/cdk4/6 complexes, resulting in the release of the E2F 

transcription factors. This in turn allows expression of various genes required to progress 

through the Gl to S phase of the cell cycle.

ERKs are also shown to play a role in cellular proliferation by phosphorylating the 

transcription factor c-Myc (Alvarez et al., 1991; Gupta et al., 1993), which has been 

suggested to target cdk4 (Hermeking et al., 2000). ERKs also phosphorylate p90RSKs. 

p90RSKs in turn can regulate th SRE (Rivera et al., 1993), CREB (Xing et al., 1996; Pende 

et al., 1997; Xing et al., 1998) and c-Fos (Chen et al., 1993; Chen et al., 1996). p90RSKs
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have also been linked to the phosphorylation of the CKI, p27KIP1. This phosphorylation 

allows 14-3-3 to bind to p27KU>1, leading to its cytoplasmic localisation (Fujita et al.,

2003). p27KJP1 is also targeted by c-Myc, whereas p21CIP1 is a transcriptional target of both 

Ets-1 and c-Myc (Beier et al., 1999; Gartel et al., 2001). Cyclin E is transcriptionally 

activated by CREB, AP-1 and c-Myc (Jansen-Durr et al., 1993; Perez-Roger et al., 1997).

1.7.2 Rafprotein kinases and proliferation

Expression of activated Raf proteins has been associated with increased cell proliferation 

in many cell types including hematopoietic cells (Muszynski et al., 1995), murine NIH 

3T3 fibroblasts (Kerkhoff and Rapp, 1997; Kerkhoff et al., 1998) and A10 smooth muscle 

cells (Cioffi et al., 1997). However, overexpression of activated Raf proteins have also 

been shown to lead to cell cycle arrest in some cell lines including rat Schwann cells, 

human promyelocytic leukaemia cells (Lloyd et al., 1997) and small cell lung cancer cells 

(Ravi et al., 1998). The conflicting results observed are thought to depend on the Raf 

isoform being expressed and its level of activity.

Studies involving conditionally-active ARafiER proteins have been used to investigate the 

role Raf proteins play in cell proliferation. Constructs were produced by fusing the CR3 

domain of each Raf isoform with the human hormone-binding domain of the estrogen 

receptor (hbER) to give AC-Raf:ER, AB-Raf:ER and AA-Raf:ER (Samuels et al., 1993; 

Pritchard et al., 1995). Raf is activated in cells expressing these constructs by the addition 

of estradiol. Adding estradiol to quiescent NIH 3T3 cells expressing either AC-Raf:ER or 

AB-Raf:ER did not promote cell cycle progression and was shown to inhibit mitogenic 

responses of the cells to subsequent additions of EGF and PDGF. In contrast, estradiol 

addition to AA-Raf:ER expressing NIH 3T3 allowed quiescent cells to enter S phase, and 

no inhibition to mitogenic responses of the cells upon subsequent growth factor 

stimulation was observed (Pritchard et al., 1995). The differences observed in the ability to 

promote cell proliferation by the three isoforms of Raf was thought to be due to the 

differences observed in their abilities to activate MEK. AB-Raf:ER was found to 

phosphorylate and activate MEK with the greatest efficiency, followed by AC-Raf:ER, 

with AA-Raf:ER activating MEK the least efficiently (Pritchard et al., 1995).
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Further studies utilising the conditionally-active ARafiER constructs were subsequently 

performed. It was observed that all three activated ARafiER proteins were able to strongly 

induce cyclin D1 expression, and that this induction correlated with the differing abilities 

of each Raf isoform to activate MEK/ERK. Cyclin E was also induced by all three 

activated ARaf:ER proteins but this did not correlate with MEK activation (Woods et al., 

1997). Investigating CKIs showed that all three activated ARafiER proteins were able to 

repress p27KIP1 expression, but differences were observed in the regulation of p21CIP1. 

Both AC-Raf:ER and AB-Raf:ER strongly induced the expression of p21CIP1, whereas AA- 

Raf:ER did not. This provided an explanation as to why both AC-Raf:ER and AB-Raf:ER 

activation led to Gl cell cycle arrest, but activation of AA-Raf:ER allowed entry into the 

cell cycle (Woods et al., 1997). Furthermore, it was shown that the activation of the 

various ARafiER proteins could be manipulated by altering the concentration of estradiol 

used for stimulation. It was concluded that low levels of Raf activity led to activation of 

both cyclin Dl-cdk4 and cyclin El-cdk2 complexes, leading to NIH 3T3 cell proliferation, 

whereas high levels of Raf activity associated with high MAPK activity caused cell cycle 

arrest and correlated with p21cn>1 induction and inhibition of cyclin-cdk activity.

A study looking into the relationship of cAMP, C-Raf, ERK activity and cell cycle re­

entry utilised the conditionally-active AC-Raf:ER construct mentioned earlier (Samuels et 

al., 1993; Pritchard et al., 1995). Three cell lines, namely CC139, NIH 3T3 and Rat-1 

cells, expressing the AC-Raf:ER construct were analysed. AC-Raf:ER chimeras contain the 

kinase domain of C-Raf only and thus lack the three serine residues (Ser43, Ser233 and 

Ser259) thought to be involved in cAMP mediated inhibition of C-Raf. All three cell lines 

were found to be resistant to inhibition of C-Raf induced ERK1/2 activity by cAMP, 

suggesting the importance of the N terminal in C-Raf inhibition via elevated cAMP levels 

(Balmanno et al., 2003). Furthermore, although AC-Raf:ER signalling to various AP-1 

proteins was found to be insensitive to cAMP, AC-Raf:ER stimulated DNA synthesis was 

still inhibited by cAMP. Therefore, since cAMP did not inhibit ERK activity downstream 

of C-Raf in these cell lines, but blocked cell cycle re-entry downstream of ERK1/2, it 

suggested cAMP plays a role in the regulation of other targets of S-phase. Assessment of 

various proteins involved in S-phase indicated cAMP was able to inhibit cdk2 activation 

via AC-Raf:ER. This was postulated to occur via blockage of cdc25A and cyclin A and 

possibly by preventing p27KJP degradation (Balmanno et al., 2003). This study again

40



Chapter 1 Introduction

indicates cAMP regulates downstream targets, as well as proteins of the Raf/MEK/ERK 

pathway.

A direct link between the Raf and Akt signalling pathway during cell cycle re-entry has 

also been reported (Gille et al., 1999). Recent work has investigated the mechanisms that 

may be involved and has shown both pathways can co-operate to promote cell 

proliferation (Mirza et al., 2004). Using NIH 3T3 cells containing conditionally active 

forms of Raf and Akt, it was observed co-activation of Raf and Akt led to co-operation in 

the induction of cyclin D1 and in the repression of p27KIP1 expression. Furthermore it was 

found that Akt was able to promote the removal of Raf-induced p21CIP suppression of 

cdk2 complexes, leading to sustained cyclin E/cdk2 activity (Mirza et al., 2004).

A direct link between Rb and C-Raf has also been suggested. Rb was shown to physically 

interact with C-Raf both in vitro and in vivo in human fibroblasts. Moreover, this 

interaction required mitogenic stimulation, was only present in proliferating cells and is 

thought to aid proliferation by inhibiting Rb activity, thus reversing the Rb-mediated 

suppression of E2F transcription factors (Wang et al., 1998a). Furthermore, it was 

observed that the inactivation of Rb by C-Raf is independent of the Ras/Raf/MEK/ERK 

cascade and cdks (Dasgupta et al., 2004). Using a peptide to disrupt the Rb/C-Raf 

interaction, a reduction in tumour growth was observed in nude mice (Dasgupta et al.,

2004). These data suggests an important role for C-Raf in cell proliferation that is 

independent of its MEK kinase activity.

1.8 Apoptosis

Apoptosis or programmed cell death is a mode of cell death used by multicellular 

organisms to maintain cellular homeostasis. Loss of control of the apoptotic programme 

contributes to the development of many diseases including cancer, AIDS, neuro- 

degenerative diseases, stroke and heart failure. The morphological definition of apoptosis 

includes cell shrinkage, chromatin compaction, plasma-membrane blebbing and collapse 

of the cell into small intact fragments (apoptotic bodies) that are removed by phagocytes 

(Savill and Fadok, 2000).
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Apoptosis can be induced by a variety of stimuli including activation of death receptors, 

UV or y-irradiation, growth factor withdrawal and chemotherapeutic drugs. Detailed 

studies of apoptosis were first carried out in Caenorhabditis elegans, in which a number of 

genes involved in apoptosis, including members of the ced family, have been characterised 

(Hengartner et al., 1994). In mammals, genes shown to have similarities to the ced genes 

include the caspase gene family. This gene family encodes for cysteine-dependent aspartic 

acid-directed proteases that have been found to be central regulators in the process of 

apoptosis. Caspases consist of an N terminal pro-domain, followed by large and small 

subunits. They are synthesised as relatively inactive zymogens and conversion into an 

active enzyme requires a minimum of two cleavages, both occurring at specific aspartic 

acid cleavage sites (Cohen, 1997).

The caspases can be divided into two sub-groups; initiator (upstream) caspases, such as 

caspases 8, 9 and 10, and effector (downstream) caspases including caspases 3, 6 and 7. 

Initiator caspases tend to have large pro-domains and initiate the apoptotic response by 

activating the effector caspases. The latter consist of shorter pro-domains and are thought 

to be involved in the majority of substrate proteolysis that occurs during apoptosis 

(Eamshaw et al., 1999). Over 50 direct or indirect substrates of the caspases have been 

proposed. Caspases cleave key structural and regulatory proteins including a large range of 

cytoskeletal and nuclear proteins, as well as some involved in signalling pathways 

(reviewed in Eamshaw et al., 1999). Two pathways through which the activation of pro- 

caspases are triggered have been identified. These are the death receptor-mediated 

apoptosis pathway and the mitochondria-mediated apoptosis pathway.

1.8.1 Death receptor-mediated apoptosis pathway

The death receptor-mediated apoptosis pathway is activated by death receptors. (Schmitz 

et al., 2000; Figure 1.8) These receptors are members of a subgroup of the type 1 

TNF/NFG receptor superfamily. They contain an intracellular death domain required for 

the transduction of the apoptotic signal. Members of the superfamily include TNF-R1, 

CD95, TRAIL-R1, TRAIL-R2 and DR6. Each death receptor is activated through its own 

natural ligand. These ligands have co-evolved as the TNF family. The process via which 

death receptors mediate apoptosis is most well studied for CD95. Upon binding of CD95 

ligand, the CD95 receptor is triggered to undergo trimerization. This facilitates the binding

42



Chapter 1 Introduction

of the adaptor molecule FADD (Fas-associated death domain)/Mortl via interactions in 

the C-termini of both polypeptides. Pro-caspase 8 is also recruited, leading to 

oligomerisation of CD95 and the formation of the death-inducing signalling complex 

(DISC). Pro-caspase 8 is subsequently auto-proteolytically cleaved at the DISC and 

initiates the activation of the effector caspase 3 (Schmitz et al., 2000). Another death 

receptor TNF-R1, binds the adapter molecule TRADD (TNFR-associated death domain) 

upon ligand activation. However, TNF-R1 does not initiate apoptosis via a membrane 

bound DISC, but via a secondary intracellular signalling complex involving FADD and 

caspase 8 (Micheau & Tschopp, 2003).

1.8.2 Mitochondria-mediated apoptosis pathway

Some stimuli including stress signals trigger apoptosis without the involvement of death 

receptors (Figure 1.8). Activation of initiator caspases can lead to the release of the 

electron transport protein cytochrome c into the cytosol (Yang et al., 1997; Kluck et al., 

1997; Liu et al., 1996). The release of cytochrome c is tightly regulated by members of the 

Bcl-2 family of proteins. Released cytochrome c binds to the co-factor apoptotic protease 

activating factor-1 (Apaf-1), in the presence of dATP/ATP, and promotes the assembly of 

the apoptosome. This large multimeric complex is formed by the oligomerisation of Apaf- 

1, and leads to the recruitment and activation of procaspase 9 into the complex (Zou et al., 

1999; Acehan et al., 2002). This results in the auto-processing and cleavage of the effector 

pro-caspases 3 and 7 by the activated caspase 9.

1.8.3 Linkage o f the death receptor & mitochondria mediated apoptosis pathways

The two apoptotic pathways are linked via caspase 8 as shown in Figure 1.8. Caspase 8 

can lead to apoptosis via the death receptor mediated pathway. However, it is also 

involved in the induction of mitochondrial damage via Bid. Bid, a death agonist and 

member of the Bcl-2 family, has been shown to be cleaved, and thus activated by caspase 

8, in response to death receptor signals (Li et al., 1998). Truncated Bid (tBid) translocates 

to the mitochondria where it can induce oligomerization of Bax and/or Bak (Korsmeyer et 

al., 2000). Cytochrome c is then released from the mitochondria. The precise mechanism 

via which this occurs still remains unclear. It has been suggested that tBid itself may 

induce the release, however tBid may also be indirectly involved and the release may be 

induced by Bax, Bak or another protein.
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Figure 1.8 Death receptor (CD95) and mitochondrial mediated apoptosis 
pathways. The two pathways are linked via caspase 8-mediated truncation of Bid.
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The precise role of cytochrome c release in Fas mediated apoptosis still remains unclear. 

Although studies have shown the involvement of cytochrome c in CD95 ligand mediated 

apoptosis in hepatocytes (Yin et al., 1999), this has been shown not to be the case in other 

cell lines, such as lymphoid cells and embryonic fibroblasts (Gross et al., 1999).

1.8.4 The Bcl-2 family o f proteins

The Bcl-2 family consists of around 20 proteins that are important pro- or anti-apoptotic 

regulators of apoptosis (Bomer., 2003). All members of the family share at least one 

conserved Bcl-2 homology (BH) domain. Anti-apoptotic members include Bcl-2 and Bcl- 

xl, pro-apoptotic members are Bax, Bak and Bok and a further subset are the pro-apoptotic 

BH3-only proteins that include Bid, Bad and Bim. Most studies in recent years have 

centred on the role of these proteins at the mitochondria. Pro-apoptotic Bax and Bak are 

inserted into the mitochondrial membrane and induce the release of cytochrome c upon 

their oligomerisation. Anti-apoptotic members such as Bcl-2 and B c 1 -x l  prevent Bax and 

Bak from disrupting the mitochondrial integrity (Bomer., 2003). The net balance between 

pro-survival and pro-apoptotic proteins determine the cells fate. Activation of Bax and Bak 

are critical for mitochondrial-mediated apoptosis, as cells from mice deleted for both Bax 

and Bak were found to be profoundly resistant to the induction of mitochondrial-mediated 

apoptosis by most death stimuli (Wei et al., 2001). The Bcl-2 family of proteins are 

therefore key regulators of apoptosis.

1.8.5 ERK-dependent role for Rafproteins in apoptosis suppression

The role of Raf proteins in apoptosis via the Ras/Raf/MEK/ERK pathway leads to the 

induction of apoptosis in some cell types but the suppression of apoptosis in others. 

Growth factor withdrawal in a number of cell types, including myeloid cells, PC 12 cells, 

fibroblasts and pro-B cells, that overexpress constitutively activated Ras, B-Raf, C-Raf or 

MEK showed suppression of apoptosis (Cleveland et al., 1994; Xia et al., 1995; Erhardt et 

al., 1999; Le Gall et al., 2000; von Gise et al; 2001). Studies in PC 12 cells have shown the 

removal of NGF leads to apoptosis with sustained activation of JNK and p38-MAPK but 

inhibition of ERK1/2. Therefore the dynamic balance between ERK1/2 and JNK/- 

p38MAPKs in PC 12 cells determines the ocurrance of apoptosis or cell survival (Xia et 

a l , 1995).
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As well as activating the Raf/MEK/ERK pathway, Ras is the activator of the PI3-K/Akt 

pathway. This pathway is important for its role in cell survival. Ras interlinking the two 

pathways may have an effect on whether the Raf/MEK/ERK pathway has pro- or anti- 

apoptotic effects. In fibroblasts Ras utilises the PI3-K/Akt pathway in the suppression of c- 

Myc induced apoptosis (Kauffmann-Zeh et al., 1997). However, in this system, serum 

withdrawal promoted apoptosis via the Raf/MEK/ERK pathway, and this was rescued by 

activated PI3-K. It has also been observed in myeloid cells that PI3-K/Akt is required for 

constitutively active C-Raf or MEK1 suppression of apoptosis (von Gise et al; 2001). 

Therefore it is likely that Ras determines the suppression or induction of apoptosis via 

these two pathways.

B-Raf has been directly linked with suppressing apoptosis via the activation of MEK/ERK 

(Erhardt et al., 1999). Fibroblasts over-expressing B-Raf, subjected to growth factor 

deprivation, were resistant to apoptosis and this resistance was lost when a specific MEK 

inhibitor was used. Furthermore, the over-expression of B-Raf within these cells resulted 

in increased ERK activity, but no alterations in the PI3-K/Akt pathway. The anti-apoptotic 

effects of B-Raf were shown to be downstream of the release of cytochrome c from the 

mitochondria (Erhardt et al., 1999). ERKs have been shown to regulate a number of 

proteins involved in apoptosis. This includes both nuclear and cytoplasmic targets as 

described below.

1.8.6 Bim

Bim, a BH3-only protein member of the Bcl-2 family promotes apoptosis (O’Connor et 

al., 1998). There are currently ten known Bim variants, all thought to be obtained by 

alternative splicing (O’Connor et al., 1998; Miyashita et al., 2001; Marani et al., 2002). 

Two of these variants, BimeL and BiniL have been linked to the Ras/Raf/MEK/ERK 

pathway. BimeL and BiniL can bind to Bcl-2 or B c 1 -x l, which in turn leads to the release of 

pro-apoptotic Bax and Bak, thus promoting apoptosis. ERK1/2 can repress Bim expression 

independently of the JNK and PI3-K pathways (Weston et al., 2003). Serum withdrawal 

induced apoptosis in CC139 fibroblasts caused a rapid de novo accumulation of BimeL and 

this expression was reduced upon activation of the ERK1/2 pathway. The ERK1/2 

pathway also promotes phosphorylation of BimeL and this targets BimeL for degradation 

via the proteasome (Ley et al., 2003). ERK1/2 has subsequently been observed to directly
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phosphorylate BimEL at serine 65, and there are two other BintEL sites that undergo 

phosphorylation by ERK1/2 (Ley et al., 2004). The Ras/Raf/MEK/ERK pathway may 

also play a role in inhibiting BiniEL and BiniL in detachment-induced apoptosis (Marani et 

al., 2004). Therefore ERKs play a role in preventing apoptosis via the phosphorylation and 

subsequent degradation of Bim variants.

1.8.7 p90KSK
1? Q lfERKs phosphorylate and activate p90 proteins (Sturgill et al., 1988). These proteins are 

a family of serine/threonine kinases consisting of four mammalian isoforms. Activated
n r v  n r i /

p90 has both cytoplasmic and nuclear substrates. In the nucleus p90 is shown to 

phosphorylate CREB (Xing et al., 1996; Pende et al., 1997; Xing et al., 1998), c-Fos 

(Chen et al., 1993; Chen et al., 1996), and the SRF (Rivera et al., 1993). It may also play a 

direct role in promoting the cell cycle via p27KIP1 (Fujita et al., 2003). The p90RSK proteins 

are also involved in promoting cell survival via direct phosphorylation and inactivation of 

the Bcl-2 pro-apoptotic protein Bad. p90RSK phosphorylates Bad at Seri 12, and this 

stimulates binding of Bad to 14-3-3, sequestering Bad, thus preventing Bad-mediated cell 

death (Tan et al., 1999). The Ras/Raf/MEK/ERK signalling cascade was observed to 

induce Bad phosphorylation by p90RSK in a growth factor dependent manner in neuronal 

cells (Bonni et al., 1999).

1.8.8 Caspase 9

A direct link between the role of ERK in cell survival and caspase 9 has been found. An in 

vitro study using cytosolic HeLa cell extracts discovered that caspase 9 activity was 

suppressed by okadaic acid, and this could be overcome via treatment with the MEK 

inhibitors PD98059 and U0126 (Allan et al., 2003). Further analysis showed addition of 

okadaic acid was leading to induced activity of ERK 1/2, and suppression of this activity 

corresponded to the induction of caspase 9 in various cell types. It was discovered that 

pro-caspase 9 is phosphorylated in vitro on Thrl25 by ERK2 upon growth factor 

stimulation, and that ERK1/2 co-precipitated with the phosphorylated form of pro-caspase 

9. Furthermore, phosphorylation of Thrl25 prevented caspase 9 processing and caspase 3 

activation, even when apoptosome formation was induced (Allan et al., 2003). These data 

strongly suggest a role for ERK in the suppression of apoptosis via phosphorylation of 

caspase 9.
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1.8.9 ERK-independent roles for Rafproteins in apoptosis suppression

Studies have indicated roles for C-Raf in suppressing apoptosis that are independent of its 

role in the Ras/Raf/MEK/ERK pathway. Two independent studies analysing apoptosis in 

C-raf1' mice show an increased susceptibility to apoptosis that is independent of C-Raf 

MEK kinase activity (Huser et al., 2001; Mikula et al., 2001). Both studies showed 

increased susceptibility to apoptosis in C-raf1' fibroblasts upon treatment with various 

stimuli, including CD95 ligand, etoposide, growth factor withdrawal and actinomycin D, 

but no increase was observed for TNF-a-mediated apoptosis. However, MEK and ERK 

activation were found to be normal in these cells. In skeletal myoblasts it was shown that 

high signalling levels of C-Raf can suppress apoptosis in this cell line and use of a MEK 

inhibitor does not block this suppression (DeChant et al., 2002), again indicating a role of 

C-Raf in MEK kinase-independent cell survival.

1.8.10 Bcl-2 family members

A number of pathways have been suggested to account for the MEK kinase-independent 

role of C-Raf in the suppression of apoptosis (Figure 1.9). C-Raf has been shown to 

interact with the anti-apoptotic Bcl-2 protein via co-immunoprecipitation experiments 

(Wang et al., 1994). This led to synergistic apoptosis suppression upon withdrawal of 

Interleukin-3 (IL-3) in IL-3-dependent hemopoietic cells, but results indicated this was not 

due to C-Raf directly phosphorylating Bcl-2. Observations were made that C-Raf can bind 

to the BH4 domain of Bcl-2 and target C-Raf to the mitochondria (Wang et al., 1996a). 

However, it has subsequently been stated that this may have only occurred due to the over­

expression of Bcl-2 in these cells (Rapp et al., 2004) It was also observed that a 

mitochondrial targeted form of the kinase domain of C-Raf suppresses apoptosis to the 

same extent as C-Raf and Bcl-2 combined, suggesting they may not be directly involved in 

suppressing apoptosis (Wang et al., 1996a). An independent study to those described 

above observed Bcl-2 does not require C-Raf kinase activity for its role in cell survival 

(Olivier et al., 1997). C-Raf and Bcl-2 have also been shown to act independently in 

suppressing apoptosis (Zhong et al., 2001). Therefore it is unclear as to if C-Raf and Bcl-2 

act directly together in suppressing apoptosis and if they play a role together at the 

mitochondria.
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Bad, the pro-apoptotic member of the Bcl-2 family, in its non-phosphorylated form, binds 

to the anti-apoptotic B c 1 -x l protein. This sequesters B c 1 -x l, preventing it from suppressing 

apoptosis at the mitochondria, thus allowing the release of cytochrome c. Bad can be 

phosphorylated on serines 112 and 136 (Datta et al., 1997; Bonni et al., 1999), which leads 

to the binding of 14-3-3 proteins. This causes cytoplasmic relocalisation of Bad, thus 

leaving Bcl-xL free in its role to suppress apoptosis (Zha et al., 1996). A mitochondrial 

targeted kinase domain of C-Raf was shown to phosphorylate Bad (Wang et al., 1996b), 

but no further role for C-Raf in suppressing apoptosis by sequestering Bad has been 

reported.

1.8.11 Bag-1

Bag-1 is a multifunctional protein that was originally discovered as a binding partner of 

Bcl-2 (Takayama et al., 1995). More recent findings have indicated Bag-1 interacts with 

the Hsc70 and Hsp70 heat shock proteins (Takayama & Reed., 2001) and may play a role 

in regulating cell growth and survival (Townsend et al., 2005). Bag-1 binds to and 

activates C-Raf (Wang et al., 1996b). Recent data have suggested that Bag-1 plays a role 

in the suppression of apoptosis by C-Raf in tumour cells (Gotz et al., 2004). When a lung 

cancer mouse model expressing constitutively active C-Raf was crossed to Bag-1 

heterozygote mice, tumour cells showed increased apoptosis. The precise interaction in 

cell survival between C-Raf, Bag, and the possible involvements of Hsc70, Hsp70, Bcl-2 

and Bad, still needs to be addressed.

1.8.12 NF-kB

The nuclear factor kB (NFkB) family of transcription factors consists of five members 

(NFkBI [pl05/p50], NFkB-2 [pl00/p52], RelA [p65], RelB and RelC) that reside in the 

cytoplasm in their inactive form. They are retained in the cytoplasm, as dimers, by being 

bound to specific inhibitors known as IkBs (Mercurio et al., 1993). Stimuli, such as 

TNFa, IL-1 and viral DNA lead to phosphorylation of the IkB proteins on serine residues 

of the NH2 terminal domain (Traenckner et al., 1995). The IkB-kinase complex, (IKK) is 

the complex responsible for phosphorylating the IkBs (Zandi et al., 1998). This leads to 

polyubiquitination and degradation of the IkB proteins by the proteasome pathway, 

allowing the freed NFkB dimers to translocate to the nucleus (Chen et al., 1995;
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Traenckner et al., 1995). At the nucleus NFkB proteins are involved in the activation of 

gene transcription of many genes including those associated with the inflammatory 

response, development and cell survival (Beg and Baltimore, 1996; Van Antwerp et a l, 

1996). More recently, a second pathway involving NFkB proteins has been discovered. 

The role of this alternative pathway is thought to be in the development and maintenance 

of secondary lymphoid organs (Bonizzi and Karin, 2004).

The role of NFkB in the suppression of apoptosis is via the induction of a number of 

genes. NFkB induces; growth and DNA damage 45p (Gadd45p) which is involved in 

DNA damage and cell cycle repair (Da Smaele et al., 2001); Bcl-xL (Chen et al., 2000); 

Bcl-2 in some cell types (Heckman et al., 2002) and inhibitor of apoptosis (IAP) proteins 

1 and 2 (Chu et al., 1997; Wang et al., 1998b). The IAPs are a family of proteins that 

suppress apoptosis by directly inhibiting caspases (Deveraux and Reed, 1999). NFkB is 

also responsible for upregulating the caspase 8 inhibitor C-FLIP, which leads to 

resistance to death induced apoptosis (Micheau et al., 2001).

C-Raf has been shown to increase the transcriptional activity of NFkB independently of 

its role in the Ras/Raf/MEK/ERK pathway (Norris and Baldwin., 1999). Findings have 

revealed C-Raf is involved in the dissociation of the NFkB- IkB complex (Li and Sedivy, 

1993), although the involvement of C-Raf may be indirect. C-Raf associates with casein 

kinase II, and this in turn can interact with IkB and leads to its dissociation from NFkB 

(Janosch et al., 1996). Evidence also exists to suggest C-Raf indirectly activates NFkB 

via the membrane shuttle kinase MEKK1 (Baumann et al., 2000). Co-transfecting C-Raf 

with a dominant negative form of MEKK1 strongly reduced NFkB dependent reporter 

gene activity, and led to a synergistic activation of the reporter construct in the presence 

of MEKK1 and C-Raf. However, no direct links between NFkB and C-Raf in apoptosis 

have been found. This is further supported by the observation that NFkB activity is not 

altered in C-raf1' macrophages that show increase susceptibility to apoptosis (Jesenberger 

et al., 2001).

It is still unclear whether MEK independent suppression of apoptosis by C-Raf occurs at 

the mitochondria, or indeed if C-Raf activation must occur at the mitochondria. As stated 

earlier, mitochondrial targeted C-Raf as been observed to protect mammalian
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hemopoietic 32D cells from apoptosis by preventing cytochrome c release (Wang et al., 

1996a). It was also shown that expression of mitochondrial C-Raf led to increased cell 

survival in 32D cells (Peruzzi et al., 1999). Furthermore, mitochondrial C-Raf has been 

found to protect cells via Bcl-2 or Bad independent pathways (Zhong et al., 2001). C-Raf 

has been observed to interact with the voltage dependent anion channel (VDAC) (Le 

Mellay et al., 2002). This channel is a mitochondrial pore involved in the exchange of 

metabolites. The kinase domain of C-Raf was found to directly interact with VDAC and 

was thought to affect metabolite flow in and out of the mitochondria. The role this may 

play in apoptosis has not been investigated. However, in C-raf1' macrophages that 

showed increase susceptibility to apoptosis, assessment of alteration of mitochondrial 

function showed no significant cytochrome c release in these cells, and suggested 

apoptosis was not occurring due to mitochondrial fragility (Jesenberger et al., 2001). 

Therefore, although C-Raf has been observed to interact with various proteins at the 

mitochondria, the roles these interactions may or may not play in suppressing apoptosis 

are yet to be fully resolved.

1.8.13 ASK1

Apoptosis signal-regulating kinase 1 (ASK1) is a ubiquitously expressed MKKK. It 

activates the stress induced MKK4/MKK7-JNK and MKK3/MKK6-p38-MAPK 

signalling cascades (Ichijo et al., 1997). As described earlier, these signalling cascades 

are MAPK cascades, involving a three tiered structure, as described for the 

Ras/Raf/MEK/ERK pathway (Figure 1.1). The over-expression of wild-type or activated 

alleles of ASK1 activates JNK and p38-MAPK and induces apoptosis in various cells 

through mitochondria-dependent caspase activation (Ichijo et al., 1997; Hatai et al., 

2000). ASK 1-deficient cells are resistant to H2O2- and TNF- induced apoptosis (Tobiume 

et al., 2001), thus suggesting ASK1 plays a crucial role in stress-induced apoptosis.

C-Raf has been shown to interact with ASK1 in vitro and in vivo (Chen et al., 2001). 

Over-expression of C-Raf leads to decreased apoptosis in ASK1 expressing HeLa cells, 

suggesting C-Raf plays a role in antagonising ASK1 activity. Using MEK antagonists, it 

was shown that this role does not require the MEK-ERK pathway. Furthermore, kinase 

inactive forms of C-Raf were able to inhibit ASK1 induced apoptosis (Chen et al., 2001). 

Therefore these results show that the inhibition of ASK-1-induced apoptosis by
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Figure 1.9 Potential mechanisms via which C-Raf may be involved in MEK/ERK independent suppression of apoptosis.
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interaction with C-Raf does not require C-Raf kinase activity, nor is it dependent on the 

ability of C-Raf to activate ERKs.

A recent study has also shown C-Raf may antagonise ASK1-induced apoptosis in a 

MEK-ERK independent manner (Yamaguchi et al., 2004). This study investigated the 

role of C-Raf in cardiac muscle-specific C-raf1' mice. These mice showed increased 

apoptosis within the hearts, increased levels of JNK and p38 activity, but no change in 

MEK or ERK levels. Furthermore, ASK1 ablation rescued the abnormalities observed, 

suggesting the deficiency of C-Raf was allowing ASK1 to induce apoptosis within these 

cells.

1.8.14 PI3-K/Akt and cell survival

The phosphotidylinositol 3-kinase (PI3-K)-Akt pathway is one of the major anti- 

apoptotic pathways operating in cells (Cantley, 2002). PI3-K is activated by the binding 

of its p85 regulatory subunit to tyrosine phosphorylated growth factor receptors or 

receptor-associated adaptor proteins (Rordorf-Nikolic et al., 1995). It can also be 

activated by direct interaction of Ras with its pi 10 catalytic subunit (Rodriguez-Viciana 

et al., 1994; 1996). Activation of PI3-K leads to increased amounts of membrane- 

localised phosphoinositides, which in turn recruit protein kinase B (PKB)/Akt to the 

plasma membrane (Franke et al., 1997). Akt is activated as a result of phosphorylation on 

Thr308 and Ser473 (Andjelkovic et al., 1999). 3-phosphoinositide-dependent protein 

kinase 1 (PDK1) is responsible for phosphorylating Thr308 (Alessi et al., 1997; Stokoe et 

al., 1997) and mTOR:Rictor:GpL mediates the phosphorylation at Ser473 (Sarbassov et 

al., 2005).

Protein kinase B (PKB)/Akt is a subfamily of serine/threonine kinases. Three isoform (a, 

p, y) exist, each containing an N-terminal pleckstrin region, a central kinase region and a 

serine/threonine rich C-terminal region. The PI3-K produced phospholipids bind to the 

PH domain of Akt in order to recruit it to the plasma membrane. Upon activation Akt is 

involved in a number of biological effects. Akt phosphorylates Bad on Ser-136 (Datta et 

al., 1997), causing Bad to interact with 14-3-3 and preventing it from blocking Bcl-2 

protective functions. Akt is also linked to the phosphorylation of other proteins involved
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in apoptosis, including Mdm2 (Mayo et al., 2001; Gottlieb et al., 2002), and CREB (Du 

et al., 1998).

Cross-talk between the PI3-K/Akt pathway and the Ras/Raf/MEK.ERK pathway has 

been demonstrated. Akt was shown to directly phosphorylate C-Raf on Ser259 in human 

embryonic kidney (HEK293) cells (Zimmermann and Moelling, 1999). This led to a 

decrease in C-Raf activity by allowing association of C-Raf with 14-3-3 and thus 

maintaining C-Raf in an inactive confirmation. Akt was also observed to phosphorylate 

and terminate C-Raf kinase activity in PDGF-stimulated vascular smooth muscle cells 

(Reusch et al., 2001). In a similar fashion to C-Raf, Akt has been shown to phosphorylate 

and inhibit B-Raf. B-Raf is phosphorylated on three sites by Akt, including Ser365, the 

equivalent residue to Ser259 of C-Raf (Guan et al., 2000). More recently it was suggested 

that the cellular response due to the cross-talk between the PI3-K/Akt pathway and the 

Ras/Raf/MEK/ERK pathway is dependent on the type of ligand, its concentration and the 

time course of the interactions (Moelling et al., 2002). High levels of insulin-like growth 

factor (IGF-1) strongly and rapidly induced Akt activity, allowing inhibition of C-Raf in 

human breast cancer cells. However, low dose induction by IGF-1 did not lead to C-Raf 

inhibition by Akt. Furthermore, PMA stimulation of the cells led to delayed Akt activity 

and no cross-talk with C-Raf, leading to growth arrest. Therefore Akt can negatively 

regulate the Raf kinases in some cellular circumstances.

1.9 Cellular Transformation

Although ra f genes were initially identified as oncogenes in retroviruses that led to 

tumours in mice and chickens (Rapp et al., 1983; Sutrave et al., 1984), until recent years 

there were no known direct links between the alteration in expression or activity of RAF 

genes and incidences of human cancer. It was originally thought that any cancers 

involving the RAF protein kinases were via their role in the Ras/Raf/MEK/ERK pathway, 

as mutations of the RAS gene are observed in a large percentage of human cancers (Bos, 

1989) and constitutively active forms of MEK and Raf have also been shown to be 

important in Ras-mediated transformations (Kolch et al., 1991; Cowley et al., 1994). A 

number of solid tumour cancers including those of the colon, pancreas and lung, 

containing activated RAS alleles, were shown to express constitutively phosphorylated 

ERK (Hoshino et al., 1999). Constitutively active C-RAF has also been observed in some
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cancer samples with activated RAS alleles (Berger et al., 1997). Many studies have made 

attempts to discover single point mutations in C-RAF, without success. The availability of 

high throughput sequencing in recent years has allowed the discovery of a direct link 

between mutations of the B-RAF gene and human cancers.

1.9.1 Mutations o f B-RAF in human cancers

Davies et al (2002) screened 923 cancer samples and reported B-RAF somatic mis-sense 

mutations in 66 % of human malignant melanomas and 15 % of colorectal cancers. 

Mutations were found at a lower frequency in gliomas, lung cancers, sarcomas, ovarian 

carcinomas, breast cancers and liver cancers. No mutations were detected for C-RAF. Over 

40 different mis-sense B-RAF mutations, involving 24 different codons were identified. 

The majority of these are very rare and only occurred in 0.1-2 % of all samples studied. 

However, one particular mutation involving a thymidine to adenosine transversion at 

nucleotide 1799 of the activation segment, converting valine 600 to glutamate, occurs 

much more frequently (Figure 1.10) (Davies et al., 2002). This mutation has since been 

observed in over 90 % of melanomas and thyroid cancers and is highly represented in 

colorectal cancer (Cohen et al., 2003; Fukushima et al., 2003; Kimura et al., 2003; Kumar 

et al., 2003; Yuen et al., 2002; Davies et al., 2002). However, it was rarely observed in 

non-small cell lung carcinomas (Brose et al., 2002) and not seen in breast cancers (Gast et 

al., 2005). Other B-RAF mutations of the activation loop observed in cancer cell lines 

include V600D, L597R, G596R and F595L (Figure 1.10). Mutations were also seen in the 

glycine-rich loop (Figure 1.2) affecting residues G464, G466 and G469 (Figure 1.10). A 

further number of mutations were observed outside of the activation segment and G-loop 

(Davies et al., 2002). V600E B-RAF mutations in NIH3T3 cells and murine melanocytes 

were found to stimulate constitutive ERK signalling, induce proliferation and 

transformation, and allow these cells to grow as tumours in nude mice (Davies et al., 2002; 

Ikenoue et al., 2003, 2004; Houben et al., 2004; Wan et al., 2004; Wellbrock et al., 2004).

Only 1 % of cancer samples containing B-RAF mutations have also been shown to 

simultaneously contain RAS mutations, the majority of these being non-V600 (Davies et 

al., 2002; Rajagopalan et al., 2002; Yuen et al., 2002). However, mutations of B-RAF 

occur in similar types of cancer as those of RAS, and in colorectal cancer the genes are 

both mutated within the same types of premalignant lesions and involve problems in DNA
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Figure 1.10 Structural diagram of B-Raf showing mutations observed in the glycine-rich P-loop and the activation 
segment upon sequence screening numerous cancer samples. Residues wild type of B-RAFare indicated in green; strong 
activating mutations shown in red; intermediate in purple; impaired activity mutations in blue and untested mutations in 
black. Refer to text for full explanation of the activity of the various types of mutations.
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mismatch repair (Rajagopalan et al., 2002; Yuen et al., 2002). Thus suggesting B-RAF 

and RAS act similarly in delivering their tumourigenic effects through similar mechanisms 

involving the deregulation of ERK activity.

1.9.2 Relating structure to B-RAF mutations in human cancer

Solving the crystal structure of B-RAF and V600E B-RAF, bound to BAY43-9006, has 

given insight into how the B-RAF mutations found in human cancers may lead to its 

activation. The majority of the mutations lie in the activation segment and the glycine-rich 

loop, involving residues that stabilise the hydrophobic interaction between these two 

regions. Thus, upon mutation, these interactions are interrupted, destabilising the inactive 

conformation and allowing the DFG motif to adopt the active conformation (Wan et al., 

2004). Therefore, the mutations themselves do not activate the protein, but by destabilising 

the inactive conformation, they allow the active conformation to predominate.

V600E mutated B-RAF has been shown to transform melan-a cells, an immortalised 

melanocyte cell line (Wellbrock et al., 2004). Furthermore, V600E mutated B-RAF was 

shown to stimulate constitutively active ERK activity in the absence of growth stimuli, 

leading to anchorage-independent growth and formation of tumours in nude mice 

(Wellbrock et al., 2004). Another study has shown in melanoma cells, V600 mutated B- 

RAF leads to constitutive cyclin D expression, independent of cell adhesion, but 

dependent on ERK activity (Bhatt et al., 2005). Additionally p27K,p levels were observed 

to be down-regulated in these cells.

Depletion of V600 mutated B-RAF by using RNA interference approaches in human 

tumour cells lines showed the inhibition of the MAPK cascade, caused growth arrest, and 

promoted apoptosis (Calipel et al., 2003; Hingorani et al., 2003a). Furthermore, using the 

inhibitor BAY43-9006, ERK activity was blocked, DNA synthesis inhibited and an 

increase in apoptosis observed (Karasarides et al., 2004). It has also been shown that 

V600E B-RAF can activate the cell survival protein NF-kB (Ikenoue et al., 2003, 2004). 

These findings suggest V600 mutated B-RAF protects cells from apoptosis, as well as 

being involved in cell proliferation via induction of the MAPK cascade.
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Studying 22 of the various mutants of B-RAF found in human cancers showed they can be 

divided into three groups depending on their basal in vitro B-RAF kinase activity; high 

activity mutants, intermediate activity mutants and impaired activity mutants (Wan et al., 

2004). High activity mutants exceeded wild-type B-RAF activity between 100- and 700- 

fold. V600E is a member of this group, with a 460-fold increase over B-RAF wild-type 

kinase activity. Intermediate activity mutants showed a 1- to 10-fold increase over wild- 

type activity and impaired activity mutants were less active than wild-type B-RAF. High 

and intermediate activity mutants were able to stimulate ERK phosphorylation in vitro and 

the ERK activity levels were similar to those observed for oncogenic RAS. However, 

despite the increase in levels of B-RAF activity observed, the high and intermediate 

activity mutants only raised ERK activity 2- to 4.6- fold. This is likely to be due to the 

ability of hyperactivation of ERK to induce cell cycle arrest or senescence, which would 

not be favoured in a tumour cell line. Impaired activity mutants had basal B-RAF levels 

that were reduced to between 30 % and 80 % of wild-type B-RAF. However, despite 

having impaired in vitro kinase activity, three out of four of the impaired activity mutants 

were able to activate ERK when ectopically expressed in COS cells, although to lower 

levels than the other groups of mutants. The stimulation of MEK by B-RAF impaired 

activity mutants was found to occur due to induction by endogenous C-RAF (Wan et al., 

2004). Previous studies had shown C-RAF and B-RAF form complexes in mammalian 

cells (Weber et al., 2001). It was observed that endogenously expressed wild-type B-RAF, 

and the various mutants of B-RAF, formed a complex with endogenous C-RAF. It was 

confirmed that C-RAF was activated in the B-RAF impaired activity mutants using C- 

RAF immunoprecipitation kinase assays, in which C-RAF activation was strongly 

induced. This was supported by depletion of C-RAF using an RNA interference approach 

leading to suppression of ERK activity in B-RAF impaired activity mutants only (Wan et 

al., 2004).

One of the impaired mutants, D594V B-RAF, was unable to activate ERK in COS cells. 

This mutant also did not phosphorylate MEK in vitro, or activate C-RAF or NF-kB in cells 

(Ikenoue et al., 2003; Wan et al., 2004). D594 is an important catalytic residue conserved 

in all kinases. It is part of the conserved DFG motif at the start of the activation segment 

and is involved in binding an ATP chelating metal (Hanks and Hunter, 1995; Johnson et 

al., 1998). The incidence of mutations at this site in cancer samples analysed is low,
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however, other mutations at this site have been observed. The D594V mutation has also 

been observed in colon cancer (Yuen et al., 2002). A D594E mutation has been detected in 

an invasive melanoma sample (Thomas et al., 2004). D594G mutations have been 

observed in samples of primary melanoma (Deichmann et al., 2004), melanocytic nevus 

(Kumar et al., 2004), stomach cancer (Lee et al., 2003b), non Hodgkins lymphoma (Lee et 

al., 2003c), and colon cancer (Yuen et al., 2002; Wang et al., 2003; Fransen et al., 2004). 

A D594K mutation was observed in two colon cancer samples (Oliveira et al., 2003). 

Similar mutations at this site are not observed for C-RAF or A-RAF, suggesting although 

it is rare, this is unlikely to be a random event. A number of these mutants have been 

observed in coincidence with RAS mutations (Yuen et al., 2002; Houben et al., 2004). It 

may be that these mutants convey a dominant-negative effect on RAS to prevent a high 

level of ERK activity. Alternatively, D594 mutants may be involved in cancer via a yet 

undiscovered mechanism.

1.9.3 The role o f  V600 mutated B-RAF in human cancer

The precise events that lead to mutations in the B-RAF gene still remain unclear. As 

V600E is the major mutation in melanomas, suggestions of UV exposure causing this 

mutation were considered. However, the A to T mutation of V600E is distinct from the C 

to T and CC to TT pyrimidine dimer mutations common to UV-induced DNA damage 

(Daya-Grosjean et al., 1995). Furthermore, this would not account for V600E mutations of 

colorectal, thyroid and ovarian cancers. It is likely that the DNA surrounding this codon, 

plus the biology or environment of the cell contribute to the high frequency of the V600E 

mutation, although a possible role of UV exposure cannot be discounted (Gray-Schopfer et 

al., 2005).

Although B-Raf was shown to act as an oncogene in some cell lines, as indicated by its 

ability upon mutation of V600 to transform NIH3T3 cells and murine melanocytes (Davies 

et al., 2002; Ikenoue et al., 2003, 2004; Houben et al., 2004; Wan et al., 2004; Wellbrock 

et al., 2004), for other cell lines this is not the case. V600E mutations have been detected 

in naevi (Pollock et al., 2003). These are the first lesions associated with melanoma 

development that may remain dormant for many years. V600E mutations have also been 

detected in premalignant colon polyps and early Duke’s stage of colorectal cancer. 

Therefore, although B-RAF mutations appear to be an early event in tumourigenesis, the
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mutation alone is not sufficient to induce cancer in humans (Rajagopalan et al., 2002; 

Yuen et al., 2002). It is likely that mutations in other genes are also required to induce 

tumour development.

A candidate gene that may be also be mutated in the presence of B-RAF mutations is 

INK4a. This gene encodes for the cyclin-dependent kinase inhibitor p i6. p l6 INK4a 

mutations are observed in a high proportion of melanoma cell lines (Ruas et al., 1998; 

Rizos et al., 1999), and loss of this protein leads to susceptibility to malignant melanomas 

in mice (Krimpenfort et al., 2001; Sharpless et al., 2001). Another gene that has been 

found to be mutated in melanomas is CDK4 (Zuo et al., 1996; Rizos et al., 1999), this may 

also play a role in the development of metastatic melanoma involving B-RAF mutations. 

Both INK4a and CDK4 are involved in the cell cycle and it is thought tumour development 

involving B-RAF mutations may occur via changes to the cell cycle. Indeed, a number of 

cell cycle proteins have shown increased expression levels in melanomas, including cyclin 

D1 (Ewanowich et al., 2001), and cyclin E (Georgieva et al., 2001). As B-RAF can 

influence cell cycle progression via ERK activation leading to induction of cyclins D and 

E, it may be via this pathway that B-RAF plays its role in the development of melanomas. 

There is a very complex relationship observed between ERK activity and the cell cycle. If 

the ERK signal is too strong it can cause cells to stop cycling and lead to differentiation or 

senescence (Sewing et al., 1997; Woods et al., 1997; Kerkhoff et al., 1998). This may be 

why increased expression levels of the CKI, p21CIP1 have been reported in melanomas 

(Trotter et al., 1997).

1.10 Manipulating the mouse genome

1.10.1 Embryonic stem cells

Embryonic stem (ES) cells are stem cells derived from the undifferentiated inner mass 

cells of a blastocyst, an early stage embryo consisting of 50-150 cells (E3.5). They are 

pluripotent, meaning they are able to grow into any of the cell types in the body. ES cells 

were first successfully cultured in 1981 (Evans and Kaufman, 1981; Martin, 1981). ES 

cells can be cultured by growing them on a feeder layer consisting of mitotically 

inactivated MEFs. These feeder cells assist in the attachment of the ES cells and provide 

nutrients necessary in helping to maintain the pluripotent capacity of the ES cells. Growth
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medium must be supplemented with the regulatory factor such as leukemia inhibitory 

factor (LIF), to suppress the differentiation of the cultured ES cells (Smith et al., 1988).

ES cells can be manipulated in culture to allow the incorporation of exogenous DNA. A 

common method used to introduce DNA to ES cells is electroporation. This technique 

involves the application of a high voltage electrical pulse to a suspension of the ES cells 

and DNA. This allows the DNA to enter the ES cells (Reiss et al., 1986). The first 

germline transmission of exogenous DNA introduced to ES cells occurred using 

retroviral vectors (Robertson et al., 1986).

1.10.2 Gene targeting in ES cells

Homologous recombination applied to gene targeting allows the introduction of 

exogenous homologous sequences to the chromosome of interest. This occurs by 

identical sequences of DNA recombining. For this to take place a targeting vector is first 

engineered. The targeting vector is usually designed to include homologous DNA 

sequences and a positive selectable marker. Homologous DNA sequences are normally 

between 5-7 kb in length. As the homologous recombination between the endogenous 

DNA sequences and the exogenous DNA sequences of the targeting vector is fairly 

inefficient, selectable markers are used. A positive selectable marker is incorporated to 

allow selection of the ES cells that have stably integrated the targeting vector. An 

example of a commonly used positive selectable marker is the neomycin resistance gene 

(neoR) whose gene products confer resistance to the antibiotic geneticin (G418). A 

positive selectable marker can be designed to be incorporated into the gene of interest in 

such a way that it can itself lead to a mutation, by disrupting a coding region of gene or 

replacing a specific region (Figure 1.11). Negative selectable markers, such as the herpes 

simplex virus thymidine kinase gene (HSV-M:), are sometimes used to aid recovery of the 

homologous recombination event. In this case, the negative selectable marker is 

incorporated in the targeting vector outside of the targeting event (Figure 1.11). Thus, it 

will only be present in the final targeted vector if non-homologous recombination events 

have occurred. A drug called gancyclovir will kill any cell containing the tk gene and thus 

only cells containing the targeted event will survive if gancyclovir selection is applied.
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Figure 1.11 Homologous recombination to create null alleles via gene targeting, 
using a positive selectable marker (neoR) and a negative marker (HSV-/&). (A) 
Homologous recombination leads to the positive selectable marker disrupting the 
coding exon (B) Homologous recombination in which the positive selectable 
marker replaces the coding exon. The negative selectable marker (HSK-M:) is not 
expressed in the final targeted locus as it lies outside of the homologous sequence 
of the targeting vector. Homologous sequences in the vector and locus are shown 
in black; sequences of the chromosome not homologous to the vector sequence 
are shown in red and bacterial plasmid sequences not homologous to the 
chromosome sequence are shown in green.
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Upon homologous recombination, the aim of using the targeting vector is to mutate the 

specific chromosomal locus of interest. A number of different types of mutations can be 

incorporated using this method including null mutations, point mutations, deletions of 

specific functional domains, chromosomal translocations and gain-of-function mutations. 

Gene targeting of ES cells was first reported in 1987. Homologous recombination was 

used to inactivate the endogenous hypoxanthine phosphoribosyl transferase (hprt) gene 

by incorporation of the neoK gene into an exon of the hprt gene (Thomas and Capecchi, 

1987).

More recently, a technique giving many advantages over the conventional targeting 

strategies is being used for gene targeting. This technique involves the Cre//oxP site- 

specific recombination system that allows conditional generation of null mutations. The 

technique is described in more detail in Chapter 5. Briefly, the enzyme Cre recombinase 

catalyses site-specific DNA recombination between 34 bp recognition (/axP) sites. Thus, 

incorporation of two such sites into a genomic locus in the same orientation, followed by 

treatment with Cre recombinase, will lead to the deletion of the intervening DNA 

sequence (Hoess et al., 1982; Hoess and Abremski, 1984). Cre can be placed under the 

control of a range of promoters, thus allowing both spatial and temporal restriction of the 

Cre-mediated recombination event by the generation of Cre-mediated transgenic mice.

1.10.3 Generation o f  transgenic mice

The generation of transgenic mice can occur once the targeted event in ES cells has been 

successfully achieved. Producing transgenic mice allows functional investigation of the 

gene of interest in vivo. The targeted ES cells are injected into E3.5 blastocysts from a 

female mouse via micromanipulation techniques. The injected blastocysts are then 

transferred to the uterus of a surrogate pseudo-pregnant female. If the pregnancy is 

successfully carried to term, pups are bom approximately 16 days later. The pups 

generated are termed chimeras, as some of their cells will be derived from the host 

blastocysts and some from the recombinant ES cells (Bradley et al., 1984) (Figure 1.12).

Coat colour can be used to identify the degree of transmission of the microinjected ES 

cells. This can be achieved if the ES cells containing the targeted event are originally 

obtained from a mouse of a specific fur colour (e.g. white). The ES cells are then
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transferred to blastocysts of an alternative fur colour (e.g. black), The pups produced will 

therefore be black if no recombinant ES cells have been transmitted, or brown if 

transmission of the ES cells has taken place.

Germline transmission signifies that the recombinant ES cells have contributed to the 

germline of the chimera. This can be assessed via mating of the chimeras to wild-type 

C57BL6 mice. Most ES cells used are originally derived from male embryos. As male ES 

cells are used, it is less likely that the female chimeras will transmit the ES cell targeted 

event through the germline. Mating of a chimeric male with an C57BL6 female will 

generate pups whose coat colour can again be used to inform whether germline 

transmission has been successful (Figures 1.12 and 1.13). Subsequent screening for the 

original mutation introduced to the ES cells is carried out for any animals thought to 

carry the recombinant ES cells. All animals positive for the mutation are heterozygotes, 

in that every cell of the animal will contain the mutation on one chromosome. These mice 

can be used to set up a breeding colony.

1.11 Ras/Raf/MEK/ERK knockouts/knockins in mice

Gene targeting has been used to produce mice that have individual genes knocked out or 

knockin mutations. A number of different studies have assessed various proteins involved 

in the Ras/Raf/MEK/ERK signalling cascade. Using knockouts to investigate genes 

provides complementary information to RNAi studies and over-expression studies.

1.11,1 Ras knockout and knockin mice

Knockout and knockin studies have investigated the role in development of the three ras 

genes, namely N-ras, H-ras and K-ras, that encode for the four Ras proteins. Studies 

investigating mice homozygous for the N-ras null mutation (N-ras'1') showed no major 

phenotype. Development, growth and fertility of these mice were indistinguishable from 

their wild-type littermates, suggesting N-Ras is non-essential for mouse development 

(Umanoff et al., 1995) Mice generated expressing a H-ras null mutation (H-ras'1') were 

also found to show no distinguishable differences in development, growth and fertility in 

comparison to their wild-type littermates (Ise et al., 2000). Therefore H-Ras is also 

shown to not be essential for embryogenesis. Investigation of mice homozygous for the 

K-ras null mutation (K-ras'1') on an inbred background strain were found to die between
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Figure 1.12 Generation of transgenic mice from ES cells. (A) Targeted albino 
coat colour ES cells are microinjected into a black coat colour E3.5 blastocyst. 
(B) Blastocysts are transferred to surrogate female. (C) Chimeric pups are 
produced harbouring cells from both the original injected ES cells and the host 
blastocyst. (D) Chimeras are mated with wild-type C57BL6 mice. (E) FI 
progeny are produced. Successful germline transmission can be assessed from 
coat colour. Agouti coloured offspring will have transmitted the targeted ES 
cells, whereas black coloured mice originate from the host blastocyst.

Microinjection of 12901a ES 
cells into host blastocyst

B Transfer of microinjected 
blastocysts into surrogate 

female

Resultant chimeric 
mice

D Mating of adult chimeric mice
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Figure 1.13 Assessment of germline transmission of ES cells via coat colour of 
resulting FI progeny from matings of chimeric mice with wild-type C57BL6 
mice. Agouti mice in the FI progeny indicates the germ cells originated from the 
microinjected 12901a ES cells, black coat coloured mice obtained germ cells 
from the host blastocyst.

Coat colour genes:

Dominant coat colour genes: A = black; C = agouti 
Recessive coat colour genes: a = non-agouti; c = albino

Origin of blastocyst 12901a ES cell
germ cells: C57BL6 aacc

AACC

C57BL6
AACC

FI progeny: AACC AACC AaCc
(black) (black) (agouti)
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El 2 and E l4. These mice were characterised as having foetal liver defects and anaemia, 

thus indicating that K-Ras is vital for embryogenesis (Johnson et al., 1997). Double 

mutations of both N-ras and H-ras (N-ras'1' H-ras'1') have confirmed the non-essential 

roles of these genes in embryogenesis. No major phenotype was observed in these double 

knockout mice indicating K-Ras is essential and sufficient for normal mouse 

development (Estenban et al., 2001).

By investigating N-ras'1' K-ras+/' embryos, functional overlap of the three ras genes has 

been suggested.. The expression of only one functional K-ras allele resulted in embryonic 

lethality between E10 and E l2. Furthermore, K-ras'1' N-ras+/' embryos exhibited a more 

severe phenotype than observed for K-ras'1' embryos (Johnson et al., 1997). A more 

recent study has shown replacing K-Ras with H-Ras, by modifying the K-ras gene to 

encode for H-Ras, allows normal embryonic development, thus indicating K-Ras and H- 

Ras have overlapping roles (Potenza et al., 2005). Adult mice generated from this study 

had cardiovascular problems, suggesting that although H-Ras appears to be able to 

replace the role of K-Ras in embryogenesis, it can not substitute all functions of K-Ras.

A Ras knockin mutation of K-rasGl2D has been used to produce mice expressing 

oncogenic Ras. Activation of endogenous K-rasGX2D expression was shown to lead to 

epithelial neoplasms in the lungs (Jackson et al., 2001) and pancreas (Hingorani et al., 

2003b). Using a conditional system, the widespread expression of K-rasGX2D was shown 

to lead to embryonic lethality, whereas spatially controlled expression in the lungs and 

gastro-intestinal tract induced epithelial hyperplasia in vivo (Tuveson et al., 2004). 

Analysis of K-rasGX2D expressing MEFs showed these cells had enhanced proliferative 

properties, lacked contact inhibition and were immortal, despite no further genetic 

abnormalities. Furthermore, Ras effector pathways did not show elevated levels of 

phosphorylated ERK1/2 and phosphorylated pAkt (Tuveson et al., 2004).

1.11.2 Raf knockout and knockin mice

Knockout studies have been performed for all three raf genes. Homozygous A-raf null 

mutation mice (A-raf1') produced on the C57BL6 and 12901a genetic backgrounds 

survive to adulthood and are fertile. These mice were slightly small than their wild-type 

littermates and also displayed neurological abnormalities and a feeding ataxia (Pritchard
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et al., 1996). A-Raf is therefore non-essential for mouse embryogenesis, but is required 

for certain aspects of neurological development. Homozygous B-raf null mutation 

embryos (B-raf1) produced on the C57BL6 genetic background died in utero between

10.5 and 12.5 days Examination of the phenotype of the B-raf1' embryos showed vascular 

abnormalities and increased endothelial apoptosis (Wojnowski et al., 1997). B-Raf is 

therefore essential for embryogenesis and plays a role in cellular survival. The first study 

to obtain homozygous C-raf null mutation mice (C-raf1') produced embryos in which an 

aberrant 62 KDa C-Raf protein was expressed, and this was found to have residual kinase 

activity. However, even with the expression of this truncated C-Raf protein, the embryos 

generated died in utero, with the time-point depending on the genetic background. 

Furthermore, growth retardation and abnormalities of the skin and lungs were observed. 

Mouse embryonic fibroblasts derived from these embryos showed reduced cell 

proliferation rates in comparison to their wild-type littermates (Wojnowski et al., 1998). 

The generation of completely null C-raf1' mice has since been achieved. C-raf1' embryos 

produced on a mixed 12901a/C57BL6 genetic background died in utero around E9.5. 

These embryos showed defects in vascularization and placenta development as well as 

increased apoptosis of many tissues, although cell proliferation was not affected. C-raf1' 

mice produced on a mixed 12901a/MF-l genetic background survived to a few days after 

birth. These mice were smaller than their wild-type litter mates and displayed 

disorganised placenta and were anaemic (Huser et al., 2001). ERK activity was no 

different in C-raf1' MEFs derived from these embryos compared to MEFs derived from 

wild-type littermates. However, the C-raf1' MEFs showed increased susceptibility to 

programmed cell death (PCD) upon treatment with various apoptotic agents (Huser et al., 

2001).

C-raf1' embryos were also produced in an independent study to that described above. 

These embryos, produced on the 129/Sv genetic background and a mixed 

12901a/C57BL6 genetic background died during mid-gestation and were smaller than 

their wild-type litter mates. As with the study described above, abnormalities were 

observed in the placenta. The C-raf1' embryos were anaemic and increased apoptosis of 

foetal liver cells were also observed (Mikula et al., 2001). MEFs derived from the C-raf1' 

embryos showed normal ERK activation, and were susceptible to increased apoptosis 

upon treatment with various apoptotic agents when compared to MEFs derived from their 

wild-type littermates (Mikula et al., 2001). Overall the findings described indicate C-Raf
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is essential for mouse development and plays an important role in the prevention of 

apoptosis that is independent of MEK/ERK. Further analysis to investigate the anaemic 

phenotype of the C-raf1' embryos showed C-Raf plays a role in erthropoiesis (Kolbus et 

a l, 2002).

A double knockout mutant of both A-Raf and C-Raf has also been described. This 

showed A-raf1' C-raf1' embryos have a more severe phenotype than either single null 

mutation. Embryos died at around E l0.5 on the MF-1 genetic background and were 

extremely small. MEFs generated from the A-raf1' C-raf1' embryos showed reduced 

transient levels of ERK associated with a delay in entering the S-phase of the cell cycle 

(Mercer et al., 2005). Therefore A-Raf and C-Raf work together in a MEK kinase- 

dependent manner to influence cell proliferation.

C-Raf mice have also previously been generated containing a knockin mutation of 

Tyr340/341 of the catalytic segment. These residues were mutated to phenylalanine, 

generating C-raf FIFF mice (Huser et a l, 2001). These mice showed no in vitro activity 

towards MEK, yet developed normally and survived to adulthood. They also showed 

normal ERK activation, and unlike C-raf1' embryos, no increased susceptibility to 

apoptosis was observed upon treatment with various apoptotic agents. These findings 

indicated that the role of C-Raf in suppressing apoptosis was independent of its MEK 

kinase activity.

1,11,3 MEK knockout mice

Disruption of the mekl gene led to the production of mekY1' embryos. These embryos 

died at El 0.5 of embryogenesis and showed reduced vascularization of the placenta. This 

was due to decreased vascular epithelial cells of the labyrinthine region. This was 

explained by the decreased migration of mekY1' MEFs compared to wild-type cells, 

suggesting vascular epithelial cells were unable to invade the labyrinthine region of the 

placenta. MEK2 and ERK levels were normal in the mekY1' MEFs (Giroux et al., 1999). 

MEK1 may therefore be required for promoting vascularization of the labyrinthine region 

of the placenta and play a role in cell migration.
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1.11.4 ERK knockout mice

Homozygous erkl null mutation mice (<erkl ' )  survive to adulthood, are fertile and of 

normal size. However, these mice showed a defect in thymocyte maturation, displaying 

half the number of expected mature thymocytes. A reduced level of proliferation was 

observed in these erkl'1' thymocytes (Pages et al., 1999). ERK1 is therefore non-essential 

for mouse embryogenesis, but is required for thymocyte development. More recent 

studies of these erkl'1' mice suggested a role for ERK1 in adipocyte differentiation (Bost 

et al., 2005). ERK2, however does appear to be essential for mouse embryogenesis 

(Saba-El-Leil et al., 2003). Disruption of the erkl gene, to produce erkl null mice 

showed embryos were not produced beyond E8.5. ERK1 was not able to compensate for 

the lack of ERK2. Further analysis of the embryos indicated a specific requirement for 

ERK2 in normal trophoblast development.

1.12 Aims

The aims of this thesis were to further contribute to the characterisation of the C-Raf and 

B-Raf protein kinases by:

• The characterisation of the apoptotic phenotype of C-raf1' MEFs.

• The characterisation of B-raf1' MEFs with regard to growth, proliferation and 

apoptosis.

• The generation of conditional B-raf kinase-inactive mice via the use of Cre//axP 

technology.

• Generation and analysis of B-raf kinase-inactive MEFs with respect to growth, 

proliferation and apoptosis.
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2. MATERIALS AND METHODS

2.1. Molecular Biology
Unless otherwise stated, all chemicals were obtained from Sigma and all restriction 

endonucleases from New England Biolabs.

2.1.1 Plasmids
The plasmids used were:

pPGK-puro (Figure 2.1 A) 

pCre-PAC (Figure 2.IB)

pEFm.6 , pEFm.6 -C-RAF, pEFm.6 -kinase inactive C-RAF, pEFm.6 -MEK inactive C- 

RAF, and pEFm.6 -RAS binding mutant C-RAF (gifts from R. Marais, The Institute of 

Cancer Research, London; Marais et al., 1995)
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Figure 2.1. Plasmid maps. (A) pPGK-puro (B) pCre-Pac
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2.1.2 Ethanol Precipitation

To the DNA sample, 2 x volume of 100 % [v/v] ethanol and 1/10th x volume of 3 M 

NaOAc were added. The mixture was placed at -20° C for 2-16 hours. The solution was 

centrifuged at 13,000 rpm at 4° C for 10 min. The supernatant was discarded and the pellet 

washed in 500 pi of 70 % [v/v] ethanol. The tube was centrifuged at 13,000 rpm for 5 min 

and the supernatant discarded. The pellet was air dried and resuspended in sterile H2O.

2.1.3 Agarose gel electrophoresis

Pure agarose (Seakem, Flowgen) was melted in 1 x TAE (40 mM Tris base, 1 mM EDTA 

pH 8.0), to obtain a 0.8-2 % [w/v] agarose solution. Gels were electrophoresed in 1 x TAE. 

6  x loading dye (15 % [w/v] Ficoll 400, 0.5 % [w/v] orange G) was added to the samples 

and the samples loaded into the wells of the gel. 5 pi of a 1 Kb Plus DNA ladder (Life 

Technologies) was loaded besides the samples, to verify the size of the DNA bands 

produced. Gels were electrophoresed at 80 V and stained in 0.5 pg/pl ethidium bromide. 

DNA bands were visualised using a Bio-Rad gel documentation system.

2.1.4 Production o f competent DH5 a

A single colony was picked from a streaked agar plate and inoculated into 5 ml of SOB 

media (2 % [w/v] bactotryptone (Oxoid), 0.5 % [w/v] bactoyeast extract (Oxoid), 10 mM 

NaCl, 2.5 mM KC1, 10 mM MgCh, 10 mM MgSO^, and placed at 37° C in a 225 rpm 

shaking incubator overnight. The following morning 0.45 ml of the overnight starter 

culture was sub-cultured into 45 ml of warm SOB. The culture was grown up at 37° C in a 

225 rpm shaking incubator overnight, until an OD600 of 0.3-0.5 was obtained. The culture 

was centrifuged at 4000 rpm at 4° C for 5 min. The supernatant was discarded and the 

cells gently resuspended in 40 ml of ice-cold transformation buffer 1 (10 mM MES [2-(N- 

Morpholino) ethanesulphonic acid] pH 6.3, 45 mM MnCl2 , 10 mM CaCh, 100 mM KC1, 3 

mM HCC [(NH3)6CoC13] and placed on ice for 5 min. The suspension was centrifuged at 

3000 rpm at 4° C for 8  min. The supernatant was discarded and the cells resuspended in 4 

ml of ice-cold transformation buffer 2(10 mM MES [2-(N-Morpholino) propanesulphonic 

acid] pH 6.5, 45 mM CaC^, 10 mM RbCl, 15 % [v/v] glycerol). The competent cells were 

aliquoted and flash frozen in a dry ice/IMS bath and stored at -80°C. The transforming 

competency of the DH5a was confirmed using a known amount of plasmid DNA.
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2.1.5 Transformation of competent DH5 a

50 pi of bacteria was thawed on ice and transferred to a polypropylene tube. 5 pi of 

ligation mix was added and the tube incubated on ice for 30 min. The tube was heat 

shocked at 42° C for 45 s and placed on ice for 2 min. 1 ml Luria Bertani (LB) medium (1 

% [w/v] bactotryptone, 0.5 % [w/v] bactoyeast extract, 17 mM NaCl) was added to the 

tube and placed at 37° C in a 225 rpm shaking incubator for 1 hour. The contents of the 

tube were transferred into a 1.5 ml eppendorf and centrifuged at 10,000 rpm for 1 min. The 

majority of the supernatant was removed, leaving 1 0 0  pi behind, in which the pellet was 

resuspended. The transformation reaction was spread onto a LB agar plate (1.5 % [w/v] 

agar bacteriological (Oxoid), 1 % [w/v] bactotryptone, 0.5 % [w/v] bactoyeast extract, 17 

mM NaCl) containing 100 pg/ml ampicillin, the plate inverted and incubated at 37° C 

overnight.

2.1.6 Minipreparation of plasmid DNA from bacteria

A colony was picked from an LB agar plate and inoculated into 5 ml of LB media. The 

culture was placed at 37° C in a 225 rpm shaking incubator overnight. 1 ml of the bacterial 

culture produced was centrifuged at 13,000 rpm for 1 min. The supernatant was discarded 

and the pellet resuspended in 100 pi of resuspension buffer (50 mM Tris-HCl pH 8.0, 10 

mM EDTA, 100 pg/ml RNase A). 200 pi of lysis buffer (0.2 M NaOH, 1 % [w/v] SDS) 

was added and the tube inverted several times. 150 pi of neutralisation buffer (5 M KOAc, 

pH 5.5) was added, the tube mixed and centrifuged at 13,000 rpm for 5 min. The 

supernatant was retained and the DNA precipitated by the addition of 400 pi isopropanol 

and centrifuging at 13,000 rpm for 5 min. The supernatant was discarded and the pellet 

washed in 70 % [v/v] ethanol. The tube was centrifuged at 13,000 rpm for 1 min and the 

supernatant discarded. The pellet was air dried and resuspended in 50 pi TE (10 mM Tris 

pH 8.0,1 mM EDTA pH 8.0) containing 50 pg/ml RNase.

2.1.7 Midipreparation o f plasmid DNA from bacteria

100 pi of bacterial culture was taken from a 5 ml starter culture and inoculated into a 

sterile flask containing 50 ml of LB media and 50 pg/ml ampicillin. The flask was placed 

at 37° C in a 225 rpm shaking incubator overnight. The following morning the bacteria
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were harvested and the plasmid DNA extracted using a plasmid midi kit (Qiagen). The 

method used was as described in the manufacturer’s manual.

2.1.8 Caesium chloride preparation o f plasmid DNA from bacteria

4 ml of bacterial culture was taken from a 5 ml starter culture and inoculated into a sterile 

flask containing 500 ml of LB media and 50 pg/ml ampicillin. The flask was placed at 

37° C in a 225 rpm shaking incubator overnight. The following morning the bacteria were 

harvested by centrifuging at 6000 rpm at 4° C for 10 min. (Sorvall RC-SB refrigerated, 

super speed centrifuge, Du Pont Instruments). The pellet was resuspended in 10 ml 

resuspension buffer. 2 0  ml of lysis buffer was added and the tube incubated on ice for 5  

min. 15 ml of cold neutralisation buffer was added and the tube incubated on ice for a 

further 5 min. The tube was centrifuged at 9000 rpm at 4° C for 15 min and the 

supernatant discarded. The pellet was air dried and resuspended in 5.5 ml of TE containing 

550 pi of 5 mg/ml ethidium bromide and 6  g CsCl. The tube was centrifuged at 4000 rpm 

at 4° C for 5 min. The resulting clear solution was syringed into two quick seal ultra 

centrifuge tubes (Beckman). The tubes were heat sealed and centrifuged at 100,000 rpm at 

20° C for 16 hours. The lower plasmid band produced was retained and the DNA extracted 

by 10 x washes with an equal volume of water-saturated isobutanol. To precipitate the 

DNA, 2 x volume of H2O plus 2 x volume of 100 % [v/v] ethanol were added. The tube 

was centrifuged at 11,000 rpm for 15 min and the supernatant discarded. The pellet was 

washed in 70 % [v/v] ethanol. The tube was centrifuged at 11,000 rpm for 5 min and the 

supernatant discarded. The pellet was air dried and resuspended in 550 pi TE.

2.1.9 Restriction digest of plasmid DNA

For plasmids, the appropriate enzyme was added to the plasmid DNA with 1 x the 

appropriate buffer (supplied by the manufacturer). The digest reactions were incubated at 

37° C for 2 hours.

2.1.10 Removal o f 5 'phosphate groups from linearised DNA

0.5 units/pg DNA of calf intestinal alkaline phosphatase was added to the digest reaction 

and incubated at 37° C for 1 hour. 5 mM EDTA was added to the reaction and incubated at 

75° C for 10 min.
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2.1.11 Purification ofgel fragments

The DNA band was excised from the gel with a sharp sterile scalpel. The DNA was 

purified from the gel fragment using a QLAquick gel extraction kit (Qiagen). The method 

used was as described in the manufacturer’s manual.

2.1.12 Ligation o f DNA fragments

The appropriate volume of linearised vector (10-50 ng) and the appropriate volume of 

insert (100-200 ng) were added to 2.5 pi of 10 x T4 ligase buffer and 1 unit of T4 DNA 

ligase, in a total volume of 25 pi. The reaction was incubated at 16° C for 16 hours.

2.1.13 Primer synthesis and DNA sequencing

Primer synthesis was carried out by the Protein and Nucleic Acid Chemistry Laboratory 

(PNACL), University of Leicester, or by Invitrogen. All DNA sequencing was performed 

byPNACL.

2.1.14 Lysis o f cells to extract genomic DNA

Media was removed from cells and the cells washed in an appropriate volume of PBS (136 

mM NaCl, 8  mM Na2HP04, 2.7 mM KC1, 1.5 mM KH2P 04). The required volume of 

DNA lysis buffer (50 mM Tris pH 7.6, 1 mM EDTA, 100 mM NaCl, 0.2 % [w/v] SDS) 

containing 100 pg/ml of freshly added proteinase K, was added to the cells, and the cells 

placed at 37° C for 20 hours. The lysate produced was transferred to an eppendorf. Two 

volumes of 100 % [v/v] ethanol were added to the tubes. The tubes were centrifuged at 

13,000 rpm at 4° C for 10 min. The supernatant was removed and the DNA washed in 70 

% [v/v] ethanol. The supernatant was aspirated and the DNA dried and resuspended in an 

appropriate volume of TE.

2.1.15 Lysis o f cells to extract RNA

Media was removed from a confluent 6  cm dish and the cells washed in an appropriate 

volume of PBS (136 mM NaCl, 8  mM Na2HP04, 2.7 mM KC1, 1.5 mM KH2P04). Total 

RNA was obtained using an RNeasy mini kit (Qiagen). The method used was as described 

in the manufacturer’s manual.
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2.1.16 Synthesis o f cDNA from total RNA

First-strand cDNA, for subsequent PCR amplification, was synthesised from 2 pg of total 

RNA using an ImProm-II Reverse Transcription System kit (Promega). The method used 

was a described in the manufacturer’s instructions.

2.1.17 Lysis o f mouse tail samples

3 mm of mouse tail was provided in an eppendorf for genotyping. Tail samples were lysed 

by placing in 200 pi of tail lysis buffer (50 mM Tris HC1 pH 8.0, 100 mM EDTA, 1 % 

[w/v] SDS) containing 100 pg/ml of freshly added proteinase K. Samples were placed at 

65° C for approximately 20 hours, until all of the tail samples had been lysed. The tubes 

were then placed at 95° C for 10 min to heat inactivate the proteinase K.

2.1.18 Lysis o f mouse tail samples for long range Polymerase Chain Reaction (PCR)

3 mm of mouse tail was provided in an eppendorf for genotyping. Tail samples were lysed 

using a Genelute Mammalian Genomic DNA kit (Sigma). The method used was as 

described in the manufacturer’s manual.

2.1.19 Polymerase Chain Reaction

Each PuReTaq™ Ready-to-go™ PCR bead (Amersham) was rehydrated with H2O and the 

appropriate primers to give a final primer concentration of 1 pmol/pl in a total volume of 

25 pi. 1 pi of DNA sample was added to 9 pi of the rehydrated bead/primer mix. The 

reaction was overlaid with mineral oil and placed in a Genius PCR machine (Techne). 

Alternatively, Reddymix PCR Master Mix (Abgene) was used instead of PCR beads. 

Primers were added to the Reddymix to give a final primer concentration of 1 pmol/pl in a 

total volume of 25 pi. 1 pi of DNA sample was added to 10 pi of the Reddymix/primer 

mix. The reaction was overlaid with mineral oil and placed in a Genius PCR machine. The 

PCR conditions used are indicated below:

Initial denaturation of DNA at 94°C followed by 35 cycles for 3 steps:

Step 1 . 94° C for 30 s

Step 2. X° C for 30 s (Table 2.1)

Step 3. 72° C for 1 min per Kb of product
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2.1.20 B-raf long range PCR

To the appropriate amount of DNA, 10 pi of PCR reaction mix was added. The mix was 

made up of 1 x AJB buffer (11.1 x stock; 2 M Tris-HCl pH 8 .8 , 1 M (NH4)2SC>4 , 1 M 

MgCl2, 100 % [v/v] 2-mercaptoethanol, 10 mM EDTA pH 8.0, 100 mM dATP, 100 mM 

dCTP, 100 mM dGTP, 100 mM dTTP, 10 mg/ml BSA), 2 % [v/v] DMSO, 2.5 units/pl 

Expand Long Template PCR DNA polymerase mix (Roche) and 1 pmol/pl final 

concentration of Ocpl47 and Ocpl53. The following PCR conditions were used:

Step 1. 92 °C for 2 min.

Step 2. 92 °C for 10 s, 60 °C for 30 s, 6 8  °C for 20 s for 10 cycles

Step 3. 92 °C for 10 s, 60 °C for 30 s, 6 8  °C for 20 s + X s (where X = + 20 s per cycle) for 

2 0  cycles

Step 4. 72 °C for 10 min.

Table 2.1 PCR primers and annealing temperatures

Primer
name

Sequence 5' to 3' Annealing
temperature

Ocp6 6 CGT GCA ATC CAT CTT GTT CA 60° C
Ocp69 AGG GGA TCG GCA ATA AAA AG 60° C
Ocp 75 AGT GCC AGC GGG GCT GCT AAA 6 8 ° C
Ocp 84 GTT CTC AAG AAC CTG ATG GAC A 60° C
Ocp 85 CTA GAG CCT GTT TTG CAC GTT C 60° C
Ocp 106 GCT TAC ATT TGC TTC TGA CA 60° C
Ocp107 GTGATACTT GTG GGC CAG G 60° C
O cpll2 GCC TAT GAA GAG TAC ACT AGC AAG CTA 

GAT GCC C
6 8 ° C

O cpll4 TAT GGT GGG ACG AGG ATA C 60° C
Ocpll5 CTC TTC ATG GCT TTT GGT CAG 60° C
Ocpl21 ACC TGA AAT CTT CAA AAT GCT T 60° C
Ocp122 TGA AGA ATG TGA CCA ACT GAG A 60° C
Ocp 125 GCC CAG GCT CTT TAT GAG AA 60° C
Ocp128 TAG GTT TCT GTG GTG ACT TGG GGT TGT TCC 

GTG A
6 8 ° C

Ocp129 CTG CAG GTC GAC ACT AGT TTA GG 60° C
Ocp 132 ATG TCT GTA CAC TAC TAA TTA TG 60° C
Ocpl37 GCT TGG CTG GAC GTA AAC TC 60° C
Ocp 142 ATT CCA ACA CAC TAT TGT TGC T 60° C
Ocp 143 AGT CAA TCA TCC ACA GAG ACC T 60° C
Ocp147 GCG TGA AGA ACG AGA TCA GC 6 8 ° C
OCP 153 CTT CCC AAG TTG CTC TCC AC 6 8 ° C
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2.1.21 Southern blot analysis

DNA samples were electrophoresed at 20 V through a 0.8 % agarose gel overnight. The 

gel was soaked in 0.25 M HC1 for 15 min. Sponges were placed in a deep trough and a 

piece of gel blotting paper (Schleicher & Schuell) cut to the size of the gel, placed onto the 

sponges. 0.4 M NaOH buffer was added to the trough until the sponges and blotting paper 

were fully soaked and the buffer had reached a height equal to half the height of the 

sponges. The gel was inverted and placed on top of the blotting paper, ensuring no air 

bubbles were present. A zeta-probe GTgenomic tested blotting filter (Bio-Rad), cut to the 

size of the gel, was placed onto the gel and any air bubbles removed. Three pieces of 3 

mm blotting paper, each cut to the size of the gel and immersed in water, were placed on 

top of the gel, again ensuring no air bubbles were present between each layer. Paper towels 

were placed on top of the blotting paper, to a height of 15 cm, followed by a 100 g weight. 

The structure was left in place for a minimum of 15 hours, with the buffer topped up, and 

wet paper towels replaced, as and when necessary. The filter was then orientated and 

immersed in 2 x SSC (dilution of 20 x stock; 3 M NaCl, 0.3 M NajCaHgOv pH 7) for 1 

min. The filter was baked at 80° C for 30 min.

2.1.22 Probe radio-labelling and hybridisation

The baked filter was placed into a tube containing 15 ml Church buffer (0.5 M NaH3PC>4 

pH 7.2, 7 % [w/v] SDS, 0.5 M EDTA, pH 8.0). The filter was pre-hybridised by placing in 

a revolving oven at 65°C for 1 hour. Meanwhile, the appropriate volume of H2O was 

added to 50 ng of probe DNA, to give a final volume of 45 pi. The DNA was denatured by 

placing at 95° C for 5 min, and immediately placed on ice for 2 min. The DNA solution 

was transferred to a reaction bead mix (Ready-To-Go DNA labelling beads, Amersham 

Biosciences). 5 pi of [a-32P] dCTP nucleotide (Amersham Bioscience) was added to the 

reaction. The reaction was incubated at 37° C for 30 min to allow labelling of the DNA. 

To remove unincorporated nucleotides, the reaction mix was added to the resin of a 

ProbeQuant G-50 Micro column (Amersham Bioscience). The column was centrifuged at 

3000 rpm for 2 min and the purified sample boiled at 95°C for 10 min. The hybridisation 

reaction was commenced by addition of the purified sample to the tube containing the pre­

hybridised filter and Church buffer. The hybridisation reaction was carried out for 16 

hours.
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2.2. Cell culture

All reagents were obtained from Invitrogen Life Technologies unless otherwise stated.

2.2.1 Production ofprimary mouse embryonic fibroblasts (MEFs) from E12.5 mouse 

embryos

Embryos at E l2.5 were dissected from a mouse uterus and transferred into a petri dish 

stored on ice. Each embryo was then processed in turn. The embryo was washed in an 

appropriate volume of ice-cold PBS. The tail was removed and placed in an eppendorf to 

be lysed for genotyping. The head and liver were removed and discarded. The remaining 

tissue was sliced up using a sterile scalpel and placed in a tube containing 5 ml ice-cold 

PBS. The PBS was aspirated and the mashed tissue washed with an additional 5 ml of 

PBS. 2 ml of 0.05 % [v/v] trypsin was added to the tube and incubated at 4° C for 3-6 

hours. The tube was then incubated at 37° C for 20 min and the trypsin aspirated. The 

mashed tissue pellet was resuspended in 5 ml of MEF growth media (Dulbecco’s Modified 

Eagles Medium with 4500 mg/1 D-glucose, supplemented with 10 % [v/v] foetal calf 

serum (SeraQ), 100 units/ml penicillin, 100 pg/ml streptomycin, 20 mM L-glutamate) and 

transferred to a 10 cm cell culture dish, containing 5 ml of growth media. The dish was 

incubated at 37° C and 10 % CO2 in a humidified atmosphere, and the media changed 

regularly.

2.2.2 Maintenance o f MEFs

Primary MEFs, cultured at 37° C, or MEFs containing the Simian Virus 40 large T antigen 

(tsSV40T), cultured at 33° C, were replenished from liquid nitrogen. The cell suspension 

was thawed at 37 °C and added to a tube containing 4 ml of MEF growth media. The 

resulting cell suspension was centrifuged at 1250 rpm for 5 min. The supernatant was 

discarded and the cell pellet resuspended in 5 ml of growth media. The cell suspension 

was transferred to a 10 cm cell culture dish, in a total volume of 10 ml growth media. The 

cells were incubated at 37 °C or 33° C and 10 % C 0 2 in a humidified atmosphere. The 

media was changed every two days, until the cells were confluent. The cells were then 

passaged. The media was aspirated from the dish, 5 ml of PBS added and aspirated. 0.05 

% [v/v] of trypsin was added and the dish incubated at 37° C or 33° C for 5 min. 5 ml of 

media was added to the dish and the cell suspension pipetted gently up and down, to obtain
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a single-cell suspension. The cell suspension was divided 1 in 3 between three 10 cm 

dishes. 8  ml of growth media was added to each dish and the cells incubated as stated 

above. The cells were continually passaged and maintained until they reached a high 

passage number, at which point they were discarded.

2.2.3 Freezing down stocks of cell lines

The media was aspirated from a 10 cm dish containing fully confluent cells. 5 ml of PBS 

was added to the dish and removed. 1 ml of 0.05 % [v/v] trypsin was added and the dish 

incubated at 37° C, or 33° C for tsSV40T containing cells, for 5 min. 5 ml of media was 

added to the dish and the resulting cell suspension centrifuged at 1250 rpm for 5 min. The 

supernatant was discarded and the cell pellet resuspended in 3 ml of freezing media (45 % 

[v/v] growth media, 45 % [v/v] foetal calf serum, 10 % [v/v] DMSO). The cell suspension 

was transferred to 3 cryovials and stored at -80° C overnight. The cryovials were then 

transferred to a liquid nitrogen cell storage tank.

2.2.4 Transfection o f tsSV40T transfected MEFs with lipofectamine ™

Cells were seeded in 10 cm cell culture dishes at 6  x 105 cells per dish in 10 ml growth 

media. The cells were incubated at 33° C and 10 % CO2 in a humidified atmosphere. The 

following morning Lipofectamine™ reagent (Invitrogen) was used for the transfections. 

The protocol used was as described by the manufacturers manual. For each 10 cm plate, 8  

pg of plasmid DNA, 0.8 jig of pGK-puro plasmid (Figure 2.1 A) DNA and 36 jil of 

Lipofectamine™ were used. The Lipofectamine™ and DNA were mixed and incubated at 

room temperature for 45 min. Optimem serum-free medium was then added to the 

mixture, and the mixture added to the cells drop-wise. The cells were incubated for 5 

hours. MEF growth media containing 20 % [v/v] serum was added to the cells and the 

cells incubated overnight. The following morning the media on the cells was changed and 

the cells incubated for 24 hours. The cells were placed on 10 jig/ml puromycin (Sigma) 

selection until cell clones formed.

2.2.5 Selection o f resistant MEF clones

The 10 cm plate containing the MEF clones was washed twice with 10 ml PBS. 20 ml of 

PBS was added to the plate. Each clone was picked in 20 pi of PBS and transferred to a
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well of a 96 well plate containing 20 jul of 0.1 % [v/v] trypsin, The 96 well plate was 

placed at 37 °C for 5 min. Meanwhile, a 48 well plate was prepared with 0.5 ml of MEF 

growth media/well. 100 pi of media was removed from each 48 well and mixed with the 

contents of a well of the 96 well plate. The resulting cell suspension was transferred back 

into the 48 well. Once all clones had been picked and transferred to the 48 well plate, the 

plate was incubated at 37° C, or 33° C for tsSV40T containing cells, and 10 % C 0 2 in a 

humidified atmosphere. The media was changed daily until the cells reached confluency.

2.2.6 Transfection o f MEFs via Nucleofector™ technology

Cells were seeded in 15 cm culture dish at 4 x 106 cells per dish in 25 ml growth media, 24 

hours prior to the transfection being performed. The following morning 1 x 106 cells and 

10 pg plasmid DNA were used per transfection. The protocol used was as described in the 

manufacturer’s manual. The Nucleofector™ programme used was T20 with 

Nucleofector™ Solution 6457. The transfected cells were seeded onto a 10 cm plate or 

divided between two 6  cm plate, and placed at 37°C and 10 % C 0 2 in a humidified 

atmosphere. For tsSV40T containing cells, the cells were placed at 33° C and 10 % C 0 2 in 

a humidified atmosphere for 6  hours.

2.2.7 Mitomycin C treatment of primary MEFs

MEFs were derived from embryos at E l4, as described previously. At 80 % confluency, 

2 pg/ml of mitomycin C was added to the culture medium for 3 hours. The mitomycin C 

containing media was discarded and the MEFs washed 3 times with PBS. The MEFs were 

trypsinised and frozen down at 1.5 x 106 cells in freezing vials, as previously described.

2.2.8 Maintenance o f embryonic stem (ES) cells

The E l4.la  ES cell line was previously derived from the 12901a mouse strain. For 

maintenance: The surface of a 10 cm plate was coated with sterile 0.1 % [w/v] gelatine for 

5 min. 1 x 106 mitomycin C treated MEFs were thawed and seeded onto the plate in MEF 

growth media. After 24 hours, a cryovial of ES cells was thawed. The cell suspension was 

thawed at 37° C and added to a tube containing 5 ml of ES cell growth media. (Dulbecco’s 

Modified Eagles Medium with L-glutamine and 4500 mg/1 D-glucose, supplemented with 

15 % [v/v] foetal embryonic stem cell qualified foetal bovine serum [Labtech
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International], 100 units/ml penicillin, 100 pg/ml streptomycin, 20 mM L-glutamate, 1 

mM non-essential amino acids, 10 mM sodium pyruvate, 115 pM P-mercaptoethanol, 1 ml 

recombinant leukaemia inhibitory factor (LIF) (S. Munson, University of Leicester]). The 

cell suspension was centrifuged at 1250 rpm for 5 min. The supernatant was discarded and 

the cells resuspended in 5 ml of ES cell growth media. The cell suspension was transferred 

to the 10 cm cell culture dish containing mitomycin C treated MEFs, in a total volume of 

10 ml ES cell growth media. The cells were incubated at 37° C and 10 % CO2 in a 

humidified atmosphere. The media was changed daily until the cells reached 70 % 

confluency. The cells were then passaged. The media was aspirated from the dish, 5 ml of 

PBS added and aspirated. 0.05 % [v/v] of trypsin was added and the dish incubated at 37° 

C for 5 min. 5ml of ES cell media was added to the dish and the cell suspension pipetted 

gently up and down, to obtain a single-cell suspension. The cell suspension was divided 1 

in 3 between three 10 cm dishes, that 24 hours previously had been coated in 0.1 % [w/v] 

gelatin and seeded with mitomycin C treated MEFs. 8  ml of ES cell growth media was 

added to each dish and the cells incubated as stated above. The cells were continually 

passaged and maintained until they reached a high passage number, at which point they 

were discarded.

2.2,9 Electroporation o f ES cells

ES cells were passaged 48 hours before the electroporation. The cells were fed with fresh 

ES cell growth media 5 hours prior to the electroporation. The cells were washed with 

PBS and trypsinised by the addition of 0.05 % [v/v] trypsin. 5 x 108 cells were harvested, 

washed with PBS and resuspended in a volume of 1.6 ml PBS. 60 pg of purified, 

linearised DNA was added to the cell suspension. The suspension was divided between 

two electroporation cuvettes (Bio-Rad). The cuvettes were placed in a Gene pulser 

equipped with a capacitance extender (Bio-Rad) and electroporated at 0.25 V and 500 

pFD. The cuvettes were left at room temperature for 5 min and the cells from each cuvette 

subsequently plated onto 1 x 10 cm culture dish containing mitomycin C treated MEFs. 

The cells were incubated at 37° C and 10 % CO2 in a humidified atmosphere for 24 hours. 

The cells were then placed in ES growth media containing 250 pg/ml geneticin for 7 days 

until clones had formed.
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2.2.10 Selection o f resistant ES cell clones

Twenty four hours prior to picking of clones, a 48 well plate was gelatinised and seeded 

with mitomycin C treated MEFs. The following day the 10 cm plate containing the ES cell 

clones was washed twice with 10 ml PBS. 20 ml of PBS was added to the plate. Each 

clone was picked in 20 pi of PBS and transferred to a well of a 96 well plate containing 20 

pi of 0.1 % [v/v] trypsin, The plate was placed at 37° C for 5 min. Meanwhile the media 

was removed from the mytomycin C treated MEFs and replaced with 0.5 ml ES growth 

media. 100 pi of media was removed from each 48 well and mixed with the contents of a 

well of the 96 well plate. The resulting cell suspension was transferred back into the 48 

well. Once all clones had been picked and transferred to the 48 well plate, the plate was 

incubated at 37° C, and 10 % CO2 in a humidified atmosphere. The media was changed 

daily until the cells reached confluency.

2.2.11 Freezing down and seeding for DNA analysis o f ES cell/MEF clones 

Confluent 48 well clones were trypsinised in 50 pi of 0.05 [v/v] trypsin. 100 pi of the 

appropriate growth media was added to the well. 1 0 0  pi of the resulting cell suspension 

was added to the well of a 96 well plate containing 2 x freezing media (40 % [v/v] growth 

media, 40 % [v/v] growth serum, 20 % [v/v] DMSO). 30 to 40 clones were transferred per 

96 well plate. The plate was frozen at -80° C. The remaining 50 pi of cell suspension was 

transferred to the well of a 12 well plate (pre-coated in 0.1 % [w/v] gelatin for ES clones) 

to grow for DNA analysis.

2.2.12 Generation o f transgenic mice

ES cells were seeded as previously described. The cells were grown until 70 % 

confluency. The cells were trypsinised as previously described and 5 ml of growth media 

added. The resulting cell suspension was centrifuged at 1250 rpm for 5 min. The cell pellet 

was resuspended in 500 pi injection media (Dulbecco’s Modified Eagles medium with 

4500 mg/1 D-glucose, supplemented with 10 % [v/v] foetal embryonic stem cell qualified 

foetal bovine serum [Labtech International], 100 units/ml penicillin, 100 pg/ml 

streptomycin, 20 mM L-glutamate, 10 mM sodium pyruvate). The cells were injected into 

donor blastocytes and implanted into a donor mother by Ms J Brown and Mr A. Oakden at 

the Division of Biomedical Services, The University of Leicester.
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2.2.13 Cre transfection of ES cells

ES cells were seeded in 2 x 10 cm plates, previously gelatinised (0.1 % [w/v] gelatin) and 

seeded with 1 x 106 mitomycin C treated MEFs, until 70 % confluency. 5 x 106 ES cells 

were harvested, centrifuged at 1250 rpm for 5 min, and resuspended in 800 pi of PBS. 

30 pg of pCre-PAC plasmid (Figure 2.IB) was added to the cell suspension. The 

suspension was transferred to an electroporation cuvette (Bio-Rad) and left at room 

temperature for 5 min. The cuvette was placed in a Gene pulser equipped with a 

capacitance extender (Bio-Rad) and electroporated at 260 V and 960 pFD. The cells were 

left at room temperature for 5 min and plated onto a 10 cm culture dish containing 

mitomycin C treated MEFs. The cells were incubated at 37° C and 10 % CO2 in a 

humidified atmosphere for 24 hours. The ES cells were then placed on selection by the 

addition of 2 pg/ml puromycin for 36 hours. The cells were harvested and re-plated at 1 x 

10 cells onto a 10 cm culture dish containing mitomycin C treated MEFs. The cells were 

grown in ES growth media until clones had formed.

2.3. MEF analysis

2.3.1 Annexin V FITC staining of cells

Cells were seeded at 1.5 x 105 in a volume of 3 ml growth media, in 6  cm cell culture 

dishes. Two dishes were seeded for each cell type. The cells were incubated at 37° C, or 

33° C for tsSV40T transformed cells, and 10 % CO2 in a humidified atmosphere for 24 

hours. The media was replaced with fresh growth media and the cells placed at 37° C, or at 

the restrictive temperature of 39° C for tsSV40T containing cells, and 10 % CO2 in a 

humidified atmosphere for 24 hours. To one dish for each cell type, the media was 

replaced with fresh media. The second dish was stimulated by the addition of 50 ng/ml 

anti-CD95 antibody (BD Pharmingen) and 0.5 pM cycloheximide in 3 ml of growth 

media, or placed in serum-free media. The cells were incubated at 37° C or 39° C for 20 

hours. The media was removed from each dish and collected into a tube. Each dish was 

washed with PBS, which was also added to the corresponding collection tube. 1 ml of 

0.025 % [v/v] trypsin was added to each dish and the dishes incubated at 37° C for 20 min. 

1 ml of growth media was added to each plate to neutralise the trypsin. The subsequent 

cell suspension was added to the corresponding collection tube. The tubes were 

centrifuged at 1500 rpm for 5 min. The supernatant was discarded and the resulting pellet
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resuspended in 1 ml of growth media. The tubes were placed at 37° C for 5 min. 0.5 ml 

was removed from each tube and either discarded or kept for protein analysis. The 

remaining 0.5 ml was centrifuged at 1500 rpm for 5 min. The supernatant was discarded 

and each pellet resuspended in 1 x Annexin binding buffer (Bender Medsystems) 

containing 3 pi Annexin V-FITC (Bolder Medsystems) and transferred to FACScan tubes. 

The tubes w oe incubated at room temperature for 10 min. 1 pg/ml propidium iodide 

(Bendo Medsystems) was added to each tube and the tubes incubated on ice. The 

apoptotic phenotype of the cells w oe analysed by fluorescence activated cell sorting 

(FACS) (Becton Dickinson). The results w oe analysed by plotting graphs of propidium 

iodide staining verses Annexin V FITC staining. Cells that w oe eitho Annexin V 

positive, or both Annexin V and propidium iodide positive, w oe counted as apoptotic.

2.3.2 Cell growth curves

MEFs w oe  seeded at 1 x 104 p o  well of a 24 well plate in 1 ml of MEF growth media. 

For the next eight consecutive days, three wells w oe washed with PBS and trypsinised by 

the addition of 0.05 % [v/v] trypsin. The cells in each well were counted using a 

haemocytometo, and the values recorded. The media was changed four days after 

seeding.

2.3.3 DNA staining

MEFs were seeded at 5 x 104 cells in a 6  cm culture dish in 3 ml MEF growth media. The 

following day the cells w oe washed with PBS and trypsinised by the addition of 0.05 % 

[v/v] trypsin. 4 ml of growth media was added to the cells and the cell suspension 

centrifuged at 1250 rpm for 5 min. The cell pellet was resuspended in 100 pi cold PBS and 

1 ml of 70 % [v/v] ethanol added. The resulting cell solution was placed on ice for 30 min. 

The fixed cells w oe centrifuged at 4° C and 1250 rpm for 5 min and the cell pellet 

resuspended in 1 ml PBS containing 10 pg/ml propidium iodide and 100 pg/ml RNase, 

The cell suspension was left at room tempoature for 1 hour and analysed by FACS.

2.3.4 Immunofluorescence of cells

Cells w oe plated at 6  x 104 cells/ml on coverslips, previously coated in 10 pg/ml 

fibronectin, and cultivated until 80 % confluent. The cells w oe fixed with 2 % [v/v]
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paraformaldehyde in PBS for 20 min, followed by permeabilisation by the addition of 0.2 

% [v/v] Triton X-100 for 5 min. The cells were treated with 1 % [w/v] BSA/PBS blocking 

solution for 16 h, followed by incubation with 250 ng/ml primary antibody for 1 h. After 3 

washes with 0.02 % [w/v] BSA/PBS, the cells were incubated with 200 pg/ml secondary 

antibody for 1 h, followed by a further 3 washes with 0.02 % [w/v] BSA/PBS. The cells 

were incubated with 33 nM Texas Red-X phalloidin (Molecular Probes) for 20 min to 

allow staining of F-actin, followed by 3 washes with 0.02 % [w/v] BSA/PBS. To observe 

staining of the mitochondria, Mitotracker (Molecular Probes) was used in place of Texas 

Red-X phalloidin. Cells were incubated with 25 nM Mitotracker Red CMXRos for 30 min. 

Cells were mounted on slides and viewed using a Nikon Eclipse TE300 microscope.

2.3,5 5-Bromo-2 '-deoxy-uridine (BrdU) cell analysis

Cells ware seeded at 1 x 104 in 2 ml growth media on coverslips in an 8  well plate until 60 

% confluent. The media was removed, cells washed with PBS and incubated in serum-free 

growth media for 8  hours. BrdU analysis was then commenced using a BrdU labelling and 

detection kit I (Roche). 1 x BrdU labelling reagent was added to the cells in 2 ml of growth 

media for the required time length. The immunofluorescence method used was as 

described in the manufacturer’s manual.

2.4. Protein analysis

2.4.1 Production of cell lysates cells for protein analysis

Growth media was removed from 6  cm dishes containing fully confluent cells. Cells were 

stimulated or left untreated as required. To serum stimulate cells; the cells were initially 

placed in media containing 0.5 % serum for 24 hours. Cells were then stimulated by 

addition of growth media containing 10 % serum, for the desired length of time. The cells 

were then lysed in one of two ways. Either, the media was removed, cells washed with 

PBS and lysed directly in 100 pi lx laemmli loading buffer (62.5 mM Tris 6 .8 , 2 % [w/v] 

SDS, 5 % [v/v] P-mercaptoethanol, 10 % [v/v] glycerol, 0.04 % [w/v] pyronin Y), or if 

proteins involved in cell death pathways were to be subsequently detected, whole cell 

lysates were produced by scraping cells directly from the plate, and transferring the cell 

suspension obtained to a tube. The tube was centrifuged at 4° C and 1000 rpm for 3 min. 

The pellet was washed with ice-cold PBS and lysed in 150 pi lysis sample buffer (62.5
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mM Tris HC1 pH 6.8,15 % [v/v] glycerol, 2 % [w/v] SDS, 5 % [v/v] P-mercaptoethanol, 

0.5 mg/ml bromophenol blue). The lysates were sonicated for 15 s, boiled at 95° C and 

stored at -20° C.

2.4,2 Stimulation of cells and production of clear cell lysates for protein analysis 

Growth media was removed from 6 cm dishes containing fully confluent cells, and 

replaced with 1 ml serum-free medium. The plate was incubated at 37° C and 10 % C 02 in 

a humidified atmosphere for 20 min. The appropriate concentrations of stimuli were then 

added to the wells, as shown by the following table.

Table 2.2 Concentrations of various stimuli used for cell analysis

Stimulus Final concentration
Serum 10 % (v/v)
PMA 40 pM
PDGF 50ng/ml
EGF 10 ng/ml

1 ml of 2 x final concentration of stimulus was added to the media in the wells. The cells 

were then incubated for the appropriate amount of time. The media was removed from the 

wells and the plates immediately placed on ice. 1 ml of ice-cold PBS was added to each 

well and aspirated. The cells were lysed by the addition of 1 ml of ice-cold versene (Life 

Technologies) and transferred to eppendorfs. The cells were pelleted by centrifuging at 

3000 rpm at 4° C for 2 min. The pellet obtained was washed with ice-cold PBS and 

centrifuged at 3000 rpm at 4° C for 2 min. The resulting pellet was lysed in 50 pi of GLB 

(1 % [v/v] Triton X-100, 20 mM Tris pH 8.0, 137 mM NaCl, 15 % [v/v] glycerol, 5 mM 

EDTA) with added protease and phosphatase inhibitors (10 mM (3-Gp pH 7.5 HC1, 1 mM 

AEBSF, 2 mM benzamidine, 0.5 mM Na3VC>4 , 0.5 mM DTT, 10 pg/ml leupeptin, 10 

pg/ml aprotinin). The tubes were placed on ice for 15 min and then centrifuged at 13000 

rpm at 4° C for 10 min. The supernatant was transferred to a fresh eppendorf. 5 pi was 

removed from samples requiring protein determination. The tubes were then snap frozen in 

liquid N2 and stored at -80°C. Clear lysates for Western blot analysis were combined with 

1 x laemmli loading buffer, boiled for 5 min and stored at -20° C.
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2.4*3 Stimulation of cells and production of clear cell lysates for protein analysis 

Growth media was removed from 10 cm dishes containing fully confluent cells and 

replaced with serum-free medium. The plate was incubated at 37° C and 10 % CO2 in a 

humidified atmosphere for 48 hours. Cells were then left untreated or treated with 25 

ng/ml EGF for 5 min. The media was removed from the plates and the plates immediately 

placed on ice. 1 ml of ice-cold PBS was added to each well and aspirated. The cells were 

lysed by the addition of 100 pi of lysis buffer (20 mM Tris pH 8.0, 1 % Triton X-100, 2 

mM EDTA, 1 mM NaVO^ 50 mM NaF, 5 mM 2-glycerolphosphate, 0.1 % 2- 

mercaptoethanol, 1 mM AEBSF) and transferred to eppendorfs. The lysates were snap 

frozen and plated at -80° C for 24 hours.

2.4.4 Bicinchoninic acid (BCA) protein analysis

1-5 pi of each clear protein lysate sample was added to a well of a 96 clear-view plate. 

BSA and/or H2O was added to empty wells of the plate, to give a BSA concentration range 

of 0-20 pg/pl. 200 pi o f a mixture of BCA™ protein reagents A and B (50:1) (Pierce) was 

added to each well. The plate was incubated at 37°C for 30 min. The OD630 was measured
_  TM __

using an EL 340 microplate reader (Bio-TEK Instruments). The protein concentration of 

each sample was calculated by comparison to the BSA standard curve generated.

2.4.5 Immunoprecipitation assay

1 mg of cell lysate was placed in 500 pi of lysis buffer (20 mM Tris pH 8.0, 1 % Triton X- 

100 [v/v], 2 mM EDTA, 1 mM NaV04,50 mM NaF, 5 mM 2-glycerolphosphate, 0.1 % 2- 

mercaptoethanol [v/v], 1 mM AEBSF) and incubated with 1 pg monoclonal mouse anti- 

caspase 9 antibody (Chemicon) at 4° C for 1 hour. 40 pi of washed protein A sepharose 

beads (Sigma) were then added and incubated at 4° C for 1 hour. Immunoprecipitates were 

washed 3 x in lysis buffer before boiling in 1 x laemmli loading buffer.

2.4.6 Sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE) 

SDS-PAGE gels were cast using a Mini-PROTEAN 3 cell (Bio-Rad). Separation and 

stacking gel solutions were made up as shown in Table 2.3. The TEMED was added 

immediately prior to gel pouring. The gel cassette was placed in a gel running tank 

containing 1 x SDS PAGE running buffer (25 mM Tris, 1.92 mM glycine 0.1 % [w/v]
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SDS). Protein samples were added to the wells of the gel. The samples were 

electrophoresed alongside a high, low or pre-stained molecular weight SDS PAGE protein 

marker. The gel was run at 150 V until the dye front had reached the bottom of the plates.

Table 2*3 Recipes for SDS PAGE separation and stacking gels.

Per gel
8%

separation
gel

10%
separation

gel

15%
separation

gel

4%
stacking

gel
Water 1.75 ml 3.0 ml 0.9 ml 1.8 ml
1.5 M Tris-HCl (pH 8.8) 0.95 ml 1.4 ml 1.0 ml -

0.5 M Tris-HCl (pH 6.8) - - - 0.8 ml
30 % Protogel 1 ml 1.9 ml 1.9 ml 0.4 ml
10 % SDS 37.5 pi 56 pi 38 pi 30 pi
10% APS 37.5 pi 56 pi 38 pi 30 pi

2,4.7 Western blot analysis

The gel was soaked in gel transfer solution (25 mM Tris, 1.92 mM Glycine, 0.01 % [w/v] 

SDS) for 20 min. Two pieces of gel blotting paper (Schleicher & Schuell) were cut to the 

size of the gel. The transfer was then assembled on a Trans-Blot® SD semi-dry transfer 

cell (Bio-Rad). One piece of the filter paper was moistened in membrane transfer solution 

(25 mM Tris, 1.92 mM Glycine, 0.01 % [w/v] SDS, 20 % [v/v] methanol) and placed on 

the transfer cell. A piece of 0.45 pm Protran BA85 cellulose nitrate membrane (Schleicher 

& Schuell) or 0.45 pm PVDF transfer membrane (Amersham Biosciences), cut to the size 

of the gel, was moistened in membrane transfer solution or 100 % [v/v] methanol 

respectively, and overlaid on the filter paper. The gel was carefully placed on top of the 

membrane, ensuring no air bubbles were created. The second piece of filter paper was 

moistened in gel transfer solution and placed on top of the gel. The transfer cell was run 

for 1.5 hours at 1 mA/cm2 of gel. The membrane was washed for 3 x 5 min with Tris- 

buffered saline (10 mM Tris-HCl pH 7.6, 150 mM NaCl) containing 0.05% [v/v] Tween 

20 (TBS/Tween). The membrane was blocked in 5 % [w/v] Marvel (made up using 

TBS/Tween) for 1 hour at room temperature. The membrane was washed three times for 5 

min per wash with TBS/Tween and incubated in the primary antibody (diluted with 

TBS/Tween) (Table 2.4a/b), overnight at 4° C. The following morning the membrane was 

washed three times for 5 min per wash with TBS/Tween and the secondary antibody
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(conjugated to horseradish peroxidase and diluted 1 in 3500 with TBS/Tween) added for 1 

hour at room temperature. The membrane was washed three times for 5 min per wash with 

TBS/Tween. The enhanced chemiluminescence detection system (Pierce) was used to 

visualise the protein o f interest. Equal ratios of the two solutions were mixed, and 2 ml of 

the resulting mixture evenly distributed over the membrane for 3 min. Excess liquid was 

removed and the membrane exposure to photographic film (Fuji) at room temperature, for 

various time lengths.

Table 2.4a Antibodies used for Western blot analysis

Primary
antibody

Protein size 
detected (KDa)

Dilution Source and secondary 
antibody

Company

B-Raf 95 1:1000 mouse monoclonal Santa Cruz 
Biotechnology, Inc

C-Raf 74 1:1000 mouse monoclonal BD Transduction 
laboratories

A-Raf 68 1:1000 rabbit polyclonal Santa Cruz 
Biotechnology, Inc

SV40 large T 
antigen

85 1:5000 mouse monoclonal BD Pharmingen

phospho-MEK 45 1:1000 rabbit polyclonal Cell Signaling 
Technology

phospho-
ERK1/2

44/42 1:1000 mouse monoclonal Cell Signaling 
Technology

ERK1 44/42 1:1000 rabbit polyclonal Santa Cruz 
Biotechnology, Inc

phospho-p38
MAPK

38 1:1000 mouse monoclonal Cell Signaling 
Technology

p38 MAPK 38 1:1000 mouse monoclonal Santa Cruz 
Biotechnology, Inc

phospho-Akt
(Ser473)

60 1:1000 rabbit polyclonal Cell Signaling 
Technology

p21 21 1:1000 mouse monoclonal Cell Signaling 
Technology

p27 27 1:1000 rabbit polyclonal Santa Cruz 
Biotechnology, Inc

Cyclin D1 36 1:1000 mouse monoclonal Cell Signaling 
Technology

cdk4 30 1:1000 mouse monoclonal Cell Signaling 
Technology

cdk 6 36 1:1000 mouse monoclonal Cell Signaling 
Technology

cyclin E 53 1:1000 rabbit polyclonal Cell Signaling 
Technology

cdk2 36 1:1000 rabbit polyclonal Cell Signaling 
Technology
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Table 2.4b Antibodies used for Western blot analysis

Primary
antibody

Protein size 
detected (KDa)

Dilution Source and secondary 
antibody

Company

c -fos 62 1:1000 rabbit polyclonal Santa Cruz 
Biotechnology, Inc

actin 45 1:2000 1:2000 Sigma-Aldrich

vinculin 116 1:2000 1:2000 Gift from Dr. V. 
Koteliansky, CNRS, 
Paris

cleaved caspase 
3

18 1:1000 rabbit polyclonal Trevigen

caspase 9 49 1:1000 sheep polyclonal Gift from Dr. P. 
Clarke, University of 
Dundee

phospho-
Thrl25-caspase
9

49 1:1000 rabbit polyclonal Gift from Dr. P. 
Clarke, University of 
Dundee

Bim 23 (BimEL) 
16 (BimL)

1:1000 rabbit polyclonal Chemicon

phospho- 
p90RSK (Thr 
573)

90 1:1000 rabbit polyclonal Cell Signaling 
Technology

2.5. Statistical analysis

Statistical data in results chapters 3-6 were derived using the student’s t-Test in Microsoft 

Excel. For analysis, two data sets were compared via a paired t-test and using the two- 

tailed distribution setting. The P  values generated indicate the significance of the data, 

with a value of ̂ <0.05 indicating significant data.
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3. CHARACTERISATION OF THE ROLE OF 

C-Raf IN CELL SURVIVAL USING C -ra fMOUSE EMBRYONIC

FIBROBLASTS

3.1 Introductioii

3.1.2 Investigation o f the role o f C-Raf in apoptosis

The most studied and characterised role for C-Raf is its involvement in the 

Ras/RafTMEK/ERK pathway. Ras interacts with Raf upon mitogenic stimuli and is 

required to translocate Raf to the plasma membrane (Leevers et al., 1993; Stokoe et al., 

1993). At the plasma membrane Raf proteins are known to be involved in a number of 

phosphorylation and dephosphorylation events that can lead to their full activation (Marais 

et al., 1997; Mason et al., 1999; Zhang and Guan, 2000; Morrison et al., 1993; Wu et al., 

1993a). Upon activation, Raf proteins activate MEK1/2 (Dent et al., 1992; Howe et al., 

1992; Kyriakis et al., 1992) which in turn activate ERK1/2 (Payne et al., 1991). ERK1/2 

are involved in the activation of numerous cytoplamic and nuclear substrates.

Although the Raf protein kinases are the predominant MEK activators, the ability o f each 

Raf isoform to activate MEK also varies. B-Raf is by far the strongest activator of MEK. 

This has been concluded for a number of cell types including fibroblasts, neuronal tissue 

and lymphocytes (Huser et al., 2001; Catling et al., 1994; Reuter et al., 1995; Jaiswal et 

al., 1994; Eychene et al., 1995; Jaiswal et al., 1996; Kao et al., 2001). C-Raf activates 

MEK to a lesser extent than B-Raf, but to a greater extent than A-Raf, which shows very 

little activity towards MEK (Pritchard et al., 1995; Marais et al., 1997, Papin et al., 1998; 

Huser et al., 2001). The differing abilities of each Raf isoform in activating MEK suggests 

they may play different roles in signalling through the MEK/ERK pathway.

Studies have indicated a role for C-Raf in suppressing apoptosis that is independent of its 

role in the Ras/RafTMEK/ERK pathway. Two independent studies analysing apoptosis in 

C-raf1' mice showed an increased susceptibility to apoptosis that was independent of C- 

Raf MEK kinase activity. The increased apoptosis was observed in response to Fas 

stimulation but not in response to TNF stimulation (Huser et al., 2001; Mikula et al., 

2001).
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C-raf1' mice produced on a mixed 12901a/MF-l genetic background survived to a few 

days after birth. These mice were smaller than their wild-type litter mates and displayed 

disorganised placenta and were anaemic (Huser et al., 2001). ERK activity was no 

different in C-raf1' MEFs derived from these embryos compared to MEFs derived from 

wild-type littermates. However, the C-raf1' MEFs did show increased susceptibility to 

programmed cell death (PCD) upon treatment with various apoptotic agents (Huser et al., 

2001).

In a second study, embryos produced on the 129/Sv genetic background, and a mixed 

12901a/C57BL6 genetic background, died during mid-gestation and were smaller than 

their wild-type littermates. As with the study described above, abnormalities were 

observed in the placenta. Increased apoptosis of foetal liver cells were also observed 

(Mikula et al., 2001). MEFs derived from the C-raf1' embryos showed normal MEK and 

ERK activation, and were susceptible to increased apoptosis upon treatment with various 

apoptotic agents when compared to MEFs derived from their wild-type littermates 

(Mikula et al., 2001).

Overall the findings described indicate C-Raf is essential for mouse development and 

plays an important role in the prevention of apoptosis. This role is affected by the strain, 

as a greater degree o f apoptosis was observed for MEFs produced from the 

12901a/C57BL6 genetic background than the 12901a/MF-l genetic background (Hiiser 

et al., 2001). A further study showed increase susceptibility to apoptosis in C-raf1' 

macrophages (Jesenberger et al., 2001).

Homozygous mice were also generated with Tyr340/341 mutated to phenylalanine, 

namely C -ra/F/FF mice (Huser et al., 2001). These mice showed no detectable in vitro 

activity towards MEK, yet developed normally and survived to adulthood. They also 

showed normal ERK activation, and unlike the C-raf1' embryos, no increased 

susceptibility to apoptosis was observed upon treatment with various apoptotic agents. 

These findings indicated that the role of C-Raf in suppressing apoptosis is most likely 

independent o f its MEK kinase activity.

It has also been shown in skeletal myoblasts that high signalling levels of C-Raf can 

suppress apoptosis in this cell line and use of a MEK inhibitor did not block this
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suppression (DeChant et al., 2002). Again, this indicatings a role of C-Raf in MEK kinase 

independent cell survival.

A number o f pathways have been suggested to account for the MEK kinase independent 

role o f C-Raf in the suppression of apoptosis (Figure 1.9). C-Raf has been shown to 

interact with the anti-apoptotic Bcl-2 protein via co-immunoprecipitation experiments 

(Wang et al., 1994). This leads to synergistic apoptosis suppression upon withdrawal of 

Interleukin-3 (IL-3) in IL-3 -dependent hemopoietic cells, but results indicated this was not 

due to C-Raf directly phosphorylating Bcl-2. Observations were made that C-Raf can bind 

to the BH4 domain o f Bcl-2 and target C-Raf to the mitochondria (Wang et al., 1996a). 

However, it has subsequently been stated that this may have only occurred due to the over­

expression o f Bcl-2 in these cells (Rapp et al., 2004) It was also observed that a 

mitochondrial targeted form of the kinase domain of C-Raf suppresses apoptosis to the 

same extent as C-Raf and Bcl-2 combined, suggesting they may not be directly involved in 

suppressing apoptosis (Wang at al., 1996a). An independent study to those described 

above observed Bcl-2 does not require C-Raf kinase activity for its role in cell survival 

(Olivier et al., 1997). C-Raf and Bcl-2 have also been shown to act independently in 

suppressing apoptosis (Zhong et al., 2001). Therefore it is unclear as to if  C-Raf and Bcl-2 

act directly together in suppressing apoptosis and if they play a role together at the 

mitochondria.

Bad, the pro-apoptotic member of the Bcl-2 family, in its non-phoshorylated form, binds 

to the anti-apoptotic B c1-x l  protein. This sequesters B c1-x l , preventing it from suppressing 

apoptosis at the mitochondria, thus allowing the release o f cytochrome c. Bad can be 

phosphorylated leading to the binding of 14-3-3 proteins. This causes cytoplasmic 

relocalisation of Bad, thus leaving B c1-x l  free in its role to suppress apoptosis (Zha et al., 

1996). A mitochondrial targeted kinase domain of C-Raf was shown to phosphorylate Bad 

(Wang et al., 1996b), but no further role for C-Raf in suppressing apoptosis by 

sequestering Bad has been reported.

Bag-1 is a multifunctional protein that interacts with the Hsc70 and Hsp70 heat shock 

proteins (Takayama & Reed, 2001) and may play a role in regulating cell growth and 

survival (Townsend et al., 2005). Bag-1 binds to and activates C-Raf (Wang et al., 1996b). 

Recent data have suggested that Bag-1 plays a role in the suppression of apoptosis by C-
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Raf in tumour cells (Gotz et al., 2004). When a lung cancer mouse model expressing 

constitutively active C-Raf was crossed to Bag-1 heterozygote mice, tumour cells showed 

increased apoptosis. The precise interaction in cell survival between C-Raf, Bag, and the 

possible involvements o f Hsc70, Hsp70, Bcl-2 and Bad, still need to be addressed.

The NFkB family o f transcription factors are retained in the cytoplasm, as dimers, by 

being bound to specific inhibitors known as IkBs (Mercurio et a l , 1993). The IkB-kinase 

complex, (IKK) is responsible for phosphorylating the IkBs (Zandi et al., 1998). This 

leads to polyubiquitination and degradation of the IkB proteins by the proteasome 

pathway, allowing the freed NFkB dimers to translocate to the nucleus (Chen et al., 

1995; Traenckner et al., 1995). At the nucleus NFkB proteins are involved in the 

activation of gene transcription of many genes including those associated with the 

inflammatory response, development and cell survival (Beg and Baltimore, 1996; Van 

Antwerp et al., 1996). The role of NFkB in the suppression of apoptosis is via the 

induction o f a number of genes, including the inhibitor of apoptosis proteins (IAP) 1 and 

2 (Chu et al., 1997; Wang et al., 1998). The LAPs are a family of proteins that suppress 

apoptosis by directly inhibiting caspases (Deveraux and Reed, 1999). NFkB is also 

responsible for upregulating the caspase 8 inhibitor C-FLIP, which leads to resistance to 

death induced apoptosis (Micheau et al., 2001).

C-Raf has been shown to increase the transcriptional activity of NFkB independently of 

its role in the Ras/RafTMEK/ERK pathway (Norris and Baldwin, 1999). Findings have 

revealed C-Raf is involved in the dissociation of the NFkB- IkB complex (Li and Sedivy, 

1993), although the involvement of C-Raf may be indirect. C-Raf associates with casein 

kinase II, and this in turn can interact with IkB and leads to its dissociation from NFkB 

(Janosch et al., 1996). Evidence also exists to suggest C-Raf indirectly activates NFkB 

via the membrane shuttle kinase MEKK1 (Baumann et al., 2000). Co-transfecting C-Raf 

with a dominant negative form of MEKK1 strongly reduced NFkB dependent reporter 

gene activity, and led to a synergistic activation of the reporter construct in the presence 

of MEKK1 and C-Raf. No direct links between NFkB and C-Raf in apoptosis have been 

found. This is further supported by the observation that NFkB activity is not altered in C- 

raf ~ macrophages that show increase susceptibility to apoptosis (Jesenberger et a l, 

2001).
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Apoptosis signal-regulating kinase 1 (ASK1) is a ubiquitously expressed MKKK. It 

activates the stress induced MKK4/MKK7-JNK and MKK3/MKK6-p3 8-MAPK 

signalling cascades (Ichijo et al., 1997). The over-expression of wild-type or activated 

alleles o f ASK1 activates JNK and p38 and induces apoptosis in various cells through 

mitochondria-dependent caspase activation (Ichijo et al., 1997; Hatai et al., 2000). 

ASK1 -deficient cells are resistant to H2O2- and TNF- induced apoptosis (Tobiume et al., 

2001), thus suggesting ASK1 plays a crucial role in stress-induced apoptosis.

C-Raf has been shown to interact with ASK1 in vitro and in vivo (Chen et al., 2001). 

Over-expression o f C-Raf leads to decreased apoptosis in ASK1 expressing HeLa cells, 

suggesting C-Raf plays a role in antagonising ASK1 activity. Using MEK antagonists, it 

was shown that this role does not require the MEK-ERK pathway. Furthermore, kinase 

inactive forms of C-Raf were able to inhibit ASK1 induced apoptosis (Chen et al., 2001). 

Therefore these results show that the inhibition of ASK-1-induced apoptosis by 

interaction with C-Raf does not require C-Raf kinase activity, nor is it dependent on the 

ability o f C-Raf to activate ERKs.

A recent study has also shown C-Raf may antagonise ASK1-induced apoptosis in a 

MEK-ERK independent manner (Yamaguchi et al., 2004). This study investigated the 

role of C-Raf in cardiac muscle-specific C-raf1' mice. These mice showed increased 

apoptosis within the hearts, increased levels of JNK and p38 activity, but no change in 

MEK or ERK levels. Furthermore, ASK1 ablation rescued the abnormalities observed, 

suggesting the deficiency of C-Raf was allowing ASK1 to induce apoptosis within these 

cells.

It is still unclear whether MEK independent suppression of apoptosis by C-Raf occurs at 

the mitochondria, or indeed if  C-Raf activation must occur at the mitochondria. As stated 

earlier, mitochondrial targeted C-Raf has been observed to protect mammalian 

hemopoietic 32D cells from apoptosis by preventing cytochrome c release (Wang et al., 

1996a). It was also shown that expression of mitochondrial C-Raf led to increased cell 

survival in 32D cells (Perruzi et al., 1999). Furthermore, mitochondrial C-Raf has been 

found to protect cells via Bcl-2 or Bad independent pathways (Zhong et al., 2001).C-Raf 

has been observed to interact with the voltage dependent anion channel (VDAC) (Le 

Mellay et al., 2002). This channel is a mitochondrial pore involved in the exchange of
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metabolites. The kinase domain of C-Raf was found to directly interact with VDAC and 

was thought to affect metabolite flow in and out of the mitochondria. The role this may 

play in apoptosis has not been investigated. However, in C-raf1' macrophages that 

showed increase susceptibility to apoptosis, assessment of alteration of mitochondrial 

function showed no significant cytochrome c release in these cells, and suggestd 

apoptosis was not occurring due to mitochondrial fragility (Jesenberger et al., 2001). 

Therefore, although C-Raf has been observed to interact with various proteins at the 

mitochondria, the roles these interactions may or may not play in suppressing apoptosis 

are yet to be fully resolved.

3.2 Aims

As the role o f C-Raf in apoptosis is yet to be fully understood, the aims of this chapter 

were to characterise the mechanistic role C-Raf may play in CD95-mediated apoptosis. 

This was achieved by assessing the sensitivity to <x-CD95 antibody-induced-apoptosis of 

C-raf1' immortalised MEFs upon transfection with expression vectors containing various 

human C-RAF cDNAs. The ability of full length C-RAF, a kinase inactive version of C- 

RAF, a MEK kinase inactive form of C-RAF, a Ras binding mutant of C-RAF or a Ras 

version of C-RAF that was targeted to the mitochondria, to rescue a-CD95 antibody- 

induced-apoptosis was assessed in comparison to MEFs transfected with an empty 

backbone vector.

3.3 Results

3.3,1 Reproduction o f the apoptotic phenotype o f tsSV40T transformed C-raf/+ and C- 

r a f  MEFs

As reported earlier, analysis of C-raf1' MEFs derived on a 12901a/MF-l background 

showed an increased susceptibility to a-CD95 antibody induced apoptosis when compared 

to C-raf l+ MEFs (Huser et al., 2001). To allow further characterisation of these cells, 

these findings needed to be reproduced. As the main aim of this chapter was to analyse the 

cells upon transfection, and due to the difficulties in transfecting primary cells, studies 

were carried out using C -ra f+ and C -ra f  immortalised MEFs. C -ra f+ (line 34-3) and C- 

r a f  (line 34-2) MEFs were previously immortalised using a temperature sensitive version
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of the simian virus 40 (SV40) viral gene encoding the large T antigen (Jat and Sharp, 

1989). The large T antigen allows interaction with various cellular gene products, 

including the tumour suppressor proteins p53 and pRB family members, giving the cells 

their ability to grow indefinitely. Immortalisation can give rise to altered characteristics of 

the cells when compared to their primary counterparts. Therefore to account for this, the 

temperature sensitive version of the T antigen was used. Placing the immortalised cells at 

the permissive temperature of 33° C allowed the expression of the SV40T antigen. 

However, on transferring to the restrictive temperature of 39° C, the SV40T antigen was 

degraded. The plasmid used to create the immortalised cells was pZIPSVtsA58. This 

plasmid contains the thermolabile large T antigen encoded by the SV40 early region 

mutant tsA58, the Moloney murine Leukaemia virus (M-MuLV) transcriptional unit 

derived from an integrated M-MuLV provirus, pBR322 sequences required for the 

propagation of the vector DNA in E.Coli, and the neoR gene (Jat and Sharp, 1989).

Initial studies of the immortalised MEFs to confirm the ability of the tsSV40T antigen to 

be degraded upon placing at 39° C were performed. Cells were seeded at 1.5 x 106 in 2 x 6 

cm dishes and placed at 33° C. After 24 hours one plate was transferred to 39°C and the 

second plate remained at 33°C. Following a further 24 hours incubation, protein lysates 

were prepared from the MEFs, followed by SDS-PAGE and western blot analysis. Blots 

were incubated with an a-large T antigen antibody. An a-ERKl antibody was used as a 

protein loading control. The results showed the levels of SV40T antigen decreased upon 

transfer from 33° C to 39° C, although it was not fully degraded (Figure 3.1 A). This 

agreed with previous findings (K. Mercer -  unpublished results).

The expression of C-Raf in the tsSV40T transformed cells was also confirmed. Cells were 

seeded at 1.5 x 106 in a 6 cm dish. Protein lysates were produced for each cell line. The 

lysates were evaluated by SDS-PAGE followed by Western blotting analysis. The blots 

produced were incubated with an a-C-Raf antibody. An a-actin antibody was used as a 

protein loading control. The results confirmed the expression of C-Raf for the tsSV40T 

transformed C -ra f^  cells and the absence of C-Raf for the tsSV40T transformed C -raf' 

MEFs (Figure 3.IB).

In order to reproduce the previous findings with regards to the C-Raf apoptotic phenotype, 

tsSV40T transformed MEFs were seeded at a density of 1.5 x 105 in 6 cm dishes. The
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following day the growth media was changed and the cells transferred from 33° C to 39° C 

for 24 hours. Apoptosis was induced by the addition of 50 ng/ml a-CD95 antibody plus 

0.5 |iM cycloheximide for 20 hours. Both suspended and attached cells were harvested, 

annexin V FITC and propidium iodide (PI) added and flow cytometric analysis performed. 

During apoptosis, changes in the plasma membrane structure occur, including the surface 

exposure o f phosphatidyl-serine groups. Annexin V can bind to these exposed 

phosphatidyl serine groups and therefore is an indicator of apoptosis. When bound to 

FITC, Annexin V can be analysed by fluorescent activated cell sorting (FACS). Addition 

o f PI allows detection of necrotic cells, as PI is a membrane impermeable DNA stain and 

cannot enter apoptotic cells. Plotting annexin V FITC versus PI allows the separation of 

apoptotic cells from necrotic cells and therefore allows the analysis of apoptotic cells only. 

A typical cytogram is shown in Figure 3.2. Analysis of the results obtained showed a 

significant increase in apoptosis upon a-CD95 antibody treatment of tsSV40T transformed 

C -ra f' MEFs compared to tsSV40T transformed C -rafl+ MEFs (Figure 3.3 A). The graph 

represents pooled data from 12 experiments. Upon treatment, 39 % ± 4 of C-raf1' MEFs 

compared to 30 % ± 4 of C -raf l+ MEFs underwent apoptosis (n=12, P=0.0008). 

Unstimulated MEFs for both cell lines gave similar apoptosis values, averaging 15 % ± 2 

(n=12;/M).588).

Apoptosis was also confirmed by detecting the levels of active caspase 3 upon a-CD95 

antibody stimulation of the cells. C-ra f1' and C -raf' primary cells were seeded at 1.5 x 106 

in a 6 cm dish. The following day cells were either left untreated or stimulated with 50 

ng/ml a-CD95 antibody plus 0.5 pM cycloheximide for 20 hours. Both suspended and 

attached cells were lysed and protein lysates produced for each cell line. The lysates were 

evaluated by SDS-PAGE followed by Western blotting analysis. The blots produced were 

incubated with an a-active caspase 3 antibody. An a-actin antibody was used as a protein 

loading control (Figure 3.3B). A significant increase in cleaved caspase 3 was observed for 

C -raf' primary cells upon a-CD95 antibody stimulation, when compared to the small 

increase seen for C -raf1' primary cells.

To confirm apoptosis and not necrosis was occurring in the cells, Hoechst 33256 staining 

was performed; This allows nuclear staining of all cells, but leads to much brighter 

staining of condensed apoptotic nuclei. In unstimulated cells no apoptosis was observed
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Figure 3.1 Analysis of tsSV40T MEFs. (A) Western blot analysis to detect levels 
of large T antigen in C-raf+ and C-raf' tsSV40T MEFs after incubating at 
33° C or 39° C for 48 hours. ERK1 was used as a control for protein loading (B) 
Western blot analysis to detect C-Raf (upper panel) and actin as a control for 
protein loading (lower panel) in C -raf+ and C-raf' tsSV40T MEFs.

C-raf■/+ C-rafr-l-

33°C 39°C 33°C 39°C

p85 SV40T antigen

p44 ERK 
p42 ERK

B
C -raf+ C-rafr-/-

p74 C-Raf

p  p45 actin



Figure 3.2 Representative FACS Scan cytogram. Propidium iodide (X axis) was 
plotted against annexin V FITC (Y axis). Quadrant statistical analysis was 
performed. The percentage of apoptosis was calculated by addition of 
percentages in the upper left (UL) and upper right (UR) comers of the quadrant 
statistics produced.
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Figure 3.3 Apoptotic analysis of C-Raf MEFs. (A) Percentage of annexin V 
positive stained cells, calculated from annexin V FITC staining followed by flow 
cytometric analysis. C-rafl+ and C-raf' tsSV40T immortalised MEFs were left 
untreated or apoptosis induced by addition of 50 ng/ml a-CD95 antibody plus 0.5 
pM cycloheximide. The data represents mean+/-SEM (n=12). P values were 
generated for C-raf' MEFs via paired t-Tests against C-raf/+ MEFs. 
(* = P<0.05). (B) Western blot analysis to detect active caspase 3 (upper panel) 
and actin as a control for protein loading (lower panel) in C-raf1' and C-raf' 
primary MEFs. Abbreviations; NT = no treatment; a-CD95 = 50 ng/ml a-CD95 
antibody plus 0.5 pM cycloheximide.
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for C -ra f+ cells, but a few apoptotic cells were seen for C-raf1' MEFs. (Figure 3.4A), 

suggesting a slight increase in apoptosis in unstimulated C-raf1' MEFs. Upon <x-CD95 

antibody plus cycloheximide treatment a greater number of brightly stained nuclei were 

observed for the C -ra f  MEFs, confirming an increased level of apoptosis in these cells 

(Figure 3.4AJ. Numerical analysis of the Hoechst 33256 staining showed a significant 

increase in the level o f apoptosis upon a-CD95 antibody plus cycloheximide treatment for 

the C -ra f  MEFs. 2 % ± 1 of unstimulated C-raf1' cells were apoptotic compared with 0 % 

of C -ra f+ MEFs (P= 0.07; Figure 3.4B). This increased to 13 % ± 3 for stimulated C -ra f  

MEFs compared to 4 % dt 2 for C -ra f+ treated cells (P=0.015). Values indicate pooled 

data from 10 separate counts.

3,3.2 Transfection o f  tsSV40T transformed C -ra f  MEFs with expression vectors 

containing various human C-RAF cDNAs

To assess the importance of various components of C-Raf for its role in suppressing 

apoptosis, a number o f transfections were performed. A full-length version of C-RAF was 

transfected into cells to ensure that wild-type C-RAF would be able to rescue the increased 

apoptosis observed upon a-CD95 antibody induction of tsSV40T transformed C -ra f  

MEFs. An empty backbone vector (pEFm.6) was transfected into the MEFs as a control, to 

show if the transfection procedure alone was having any effects on the levels of apoptosis 

in these cells. In addition, a number of other vectors expressing various C-RAF mutants 

were transfected into the MEFs to discover if they play a role in the ability of C-Raf to 

prevent apoptosis. A kinase inactive C-RAF mutant, in which the critical ATP binding site 

of lysine 375 had been mutated to methionine, was used to gain insight into the 

requirement of the kinase domain of C-RAF for its role in preventing apoptosis. To show 

if the activation of MEKs plays a part in cell survival, a MEK kinase inactive form of C- 

RAF, in which tyrosines 340 and 341 were mutated to phenylalanines, was utilised. The 

phosphorylation of tyrosine 341 of C-RAF is essential for its activation and therefore 

mutating this residue prevents its phosphorylation. As C-RAF is known to bind to RAS at 

the plasma membrane, a C-RAF mutant was used in which arginine 89 was mutated to 

lysine. This residue is important for the binding of C-RAF to RAS and its mutation 

prevents C-RAF from binding to RAS, thus preventing C-RAF from being translocated to 

the plasma membrane. This will provide information on the requirement of RAS in the
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Figure 3.4 Apoptotic analysis of tsSV40T immortalised MEFs. (A) Hoechst 
33258 staining of C-raf/+ and C-raf' MEFs following treatment with 50 ng/ml 
a-CD95 antibody plus 0.5 pM cycloheximide or no treatment. Arrows indicate 
apoptotic nuclei. (B) Analysis of Hoechst 33258 staining carried out in (A). 300 
cells were scored for the presence of apoptotic nuclei and the percentage of 
apoptotic cells calculated. The data represents mean+/-SEM (n=10). P values 
were generated for C-raf' MEFs via paired t-Tests against C-rafl+ MEFs. 
(* = .P<0.05).
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Chapter 3 Characterisation of the role of C-Raf in cell survival

prevention of CD95-mediated apoptosis by C-RAF. As previously stated, reports have 

shown that cell survival involving C-Raf may take place at the mitochondria. To evaluate 

this, the R89L mutant of C-RAF was again used. However, a mitochondrial targeting 

motif was added to target the C-RAF construct to the mitochondria. The mitochondrial 

targeting motif used consisted of residues 1-30 of the transmembrane domain of the yeast 

outer mitochondrial membrane protein MAS70p (Hase et al., 1984), which has previously 

been used to target C-Raf to the mitochondria (Salomoni et al., 1998). (All expression 

vectors were gifts from R. Marais, The Institute of Cancer Research, London, and the 

addition of the mitochondrial targeted domain was performed by C. Pritchard).

tsSV40T transformed C-raf1' MEFs were seeded at 6 x 105 cells in 10 cm dishes. One 

plate was seeded for each transfection. The following day the cells were transfected with 

one of the various vectors; the empty backbone vector (pEFm.6), the vector expressing 

wild-type C-RAF (pEFm.6-WT), the vector expressing kinase inactive C-RAF (pEFm.6- 

KI), the vector expressing MEK kinase inactive C-RAF (pEFm.6-FF), the vector 

expressing the Ras mutant form of C-RAF (pEFm.6-89L) or the vector expressing the 

mutant form of C-RAF with the addition of a mitochondrial targeting motif (pEFm.6- 

m89L). Lipofectamine reagent was used to co-transfect 8 pg of each expression vector 

with 0.8 pg pPGK-puro (a plasmid harbouring the puroK gene driven by the PGK 

promoter; Figure 2.1). The pPGK-puro plasmid was required for co-transfection because, 

although the expression vectors all contained a neoR gene, this was also present in the 

tsSV40T transformed cell line, so the use of neomycin would not be suitable during 

selection. After 10 days of puromycin selection, resistant clones were picked (Table 3.1).

DNA was harvested from all puromycin resistant clones transfected with the pEFm.6 

vector. PCR was carried out on the DNA samples obtained to evaluate the presence of a 

200 bp fragment of the pEFm.6 vector. Primers Ocpl06 and Ocpl07 were used to amplify 

the product. 3 out of the 12 clones analysed contained the 200 bp product (Figure 3.5 A). A 

1 in 4 frequency of integration showed the co-transfection method used for pEFm.6 was 

very efficient.

The expression levels of C-RAF were analysed in all other puromycin resistant clones to 

discover the expression of the various C-Raf cDNAs. Protein lysates were produced for 

each clone. The lysates were evaluated by SDS-PAGE followed by western blotting
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analysis. The blots produced were incubated with an a-C-Raf antibody. An a-actin 

antibody was used as a protein loading control. 4 out of 22 clones (#111, #113, #115 and 

#271; Figure 3.5B) transfected with the pEFm.6-WT vector were positive for C-Raf, 4 of 

the 24 clones (#37, #38, #146 and #148; Figure 3.5B) analysed for the pEFm.6-KI vector 

were C-Raf positive, 3 clones (#17, #18 and #19; Figure 3.5B) from the 24 evaluated were 

positive for the pEFm.6-FF vector, transfection of the pEFm.6-89L vector produced 6 

positive clones from the 22 tested (#108, #179 and #180; Figure 3.5B, and not shown 

#258, #271b and #272), and 6 out of 12 clones (#136, #137 and #185; Figure 3.5B, and not 

shown #115b, #260 and #277) were positive for the pEFm.6-m89L vector. The frequency 

of integration varied from 1 in 8 for pEFm.6-FF up to 1 in 2 for pEFm.6-m89L.

Table 3.1 Summary of puromycin resistant clones obtained upon transfection of tsSV40T 

transformed C-raf1' MEFs with various human C-RAF cDNAs. Puromycin resistant clones 

were analysed by PCR for pEFm.6, and via western blot analysis to detect C-RAF 

expression levels for all other clones.

Expression
construct

Total number of puromycin 
resistant clones picked

Clone numbers positive for pEFm. 
PCR or C-Raf expression

pEFm.6 12 35, 36, 208

pEFm.6-WT 22 111,113. 115, 271

pEFm.6-KI 24 37, 38, 146, 148

pEFm.6-FF 24 17, 18, 19

pEFm.6-89L 22 108, 179, 180, 258, 271b, 272

pEFm.6-m89L 12 115b, 136, 137, 185, 260, 277

To ensure the mitochondrial motif added to C-RAF pEFm.6-m89L was fully functional, 

immunofluorescence studies were carried out on the pEFm.6-m89L MEFs. The MEFs 

were plated at 6 x 104 cells on coverslips that had been previously coated in 10 pg/ml 

fibronectin. Cells were fixed, permeabilised and blocking solution added. MEFs were 

subsequently incubation with 250 ng/ml a-C-Raf antibody, followed by incubation with 

200 pg/ml FITC-a-mouse secondary antibody. To stain the mitochondria of the cells, 

subsequent staining with 25 nM Mitotracker Red CMXRos was carried out. The coverslips 

were mounted and the cells viewed using a fluorescence microscope. Figure 3.6 shows a
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Figure 3.5 Screening of transfected C-raf' immortalised MEFs. (A) Detection of 
positive clones transfected with the pEFm.6 vector by PCR using primers 
Ocpl06 and Ocpl07. Amplification of a 200 bp product was observed for three 
out of the twelve clones tested. Abbreviations: M = 1 Kb DNA ladder; -ve = 
negative control; +ve = positive control; numbers correspond to clone numbers. 
(B) Western blot analysis to detect C-RAF (upper panel) and actin (lower panel) 
in C-raf' tsSV40T MEFs transfected with various human C-RAF cDNAs. 
Abbreviations; pEFm.6 = empty backbone vector, WT = wild-type C-RAF-, KI = 
kinase inactive mutant of C-RAF, FF = MEK inactive mutant of C-RAF, 89L = 
Ras binding mutant of C-RAF and m89L = Ras binding mutant of C-RAF with 
an additional mitochondrial targeting motif.
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Figure 3.6 Immunofluorescence analysis of tsSV40T transformed C -raf+ 
MEFs, and tsSV40T transformed C-raf' MEFs transfected with a RAS binding 
mutant of C-RAF with an additional mitochondrial targeting motif (pEFm.6- 
m89L). (A) C -raf+ MEFs were incubated with a-C-Raf antibody. (B) pEFm.6- 
m89L MEFs were incubated with (B) a-C-Raf antibody, and (C) Mitotracker red 
CMXRos. (D) shows a merged image of (B) and (C). The cells shown are 
representative cells from all cells examined.
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typical C -rafl+ cell stained with C-Raf (3.6A), a pEFm.6-m89L cell stained with C-Raf 

(3.6B) and with Mitotracker Red CMXRos (3.6C). The merged image (3.6D) shows that 

C-Raf is targeted to the mitochondria and therefore these cells could be used to analyse the 

mitochondrial role of C-Raf in suppressing CD95-mediated apoptosis.

3,3.3 Characterisation o f the apoptotic phenotype o f tsSV40T transformed C-raf' MEFs 

transfected with various human C-RAF cDNAs.

To discover if the expression of the various C-RAF constructs rescues the apoptotic 

phenotype of C -raf' MEFs, the majority of the stable clones produced were induced to 

undergo apoptosis. Cells were seeded at 1.5 x 105 in 6 cm dishes. After 24 hours the 

growth media was changed and the cells moved to 39° C for a further 24 hours to allow 

degradation of the large T antigen. Cells were left untreated or treated with 50 ng/ml a- 

CD95 antibody plus 0.5 pM cycloheximide for 20 hours to induce apoptosis. Suspended 

and attached cells were collected, annexin V FITC staining performed and PI added, 

followed by FACS analysis. Each clone was tested on a minimum of three separate 

occasions. The majority of the clones shown in Table 3.1 were analysed. Each time the 

experiment was performed, C -rafl+, C -r a f  and pEFm.6 MEFs were also analysed as 

assay controls.

tsSV40T transformed C -ra f  MEFs containing the pEFm.6 vector showed a slight 

increase in the levels of apoptosis in both untreated cells and in response to a-CD95 

antibody treatment when compared to the untransfected C -ra f" cell line. The values varied 

slightly between the three pEFm.6 clones tested. Analysis of untreated tsSV40T 

transformed C -raf' MEFs gave an average apoptosis percentage of 14 % ±2 and this 

value rose slightly to 16 % ± 1 for the pEFm.6 clones, suggesting no significant difference 

between the untreated MEFs (/*=0.43). However, induction of apoptosis led to a more 

significant difference in the increase of apoptosis observed between the cell lines. An 

average value of 39 % ± 4 (n=12) underwent apoptosis for tsSV40T transformed C -raf' 

MEFs and this value increased to an average value of 46 % ± 3 (P=0.0003) when the 

values for the three pEFm.6 clones analysed were pooled (Figure 3.7). Individually, a- 

CD95 antibody treatment induced 44 % ± 4 apoptosis for #35 pEFm.6 (n= 8; P=0.07), 55 

% ± 5 for #36 pEFm.6 (n= 11 7^=0.00004) and 39 % ± 4 for #208 pEFm.6 (n=6 P=0.03) 

(Figure 3.7). These data indicate that manipulation of tsSV40T transformed C-raf' MEFs, 

by transfection of the cells, led to an increased level of apoptosis upon a-CD95 antibody
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induction. The pEFm.6 MEFs therefore served as a control for comparison to the tsSV40T 

transformed C-raf1' MEFs transfected with the various C-RAF cDNAs, rather than using 

the non-transfected tsSV40T transformed C-raf1' MEFs. pEFm.6 MEFs were therefore 

used as the control in statistical analysis of all subsequent apoptosis assays (Figures 3.7- 

3.13).

tsSV40T transformed C-Raf ' MEFs expressing wild-type C-Raf did show a decrease in a- 

CD95 antibody induced apoptosis when compared to the pEFm.6 control cells. The 

reduction varied slightly between clones and this variation corresponded with the 

expression levels of C-Raf for three of the clones (Figures 3.5B and 3.8). #115 pEFm.6- 

WT showed the greatest reduction in the level of apoptosis observed and this corresponded 

with the highest level of C-Raf expression of this clone when compared to the other three 

clones analysed. Upon induction, apoptosis levels observed were 33 % ± 5 for #111 

pEFm.6-WT (n=8; iM).0001), 35 % ± 4 for #113 pEFm.6-WT (n=8; P= 0.03), 30 % ± 4 

for #115 pEFm.6-WT (n=9; P=0.0004) and 35 % ± 4 for #271 pEFm.6-WT (n=7; P=02) 

(Figure 3.8). The level of apoptosis observed for #271 pEFm.6-WT was slightly higher 

than expected when compared to the level of C-Raf expression for the cell line. Overall, 

when pooled, the data gave an average apoptosis value of 33 % ± 2 (P=0.003) for pEFm.6- 

WT MEFs (Figure 3.12). This value was significantly lower than the 46 % ± 2.6 observed 

for pEFm.6 cells and also lower than the 39 % ± 4 average percentage apoptosis seen for 

non-transfected tsSV40T transformed C-raf1' MEFs upon induction with a-CD95 

antibody. The levels of apoptosis were not completely reduced to the 30 % ± 4 observed 

for tsSV40T transformed C-raf*  MEFs. However, the reduction of apoptosis to levels 

below those observed for both, pEFm.6 control cells and the non-transfected tsSV40T 

transformed C-raf1' MEFs, shows that expression of C-Raf in the pEFm.6-WT MEFs was 

able to rescue the apoptotic phenotype caused by the absence of C-Raf. It therefore 

confirmed the method was valid for rescuing the C-Raf apoptosis suppressing phenotype.

Expression of kinase inactive C-Raf in the tsSV40T transformed C-raf1' MEFs showed a 

reduction in the percentage of apoptosis observed upon a-CD95 antibody treatment 

compared to that observed for the pEFm.6 control cells. Some variation was observed 

between the four pEFm.6-KI clones analysed. The clonal variation again corresponded to 

the varying expression levels of C-Raf. The lowest level of C-Raf was expressed for #37
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Figure 3.7 Apoptotic analysis of C-raf' tsSV40T immortalised MEFs 
transfected with an empty backbone vector, pEFm.6. MEFs were induced to 
undergo apoptosis by treating with 50 ng/ml a-CD95 antibody plus 0.5 pM 
cycloheximide or left untreated. Apoptosis was evaluated using annexin V FITC 
staining followed by flow cytometric analysis. Graph of pooled data for C-raf ̂  
MEFs, pooled data for C-raf' MEFs (n=T2) and three C-raf' clones transfected 
with pEFm.6. The data represents mean+/-SEM (n=8 for #35 pEFm.6; n=ll for 
#36 pEFm.6; n=6 for #208 pEFm.6). P values were generated for treated cells 
using paired t-Tests against C-raf/+ MEFs. (* = P<0.05).
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Figure 3.8 Apoptotic analysis of C-raf1' tsSV40T immortalised MEFs expressing 
wild-type (WT) C-RAF, and induced to undergo apoptosis by treating with 50 
ng/ml a-CD95 antibody plus 0.5 pM cycloheximide or left untreated. Apoptosis 
was evaluated using annexin V FITC staining followed by flow cytometric 
analysis. Graph of pooled data for C-raf1' MEFs, pooled data for pEFm.6 MEFs 
and four C-raf'1' clones expressing wild type C-RAF. The data represents 
mean+/-SEM (n=8 for #111 pEFm.6-WT; n=8 for #113 pEFm.6-WT; n=9 for 
#115 pEFm.6-WT; n=7 for #271 pEFm.6-WT). P values were generated for 
pEFm.6-WT treated cells using paired t-Tests against pEFm.6 MEFs. 
(*=i><0.05).
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Figure 3.9 Apoptotic analysis of C-raf1' tsSV40T immortalised MEFs expressing 
kinase inactive (KI) human C-RAF. Cells were left untreated or treated with 50 
ng/ml a-CD95 antibody plus 0.5 pM cycloheximide to induce apoptosis. 
Evaluation of apoptosis was carried out using annexin V FITC staining followed 
by flow cytometric analysis. Graph of pooled data for C-raf' MEFs, pooled data 
for pEFm.6 MEFs and four C-raf' clones expressing a kinase inactive mutant of 
C-RAF. The data represents mean+/-SEM (n=9 for #37 pEFm.6-KI; n=9 for #38 
pEFm.6-KI; n=5 for #146 pEFm.6-KI; n=4 for #148 pEFm.6-KI). P values were 
generated for treated cells using paired t-Tests against pEFm.6 MEFs. 
(* = F><0.05).
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pEFm.6-KI and this showed the smallest decrease in apoptosis at 40 % ± 4 (n=9; P=0.05; 

Figures 3.5B and 3.9). The greatest reduction in apoptosis was observed for #38 pEFm.6- 

KI at 36 % ± 4 (n=9; P=0.02) and this was also the pEFm.6-KI clone expressing the 

highest protein levels of C-Raf (Figures 3.5B and 3.9). The levels of induced apoptosis 

observed for the other clones tested were 39 % ± 4 for #146 pEFm.6-KI (n=5; P=0.001) 

and 38 % ± 3 for #148 pEFm.6-KI (n=4; P=0A) (Figure 3.9). The overall pooled apoptosis 

value for the tsSV40T transformed C-raf1' MEFs expressing a kinase inactive form of C- 

Raf was 38 % ± 4 (p=0.003; Figure 3.12). This is significantly lower than that observed for 

pEFm.6 and just below the 39 % ± 4 average percentage apoptosis observed for non- 

transfected tsSV40T transformed C-raf1' MEFs.

tsSV40T transformed C-raf1' MEFs expressing pEFm.6-FF, the MEK inactive form of C- 

Raf, also led to a reduction in the levels of apoptosis observed upon a-CD95 antibody 

treatment. The overall percentage of apoptosis was 36 % ± 4 (P=0.009; Figure 3.12). This 

again was lower than the values obtained for the pEFm.6 MEFs and the non-transfected 

tsSV40T transformed C-raf1' MEFs. The apoptosis values upon stimulation for the three 

pEFM.6-FF clones tested were 37 % ± 4 for #17 pEFm.6-FF (n=4; P=0.1; Figure 3.10), 36 

% ± 9 for #18 pEFm.6-FF (n=3; 7M).6; Figure 3.10) and 35 % ± 5 for #19 pEFm.6-FF 

(n=5: P=0.01; Figure 3.10) . These results corresponded to the levels of expression of C- 

Raf for each clone (Figures 3.5B). The results showed that addition of the MEK kinase 

inactive C-Raf could rescue the apoptotic phenotype to levels below those observed for the 

control MEFs and the non-transfected tsSV40T transformed C-raf1' MEFs.

The expression of the RAS binding mutant form of C-Raf, pEFm.6-89L in the tsSV40T 

transformed C-raf1' MEFs had no effect on reducing the a-CD95 antibody induced 

apoptotic phenotype. Upon analysis, an average value of 43 % ± 2 (P=0.4; Figure 3.12) 

was observed. This was higher than the 39 % ± 4 observed for tsSV40T transformed 

C-raf1' MEFs and slightly lower than the value for pEFM.6 MEFs of 46 % ±2.6, but of no 

significant difference CP=0.4). The results for the individual clones were 48 % ± 4 for 

#136 pEFm.6-89L (n=2; P=0.2; Figure 3.11 A), 36 % ± 7 for #137 pEFm.6-89L (n=3: 

P=0.2; Figure 3.11 A) and 45 % ± 1 for #185 pEFm.6-89L (n=3: P=0.9; Figure 3.11 A). 

The data showed there was no significant alteration in the a-CD95 antibody induced 

apoptosis value upon addition of the Ras mutant form of C-Raf.
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Figure 3.10 Apoptotic analysis of C-raf' tsSV40T immortalised MEFs 
expressing MEK kinase inactive (FF) human C-RAF. MEFs were induced to 
undergo apoptosis by treating with 50 ng/ml cx-CD95 antibody plus 0.5 pM 
cycloheximide or left untreated. Apoptosis was evaluated using annexin V FITC 
staining followed by flow cytometric analysis. Graph of pooled data for 
C-raf' MEFs, pooled data for pEFm.6 MEFs and three C-raf' clones expressing 
a MEK kinase inactive mutant of C-RAF. The data represents mean+/-SEM (n=4 
for #17 pEFm.6-FF; n=3 for #18 pEFm.6-FF; n=5 for #19 pEFm.6-FF). P values 
were generated for treated cells using paired t-Tests against pEFm.6 MEFs. 
(*=/>< 0.05).
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Figure 3.11 Apoptotic analysis of C-raf' tsSV40T immortalised MEFs 
expressing mutant forms of human C-RAF. MEFs were induced to undergo 
apoptosis by treating with 50 ng/ml a-CD95 antibody plus 0.5 pM 
cycloheximide or left untreated. Apoptosis was evaluated using annexin V FITC 
staining followed by flow cytometric analysis. (A) Graph of pooled data for C- 
raf1' MEFs , pooled data for pEFm.6 MEFs and three C-raf' clones expressing a 
Ras binding mutant (89L) of C-RAF. (B) Graph of pooled data for C-raf' MEFs, 
pooled data for pEFm.6 MEFs and three C-raf' clones expressing a Ras binding 
mutant (89L) of C-RAF with the addition of a mitochondrial targeting motif 
(m89L). The data represents mean+/-SEM (For (A), n=2 for #136 pEFm.6-89L; 
n=3 for #137 pEFm.6-89L; n=3 for #185 pEFm.6-FF. For (B) n=3 for #108 
pEFm.6-m89L; n=3 for #179 pEFm.6-m89L; n=3 for #180 pEFm.6-FF. ). P 
values were generated for treated cells using paired t-Tests against pEFm.6 
MEFs. (No values were obtained for P <0.05).
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Figure 3.12 Pooled data from the apoptotic analysis of C-raf' tsSV40T 
immortalised MEFs expressing mutant forms of human C-RAF. MEFs were 
induced to undergo apoptosis by treating with 50 ng/ml a-CD95 antibody plus 
0.5 pM cycloheximide or left untreated. Apoptosis was evaluated using annexin 
V FITC staining followed by flow cytometric analysis. The data represents 
pooled data. Standard error bars are shown. P values were generated for treated 
cells using paired t-Tests against pEFm.6 MEFs. (* = P<0.05). Abbreviations; 
pEFm.6 = empty backbone vector, WT = wild-type C-RAF =, KI = kinase 
inactive mutant of C-RAF, FF = MEK inactive mutant of C-RAF, 89L = Ras 
binding mutant of C-RAF and m89L = Ras binding mutant of C-RAF with an 
additional mitochondrial targeting motif.

C-raf!+ C-raf' pEFm.6 pEFm.6 pEFm.6 pEFm.6 pEFm.6 pEFm.6
WT KI FF 89L m89L

□  No treatment 
l~l a-CD95 antibody

60

50

0



Chapter 3 Characterisation of the role o f C-Raf in cell survival

The introduction of the pEFm.6-m89L plasmid also did not lead to a decrease in the levels 

of apoptosis observed upon a-CD95 antibody treatment. The percentage of apoptosis for 

each of the three clones tested were 44 % ± 3 for #108 pEFm.6-m89L (n=3 P=0A; Figure

3.1 IB), 45 % ± 3 for #179 pEFm.6-m89L (n=3 P=0.7; Figure 3.1 IB) and 47 % ± 1 for 

#180 pEFm.6-m89L (n=3 P=0.4; Figure 3.1 IB). The average value upon a-CD95 Figure 

antibody induced apoptosis for pEFm.6-m89L was 45 % ± 2 (P=1.0; Figure 3.12). This 

value was higher than that observed for non-transfected tsSV40T transformed C-raf1' 

MEFs and similar to the levels obtained for pEFm.6 MEFs.

3.3,4 Transient transfection of tsSV40T transformed C-rafA MEFs with expression 

vectors containing various human C-RAF cDNAs

During the course of this work, Nucleofector™ technology became available which made 

transient transfections of MEFs possible. Therefore, to confirm the findings of the stably 

transfected C-Raf positive clones, the aim was to transiently transfect 34-2 tsSV40T 

transformed C-raf1' MEFs and characterise the a-CD95 antibody induced apoptosis of 

these MEFs. Transient transfections were performed using Nucleofector™ technology. 

This is an electroporation technique that involves a combination of specific 

Nucleofecter™ solutions and optimized electrical parameters that allows delivery of DNA 

directly into the nucleus. Initially experiments were carried out to discover if the 

technology would be suitable for the tsSV40T transformed C-raf1' MEFs. Transfecting a 

GFP vector into the tsSV40T transformed C-raf1' cell line resulted in a 40 % transfection 

rate (data not shown). It was hoped that this would be sufficient to observe any changes in 

the apoptotic phenotype on addition of the various expression vectors. tsSV40T 

transformed C-raf1' MEFs were seeded in 15 cm culture dishes at 4 x 106 cells, 24 hours 

prior to the transfection occurring. The following day, 1 x 106 of the MEFs were used for 

the Nucleofection, along with 10 pg DNA, per transfection. The vectors used for the 

transfections were; the empty backbone vector pEFm.6, the pEFm.6-WT vector expressing 

wild-type C-RAF and the pEFm.6-KI vector expressing kinase inactive C-RAF.

Protein lysates were produced from all transiently transfected MEFs to analyse expression 

levels of C-RAF. The lysates were evaluated by SDS-PAGE followed by western blotting 

analysis. The blots produced were incubated with an a-C-Raf antibody. An a-ERKl
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Chapter 3 Characterisation of the role of C-Raf in cell survival

antibody was used as a protein loading control. The expression of C-RAF in all 

transfections can be observed in Figure 3.13A.

3.3.5 Characterisation o f the apoptotic phenotype o f C-raf A immortalised MEFs 

transiently transfected with various human C-RAF cDNAs upon a-CD95 antibody 

induction

To discover if the transiently expressed clones would reproduce the apoptotic phenotypes 

observed for the stably transfected clones, they were induced to undergo apoptosis. 

Immediately after transfecting, the cells were split between 2 x 6 cm plates and incubated 

at 33° C for 6 hours. The growth media was changed and the cells transferred to 39°C for 

24 hours. Cells were induced to undergo apoptosis by the addition of 50 ng/ml a-CD95 

antibody plus 0.5 pM cycloheximide for 20 hours. Suspended and attached cells were 

collected, annexin V FITC staining performed and PI added, followed by FACS analysis.

Addition of the pEFm.6 expression vector led to an increase in apoptosis. A mean value of 

50 % ± 8 apoptosis was observed, compared with the 39 % ± 4 seen previously in non- 

transfected tsSV40T transformed C-raf1' cells (Figure 3.13B). This agrees with results 

observed for the stably transfected pEFm.6 expressing clones, showing that the 

manipulation of the cells, by addition of the empty backbone vector, gives rise to an 

increase in the levels of a-CD95 antibody induced apoptosis. The pEFm.6 transient MEFs 

were therefore used as a control for the transiently produced MEFs expressing the wild- 

type and kinase inactive mutant form of C-RAF cDNAs.

On addition of the pEFm.6-WT plasmid there was a decrease in apoptosis to 34 % ± 7 

(n=3; P=0.3; Figure 3.13B) when compared to the 50 % ± 8 observed for pEFm.6. 

transfected alone. Transient expression of the kinase inactive mutant of C-RAF gave 39 % 

± 4 (n=3, P=0.3; Figure 3.13B) apoptosis upon stimulation with a-CD95 antibody. This 

was a noticeable reduction when compared to expression of pEFm.6, and suggested that 

the kinase inactive form of C-RAF was able to rescue the apoptotic phenotype, as 

observed for the stably transfected clones.
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Figure 3.13 Analysis of C-raf' tsSV40T immortalised MEFs transiently 
expressing mutant forms of human C-RAF. (A) Western blot analysis to detect 
C-Raf (upper panel) and actin (lower panel). (B) MEFs were induced to undergo 
apoptosis by treating with 50 ng/ml a-CD95 antibody plus 0.5 pM 
cycloheximide or left untreated. Apoptosis was evaluated using annexin V FITC 
staining followed by flow cytometric analysis. Graph of pooled data for C-raf' 
MEFs, pooled data for pEFm.6 MEFs and values for various C-raf' MEFs 
expressing mutant forms of human C-RAF. The data represents mean+/-SEM 
(n=3 for pEFm.6-WT; n=3 for pEFm.6-KI; n=3 for pEFm.6-FF. P values were 
generated for treated cells using paired t-Tests against pEFm.6 MEFs. 
Abbreviations; pEFm.6 = empty backbone vector, WT = wild-type C-RAF and 
KI = kinase inactive mutant of C-RAF. P values were generated for treated cells 
using paired t-Tests against pEFm.6 MEFs. (No values were obtained for P 
<0.05).
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Chapter 3 Characterisation of the role o f C-Raf in cell survival

3.3.6 Analysis of p38-MAPKphosphorylation upon a-CD95 induced apoptosis of C-Raf 
primary MEFs

To assess a possible role of C-Raf in the ASKl/p38-MAPK pathway leading to increased 

susceptibility to a-CD95 antibody induced apoptosis of C-raf1' MEFs, levels of phospho- 

p38-MAPK were analysed for both C -ra f+ and C -raf' MEFs. Cells were seeded at 1.5 x 

106 in 6 cm dishes. 24 hours later cells were placed in serum-free media for 30 minutes. 

Apoptosis was induced by the addition of 50 ng/ml anti-CD95 antibody and 0.5 jliM  

cycloheximide. Cells were lysed at timepoints of 0, 2, 5, 10, 30 and 60 minutes after 

stimulation. Protein lysates were prepared and SDS-PAGE carried out followed by electro­

transfer of the proteins onto nitrocellulose. The blots were incubated with an a-phospho- 

p38-MAPK antibody to detect levels of phospho-p38-MAPK. An a-p38-MAPK antibody 

was used as a control for protein loading. Analysis of phospho-p38-MAPK levels upon 

treatment with anti-CD95 antibody showed an increase in the phospho-p38-MAPK levels 

for C -raf' when compared to C -ra f+ MEFs. The increase was observed at all time points, 

except 5 minutes after the stimulus was added (Figure 3.14).

3.4 Conclusions

This chapter describes the analysis of tsSV40 T antigen transformed C -raf' MEFs to 

evaluate the role of C-Raf in the suppression of aCD95-antibody induced apoptosis. As it 

had previously been discovered that the absence of C-Raf leads to an increased 

susceptibility to apoptosis (Hiiser et al., 2001; Mikula et al., 2001), the effect of 

transfecting various human C-RAF cDNAs into C -raf' MEFs was carried out to assess the 

mechanisms by which C-RAF suppressed CD95-mediated apoptosis.

As primary cells were known to be difficult to transfect, and no reliable method to 

successfully transfect primary cells was available at the start of the project, MEFs 

immortalised with a temperature sensitive version of the SV40 large T antigen were used. 

These C -ra f+ and C-raf' MEFs had previously been produced and shown to respond to 

a-CD95 antibody plus cycloheximide-induced apoptosis in a manner similar to that 

observed for C-rafl+ and C-raf' primary MEFs (K. Mercer - unpublished results).
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Figure 3.14 Phosphorylation of p38-MAPK for C-rafl+ and C-raf' primary 
MEFs over a time course of a-CD95 antibody induced apoptosis (0 to 60 
minutes). Treatment of C-rafl+ MEFs with 500 mM sorbitol for 30 min was used 
as a control for phospho-p38-MAPK. Protein lysates were analysed by Western 
blot analysis followed by detection of phospho-p38-MAPK (upper panel) and 
total p38-MAPK as a control for protein loading (lower panel).
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As stated previously, analysis of the tsSV40T transformed C-raf1' MEFs showed that they 

are susceptible to increased apoptosis in comparison to tsSV40T transformed C-rafl+ 

MEFs following a-CD95 antibody treatment. This chapter confirmed these findings by 

showing, upon a-CD95 antibody plus cycloheximide treatment, 39 % ± 4 of tsSV40T 

transformed C-raf1' MEFs underwent apoptosis compared to 30 % ± 4 of tsSV40T 

transformed C -rafl+ MEFs. The increased apoptosis of the C -raf' MEFs was further 

confirmed by showing increased levels of cleaved, active caspase 3 in these cells, as well 

as observing greater amounts of Hoechst 33256 staining upon a-CD95 antibody plus 

cycloheximide treatment.

The tsSV40T transformed C-raf' MEFs were transfected with 5 different vectors 

expressing 5 different C-RAF constructs, as well as transfection with an empty backbone 

vector to assess the affect of the transfection procedure on the cells. The frequency of 

integration varied between the various vectors. The lowest frequency observed was 1 in 8 

and the highest was 1 in 2, showing the transfection technique was very efficient for 

obtaining clones expressing the various forms of the human C-RAF cDNAs. Successful 

expression of the plasmids was confirmed by detection of the C-Raf protein in these 

clones.

The three tsSV40T transformed C -raf' MEFs harbouring the backbone vector (pEFm.6) 

showed an increased susceptibility to apoptosis upon a-CD95 antibody treatment when 

compared to non-transfected tsSV40T transformed C -raf' MEFs. This indicated that the 

manipulation of tsSV40T transformed C -raf' MEFs, by transfection of the cells had led to 

an increased level of apoptosis upon a-CD95 antibody induction. This is a phenomenon 

that is often observed for transfected cells (C. Pritchard and K.Mercer pers.comm). The 

pEFm.6 MEFs therefore served as a control for comparison to the C -raf ~ tsSV40T MEFs 

transfected with the various C-RAF cDNAs, rather than comparison with the non- 

transfected tsSV40T C -raf' MEFs.

Treatment of the four tsSV40T transformed C -raf' MEFs expressing wild-type C-Raf 

with a-CD95 antibody rescued the apoptosis phenotype to levels significantly lower than 

observed for pEFm.6 cells and also lower than those seen for non-transfected tsSV40T 

transformed C -raf' MEFs upon induction by a-CD95 antibody. The levels of apoptosis
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were not completely reduced to those observed for tsSV40T transformed C -ra f+ MEFs. 

This is likely to be due to the variation in the levels of C-Raf expressed in the four clones 

tested and due to the transfection method leading to an increased susceptibility of the cells 

to apoptosis. The reduction of apoptosis to levels below those observed for the pEFm.6 

control shows that expression of C-RAF in the pEFm.6-WT MEFs can rescue the apoptotic 

phenotype caused by the absence of C-Raf. It therefore confirmed the method was valid 

for rescuing the C-Raf apoptotic phenotype and showed that the increased apoptosis 

observed in the tsSV40T transformed C-raf1' MEFs was occurring due to the absence of 

C-Raf only and for no other reason.

Analysis of the three clones expressing pEFm.6-FF, the MEK kinase inactive form of C- 

Raf, also rescued the levels of apoptosis observed upon a-CD95 antibody treatment. The 

overall pooled percentage of apoptosis observed for the three clones was significantly 

lower than the values obtained for both the pEFm.6 MEFs The results show that addition 

of MEK kinase inactive C-Raf can rescue the apoptotic phenotype observed in the absence 

of C-Raf. The results agreed with the previous findings showing no increased
r r / r r

susceptibility to a-CD95-induced apoptosis occurs in MEK kinase inactive {C-raf ) 

mice (Huser et al., 2001).

Four tsSV40T transformed C -ra f  MEFs expressing kinase inactive C-Raf were obtained 

and analysed upon treatment with a-CD95 antibody. All individual clones, as well as the 

pooled value for all clones, rescued the apoptotic phenotype to levels below those 

observed for pEFm.6 control cells. The results provide good evidence that the kinase 

activity of C-Raf is not required for its role in suppressing a-CD95 antibody-induced 

apoptosis.

Having determined that the role of C-RAF in suppressing a-CD95 antibody-induced 

apoptosis is independent of its kinase activity, as well as its MEK kinase activity, clones 

expressing a mutant form of C-RAF that was incapable of binding to RAS were analysed. 

The three clones analysed upon a-CD95 antibody treatment indicated no significant 

reduction in apoptosis values when compared to pEFm.6 control cells This indicates that 

the role of C-RAF in suppressing a-CD95 antibody-induced apoptosis is RAS dependent
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and therefore suggests Ras binding to C-Raf is required for its role in suppressing 

apoptosis.

As previous reports have suggested a possible role of C-Raf in cell survival at the 

mitochondria, clones expressing C-RAF targeted to the mitochondria were also assessed. 

The three clones expressing a mitochondrial targeted C-RAF were analysed upon 

treatment with a-CD95 antibody. The levels of apoptosis observed were similar to those 

seen for the pEFm.6 control MEFs These results indicate that the role of C-RAF in cell 

survival does not occur at the mitochondria.

During this project, the ability to successfully transiently transfect primary cells became 

available using the Nucleofector. tsSV40T transformed C-raf1' MEFs transiently 

transfected with either wild-type, or kinase inactive C-RAF were produced, as well as cells 

containing the backbone vector only. This allowed analysis of a mixed population of cells 

expressing different levels of C-RAF and therefore eliminated the clonal variation 

observed for the stable clones, as mentioned above. The results agreed with those observed 

for the stable clones. Expression of wild-type C-RAF and kinase inactive C-RAF led to 

apoptosis levels below those observed for pEFm.6 transiently transfected control cells. 

These data further confirm that the role of C-RAF in cell survival is independent of its 

kinase activity.

The findings of this chapter agree with previous findings that the regulation of a-CD95 

antibody induced apoptosis by C-Raf is MEK/ERK independent (Hiiser et al., 2001), and 

further shows C-Raf does not require its kinase activity for its role in suppressing 

apoptosis. These studies also show that Ras binding to C-Raf is important in antagonising 

the apoptotic effect of a-CD95 antibody. A kinase independent role of C-Raf in 

suppressing a-CD95 induced apoptosis is supported by the findings that kinase inactive 

forms of C-Raf are able to inhibit ASK1 induced apoptosis (Chen et al., 2001). 

Furthermore, a mouse recently generated in the laboratory with a homozygous knockin 

mutation of K483MC-Raf, creating a C-Raf inactive kinase, has been observed to survive to 

adulthood without any characteristics of increased susceptibility to apoptosis (K. Mercer 

pers.comm). Analysis of kinase inactive C-Raf MEFs generated from these mice have
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shown no increased susceptibility to apoptosis upon a-CD95 antibody treatment (K. 

Mercer pers.comm).

Of the various mechanisms by which C-Raf has been shown to suppress a-CD95- 

antibody induced apoptosis, the best evidence is for the involvement of ASK1. A recent 

study has shown C-Raf antagonises ASK1-induced apoptosis in a MEK-ERK 

independent manner (Yamaguchi et al., 2004). This study investigated the role of C-Raf 

in cardiac muscle-specific C-raf1' mice. These mice showed increased apoptosis within 

the hearts, increased levels of JNK and p38-MAPK activity, but no change in MEK or 

ERK levels. Furthermore, ASK1 ablation rescued the abnormalities observed, suggesting 

the deficiency of C-Raf was allowing ASK1 to induce apoptosis within these cells. 

Results from the present project agree with a role of C-Raf in a-CD95-antibody induced 

apoptosis by suppressing ASK1 activity. Indeed, analysis of phospho-p38-MAPK levels 

upon treatment with a-CD95 antibody showed a reproducible increase in the activation of 

phospho-p38-MAPK for C-raf1' when compared to C -ra/l+ MEFs (Figure 3.14), 

providing further evidence for the role of C-Raf in regulating this pathway.

ASK1 is known to induce apoptosis upon treatment with TNF and a-CD95 antibody. 

However, previous findings have shown that the role of C-Raf in the suppression of 

apoptosis is selective against a-CD95 antibody induced apoptosis but not affected by 

TNF (Huser et al., 2001; Mikula et al., 2001). This suggests ASK-1 may not be the direct 

target for C-Raf, as it would therefore also inhibit TNF induced apoptosis. It is possible 

that C-Raf may be targeting the mammalian sterile 20-like kinase (MST2). This protein 

has been shown to bind to C-Raf via part of the Raf CR2 domain that is not conserved in 

B-Raf (O’Neill et al., 2004). C-Raf was observed to prevent dimerisation and 

phosphorylation of MST2 independent of C-Raf kinase activity. Furthermore, MST2 was 

selectively activated by a-CD95 antibody in C-raf1' cells, and depletion of MST2 from 

the cells led to decreased sensitivity to apoptosis (O’Neill et al., 2004). It therefore 

appears C-Raf may inhibit MST2 in its kinase independent role of suppressing apoptosis. 

Figure 3.15 summarises the findings of this chapter and indicates that the role C-Raf may 

play in ASK or MST2-mediated apoptosis. Whether there is a connection between these 

two pathways or not is not currently known, and the role of Ras binding to C-Raf in these 

pathways also remains to be assessed.
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Figure 3.15 Possible mechanism by which C-Raf may be involved in the 
suppression of Fas induced apoptosis. This role is thought to be independent of 
C-Raf kinase activity.
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4. CHARACTERISATION OF GROWTH, PROLIFERATION AND

APOPTOSIS IN B-raf1 MEFs

4.1 Introduction

4.1.1 B-Raf knock out studies

Wojnowski et al (1997) generated and studied the phenotype of B-raf deficient mice (B- 

raf1'). The B-raf gene was disrupted by the introduction of a neoR gene to disrupt exon 3. 

Interbreeding of B -raf1' mice on the C57BL6 background produced no viable homozygous 

mutants. Most B-raf1' embryos were found to die in utero between 10.5 and 12.5 days 

after fertilisation and none survived beyond 12.5 days. Examination of the phenotype of 

the B-raf1' embryos showed vascular abnormalities. These consisted of haemorrhaging in 

the ventral region, enlarged and irregularly shaped large blood vessels and rupturing of the 

endothelial cell layers of the vessels leading to extravasation of blood. The mutant 

embryos were also smaller than their wild-type counterparts. The loss of structural 

integrity of the vessels was accounted for by the increase in the observed number of 

endothelial cells undergoing apoptosis. Overall the findings showed B-Raf played a role in 

the processes involved in blood vessel production and in survival of cells of the 

endothelial lineage.

B-Raf is the strongest activator of MEK of the three Raf isoforms. This has been 

concluded for a number of cell types including fibroblasts, neuronal tissue and 

lymphocytes (Hiiser et al., 2001; Catling et al., 1994; Reuter et al., 1995; Jaiswal et al., 

1994; Eychene et al., 1995; Jaiswal et al., 1996; Kao et al., 2001). B-Raf is therefore also 

the strongest ERK 1/2 activator of the three Raf protein kinases, as MEK is directly 

responsible for the activation of ERK (Gomez and Cohen, 1991; Crews et al., 1991; 

Nakielny et al., 1992; Seger et al., 1992; Matsuda et al., 1992). ERK1/2 have a wide 

substrate specificity, including both cytoplasmic and nuclear proteins. ERK1/2 activity can 

affect cell proliferation, cell differentiation, apoptosis, translation, cell shape, cell motility 

and cell adhesion.
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4.1.2 Role o f B-Raf in proliferation

B-Raf has been shown to play a role in the regulation of the G1 to S phase of the cell cycle 

via activation of ERKs. Upon activation ERKs translocate to the nucleus where they can 

phosphorylate transcription factors including members of the c-Fos (c-Fos, FosB, Fra-1 

and Fra-2) and c-Jun (c-Jun, Jun-B and Jun-D) families of proteins (Whitmarsh and Davis, 

1996; Balmanno and Cook, 1999; Cook et al., 1999; Shaulian and Karin, 2002). Members 

of these families form heterodimeric AP-1 complexes that are able to bind to AP-1 binding 

sites found in the promoter region of many genes, including cyclin D1 (Angel and Karin, 

1991; Albanese et al., 1995). This promotes the expression of cyclin D l, leading to the 

phosphorylation and de-repression of the Rb protein by the cyclin D-cdk4/6 complexes, 

resulting in the release of the E2F transcription factors. This in turn allows expression of 

various genes required to progress from the G1 to S phase of the cell cycle.

Expression of activated Raf proteins has been associated with increased cell proliferation 

in many cell types including hematopoietic cells (Muszynski et al., 1995), murine NIH 

3T3 fibroblasts (Kerkhoff and Rapp, 1997; Kerkhoff et al., 1998) and A10 smooth muscle 

cells (Cioffi et al., 1997). However, over-expression of activated Raf proteins have also 

been shown to lead to cell cycle arrest in some cell lines including rat Schwann cells, 

human promyelocytic leukaemia cells (Lloyd et al., 1997) and small cell lung cancer cells 

(Ravi et al., 1998). The conflicting results observed are thought to depend on the Raf 

isoform being expressed and its level of activity.

Studies involving conditionally-active ARafiER proteins have been used to investigate the 

role Raf proteins play in cell proliferation. Raf is activated in cells expressing ARafiER 

constructs by the addition of estradiol. Upon estradiol addition, AB-RafiER cells did not 

promote cell cycle progression and were shown to inhibit mitogenic responses of the cells 

to subsequent additions of EGF and PDGF (Pritchard et al., 1995). Another study utilising 

the conditionally-active ARafiER constructs showed ARafiER proteins were able to 

strongly induce cyclin Dl expression, and that this induction correlated with the differing 

abilities of each Raf isoform to activate MEK/ERK, thus AB-RafiER had the greatest 

activity towards cyclin Dl (Woods et al., 1997). AB-RafiER was also shown to strongly 

induce p21CIP1, an inhibitor of cyclin-cdk activity. It was concluded that B-Raf is involved
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in both cell proliferation and cell cycle arrest, with the concentration of stimuli added 

affecting the outcome (Woods et al., 1997).

4.1.3 Role o f B-Raf in the suppression of apoptosis

B-Raf has been directly linked with suppressing apoptosis via the activation of MEK/ERK 

(Erhardt et al., 1999). Fibroblasts over-expressing B-Raf, subjected to growth factor 

deprivation, were resistant to apoptosis and this resistance was lost when a specific MEK 

inhibitor was used. Furthermore, the over-expression of B-Raf resulted in increased ERK 

activity, but no alterations in the PI3-K/Akt pathway were observed. The anti-apoptotic 

effects of B-Raf were also shown to be downstream of the release of cytochrome c from 

the mitochondria (Erhardt et al., 1999).

ERKs have been shown to directly regulate a number of proteins involved in apoptosis. 

Bim, a BH3-only protein member of the Bcl-2 family promotes apoptosis (O’Connor et 

al., 1998). There are currently ten known Bim variants, all thought to be obtained by 

alternative splicing (O’Connor et al., 1998; Miyashita et al., 2001; Marani et al., 2002). 

Two of these variants, BiniEL and BimL have been linked to the Ras/Raf/MEK/ERK 

pathway. B im EL and B im L  can bind to Bcl-2 or B c1-x l , which in turn leads to the release of 

pro-apoptotic Bax and Bak, thus promoting apoptosis. ERK1/2 can repress Bim expression 

independently of the JNK and PI3-K pathways (Weston et al., 2003). Serum withdrawal 

induced apoptosis in CC139 fibroblasts caused a rapid de novo accumulation of BimEL and 

this expression was reduced upon activation of the ERK1/2 pathway. The ERK1/2 

pathway promotes phosphorylation of BimEL and this targets BimEL for degradation via the 

proteasome (Ley et al., 2003). ERK1/2 has subsequently been observed to directly 

phosphorylate BimEL at serine 65, and there are two other uncharacterised BimEL sites that 

undergo phosphorylation by ERK1/2 (Ley et al., 2004). The Ras/Raf/MEK/ERK pathway 

may also play a role in inhibiting BimEL and BimL in detachment-induced apoptosis 

(Marani et al., 2004). Therefore ERKs play a role in preventing apoptosis via the 

phosphorylation and subsequent degradation of Bim variants in some cell types.

ERKs phosphorylate and activate p90RSK proteins (Sturgill et al., 1988). These proteins are 

a family of serine/threonine kinases consisting of four mammalian isoforms. Activated 

p90RSK has both cytoplasmic and nuclear substrates. In the nucleus p90RSK is shown to
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phosphorylate CREB (Xing et al., 1996; Pende et al., 1997; Xing et al., 1998), c-Fos 

(Chen et al., 1993; Chen et al., 1996), and the SRF (Rivera et al., 1993). It may also play a 

direct role in promoting the cell cycle via p27Iapl (Fujita et al., 2003). The p90RSK proteins 

are also involved in promoting cell survival via direct phosphorylation and inactivation of 

the Bcl-2 pro-apoptotic protein Bad (Hoppe et al., 1999; Tan et al., 1999). p90RSK 

phosphorylates Bad at Seri 12, and this stimulates binding of Bad to 14-3-3, sequestering 

Bad, thus preventing Bad-mediated cell death (Tan et al., 1999). The Ras/Raf/MEK/ERK 

signalling cascade was observed to induce Bad phosphorylation by p90RSK in a growth 

factor dependent manner in neuronal cells (Bonni et al., 1999).

A direct link between the role of ERK in cell survival and caspase 9 has been found. An in 

vitro study using cytosolic HeLa cell extracts discovered that caspase 9 activity was 

suppressed by okadaic acid, and this could be overcome via treatment with the MEK 

inhibitors PD98059 and U0126 (Allan et al., 2003). Further analysis showed addition of 

okadaic acid was leading to induced activity of ERK1/2, and suppression of this activity 

corresponded to the induction of caspase 9 in various cell types. It was discovered that 

pro-caspase 9 is phosphorylated in vitro on Thrl25 by ERK2 upon growth factor 

stimulation, and that ERK 1/2 co-precipitated with the phosphorylated form of pro-caspase 

9. Furthermore, phosphorylation of Thrl25 prevented caspase 9 processing and caspase 3 

activation, even when apoptosome formation was induced (Allan et al., 2003). These data 

strongly suggest a role for ERK in the suppression of apoptosis via phosphorylation of 

caspase 9.

4.2 Aims

As previous reports have suggested the potential involvement of B-Raf in apoptosis and 

proliferation, the aim of this chapter was to characterise the role of B-Raf with respect to 

both proliferation and apoptosis using B-raf1' MEFs. MEK and ERK phosphorylations 

were analysed in the B-raf1' primary MEFs. The apoptotic phenotype was assessed upon 

a-CD95 antibody or serum withdrawal induced apoptosis and further studies carried out to 

characterise the apoptotic phenotype of the cells upon serum withdrawal. Cell growth and 

proliferation upon serum stimulation were also analysed.
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4.3 Results

4.3.1 Derivation of B-rafy~ primary MEFs

B-Raf deficient embryos have previously been produced and reported by Wojnowski et al 

(1997). A B-raf1' mouse generated from mice originating from this study was kindly gifted 

by L. Wojnowski. This mouse was used to set up a breeding colony on the MF-1 

background strain (Figure 4.1 A) to obtain further B -ra f ' mice. Resulting B -ra f ' males 

and B -ra f' females were time-mated (Figure 4. IB), followed by the isolation of primary 

MEFs from E12.5 embryos. Each MEF cell line was generated from a single embryo. 

DNA lysates were produced from each cell line and genotyped by PCR. 3 primers were 

used in conjunction, to assess the presence of the B-raf wild type allele and/or the B-raf 

mutant allele. Ocp75 and Ocpl 12 gave rise to a 220 bp product corresponding to the wild 

type allele. Ocp75 and Ocpl28 amplified a 330 bp product indicating the presence of the 

mutant allele (Figure 4.2A). An example of PCR results obtained from one timed-mating 

is shown in Figure 4.2B. In this case, 3 of the MEF cell lines were identified as B -ra f' (#1, 

#5 and #7), 3 cell lines confirmed as B -ra f+ (#6, #9 and #11) and the remaining 9 cell 

lines genotyped as B -ra f ', which agreed with the expected Mendelian frequency. A 

number of timed-matings were carried out on the MF-1 background strain to obtain MEFs 

suitable for analysis.

Protein lysates were prepared from the MEFs and used for SDS-PAGE followed by 

electro-transfer of the proteins onto nitrocellulose. The blots were incubated with an a-B- 

Raf antibody and an a-actin antibody was used as a protein loading control. The results 

showed that the B -raf' MEFs characterised by PCR did not express the B-Raf protein 

whereas the B -ra f+ MEFs did (Figure 4.2C).

4.3.2 Analysis o f ERKphosphorylation in B -ra f  primary MEFs

To discover if there was any difference in the phosphorylation of ERK1/2 in B -raf' MEFs 

compared to B -ra f+ MEFs, the MEFs were treated with different stimuli and the levels of 

phosphorylated proteins assessed. Cells were seeded at 1.5 x 106 cells in 6 cm dishes until 

confluent. The cells were made quiescent by placing in serum-free medium for 30 minutes, 

and then stimulated with epidermal growth factor (EGF), phorbol 12-myristate 13-acetate 

(PMA) or 10 % serum. Cells were lysed at timepoints of 0, 2, 5, 10, 30 and 60 minutes 

after stimulation. Protein lysates were prepared and used for SDS-PAGE followed by
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Figure 4.1 Breeding strategy for the production of (A) mice expressing the B- 
raf knockout targeting event by backcrossing with mice on the on the MF1 
background strain and (B) El 2.5 embryos from timed-mating of B -ra f' mice 
generated in (A). Ratios indicate expected frequency based on Mendelian 
inheritance.
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Figure 4.2 Screening of B-raf1' timed-mated litters (A) B-raf wild-type and 
targeted alleles highlighting the positions of primers used in confirming the 
genotype of embryos generated. (B) PCR of DNA lysates from numerous cell 
lines generated with primers Ocp75, Ocpl 12 and Ocpl28 amplifying 220 bp and 
330 bp products. Abbreviations: M = 1 Kb DNA ladder; numbers correspond to 
embryo number. (C) Western blot analysis (of a different litter to that shown in 
(B)) to detect B-Raf (upper panel) and actin (lower panel) in B-rafl+ and B-raf' 
primary MEFs.
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electro-transfer of the proteins onto nitrocellulose. The blots were incubated with an a- 

phospho-ERK antibody to detect the levels of phospho-ERK. An a-vinculin or a-actin 

antibody was used as a control for protein loading. Upon EGF stimulation of B -rafl+ 

MEFs the levels of phospho-ERK increased after 2 minutes and peaked at 5 min before 

decreasing down to basal levels at 60 minutes. B -raf' MEFs showed the same pattern in 

response to EGF stimulation, however, the levels of phospho-ERK were markedly reduced 

(Figure 4.3A). This was repeated a minimum of two times for two different cell lines of 

each genotype, with similar results being obtained.

Addition of PMA to the cells gave a slightly different pattern in induction than that 

observed for EGF. The phosphorylated ERK levels o f B -ra fl+ MEFs peaked at a later time 

point of 10 minutes after stimulation, decreasing again at 60 minutes. The B -raf' MEFs 

showed a similar pattern, but a slight overall reduction in the levels of phospho-ERK 

activation was observed (Figure 4.3B). However, the reduction observed was not as 

significant as seen for EGF stimulation of the B-Raf MEFs. The findings were repeated at 

least two times for two different cell lines of each genotype, with similar results being 

reproduced.

The results upon stimulation with 10 % serum showed an increase in phospho-ERK upon 

stimulation, peaking between 5 and 10 minutes after addition of serum, and then slowly 

decreasing. The activation of phospho-ERK was greater for B -ra f!+ MEFs than for B -raf' 

MEFs (Figure 4.3C).

4.3.3 Analysis o f the growth characteristics o f B-rafprimary MEFs 

The growth of the MEFs was analysed by daily measurements of the number of cells 

present. B -ra fl+ and B -raf' MEFs were seeded at 1 xlO4 cells per well in 24 well plates. 

48 hour after seeding the number of cells present per well was counted in triplicate, using a 

haemocytometer. This was repeated for the subsequent 7 days. The values obtained were 

used to produce growth curves for B -ra f^  (#9 and #12) and B -ra f' MEFs (#1, #4, #7 and 

#10).The growth curves obtained showed that B -ra f' MEFs grow at a slower rate than B- 

r a f /+ MEFs (Figure 4.4). The rate of growth increased steadily between 2 and 6 days after 

plating and was greatest between 6 and 7 days. This pattern was seen for both B -rafl+ and
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Figure 4.3 ERK phosphorylation in B-rafl+ and B-raf ~ primary MEFs over a time 
course of stimulation (0 to 60 min) Protein lysates were analysed by Western blot 
analysis followed by detection of phospho-ERK (upper panels) and vinculin as a 
control for protein loading (lower panels) (A) Stimulation with 10 ng/ml 
epidermal growth factor (B) Stimulation with 10 ng/ml phorbol 12-myristate 13- 
acetate. (C) Stimulation with 10 % serum, with actin as a control for protein 
loading (lower panel)
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Figure 4.4 Analysis of the growth characteristics of B -raf/+ and B -ra f ' primary 
MEFs. Cell counts were performed over a period of 8 days and growth profiles 
produced. Pooled data for B -rafl+ (closed squares) and B -raf' (opened squares) 
are indicated. Standard error bars are shown. A P  value was generated for the 
overall growth rate of B -raf' MEFs via a paired t-Test against B -raf/+ MEFs. (* = 
P<0.05).
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B-raf1' MEFs, although the overall growth rate was greater for B -ra f+ MEFs 

(n=6; P=2 x 10'11). The data represents pooled data for each genotype from three data sets.

4.3.4 Analysis ofproliferation o f B-rafprimary MEFs

To further investigate the slower growth rate of the B -raf' MEFs, DNA staining was 

carried out to discover the proportion of cells in each phase of the cell cycle. Cells were 

seeded at 5 x 104 in 6 cm dishes. The following day the cells were harvested, fixed and 

stained with propidium iodide. The cell suspension was analysed by FACS. The results 

were very similar for both B -rafl+ and B -raf' MEFs. The proportion of B -ra f ̂  cells in 

G1 was 51 % ± 1, compared to 55 % ± 1 for B -ra f' MEFs (n=6; P=0.19). Slightly fewer 

B -raf' MEFs were recorded in S phase, 12 % ± 0.4 compared to 14 % ± 0.6 for for B -raf' 

MEFs (n=6; F*=0.09). The proportion of cells in G2 were also slightly lower for B -raf' 

MEFs, at 28 % ± 1 compared to 30 % ± 1 for B -ra f/+ MEFs (n=6; /M).46; Figure 4.5A). 

The data showed there was a slight but not highly significant difference in the proportion 

of cells in each phase of the cell cycle. The data represents two cell lines of each genotype 

and is pooled for three data sets.

Although there was not a large difference observed in the proportion of cells in each 

phase, the slightly increased proportion of B -ra f' cells in G1 and the slightly decreased 

number of cells in S phase, led to further proliferation investigations being carried out. To 

investigate the ability of the MEFs to progress through the cell cycle, DNA synthesis was 

measured. Cells were plated at 1 x 104 on coverslips until 60 % confluent. The cells were 

made quiescent and stimulated by the addition of 10 % serum in media containing 5- 

Bromo-2'-deoxy-uridine (BrdU) labelling reagent for 16 hours. The incorporation of the 

BrdU reagent was measured by the addition of an a-BrdU antibody followed by the 

addition of an a-mouse-Ig-fluorescein conjugated secondary antibody. Cells were 

analysed using a fluorescent microscope and a minimum of 300 cells were counted per 

experiment. The cells were noted as fluorescent or non-fluorescent and the percentage of 

fluorescing BrdU positive cells calculated. The results show a significant difference in the 

ability of the cell lines to undergo DNA synthesis. Only 62 % ± 2 of B -raf' MEFs were 

BrdU positive compared with 71 % ± 7 of B -ra fl+ MEFs (n=4; P=0.03; Figure 4.5B).
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Figure 4.5 Analysis of proliferation in B -ra f+ and B-raf' primary MEFs. (A) 
DNA staining of MEFs with propidium iodide followed by FACS scan analysis. 
Graph represents pooled data for B -ra f+ MEFs compared to B-raf' MEFs, 
showing the proportion of cells at various stages of the cell cycle. (n=6) Standard 
error bars are shown. P values were generated for B-raf' MEFs via a paired t-Test 
against B ra f+ MEFs for each stage of the cell cycle (*=P<0.05). (B) DNA 
synthesis analysis via BrdU staining. Cells were stimulated with 10 % serum for 
16 hours. Graph represents pooled data for BrdU positive B -ra f+ MEFs compared 
to B-raf' MEFs (n=4). A minimum of 300 cells were scored per experiment. 
Standard error bars are shown. A P value was generated for B-raf' MEFs via a 
paired t-Test against B -ra f+ MEFs. (* = P<0.05).
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4.3.5 Analysis ofproteins involved in the G1 to S phase o f the cell cycle in B-raf primary 

MEFs

To investigate what may be leading to the differences in the progression through the cell 

cycle observed between B-raf1' and B -ra f/+ MEFs, some of the proteins known to be 

regulated via ERK in the G1 to S phase of the cell cycle were analysed. Cells were seeded 

at 1.5 x 106 cells in 6 cm dishes and when confluent, cell lysates produced. The lysates 

were used for SDS-PAGE, followed by electro-transfer of the proteins onto nitrocellulose. 

The blots were incubated with an a-cyclin D1 antibody to detect levels of cyclin Dl. An 

a-actin antibody was used as a control for protein loading. The results showed a clear 

reduction in the levels of cyclin Dl of B-raf1' MEFs when compared to B -rafl+ MEFs for 

cycling cells (Figure 4.6A). These findings were reproduced a minimum of two times for 

two different cell lines of each genotype.

Further analysis of cells stimulated with serum was carried out. Cells were seeded at 1.5 x 

106 cells in 6 cm dishes. At 60 % confluency, cells were made quiscent by placing in 

reduced serum media for 24 hours. Cells were stimulated by the addition of media 

containing 10 % foetal calf serum and lysed at 0, 0.5, 1, 3, 5, 10 and 20 hours after 

stimulation. SDS-PAGE of the protein lysates produced was carried out followed by 

electro-transfer of the proteins onto nitrocellulose. A number of antibodies were then used 

to detect expression levels of various proteins, as described below. Each set of findings 

were observed at least two times for two different cell lines of each genotype, a-cyclin Dl 

antibody was used to discover levels of cyclin Dl upon serum stimulation. An a-actin

antibody was used as a control for protein loading. The results agreed with the finding

shown for B-Raf cycling cells, and confirm the decreased levels of cyclin Dl in B-raf1' 

MEFs when compared to B -raf ̂  MEFs (Figure 4.6B) Expression levels of cyclin E were 

analysed by incubating blots with an a-cyclin E antibody. An a-actin antibody was used 

as a control for protein loading. Levels of cyclin E were found to be slightly lower for B- 

ra f ' MEFs than for B -rafl+ MEFs (Figure 4.6B).

To investigate the expression levels of cyclin dependent kinases cdk4 and cdk6, blots were 

incubated with an a-cdk4 antibody or an a-cdk6 antibody respectively. An a-actin

antibody was used as a control for protein loading. cdk4 expression levels for B -rafl+

MEFs remained constant between 0.5 and 10 hours of serum stimulation. In B -raf' MEFs,

141



Chapter 4 Characterisation o f proliferation and apoptosis in B -raf1' MEFs

the levels decreased slightly upon stimulation and remained fairly constant over the time- 

course of 10 hours, but were overall markedly reduced (Figure 4.6B). Cdk6 expression 

levels were greatest at 8 and 10 hours after stimulation for both B -ra f^  and B-raf~ MEFs, 

but levels were again observed to be lower for B -ra f' MEFs (Figure 4.6B).

Investigations into the expression levels of the CDIs, p21CIP1 and p27KIP1 were carried out 

by incubating blots with an a-p21clP1 antibody and an a-p27KU>1 antibody respectively. An 

a-actin antibody was used as a control for protein loading for p21CIP1 and a-ERKl as a 

protein loading control for p27Kn>1. p21cn>1 levels were markedly increased between 0 and 

1 hours of stimulation for B -raf' MEFs when compared to B -ra f/+ MEFs (Figure 4.7A). 

Analysis of p27KIP1 levels indicated increased levels 1 hours after stimulation for B-raf~ 

MEFs in comparison to B -ra f/+ MEFs. The levels were higher for B -ra fl+ MEFs between 

3 and 20 hours of serum stimulation (Figure 4.7B).

An a-c-Fos antibody was incubated with blots to discover the expression levels of c-Fos 

protein being expressed. An a-actin antibody was used as a control for protein loading. A 

slight decrease in c-Fos expression levels were observed upon comparison of B -ra f' 

MEFs to B -ra f+ MEFs (Figure 4.7C).

4.3.6 Analysis o f the apoptotic phenotype o f B -r a f  and B -raf/+ MEFs upon a-CD95 

antibody induction

To assess apoptosis upon a-CD95 antibody treatment, MEFs were plated at a density of 

1.5 x 106 cells onto 6 cm dishes. The cells were fed with growth media 24 hours after 

plating. Apoptosis was induced 24 hours later by the addition of 50 ng/ml anti-CD95 

antibody and 0.5 pM cycloheximide for 20 hours. Suspended and attached cells were 

collected, annexin V FITC staining performed and PI added, followed by FACS analysis. 

The experiment was performed on four separate occasions. The results showed that there 

was an increase in apoptosis for B -r a f  MEFs (#4 and #8) when compared with B -ra f+ 

MEFs (#9 and #12) (Figure 4.8A). Increased apoptosis in B -ra f' MEFs was observed for 

both untreated cells and cells treated with a-CD95 antibody. Pooling the data for each cell 

line and each experiment gave an average percentage of apoptosis for the untreated B- 

r a f + MEFs of 9 % ± 1 and this increased to 14 % ± 1 (n=6; P= 0.008) for the untreated B-
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Figure 4.6 Cell cycle protein expression levels in B-raf/+ and B-raf' primary 
MEFs. (A) Protein lysates produced from continuously growing cells were 
analysed by Western blot analysis followed by detection of cyclin Dl (upper 
panel), and actin as a control for protein loading (lower panel). (B) MEFs were 
serum induced over a time course of 0 to 20 hours. Protein lysates produced were 
analysed by Western blot analysis followed by detection of (a) cyclin Dl, (b) 
cyclin E, (c) cdk4, (d) cdk6 and actin as a control for protein loading (lower 
panel).
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Figure 4.7 p21CIP1 and p 27KJP1 protein levels in B-raf1* and B-raf' primary MEFs 
over a time course of serum stimulation (0 to 20 hours). Protein lysates were 
analysed by Western blot analysis followed by detection of (A) p21cn>1 (upper 
panel), and actin as a control for protein loading (lower panel), (B) p27KJP1 (upper 
panel) and ERK1 as a control for protein loading (lower panel), (C) c-Fos (upper 
panel) and actin as a control for protein loading (lower panel).
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Figure 4.8 Apoptotic analysis of B - r a f and B-raf' primary MEFs. MEFs were 
induced to undergo apoptosis by treating with 50 ng/ml a-CD95 antibody plus 0.5 
pM cycloheximide or left untreated. Apoptosis was evaluated using annexin V 
FITC staining followed by flow cytometric analysis. (A) Graph showing 
individual B-rafl+ and B-raf' cell lines. (B) Graph representing pooled data for B- 
ra f'+ and B-raf' MEFs (n=6). Standard error bars are shown. P values were 
generated for pooled B-raf' MEFs via a paired t-Test against pooled B-raf/+ 
MEFs for both treated and untreated cells. (* = ,P<0.05).
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raf1' MEFs. Upon anti-CD95 induction apoptosis levels of 30 % ± 4 were observed for B- 

raf~ MEFs whereas for B-rafl+ MEFs a value of 16 % ± 6 (n=8; P=0.00001) was obtained 

(Figure 4.8B).

4.3.7 Analysis of the apoptotic phenotype of B-raf 'and B-raf/+ MEFs upon serum 
withdrawal

The apoptotic phenotype of the B -ra f' MEFs upon serum withdrawal was also 

investigated. MEFs were plated at a density of 1.5 x 106 cells onto 6 cm dishes and the 

media changed 24 hours after plating. After a further 24 hours, apoptosis was induced by 

placing cells into serum-free media for 20 hours. Cells were harvested and annexin V 

FITC staining and FACS analysis performed as described previously. The results showed 

that there was an increase in apoptosis for B -ra f' MEFs when compared with B -rafl+ 

MEFs (Figure 4.9A). Pooled data for untreated MEFs showed B -ra f/+ MEFs underwent 

12 % ± 3 of apoptosis and this rose to 16 % ± 3 for B -ra f' MEFs (n=8 P=0.0003; Figure 

4.9B). Upon serum withdrawal the pooled percentage of apoptosis observed was 37 % ± 4 

for B -rafl+ MEFs and this value increased to 48 % ± 6 for B -ra f' MEFs (n=8; 7^=0.003; 

Figure 4.9B). The results show that B-Raf cells are more prone to apoptosis induced by 

serum withdrawal than via a-CD95 antibody, and that B -ra f' MEFs show a greater 

susceptibility to both induced and spontaneous apoptosis than 2?-ra/+/+MEFs.

4.3.8 Analysis of MEK and ERK phosphorylation upon induction of apoptosis in B-raf 

primary MEFs

As B-Raf is thought to play a role in apoptosis via the Raf/MEK/ERK pathway, MEK and 

ERK activation were measured by assessing levels of phospho-MEK and phospho-ERK in 

the B -raf/+ and B -raf' MEFs. Cells were seeded at 1.5 x 106 in 6 cm dishes. 24 hours later 

apoptosis was induced by the addition of 50 ng/ml a-CD95 antibody and 0.5 pM 

cycloheximide or by replacing the media with serum-free media. Cells were lysed at time 

points of 0, 2, 4, 8, 12, 18 and 24 hours after stimulation. Protein lysates were prepared 

and SDS-PAGE carried out followed by electro-transfer of the proteins onto nitrocellulose. 

The blots were incubated with an a-phospho-MEK antibody to detect levels of phospho- 

MEK in the B -ra fl+ and B -raf' MEFs, and with an a-phospho-ERK antibody to observe
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Figure 4.9 Apoptotic analysis of B-raf/+ and B-raf' primary MEFs. MEFs were 
treating by the addition of serum-free media to induce apoptosis or left untreated. 
Apoptosis was evaluated using annexin V FITC staining followed by flow 
cytometric analysis. (A) Graph showing individual B-rafl+ and B-raf' cell lines. 
(B) Graph representing pooled data for B-rafl+ and B-raf' MEFs. (n=8). Standard 
error bars are shown. P values were generated for pooled B-raf' MEFs via a 
paired t-Test against pooled B-raf/+ MEFs for both treated and untreated cells. 
(* = P<0.05).
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the levels of phospho-ERK. An a-actin or a-ERKl antibody was used as a control for 

protein loading. Analysis of phospho-MEK levels upon treatment with a-CD95 antibody 

showed phosphorylation levels rose after 8 hours of stimulation for B -rafl+ MEFs and 

were visible up to 24 hours after the initial treatment. Detection was markedly reduced for 

the B -raf' MEFs, as phospho-MEK was only barely detectable at the 8 hour time point 

(Figure 4.10A). The pattern for phospho-ERK was very similar. Levels of phospho-ERK 

were again initially detected after 8 hours of a-CD95 antibody treatment for B -ra f/+ 

MEFs, but the levels were sustained up to the 24 hour time point. B -ra f' MEFs phospho- 

ERK levels increased 8 hours after the initial stimulation, the levels then decreased with 

each subsequent time point. The levels of phospho-ERK seen for B -ra f' MEFs were much 

lower than those observed for B -raf/+ MEFs (Figure 4.10A). These findings were 

reproduced at least two times for two different cell lines of each genotype.

Analysis of phospho-MEK levels upon serum withdrawal showed the levels increased and 

peaked at 2 hours for B -ra f/+ MEFs, the levels then slowly decreased over the next 8 

hours and returned to basal levels after 18 hours of serum withdrawal. The levels of 

phospho-MEK observed upon serum withdrawal of the B -ra f' MEFs showed the same 

pattern as for the B -ra f/+ MEFs, but the levels observed at each time point were reduced 

(Figure 4.1 OB). Phospho-ERK was observed after 8 hours of serum withdrawal and 

peaked at 12 hours for both B -raf/+ and B -ra f' MEFs (Figure 4.1 OB). A decrease in 

phospho-ERK levels was observed in the B -raf' MEFs when compared to the B -ra f/+ 

MEFs. Similar findings were obtained at least two times for two different cell lines of each 

genotype.

4,3,9 Analysis o f Bim expression levels upon serum withdrawal induced apoptosis o f B- 

raf primary MEFs

To analyse the levels of Bim protein in the cells, Bim expression levels in response to 

serum withdrawal induced apoptosis were assessed. Cells were plated in 6 cm dishes at a 

density of 1.5 x 106 cells. When the cells were 70 % confluent apoptosis was induced by 

replacing the growth media with serum-free media. Cells were lysed at time points of 0, 2, 

4, 8, 12, 18 and 24 hours after induction and protein lysates produced. The lysates were 

used for SDS-PAGE followed by electro-transfer of the proteins onto nitrocellulose. The
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Figure 4.10 MEK and ERK phosphorylation in B-raf1* and B-raf' primary MEFs 
over a time course of induced apoptosis (0 to 24 hours). (A) Stimulation with 50 
ng/ml ot-CD95 antibody plus 0.5 pM cycloheximide. Protein lysates were 
analysed by Western blot analysis followed by detection of phospho-MEK (upper 
panel), phospho-ERK (middle panel) and actin as a control for protein loading 
(lower panel). (B) Serum withdrawal. Protein lysates were analysed by Western 
blot analysis followed by detection of phospho-MEK (upper panel), phospho-ERK 
(middle panel) and ERK1 as a control for protein loading (lower panel)
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blots were incubated with an a-Bim antibody that detects two Bim isotypes, B im EL and 

BimL. An a-ERKl antibody was used as a control for protein loading. The results showed 

that Bim levels altered slightly upon serum withdrawal and peaked at 18 hours after serum 

withdrawal for B -ra f^  MEFs (Figure 4.11 A). There was a decrease in the expression 

levels of Bim observed for B -raf' MEFs in comparison to the B -rafl+ MEFs. The levels 

decreased upon initial serum withdrawal and then increased slightly between 2 and 12 

hours of serum withdrawal induced apoptosis. Very little Bim protein was detected at the 

18 or 24 hour time points (Figure 4.11 A). The overall expression levels of Bim at each 

time point were much lower for the B -ra f' MEFs than those seen for the B -rafl+ MEFs. 

However, overall there were no major alterations in the Bim expression levels observed 

within each cell line over the 24 hours of serum withdrawal, and the slight differences 

observed between time points did not correspond with the activation of ERK (Figure 

4.11 A). These findings were obtained at least two times for two different cell lines of each 

genotype.

4.3,10 Analysis o f phospho-Akt levels upon serum withdrawal induced apoptosis o f B- 

raf primary MEFs

As it is known that Bim expression levels can also be regulated via the PI3-K/Akt 

pathway, the levels of phospho-Akt were assessed. Despite numerous attempts, upon 

serum withdrawal of MEFs, no phospho-Akt was detected. Therefore, to observe if there 

were any differences in phospho-Akt levels between B -ra fl+ and B -ra f' MEFs, cells were 

stimulated with serum. Cells were seeded at 1.5 x 106 cells in 6 cm dishes. At 60 % 

confluency, cells were made quiescent by placing in serum-free media for 24 hours. Cells 

were stimulated by the addition of media containing serum and lysed at 0, 0.5, 1, 3, 5, 8 

and 10 hours after stimulating. SDS-PAGE of the protein lysates produced was carried out 

followed by electro-transfer of the proteins onto nitrocellulose. The blots were incubated 

with an a-phospho-Akt antibody to detect levels of phospho-Akt. An a-actin antibody was 

used as a control for protein loading. Each set of findings were observed at least two times 

for two different cell lines of each genotype. phospho-Akt levels were higher for B -raf' 

MEFs compared to B-raf/+ MEFs at 0.5 hours after stimulation (Figure 4.1 IB). However, 

it was unclear as to if levels were elevated at other time points. Subsequent analysis of 

phospho-Akt levels upon EGF stimulation also proved inconclusive (data not shown).
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Figure 4.11 Protein expression levels in B-raf/+ and B-raf' primary MEFs. (A) 
Apoptosis was induced over a time course of serum withdrawal (0 to 24 hours). 
Protein lysates were analysed by Western blot analysis followed by detection of 
Bim (upper panel) and ERK1 as a control for protein loading (lower panel). (B) 
Cells were stimulated by addition of 10 % serum (0 to 10 hours) and protein lystes 
subjected to Western Blotting, followed by the detection of phospho-Akt (upper 
panel) and actin as a control for protein loading (lower panel)
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4.3.11 Analysis o f phospho-p90RSK levels upon serum withdrawal induced apoptosis of 

B-raf primary MEFs

Inhibition of p90RSK was analysed by assessing the levels of phospho-p90RSK upon serum 

withdrawal induced apoptosis. Cells were plated in 6 cm dishes at a density of 1.5 x 106 

cells. Apoptosis was induced 24 hours after seeding by replacing the growth media with 

serum-free media. Cells were lysed in a suitable lysis buffer at time points of 0, 5, 10, and 

20 hours after induction and protein lysates prepared. The lysates were used for SDS- 

PAGE followed by electro-transfer of the proteins onto nitrocellulose. The blots were 

incubated with an a-phospho-p90RSK antibody to detect levels of phospho-p90RSK. An a- 

actin antibody was used as a control for protein loading. Results showed no phospho- 

PP0RSK was detected in B -rafl+ MEFs upon serum withdrawal. In contrast, the levels of
R  C l f  /phospho-p90 increased over the 20 hour time course in B -r a f  MEFs (Figure 4.12A).

• R Q|̂Detection of phospho-p90 upon serum withdrawal proved difficult, and on a number of 

occasions the phospho-protein was not detected. Therefore, phospho-p90RSK levels were 

investigated upon PMA stimulation, which is known to strongly stimulate phosphorylation 

of p90RSK. Cells were seeded at 1.5 x 106 cells in 6 cm dishes until confluent. Cells were 

stimulated with 10 ng/ml PMA and the cell lysed at 0, 2, 5, 10, 30 and 60 minutes of 

stimulation. SDS-PAGE of the protein lysates produced was carried out followed by 

electro-transfer of the proteins onto nitrocellulose. The blots were incubated with the
n r i /

phospho-P90 antibody and protein loading control as previously described. The results 

agreed with those observed upon serum withdrawal, showing there is an increase in 

phospho-p90RSK levels in the B -raf' MEFs when compared to the B -ra fl+ MEFs (Figure 

4.12B). Upon PMA stimulation, the levels of phospho-P90RSK rose after 5 minutes of 

stimulation and peaked at 10 minutes of stimulation. This pattern was observed for both B- 

ra fl+ and B -raf' MEFs, although the levels were significantly higher for the B -raf' MEFs. 

Similar findings were observed a minimum of two times for two different cell lines of each 

genotype.

4.3.12 Analysis o f T125-phospho-specific caspase 9 levels upon serum withdrawal 

induced apoptosis o f B-rafprimary MEFs

As none of the previously identified pathways appeared to account for the increase in 

apoptosis observed for the B-raf' MEFs, the role B-Raf plays in apoptosis via ERK 

phosphorylation of caspase 9 at threonine residue 125 was investigated. This was assessed
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Figure 4.12 Phospho-p90RSK levels in B-rafl+ and B-raf' primary MEFs over a 
time course of induction. (A) MEFs were induced to undergo apoptosis by serum 
withdrawal (0 to 20 hours). Protein lysates were analysed by Western blot analysis 
followed by detection of phospho-p90RSK (upper panel) and actin as a control for 
protein loading (lower panel). (B) MEFs were stimulated with phorbol 12- 
myristate 13-acetate (0 to 60 min). Protein lysates were analysed by Western blot 
analysis followed by detection of phospho-p90RSK (upper panel) and actin as a 
control for protein loading (lower panel).
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by performing an immuno-precipitation assay. Cells were grown in 10 cm plates until fully 

confluent and apoptosis was induced by placing in serum-free media for 48 hours. Cells 

were then left untreated or treated with 25 ng/ml EGF for 5 min. The cells were lysed and 

an immuno-precipitation assay performed using 1 mg of protein per sample and an a- 

caspase 9 antibody. SDS-PAGE of the protein lysates produced was carried out followed 

by electro-transfer of the proteins onto nitrocellulose. The blots were incubated with an a- 

T125-phospho-specific caspase 9 antibody. An a-total caspase 9 antibody was used as a 

control for protein loading. The results showed a decrease in a-T125- phospho-specific 

caspase 9 levels in B-raf1' MEFs compared to B -ra f ̂  MEFs (Figure 4.13). This reduction 

was observed in both unstimulated , cells and those treated with EGF on at least three 

occasions.

4.4 Conclusions

This chapter describes the production and subsequent analysis of B -ra f' MEFs with 

regards to growth, proliferation and apoptosis. B -ra f' MEFs were generated from 

intercrosses between B -ra f1' mice on a mixed C57BL6 and MF-1 background followed by 

the subsequent isolation and culturing of MEFs from embryos at El 2.5. B -ra f' embryos 

were isolated at the expected Mendelian frequency.

Analysis of MEK and ERK phosphorylation levels upon induction with various stimuli 

showed a decrease in both phosphorylated MEK and ERK levels for B -ra f' MEFs when 

compared to B -ra fl+ MEFs. These findings were expected, as B-Raf is known to be the 

major MEK/ERK activator of the three Raf isotypes in MEFs (Pritchard et al., 1995; 

Marais et al., 1997, Papin et al., 1998; Hiiser et al., 2001). The results show that upon 

serum or EGF stimulated-ERK activation, the loss of B-Raf cannot be compensated by the 

other Raf isoforms. This is in contrast to C -raf' and A -ra f' MEFs which showed no 

alterations in MEK/ERK phosphorylation, suggesting that B-Raf can compensate for the 

effect that these other Raf isotypes have on controlling MEK/ERK activation (Hiiser et al., 

2001; Mercer et al., 2002). These results also suggest B-Raf is not a key activator in 

response to PMA, as phospho-ERK levels were not significantly reduced upon PMA 

stimulation of B -ra f' MEFs.
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Figure 4.13 Phospho-Thrl25-specific caspase 9 levels in B-raf/+ and B-raf1' 
primary MEFs. MEFs were left untreated (NT) or stimulated by the addition of 25 
ng/ml epidermal growth factor (EGF) for 5 min. Immunoprecipitated protein 
lysates were analysed by Western blot analysis followed by detection of phospho- 
Thr 125-specific caspase 9 (upper panel) and total caspase 9 as a control for protein 
loading (lower panel).
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Comparison of the growth profiles of the B -ra fl+ and B-raf1' MEFs showed that B-raf1' 

MEFs grew much slower. As the balance between proliferation and apoptosis affects the 

rate of growth, both processes were investigated in B-raf1' MEFs.

Investigations into the proliferation of B-raf1' MEFs showed a significant reduction in the 

ability of B-raf1' MEFs to undergo DNA synthesis. This finding is consistent with the role 

of ERK in regulating the G1 to S phase of the cell cycle via regulation of AP-1 complexes 

(Whitmarsh and Davis, 1996; Balmanno and Cook, 1999; Cook et al., 1999; Shaulian and 

Karin, 2002). Investigations into the expression of various cell cycle proteins upon serum 

stimulation showed cyclin Dl levels were markedly reduced for B-raf1' MEFs. This 

finding is in agreement with the reduced proliferation observed, and consistent with the 

role of AP-1 complexes in promoting the expression of cyclin Dl (Angel and Karin, 1991; 

Albanese et al., 1995) via activated ERKs. Cyclin E levels were also observed to be 

reduced upon serum stimulation of B-raf1' MEFs, as were cdk4 and cdk6 expression levels 

Both p21cn>1 and p27KIP1 levels were observed to be elevated up to one hour after serum 

stimulation of B-raf1' MEFs. This agrees with the role of these CIP/KIP family members 

in inhibiting the G1 to S phase by targeting cyclin D-cdk4/6 and cyclin E-cdk2 complexes 

(Polylak et al., 1994; Harper et al., 1995; Lee et al., 1995; Woods et al., 1997). Overall the 

data shows B-Raf plays a role in cell growth and proliferation. In its absence, growth and 

proliferation occur at a slower rate and this is associated with reduced ERK activity, 

leading to reduced expression levels of cyclin D, cyclin E and cdk proteins, and elevated 

levels of p21CIP1 and p27KIP1.

Analysis of the apoptotic phenotype of the B-rafA MEFs showed an increased 

susceptibility to apoptosis upon a-CD95 antibody treatment or serum withdrawal. A more 

significant level of apoptosis was observed upon serum withdrawal. These findings are 

consistent with those observed by Wojnowski et al (1997) that showed increased apoptosis 

of B-raf1' embryos. They also may partly account for the reduced growth of the B -raf' 

MEFs, as well as the reduction in the number of cells passing from G1 to S phase of the 

cell cycle. Thus, B-Raf plays a role in suppressing apoptosis and increasing survival that is 

not compensated by C-Raf or A-Raf. Observation of MEK and ERK phosphorylation 

showed reduced phospho-MEK and phospho-ERK levels upon induction of apoptosis 

suggesting that the role of B-Raf in suppressing apoptosis may be mediated by the
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MEK/ERK pathways. This is clearly different from the role of C-Raf in suppressing a- 

CD95-induced apoptosis which is clearly independent of MEK/ERK (Chapter 3).

To further characterise the role of B-Raf in apoptosis upon serum withdrawal, a number of 

pathways known to be regulated by the ERKs were assessed. Analysis of the pro-apoptotic 

protein Bim showed expression levels were reduced for B-raf1' MEFs when compared to 

B-raf+l+ MEFs. This indicates Bim may not be responsible for the increased apoptosis 

observed, as B-Raf does not appear to repress Bim levels. These findings conflict with 

previous data in CC139 fibroblasts showing that ERK-regulated suppression of Bim levels 

may be an important mediator of survival during serum withdrawal. The reduced levels of 

Bim observed may have occurred due to an increase in the phospho-Akt levels in these 

cells, as Bim expression levels are also regulated via the PI3-K/Akt pathway (Kops et al., 

1999; Rena et al., 1999; Dijkers et al., 2000). Elevated phospho-Akt levels were observed 

for B-raf1' MEFs 30 minutes after serum stimulation, but were undetectable upon serum 

withdrawal. Therefore, more analysis is required to confirm that the reduced Bim 

expression levels observed are due to increased phospho-Akt levels.

ERKs are also known to phosphorylate and activate the p90RSK proteins that promote cell
n r i /

survival (Sturgill et al., 1988). However, phospho-p90 levels were found to be 

increased for B-raf1' MEFs upon serum withdrawal and also when stimulated with PMA. 

Therefore p90RSK does not appear to be responsible for the increased susceptibility to 

apoptosis of the B-raf1' MEFs. It is unclear as to the role of the elevated phospho-p90RSK 

levels observed for the B-raf1' MEFs.

Analysis of phospho-Thrl25-caspase 9 levels showed a decrease in the levels observed for 

B-raf1' MEFs when compared to B -ra f,+ MEFs. This was seen in untreated cells as well as 

those stimulated with EGF. Caspase 9 has been reported to be phosphorylated by ERKs 

on residue Thrl25, thereby preventing caspase 9 processing and caspase 3 activation 

(Allen et al., 2003). The current findings are consistent with these data. The results show 

that the increase in apoptosis observed for B -ra f' MEFs is associated with a reduction in 

the phosphorylation of Thrl25 of caspase 9, which in turn is likely to be occurring due to 

reduced ERK activity. Thus it would be interesting to access whether this in turn leads to 

increased levels of processed caspase 9 in B -raf' MEFs, and subsequent cleavage of the 

effector pro-caspases 3 and 7, thereby leading to increased apoptosis. Due to time
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limitations, efforts to rescue the increased susceptibility to apoptosis of the B-raf1' MEFs 

were not concluded. Future investigations are required to confirm that rescuing the 

apoptotic phenotype restores phospho-Thrl25-caspase 9 levels to those observed for B- 

ra f*  MEFs.

A summary of the findings of this Chapter are shown in Figure 4.14. The data show that, 

B-Raf, through the regulation of ERK, has multiple roles in the cell including regulation of 

proliferation, survival and also motility (Pritchard et al., 2004). The B-raf1' MEFs 

generated will be useful in further characterising these functions. This will be of increased 

importance given that B-Raf is an oncogene in numerous human cancers (Davies et al., 

2002).
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Figure 4.14 Summary of the findings of Chapter 4. Roles for B-Raf in 
proliferation and apoptosis.
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5. GENERATION OF A CONDITIONAL B-RAF KINASE INACTIVE

MOUSE

5.1 Introduction

5.1.1 The kinase domain o f  B-Raf

Early studies into the role of the Raf protein kinases showed they are key components of 

the Ras/Raf/MEK/ERK signalling pathway. However, more recent studies showed C-Raf 

can suppress apoptosis in a manner that is independent of its ability to activate MEK 

(Huser et al., 2001; Mikula et al., 2001). Furthermore, in Chapter 3 of the current project it 

was shown that the role of C-Raf in cell survival is via kinase-independent mechanisms. 

Raf proteins are also known to exist in complexes with proteins other than RAS and MEK 

(Kolch et al., 2000; Weber et al., 2001; Wan et al., 2004). It is therefore clear that the Raf 

protein kinases are involved in roles outside of their involvement in the 

Ras/Raf/MEK/ERK signalling pathway. Studies have recently shown other protein kinases 

have functions independent of their kinase activity. For example, ASK1 has been observed 

to play a role in mediating apoptosis that is independent of its kinase activity (Charette et 

al., 2001).

The catalytic domain of most protein kinases has been observed to adopt a similar core 

crystal structure. Eukaryotic protein kinases contain a kinase core made up of a small lobe 

and a large lobe. The large lobe is known to contain the activation loop and the catalytic 

loop. Within the activation loop is the DFG motif, which is a conserved region in protein 

kinases and important for their activation. The D of this sequence is a highly conserved 

aspartic acid residue in all protein kinases. It is an important catalytic residue found at the 

start of the activation segment of Raf proteins, and is responsible for binding an ATP 

chelating metal (Hanks and Hunter, 1995; Johnson et al., 1998) Within B-raf, mutations of 

this residue can cause the protein to be inactivated, as observed by a D594V mutation of 

B-RAF found in a cancer cell line (Wan et al., 2004). This mutant was unable to activate 

ERK in COS cells. It also did not phosphorylate MEK in vitro, or activate C-RAF or 

NF-kB (Ikenoue et al., 2003; Wan et al., 2004). Mutations at other residues of B-RAF in 

cancer cells were shown to lead to elevated ERK levels (Wan et al., 2004). It is therefore 

unclear as to how this mutation is involved in the progression to malignancy.
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-‘ 5.1:2 Cre/loxP technology

Embryonic stem (ES) cell mediated gene targeting can be used to create mutations in a 

gene of interest. Conventionally, null mutations have been created by deleting part of the 

gene of interest and replacing it with an antibiotic resistance gene. This can be very useful, 

but is also limiting in the amount of information it can provide. The null mutation is 

constitutively expressed which may lead to compensatory effects and therefore the true 

phenotype may not be observed. Also, due to the mutation being present in the germline, if 

it results in an early lethal phenotype, later phenotypes can not be assessed. This problem 

can be overcome by combining transgenic technologies with the Cre/loxP site-specific 

recombination system. This allows the introduction of conditional genome alterations that 

are spatially and temporally restricted. Therefore the alteration can be expressed at later 

phenotypes, adult animals can be assessed, and the alteration can be restricted to one tissue 

or cell type, allowing more specific studies to take place. It also allows the phenotype to be 

assessed without the problems of adaptation.

Conventional B-raf null mutants die at mid-gestation, therefore only allowing analysis of 

MEFs and early embryonic phenotypes (Wojnowski et a/., 1997). As the mice being 

generated in the present project were thought likely to also be embryonically lethal, using 

the Cre/loxP site-specific recombination system would allow generation of mice that could 

be used for many further studies and permit the characterisation of later phenotypes.

Cre recombinase is a 38 KDa product of the ere (cyclization recombination) gene of 

bacteriophage PI. It recognises and mediates site-specific recombination between 34 bp 

loxP sequences. A loxP sequence consists of two 13 bp inverted repeats and an 8 bp non- 

palindromic spacer sequence. (Figure 5.1) If two loxP sites are placed in the same 

orientation on linear DNA, Cre will excise the region in between the loxP sequences, 

known as the floxed sequence. This will leave one loxP site on the linear DNA (Figure 

5.2). Thus, incorporation of two such loxP sequences into a genomic locus, followed by 

treatment with Cre recombinase, will lead to the deletion of the intervening DNA 

sequence (Hoess et al., 1982; Hoess and Abremski, 1984). Cre can be placed under the 

control of a range of promoters, thus allowing both spatial and temporal restriction of the 

Cre-mediated recombination event by the generation of Cre-mediated transgenic mice.
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Figure 5.1 Sequence of a loxP site. A 34 bp sequence consisting of a spacer flanked on 

either side by an inverted repeat.

inverted repeat | spacer | inverted repeat
5' -  ATAACTTCGTATAGCATACATTATACGAAGTTAT- 3f 

5' -  TATTGAAGCATATCGTATGTAATATGCTTCAATA- 3’

►
lox?

Figure 5.2 Cre mediated deletion of a floxed gene upon addition of Cre

Floxed gene

lox? lox?

Addition 
of Cre recombinase

lox?

5.1.3 Reported uses o f the Cre/loxP recombination system

Use of the Cxdlox? recombination system to generate conditional knockout mice was first 

reported in 1993. Gu et al. generated a segment of the DNA polymerase p gene (pol/3) 

flanked by two lox? sites (polj3^ox) and used this to generate homozygous polp^ox mice. 

These mice survived to birth and were healthy, in contrast to poip  knockout mice that died 

during embryogenesis. This therefore showed that the use of lox? sites in this manner has 

no detrimental affects on the generation of mice. These mice were subsequently used to 

investigate the deletion of the poip  gene in T cells, by crossing with mice expressing Cre
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under the control of the lek proximal promoter (cre/c*), leading to selective expression of 

Cre in T lineage cells. Assessment of homozygous polpflox mice harbouring cre/c* showed 

normal development. However, further investigation showed incomplete deletion of the 

polfi gene in the T cells. This may have occurred due to the lek proximal promoter only 

being transiently active during early T cell development and therefore there may not have 

been enough time for complete recombination (Gu et al., 1994).

Another study utilised the homozygous poip^ox mice to perform inducible inactivation of 

the poip  gene (Kuhn et al., 1995). Cre was placed under the control of the promoter of the 

Mx 1 gene. This gene is part of the defence to viral infections and is silent in healthy mice. 

Upon administration of interferon (a or P) the M xl promoter is activated, leading to high 

transcription levels. Thus, by crossing p o ip^ox mice with mice expressing Cre under the 

control of the M xl promoter, mice were generated that were susceptible to excision of the 

floxed gene upon administering of interferon-a. The resulting offspring were analysed and 

it was found that excision of the floxed region of the gene had occurred in all organs. 

However, Southern blot analysis showed complete deletion had not occurred in all tissues. 

This may have been due to the inability of interferon-a to access certain organs, due to 

interferon-a leading to different cell responses or due to the difference in cell proliferation 

rates affecting the Cre-mediated recombination (Kuhn et al., 1995).

Cre has been engineered to be part of a ligand-activated fusion protein (Feil et al., 1996). 

Cre recombinase was fused to a mutant ligand-binding domain of the human estrogen 

receptor (ER), and used to generate Cre-ER mice in which the fusion protein was placed 

under the control of a cytomegalovirus (CMV) promoter. These mice were crossed to mice 

harbouring a floxed target allele to allow excision of the floxed sequence. The gene that 

was floxed was a modified retinoid X receptor a  (RXRa) allele carrying a floxed 

neomycin resistance gene integrated by homologous recombination. Addition of 4- 

hydroxytamoxifen to offspring led to Cre-mediated excision of the floxed target gene in all 

organs except the thymus. Subsequent PCR analysis indicated the degree of excision. 

40-50 % excision was observed in skin, tail, kidney and spleen, with lesser amounts 

occurring in other tissues. The differences observed between tissues may have occurred 

due to the variation in expression of the CMV driven transgene between tissues, alterations
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in 4-hydroxytamoxifen accessibility between tissues, or the difference in cell proliferation 

rates affecting the Cre-mediated recombination (Feil et al., 1996).

Another study generated Cre transgenic mice harbouring several copies of the Cre gene 

under the control of the human CMV minimal promoter (Schwenk et al., 1995). Upon 

crossing these mice with pol/3 ^ox mice, Southern blot analysis indicated homozygous 

offspring had undergone excision of the floxed target gene in all cells including germ cells. 

This showed Cre is ubiquitously expressed in all cell lines early in embryogenesis 

(Schwenk et al., 1995). This deleter strain has subsequently been a useful tool for 

knocking out genes in the germline.

The numerous studies described indicate that excision of a floxed target gene can occur 

upon Cre-mediated excision. This can be engineered in such a way that it leads to 

ubiquitous deletion of a gene, or can be more restricted to occur in a specific cell type or at 

a particular point in development.

The Cre//oxP recombination system has also been used to investigate diseases involving 

chromosomal rearrangements via the generating of chromosomal translocations (Smith et 

al., 1995; Van Deursen et al., 1995). The Cre//axP technology can also be used to generate 

conditional knockins, such as that described for oncogenic K-Ras (Jackson et al., 2001; 

Meuwissen et al., 2001).

5.2 Aims

To date there have been no reports in the literature of the production of B-raf kinase 

inactive mice or MEFs. It would be of great interest to discover the precise role that the B- 

Raf kinase activity plays in cellular processes, and if any kinase-independent mechanisms 

exist. Therefore, the initial aim of this chapter was to generate a floxed B-raf allele using 

the Cre//oxP site-specific recombination system. Homologous recombination in ES cells 

would allow the generation of the targeted allele, which would be used to generate B-raf 

kinase inactive conditional mice. The floxed allele would contain a site-specific mutation 

of B-Raf that would render it kinase inactive upon Cre-mediated excision of the floxed 

target gene at a later date.
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5.3 Results

The generation of the B-raf kinase inactive conditional mice involved the initial 

construction of a targeting vector. This vector contained a left arm, a right arm and a 

central region between these arms, referred to as the middle arm. The left arm consisted of 

a 4 Kb fragment, containing exon 14 of the B-raf gene (Figure 5.3B). The middle arm 

contained one loxP site and a region named the minigene. This was made up of exons 15- 

18 of the wild type B-raf gene flanked by a strong splice acceptor and a poly-adenylation 

site to aid the strategy being used (Figure 5.3B). These two arms of the targeting vector 

were supplied by C. Pritchard. The remaining arm, the right arm, comprised a neoR gene 

flanked by two loxP sites, and a 5 Kb genomic DNA fragment containing exons 15 of B- 

raf (Figure 5.3B). Exon 15 within this arm contained a site-specific mutation of B-Raf, 

thought to render it kinase inactive. The mutation was of aspartic acid 594 to alanine 

(D594A). As previously stated this residue is important for kinase activity and mutating it 

has been shown to lead to no kinase activity (Wan et al., 2004). The D594A site specific 

mutation had previously been carried out and a vector containing the mutation was 

provided by C. Pritchard. The construction of the right arm, and the subsequent 

construction of the final targeting vector incorporating the three arms, is part of the current 

chapter. Using Cre-mediated excision would allow removal of the neoR gene and the 

minigene containing wild type B-raf exons 15-18. This would then allow read-through to 

the mutated exon 15 and allow expression of D594A.

5.3.1 Construction o f the right arm of the targeting vector

The D594A mutation had been previously obtained by site directed mutagenesis of a 0.5 

Kb fragment of B-raf and cloned into the pSP72 plasmid to give pSP B-raf AFG (Figure 

5.4A; provided by C. Pritchard). To facilitate a subsequent cloning step, an additional Spe 

I site was added to the 5' end of the 0.5 Kb D594A fragment of B-raf by PCR. This was 

performed by linearising the plasmid by Xho I digestion, followed by PCR with primers 

T7 and Ocpl29. The resulting PCR product was analysed by agarose gel electrophoresis 

and by DNA sequencing (data not shown).
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The 0.5 Kb D594A B-raf PCR product with the additional Spe I site was gel purified and 

digested with Sal I and EcoR I and subcloned into pSP72 that had been digested with Sal I 

and EcoR I. The resulting vector, confirmed by Spe I restriction digestion analysis (Figure 

5.4B) was named pSP B-raf AFG Spe I. (Figure 5.4C)

In order to introduce this mutated fragment into the context of the wild type B-raf genomic 

DNA, the 0.5 Kb fragment was subcloned next to 2.5 Kb of B-raf genomic DNA on the 3' 

side. Plasmid pBS B-raf 3.8 (Figure 5.5A; provided by C. Pritchard) was used for this 

purpose. This plasmid contains a 3.8 Kb fragment neighbouring the 0.5 Kb fragment 

containing exon 15. This plasmid was digested with Spe I and a 2.5 Kb fragment isolated 

and subcloned into the Spe I site of pSP B-raf AFG Spe I. The resulting vector, confirmed 

by restriction digestions with Spe I and EcoR I was named pSP B-raf AFG 3 Kb (Figure 

5.5B).

pSP B-raf AFG 3 Kb was digested with EcoR I to release the 3 Kb D594A B-raf fragment. 

This fragment was ligated to EcoR I-digested p/oxP(pgkNeopA)/ojcP*Sa/x2 (Figure 5.6A; 

provided by C. Pritchard). The vector produced was confirmed by separate restriction 

digests with Xho I and Sac I (Figure 5.6B) and named /oxPneo/oxP RA AFG (Figure
n

5.5C). This vector incorporated the right arm of the final targeting vector next to the neo 

gene flanked by loxP sequences.

5.3.2 Generation of the final targeting vector

The final stage in constructing the targeting vector involved loxPneoloxP RA AFG being 

digested with Kpn I and Xho I, resulting in the isolation of the right arm. This was gel 

purified and ligated to Kpn I digested pLA/MA #18, containing the left and middle arms 

of the final targeting vector (Figure 5.6D; provided by C. Pritchard). The resulting vector 

was named 2?-ra/LSL"D594A (Figure 5.7A). Sequencing information was obtained (data not 

shown) and restriction mapping using several restriction enzymes performed to ensure the 

vector produced was correct (Figure 5.7B).

5.3.3 Electroporation of B-ra/LSL~D594A targeting construct into ES cells

60 pg of the B-ra/^SL'D594A vector was linearised by restriction digest with Not I. The 

resulting linearised vector was electroporated into 1 x 108 E l4.la  ES cells as described in
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Figure 5.4 Restriction maps of plasmids used in the construction of the B-raf ̂ L' 
D594A targeting vector. (A) pSP B-raf AFG with the Xho I site highlighted. (B) Spe 
I restriction digestion to confirm construction of pSP B-raf AFG Spe I. (C) pSP 
B-raf AGF Spe I with Spe I site highlighted. Abbreviation: 15* = exon 15 
containing D594A mutation.
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Figure 5.5 Restriction maps of plasmids used in the construction of the B-raf*L' 
D594A targeting vector. (A) pBS B-raf 3.8 with Spe I site highlighted. (B) pSP B- 
raf AFG 3 Kb with EcoR I sites highlighted. Abbreviation: 15* = exon 15 
containing D594A mutation.
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Figure 5.6 Restriction maps of plasmids used in the construction of the 
B-raf targeting vector. (A) p/oxP(pgld\feopA)/axP&z/x2 with EcoR I
site highlighted. (B) Restriction digests of /oxPneo/oxP RA AFG with Sac I or 
Xho I (C) loxPneolox? RA AFG with Kpn I and Xho I sites highlighted. (D) 
pLA/MA #18 with Kpn I site highlighted. Abbreviation: 15* = exon 15 
containing D594A mutation.
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Figure 5.7 B-raf ̂ L*D594A targeting vector (A) Restriction map of f?-ra/LSL' D594A 
targeting vector. (B) Result of restriction digests of B-rafjSL*D594A with various 
restriction enzymes; (a) EcoR I digest (b) Sac I digest (c) Not I digest. 
Abbreviations: 14 = exon 14; 15* = exon 15 containing D594A mutation; 
M = 1 Kb DNA ladder.
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Chapter 2. The ES cells were placed on G418 selection for seven days. 284 G418-resistant 

clones were picked and grown up. The majority of the cells from each clone were frozen 

and the remainder lysed for DNA analysis.

5.3.4 Detection o f homologous recombination with B-raJLSLD594A by PCR

Primers were designed to discover if ES cell homologous recombination with B -ra fSL~ 

D594A had successfully occurred in the ES cells electroporated with the targeting vector. 

OOP 153 corresponding to a sequence upstream of the left arm of the targeting vector 

(within the wild-type B-raf allele) was used in conjunction with Ocpl47. The latter covers 

the 5' end of the neoR selectable marker and part of the lox? site preceding it in the middle 

arm (Figure 5.8). If the homologous recombination had been successful, PCR would lead 

to the production of a 5.5 Kb band, covering part of the wild type allele, the left arm, as 

well as a section of the middle arm of the targeting vector. All 284 clones were analysed 

and 5 positive clones were obtained, namely 71, 111, 166, 184 and 214 (Figure 5.9A).

PCR with primers O cpll4 and Ocpl42 were used to show the presence of the minigene 

and with primers Ocpl22 and Ocpl37 to confirm the neoR gene was present (Figure 5.8). 

The results showed all of the positive clones contained the minigene, (Figure 5.9B) but 

clone 71 did not appear to contain the neoR gene (Figure 5.9C).

5.3.5 Confirmation o f homologous recombination with B-rafLSL'D594A targeting vector by 

Southern blot analysis

To confirm the PCR results and to check for the number of copies of the targeting vector, 

Southern blot analysis was performed. A probe was designed by PCR. This corresponded 

to the part of the neoR gene in the middle arm and a section of the right arm of the 

targeting vector. This was constructed by PCR of the Z?-ra/LSL"D594A targeting vector with 

Ocp66 and Ocpl22, producing a 1.2 Kb fragment (Figure 5.10 and 5.11). The DNA 

obtained for the positive clones was digested with Xba I or Hind III, electrophoresed 

through an agarose gel and transferred onto a nylon membrane. The resulting blots were 

hybridised with the 1.2 Kb probe generated.

If homologous recombination of the ES cells with i?-ra/LSL'D594A had been successful, 

digestion with Xba I, followed by Southern blot analysis with the 1.2 Kb probe, would
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Figure 5.9 Screening for homologous recombination in ES cell clones 
electroporated with B-raf ̂ L-D594A. PCR with primers Ocpl47 and Ocp 153
amplifying a 5.5 Kb product in five positively identified clones. (B) PCR with 
primers Ocpl 14 and Ocp 142 to amplify the region of the targeting vector 
containing the minigene. (C) Amplification of the neoR gene using primers 
Ocp 122 and Ocp 137. Abbreviations: Numbers correspond to clone numbers; 
M = 1 Kb plus ladder.
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give a 12.7 Kb wild type band and an additional 7 Kb band, indicating the presence of the 

targeted allele (Figure 5.10). The results of this blot indicated a wild type band in all lanes, 

although this band was very faint for clones 111, 166 and 184 (Figure 5.12A). The 7 Kb 

targeted band was very clear for these three clones, but there was no 7 Kb band for clone 

71, instead a ~ 5 Kb band was observed. In addition, no 7 Kb targeted band was observed 

for clone 214. This is thought to be due to the observation of strong wild type bands, 

suggesting incomplete Xba I digestion (Figure 5.12A).

Upon digestion with Hind III followed by Southern blot analysis with the 1.2 Kb probe, a

14.2 Kb wild type band should be seen and presence of the targeted allele should also lead 

to 5 Kb and 2 Kb targeted bands (Figure 5.11). The results showed that the targeted bands 

were present in all clones except 71 in which the 2 Kb band was not present (Figure 

5.12B). This result agreed with the previous PCR results for clone 71, showing the absence 

of the region between the Neo selectable marker and the mutated exon 15 (Figure 5.9), and 

thus confirmed part of the targeting vector was missing in clone 71. The results also 

suggested partial Hind III digestion of clone 184, as the 2 Kb band was fainter for this 

clone and an additional ~ 2.5 Kb band was present, although this could also indicate 

random integrations (Figure 5.12B). These results suggested successful homologous 

recombination had occurred for clones 111 and 166. Despite no 7 Kb targeting band upon 

Xba I digest of clone 214, it also seemed likely successful homologous recombination had 

correctly occurred for this clone as digestions with Hind III had given correct sized bands 

upon Southern blot analysis.

5.3.6 Further analysis o f B-ra/LSL~D594A targeted E S cell clones 71, 111, 166,184 and 214 

To further characterise the 5 ES cell clones shown to have homologously recombined with 

the endogenous B-raf gene, in vitro Cre-mediated deletion of the floxed allele was 

attempted to confirm the deletion of the neoR gene and the minigene, leading to the 

expression of the mutant B-raf allele. The aim was to obtain Cre-mediated excision of the 

neoR gene and the minigene containing B-raf exons 15-18 in ES cells, allowing read- 

through to the mutated exon 15 and beyond, giving rise to a D594A mutated B-raf 

transcript. As Cre-mediated excision leads to one loxP site remaining, this additional loxP 

site would allow identification of the Cre-mediated deletion event, as it would add an extra 

34 bp to the PCR product upon using primers Ocp 125 and Ocpl37 (Figure 5.13A).
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Figure 5.12 Southern blot analysis for clones containing the B-raf1 SL*D594A 
targeted event. Southern blots were hybridised with a 1.2 Kb B-raf probe 
amplified by PCR with Ocp66 and Ocp 122. (A) Digestion of genomic DNA 
with Xba I (B) Digestion of genomic DNA with Hind III. ES clone numbers 
are indicated.
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Cre-mediated excision can be achieved in vitro by transfecting ES cells with a vector 

expressing Cre under the control of a suitable promoter. pCre-PAC is a plasmid 

containing a Cre construct under the control of the MCI promoter and also containing a 

puromycin selectable marker gene (Figure 2.1). 30 pg of pCre-Pac was electroporated into 

5 x 106 ES cells of clones 71, 111, 184, 166 and 214. After 7 days of puromycin selection 

a number of clones were picked from each cell line and DNA obtained for analysis. PCR 

was carried out with DNA from each of the puromycin resistant clones using primers 

Ocpl 25 and Ocpl 32. This PCR should give rise to a 570 bp wild type B-raf product and a 

604 bp product corresponds to the Cre-mediated excision of the floxed allele (Figure 

5.13A). A number of clones containing floxed alleles were obtained for 2?-ro/LSL‘D594A 

targeted ES cell clones 111, 166 and 214 (Table 5.1 and Figure 5.13B). The Cre-mediated 

deletion of the B-raf'SL D594A allele varied between the 3 ES cell clones. The efficiency 

was 1 in 11.5 for clone 214, 1 in 1.9 for clone 111 and 1 in 1.1 for clone 166. No clones 

positive for the Cre-mediated excision of the floxed allele were obtained for B-rafjSL'D594A 

targeted ES cell clones 71 and 184. This confirmed the findings for clone 71 showing that 

the homologous recombination event was only successful for the left arm. The current 

results suggested complete homologous recombination had also not occurred for clone 

184.

Table 5.1 Summary of puromycin resistant clones obtained upon electroporation of pCre- 

PAC into Z?-ra/LSL"D594A targeted ES cell clones. Positive clones were analysed by PCR for 

the presence of the 604 bp corresponding to the B-ra/Lox'D594A allele.

B_raf*L-D594A 
targeted ES cell 
clone number

Total number of clones 
picked

Clones positive for 604 
bp fi-ra/u”lD5‘)4A allele 

(Clone number indicated)

Efficiency

71 22 None 0
111 13 31,32, 47,61,62, 64, 75 1:1.9
166 21 81, 82, 83, 84, 85, 94, 95, 

97, 98, 99, 100, 101, 102, 
103, 107, 112, 116, 117, 
119, 122

1:1.1

184 18 None 0
214 23 16, 78 1:11.5
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Figure 5.13 Cre-mediated deletion of minigene and neoR to allow formation of B-raf°x-D594A allele. (A) Diagram showing how 
Cre-mediated deletion of the B-raf targeted allele leads to the creation of an excised allele expressing the D594A mutation. 
Abbreviations: Numbers in black correspond to exon numbers, SA = splice acceptor, PA = polyadenylation site, 15* = exon 15 
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with pCre-PAC. Numbers correspond to clone numbers, M = 1 Kb plus ladder, -ve = PCR reaction without DNA added.
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To ensure the mutation was being expressed upon in-vitro Cre-mediated deletion of the ES 

clones, sequencing analysis was carried out. RNA was obtained for clones positive for the 

5-ra/Lox'D594A allele originating from clones 111, and 166 and used to make cDNA as 

described in Chapter 2, followed by RT-PCR with primers Ocp3 and Ocp 143. The 

resulting PCR product was sent for sequencing with Ocpl 15 (Figure 5.14A). Results are 

shown for ES clone 166, indicating the T to G site-specific mutation of D594A was not 

expressed until Cre-mediated deletion had occurred (Figure 5.14).

5.3.7 Generation o f mice from B-RaJLSLD594A targeted ES cell clones 

ES cell clones 111, 166 and 214, all positive for the targeting event, were microinjected 

into E3.5 blastocysts (from the C57BL6 strain) by standard micro-manipulation 

techniques. The microinjected blastocysts were implanted into the uterine tract of pseudo­

pregnant surrogate mothers to generate chimaeric mice by the Division of Biomedical 

Services, as described in Chapter 2. The number of chimaeric mice produced for each 

clone is shown in Table 5.2. All three ES cell clones were successfully microinjected to 

produce chimaeras. The chimaeras produced were mated with C57BL6 mice to discover if 

germline transmission had occurred. This was indicated by the presence of agouti mice in 

the offspring. Germline transmission was obtained for 3 out of the 5 sets of chimaeras 

produced. These originated from ES cell clones 111 and 166.

Table 5.2 Summary of chimaeric mice produced from microinjection of blastocysts

B -ra /SL D594A targeted ES 
cell clone

Chimaeras produced Germline transmission 
achieved

111 - microinjection 1 4 males No
111 - microinjection 2 2 males & 2 females Yes
166 - microinjection 1 4 males & 1 female Yes
166 - microinjection 2 1 male & 1 female Yes
214 - microinjection 1 2 males & 1 female No

5.3.8 Screening o f mice for the presence o f the targeting event

From ES cell clone 111, germline transmission generated 2 male agouti pups in the first 

litter. ES cell clone 166 created a greater number of agouti mice. PCR analysis was carried
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Figure 5.14 Sequencing analysis of cDNA £-rq/LSL'D594A ES clone 166. (A) 
Diagram indicating positions of primers used for RT-PCR and sequencing. 
RT-PCR was carried out with primers Ocp3 and Ocp 143 using cDNA 
originating from ES clone 166, and originating from an ES clone of 166 
obtained after addition of Cre recombinase. Subsequent sequencing analysis 
was carried out with Ocpl 15. (B) Sequencing chromatogram showing the 
wild-type thymidine nucleotide is expressed in ES clone 166 (C) Sequencing 
chromatogram showing the expression of the D594A mutation by a T -> G 
site-specific nucleotide mutation upon treatment of ES clone 166 with Cre. 
Two peaks are present due to the presence of the thymidine nucleotide 
representing the B-raf wild-type allele on the other non-targeted chromosome.
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out to assess the presence of the targeting event in these mice, and in subsequent 

generations. Tail samples were obtained for each pup and lysed to obtain DNA. Primers 

Ocpl25 and Ocpl37 were used to check for the presence or absence of the targeting event 

(Figure 5.8). An example of the results obtained is shown in Figure 5.15 A. 10 out of the 

12 mice initially tested were positive for the targeted event. PCR with Ocpl47 and Ocpl53 

amplifying a 5.5 Kb product to show successful homologous recombination, was also 

carried out. The results showed the 5.5 Kb band was present in the agouti mice tested 

(Figure 5.15B). Mice confirmed as being positive for the targeting event were mated to 

C57BL6 mice in order to increase the number of mice carrying the targeted event.

5.3.9 Maintenance o f a mouse colony expressing the B-raf targeted event

To ensure mice expressing the targeting event are available for future experiments, a 

breeding strategy was set up (Figure 5.16). The B -raf/LSL'D594A mice were backcrossed to 

the C57BL6 strain and the sex was altered at each generation. Switching between sexes at 

each generation will ensure the maternally inherited mitochondrial DNA and the Y 

chromosome are both inherited from the C57BL6 strain. To obtain a virtually genetically 

pure strain, matings need to be carried out over 10 generations. Currently the B -ra f/LSL' 

D594A mice have undergone 6 backcrosses to the C57BL6 strain.

5.3.10 Intercrossing o f mice with the B -R afSL~D594A allele

Heterozygote mice shown to be expressing the B-raf targeted allele (Z?-ra/f/LSL"D594A) were 

intercrossed, with the aim of producing mice homozygous for the targeted allele. The 

offspring produced would be expressing wild type B-raf due to the presence of the 

minigene, as no Cre-mediated deletions had been performed. A number of intercrosses 

were set up and tail samples from the offspring produced were analysed with primers 

Ocpl25, Ocpl37 and Ocpl43. This allowed analysis of whether the mice contained the 

5-ra/LSL'D594A targeted event and/or the B-raf wild-type allele in one PCR. Unfortunately 

no postnatal homozygotes were produced (Table 5.4). All tail samples analysed gave rise 

to the B-raf wild-type band and some samples were heterozygous for the B -ra fSL'D594A 

allele. No samples were positive for the targeted allele only (Figure 5.17A and Table 5.4). 

Subsequently, 9 more litters were produced, but no homozygotes were obtained upon 

screening of the 87 offspring produced in total. The genotypes of the offspring generated
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Figure 5.15 Screening for the 5-ro/LSL‘D594A targeted event in mice. (A) PCR 
with primers Ocpl25 and Ocpl37 amplifying a 150bp product confirming the 
presence or absence of the B-raf-SL-D594A targeted allele. (B) PCR with primers 
Ocpl47 and Ocpl53 amplifying a 5.5 Kb product confirming the correct 
homologous recombination event in mice. Abbreviations: Numbers correspond to 
litter mates; M = 1 Kb plus ladder.



Figure 5.16 Breeding strategy for the production of mice carrying the 
targeted event (containing the 2?-ra/D594A kinase inactivating mutation) on 
the C57BL6 inbred strain. The mutation would not be expressed in these 
mice (B-raf+/LSLrD59AA) until Cre was administered.
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Figure 5.17 Intercrossing of B-raf~ILSL'D594A mice to obtain homozygous B- 
ra/LSL*D594A/LSL*D594A mice. (A) PCR analysis of tail DNA of the offspring. PCR 
with primers Ocpl25, Ocpl37and Ocpl43 amplify a 450 bp product 
corresponding to the wild type allele and a 150 bp product corresponding to the 
Z?-ra/LSL*D594A allele. Abbreviations: Numbers correspond to litter mates; M = 1 
Kb plus ladder. (B) Genotypes of expected offspring from the intercross. Ratios 
indicate expected frequency based on Mendelian inheritance.
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did not agree with the expected Mendelian frequency (Figure 5.17B), as a greater number 

of B -rafl+ mice were generated than expected. As well as the lack of B_raf SL-D594A/LSL' 

D594A homozygous mice, the numbers of B -ra f llJSL~D594A heterozygote mice were also 

reduced. These data suggest that mice homozygote for the targeted allele were dying in 

utero. It is therefore likely that there was some sort of problem with the expression of B- 

Raf in these mice, and suggested the minigene was not functioning as was hoped.

Table 5.4 Summary of the first intercrosses of mice heterozygote for the B -ra fSL'D594A 

allele

ES cell 
clone

Intercross
number

No. of B-raf*  
offspring

No. of 
B -raf/LSL'D594A 

offspring

No. of
£ _ ra y>LSL-D594A/LSL-D594A

offspring

166 IDA1 6 4 0
166 IDA2 2 2 0
166 ID A3 4 0 0
166 IDA4 7 0 0
111 IDA5 3 1 0

Total obtained 22 7 0

Total expected 7.25 14.5 7.25

5.3.11 Generation o f embryos homozygous for the B -raf SL'D594A targeted event

The result from intercrossing Z?-ra/f/LSL~D594A mice implied that the minigene was not being 

expressed at the same level as the wild type B-raf gene, resulting in no homozygotes being 

produced due to a reduction in functional B-Raf protein. To investigate this hypothesis 

further, timed-matings were set up between B -ra f ILSL'D594A mice. Primary MEFs were 

isolated from the E l2.5 embryos generated. Each MEF cell line was generated from a 

single embryo. DNA lysates were produced from each cell line and genotyped by PCR. 

Assessment of the presence of the B-raf wild-type allele and/or the B-raf mutant allele was 

carried out using two PCR reactions. Ocpl25 and Ocpl43 give rise to a 570 bp product 

corresponding to the wild-type allele and Ocpl25 and Ocpl37 amplify a 150 bp product 

indicating the presence of the B-raf targeted allele. A total of three timed-matings were 

carried out and the genotypes of the embryos generated are shown in Table 5.5. The PCR 

results obtained from the third timed mating is shown in Figure 5.18A. Overall, it was
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observed that B-raf LS1̂ D594A/LSL-D594A embryos at E l2.5 were produced close to the 

expected Mendelian frequency.

Table 5.5 Summary of the genotypes of E l2.5 embryos arising from intercrossing 

5-rq/lSL'D594A mice.

Time mating No. of 
B-rafl+ 
embryos

No. of 
B-raf ILSL'D594A 

embryos

No. of
£ _ rayLSL-D594A/LSL-D594A

embryos

1 4 3 2
2 2 6 2
3 2 2 5

Total obtained 8 11 9
Total expected 7 14 7

To discover if the #_r<3y LSL-D594A/LSL-D594A MEFs produced were expressing B-Raf, MEFs 

of all genotypes were subject to Western blot analysis. Protein lysates were prepared from 

the MEFs and used for SDS-PAGE followed by electro-transfer of the proteins onto 

nitrocellulose. The blots were incubated with an a-B-Raf antibody and an a- actin 

antibody was used as a loading control. The results showed that the i?-ra/LSL~D594AyLSL"D594A 

MEFs were expressing B-Raf, but at levels much lower than that observed for B-raf/+ and 

B-raf/LSL‘D594A cells (Figure 5.18B). It therefore appears that the mini gene is functional, 

but B-Raf is produced at too low a level to allow survival postnatally in the homozygotes, 

but allows survival to at least E l2.5.

5,3.12 In vitro Cre-mediated deletion o f the B -rafSL D594A allele

Having discovered that the targeted allele was not fully functional, it was important to 

assess the ability of Cre-mediated deletion of the targeted allele, which would allow the 

expression of the kinase inactivating mutation. Transient transfections were performed 

using the Nucleofector™ electroporation technique. Initially experiments were carried out 

to discover if the technology would be suitable for the MEFs. Transfecting a GFP vector 

into J6-ra/LSL‘D594A/LSL‘D594A cell lines using various transfection conditions resulted in a 61 

% transfection rate (data not shown), thus showing it was possible to transfect a plasmid 

into these cells using this technique. Therefore, B-raf LSL'D594A/LSL'D594A MEFs were seeded
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Figure 5.18 Screening of E12.5 embryos arising from B -ra f  ls l -°594a  

intercross. (A) PCR with primers Ocpl25 and either Ocpl43 and Ocpl37 
amplifying 570 bp and 150 bp products respectively. MEFs numbered 1, 2, 5, 6 
and 8 were homozygotes. Abbreviations: M = 1 Kb DNA ladder; numbers 
correspond to embryo number. (B) Western blot analysis to detect B-Raf (upper 
panel) and actin (lower panel) in B-raf/+, B-raf ,LSL'D594A and B-raf LSL*D594A/ 
LSL-D594A primary MEFs.
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in 15 cm culture dishes at 4 x 106 cells, 24 hours prior to the transfection occurring. The 

following day, 1 x 106 of the MEFs were harvested and used, along with 10 jag DNA, per 

transfection. The vectors used for the transfections were pCre-PAC (Figure 2.1) to initiate 

Cre-mediated excision of the floxed allele, and pPGK-Puro (Figure 2.1) as a control. After 

transfecting, cells were seeded into a number of 6 well dishes.

DNA was harvested from the transiently transfected MEFs at 24 and 48 hours after the 

transfection. PCR was carried out on the DNA samples obtained to evaluate the presence 

of the 604 bp B-raf wild-type band with additional lox? site, which would signify a 

successful Cre-mediated deletion of the floxed region of the targeted allele (Figure 5.13). 

This was assessed using primers Ocpl25 and Ocpl43. The 604 bp product was observed 

for R-ra/LSL~D594A/LSL"D594A MEFs transfected with pCre-PAC at both 24 and 48 hours after 

transfection. No band was seen for MEFs transfected with the pPGK-Puro control (Figure 

5.19A). RNA was obtained from # -ra /LSL~D594A/LSL'D594A MEFs, cDNA made, followed byi
RT-PCR with primers Ocp3 and Ocpl43. Sequencing analysis of the resulting PCR 

product with Ocpll5 confirmed the expression of the D594A mutation in these Cre- 

transfected MEFs (Figure 5.19B).

Subsequent transient transfections were carried out to assess the levels of B-Raf and pERK 

proteins upon Cre-mediated deletion. After transfecting, cells were seeded into a number 

of 6 well dishes. 24 hours after transfecting, cells were made quiescent for 30 minutes and 

then stimulated with EGF. Cells were lysed at time points of 0, 5, 20, and 60 minutes after 

stimulation. Protein lysates were prepared and used for SDS-PAGE followed by electro­

transfer of the proteins onto nitrocellulose. The blots were incubated with an a-phospho- 

ERK antibody to detect the levels of phospho-ERK in the MEFs. An a-actin antibody was 

used as a control for protein loading. Upon EGF stimulation of B-raf Lox-D594A/Lox-D594A 

MEFs the levels of phospho-ERK increased and peaked after 5 minutes, before decreasing 

at subsequent time points. This pattern of phospho-ERK stimulation was observed for both 

i?-ra/LSL‘D594A/LSL_D594A MEFs transiently transfected with pPGK-puro and those transfected 

with pCre-PAC. However, the levels were greatly elevated upon addition of pCre-PAC to 

the cells (Figure 5.19C). This observation is investigated further in Chapter 6.
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Figure 5.19 Analysis of in vitro Cre-mediated deletion of B-raf sl-d594a aueie jn 
primary MEFs. (A) PCR with primers Ocpl25 and Ocpl43 amplifying a 604 bp 
product upon Cre-mediated deletion of MEFs, 24 and 48 hours after transfecting. 
Abbreviations: M = 1 Kb DNA ladder; + puro = transfection with pPGK-puro 
control plasmid; + ere = transfection with pCre-PAC plasmid. (B) Sequencing 
chromatogram showing the expression of the D594A mutation by a T —» G site- 
specific nucleotide mutation upon treatment with Cre. Mutated nucleotide is 
highlighted. (C) Cells were stimulated with EGF over a timecourse (0-60 min). 
Western blot analysis was subsequently performed to detect pERK (upper panel), 
B-Raf (middle panel) and actin (lower panel) of B-rq/LSL'D594A/LSL'D594A primary 
MEFs upon transient transfection with or without Cre.
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These lysates were also used to produce blots that were incubated with an a-B-Raf 

antibody. The levels of B-Raf increased upon Cre-mediated excision by pCre-PAC over 

the time course of 60 min when compared to cells transiently transfected with pPGK-puro 

(Figure 5.19C). This agreed with the findings of Sections 5.3.12, showing B-Raf levels 

increase upon cre-mediated deletion due to the likelihood that the minigene is not 

functioning efficiently.

5.4 Conclusions

This chapter describes the successful generation of a targeting vector involving numerous 

cloning steps, and the use of this targeting vector to generate mice with a conditional 

knockin mutation of B-raf D594A. The targeting vector produced consisted of three 

regions; a left arm and middle arm that had been previously cloned in the laboratory, and a 

right arm that was generated as part of the current project. The right arm was generated in 

3 cloning steps and ligated to the remainder of the vector in a final cloning step. The 3 

loxP sites within the final vector were located on either side of a neoR gene and/or a 

minigene containing exons 15-18 of wild type B-raf. The vector was designed in this 

manner so that the minigene would allow expression of wild type B-Raf in non-Cre- 

deleted cells. The aim was that upon Cre-mediated excision of this region, read-through 

transcription to the right arm containing a mutated B-raf exon 15 would occur. This exon 

contained the D594A mutation, thus creating a kinase inactive form of the B-Raf protein.

Gene targeting was performed and upon electroporation of the final targeting vector B- 

ra/LSL'D594A, a targeting frequency of 1 in 57 was observed. Five out of a total of 284 ES 

clones analysed were shown to have successfully undergone homologous recombination 

with i?-ra/LSL"D594A upon PCR analysis for each clone. Upon further PCR and Southern blot 

analysis it was discovered that one of these clones (#71) was missing part of the targeting 

vector and thus was discarded. It was also unclear as to if the targeting vector had correctly 

integrated with the B-raf wild-type allele for a second clone (#184) and therefore this was 

also not used for further studies. The problems with these two clones were confirmed upon 

in vitro Cre-mediated deletion of the ES clones. No Cre-deleted clones originating from 

these two ES clones were positive for the 604 bp band corresponding to the B-raJlox'D594A 

allele. In vitro Cre-mediated deletion of the neoR and minigene was successfully
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performed for clones 111, 166 and 214. These ES clones were microinjected into 

blastocysts and 18 chimaeras were produced.

Germline transmission was achieved for ES clones 111 and 166. From ES cell clone 111, 

germline transmission generated 2 male agouti offspring from two chimaera matings. 

From ES cell clone 166, 4 male and 3 female agouti offspring were produced from three 

chimaera matings. PCR analysis was carried out to assess the presence of the targeted 

event in these mice and in subsequent generations. A breeding colony was subsequently 

set up using mice confirmed as being positive for the targeted allele to maintain a mouse 

colony of B-rafSL'D594A.

The mice generated contained a wild-type B-raf allele and a targeted allele; 

5 - r a / /LSL-D594A mice. In order to test whether the minigene was functional, intercrosses 

between the Z?-ra/+/LSL"D594A mice were set up. PCR analysis of tails obtained from the 

resulting 87 offspring of various mating pairs showed no live mice containing the B-rafLSL' 

D594A integration on both alleles were generated. As these mice should express wild-type 

B-Raf, they should have been obtained at the expected Mendelian frequency. Given that 

none were obtained, this suggested there was a problem with the expression of the 

minigene.

To investigate why £_r<̂ LSL D594A/LSL-D594A mice expressing wild-type B-Raf were not 

produced, E l2.5 embryos were obtained. Three matings were set up, which overall 

produced E l2.5 £_rayLSL'D594A/LSLD594A embryos at the expected Mendelian frequency. 

This indicated that any problems caused by the B -ra fSL'D594A allele were likely to be 

occurring at a later stage in embryogenesis. Subsequent analysis of these embryos showed 

that the 5-rq/LSL'D594A/LSL"D594A MEFs were expressing B-Raf, but at levels much lower 

than that observed for B -raf/+ and J0-rq/f/LSL'D594A cells. It therefore appears that the 

minigene is expressed, but inefficiently. This may possibly be due to the splice acceptor 

(SA) sequence in the targeted allele not giving rise to splicing between exons 14 and 15 as 

efficiently as the wild type allele, for unknown reasons.

Upon Cre-mediated excision of the neoR and minigene in ES cells by transient transfection 

of the Z?-ra/jSL'D594A/LSL'D594A MEFs, expression of the D594A mutation was observed in
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these cells. Subsequent analysis of these cells showed B-Raf protein levels increased upon 

Cre-mediated deletion and phospho-ERK levels also increased.

In conclusion, the B-rqf'SLrD594A conditional allele was successfully generated and can be 

regulated by Cre delivery. Mice and MEFs expressing the D594A mutation are an 

extremely important resource for studying the role of the kinase activity of B-Raf, and in 

studying the effects of D594 mutations in the development of cancer.
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6. CHARACTERISATION OF B-ra/KINASE INACTIVE MICE AND

MEFs

6.1 Introduction

6.1.1 B-Raf kinase activity

The best characterised role of B-Raf is as a key component of the Ras/Raf/MEK/ERK 

signalling pathway. Within this pathway, B-Raf activates MEK via phosphorylation. B- 

Raf has been shown to be the strongest MEK activator of the three Raf proteins. This has 

been concluded for a number of cell types including fibroblasts, neuronal tissue and 

lymphocytes (Hiiser et al., 2001; Catling et al., 1994; Reuter et al., 1995; Jaiswal et al., 

1994; Eychene et al., 1995; Jaiswal et al., 1996; Kao et al., 2001). B-Raf plays many roles 

in the cell via activation of ERK1/2 in this pathway. These include roles in the suppression 

of apoptosis and in proliferation as described in Chapter 4. It is now being observed that 

protein kinases including Raf isoforms may have roles outside of their function as protein 

kinases. Chapter 3 shows that C-Raf does not require its kinase activity for its role in 

suppressing apoptosis. A kinase independent role of C-Raf in suppressing apoptosis is 

supported by the findings that kinase inactive forms of C-Raf are able to inhibit ASK1 

induced apoptosis (Chen et al., 2001). It is therefore of interest to discover if and how B- 

Raf may function in cells without its kinase activity.

Recent studies have identified that B-Raf plays a role in the development of malignant 

melanomas. Davies et al. (2002) screened 923 cancer samples and reported B-RAF 

somatic mis-sense mutations in 66 % of human malignant melanomas and 15 % of 

colorectal cancers. Mutations were found at a lower frequency in gliomas, lung cancers, 

sarcomas, ovarian carcinomas, breast cancers and liver cancers. Numerous mutations were 

observed in these cancer samples, the most frequently occurring mutation was V600E, and 

was shown to lead to increased B-RAF kinase activity (Wan et al., 2004). Mutations were 

also found that led to impaired B-RAF activity, but were found to activate ERK via the 

activation of C-RAF (Wan et al., 2004). However, one mutation that led to impaired B- 

RAF kinase activity was unable to activate ERK in COS or Xenopus cells. This mutant 

also did not phosphorylate MEK in vitro, or activate C-RAF or NF-kB in COS cells 

(Ikenoue et al., 2003; Wan et al., 2004). This mutant was D594V. D594 is an important 

catalytic residue located in the activation segment of protein kinases (Hanks and Hunter,
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1995; Johnson et al., 1998). The incidence of mutations at this site in cancer samples 

analysed is low, however, other mis-sense mutations at this site have been observed. The 

D594V mutation has also been observed in colon cancer (Yuen et al., 2002). A D594E 

mutation has been detected in an invasive melanoma sample (Thomas et al., 2004). 

D594G mutations have been observed in samples of primary melanoma (Deichmann et al., 

2004), melanocytic nevus (Kumar et al., 2004), stomach cancer (Lee et al., 2003), non- 

Hodgkin’s lymphoma (Lee et al., 2003), and colon cancer (Yuen et al., 2002; Wang et al., 

2003; Fransen et al., 2004). A D594K mutation was observed in two colon cancer samples 

(Yamamoto et al., 2003). The frequency of D594 mutations observed in cancer samples 

would suggest it is not a random polymorphism. Similar mutations at this site are not 

observed for C-RAF or A-RAF. The role of D594 mutants in cancer is still unclear. It is 

possible that they may convey a dominant-negative effect on RAS to prevent a high level 

of ERK activity, as a number of these mutants have been observed in coincidence with 

RAS mutations (Yuen et al., 2002; Houben et al., 2004). Alternatively, D594 mutants may 

be involved in cancer via a yet undiscovered mechanism. Thus investigating the role of B- 

Raf in cells upon mutation of this residue is of added interest due to the discovery of D594 

mutations in cancer samples.

6.2 Aims

Having generated mice carrying the D594A mutation in Chapter 5 (i.e. B-raf~ILSL~D594A 

mice), the aim of this chapter was to generate mice expressing this mutation by 

intercrossing these mice with mice from a Cre transgenic mouse strain, namely the deleter 

Cre strain. The resulting mice and MEFs generated could then be examined. Following on 

from the findings of chapter 4, which investigated the involvement of B-Raf in apoptosis 

and proliferation, the second aim of this chapter was to characterise the role of the kinase 

inactive mutant of B-Raf with respect to both proliferation and apoptosis using B-raf jOX‘ 
D594A/Lox-D594A ] y j g p s  (^ell growth and proliferation upon serum stimulation were analysed.

The apoptotic phenotype was also assessed upon a-CD95 antibody and serum withdrawal 

induced apoptosis.
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6.3 Results

6.3.1 Generation of B-raf /Lox'D594A mice

In order to examine the effects of permanent expression of D594A, deleter Cre mice were 

crossed with Z?-ra/f/LSL'D594A mice, with the aim of Cre-mediated deletion producing mice 

heterozygote for expressing the mutation (B-raf lu>x'D594A mice). It would then be possible 

to intercross the resulting mice to discover the phenotype of B-raf°x'D594A/Lox'D594A 

offspring, homozygous for expressing the D594A kinase inactivating mutation. This 

would also allow the generation of g_raf U)X'D594AjU)X'D594A MEFs.

6.3.2 Preliminary evaluation of B-raf/LSL-D594A + Cre mice

After a number of crosses between deleter Cre and B -raf ILSL'D594A mice, it soon became 

apparent that the number of B -ra fSL'D594A + Cre offspring being produced was below the 

expected Mendelian frequency of 1 in 4 (Figure 6.1 A). The frequency obtained for B- 

raf SL-D594A Cre/+ mice (FI) was 1 in 13, from the 92 offspring produced in total (Table 

6.1). Since the B -ra fSL'D594A Cre/+ mice would contain the B-raf°x~D594A allele and be 

expressing B-raf D594A in many cells, these results suggest the mutated protein has 

detrimental effects on survival.

Table 6.1 Summary of the genotype of the offspring produced from matings of deleter Cre
a  n  /+/LSL-D594Amice and B -ra f mice.

Genotype Number of offspring 
observed

Number of offspring 
expected

B -ra f/+ 35 23
B -ra f+ Cre/+ 32 23
B -ra f/l}iL'DmK 18 23
B -r a f  ̂ ' Û A Cre/+ 7 23
Total 92 92

Backcrossing of B -ra fSL'D594A Cre/+ mice led to the generation of mice regarded as 

expressing the D594A mutation in all cells, i.e. B -raf°x'D594A mice (F2). Upon 

backcrossing of B-raf -SL’D594A Cre/+ mice with wild-type mice of the C57BL6 or MF-1 

background strains, 16 B-raf°x'D594A offspring were produced, this was below the 

expected Mendelian frequency (Table 6.2).
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Table 6.2 Summary of the genotype of the offspring produced from matings of wild type 

C57BL6 or MF-1 mice and B -ra //LSL_D594ACre/+ mice.

Genotype Number of offspring Number of offspring
observed expected

B -ra f/+ 28 22
.̂̂ +/Lox-Lby4A 16 22

Total 44 44

It was observed that many of the B -ra f 'D A mice appeared smaller than their B -ra f 

littermates within the early weeks after birth. This was more apparent for the male 

offspring (Figure 6.IB). Evaluation of the weights of B -raf ,/Lox_D594A mice over time was 

carried out for two litters, one on the C57BL6 background and a second on the MF-1 

background. The data obtained showed B -ra f /Lox'D594A male mice were significantly 

smaller than their B -ra f ̂  male littermates on both the C57BL6 and MF-1 backgrounds 

(Figure 6.2).The difference in weight of the female offspring was less pronounced (Figure 

6 .2).

Further evaluation of B -ra f/lox'D594A mice showed that many died within 5 months of birth 

(Figure 6.3A). No significant differences were observed between strains. At the conclusion 

of this study the oldest living B -ra f/Lox~DS9AK mouse was 168 days old. Of all the B- 

r a / /Lox'D594A mice produced during this period, 48 % died (n=23). This strongly suggested 

the expression of the D594A mutation on one allele was having a detrimental effect on the 

B -ra f/Lox_D594A mice being generated. A reduced life-span was also observed for B- 

r a / ’/LSL~D594A Cre/+ (FI) mice, for which 54 % (n=l 1) died within 6 months of birth.

Further evaluation of the sick B -ra f/Lox'D594A mice showed some common abnormalities in 

their phenotype. Many were found to have sore eyes and a prolapsed rear end. Two B- 

ra/+/Lox'D594A male mice had an abscess around the testes and one female mouse had a 

growth under the chin. A further female initially developed a prolapsed rear end, but this 

soon developed into paralysis of the hind legs. Post-mortems of 7 of the B -raf yLox'D594A 

mice that had died were carried out. It was observed that the mice had pale livers and some 

also had pale lungs and kidneys. Many had enlarged hearts. The major observation was 

that upon post-mortems all animals showed a significant enlargement of the spleen (Figure 

6.4A).
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Figure 6.1 Generation of B-raf ILox'D594A mice. (A) Genotypes of expected 
offspring from the intercross of B-rafILSL'D594A and deleter-Cre mice. Ratios 
indicate expected frequency based on Mendelian inheritance. (B) Observation of 
the size comparison of B-rafIL°X-D594A mjce with B-rafl+ mice. Photograph 
showing a B-rafILox'D594A male mouse with a B-raf,+ male littermate at 19 days 
old, on the MF-1 background. Actual weights of mice are indicated.
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Figure 6.2 Evaluation of the weights of B-rafIUiX'D594A and B-raf1* mice. 
Weights of B-rafILox'DS94A and B-raf*  mice were recorded over a 90 day 
period for (A) mice on the C57BL6 background and (B) mice on the MF-1 
background.
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Figure 6.4 Evaluation o f spleens o f B -ra f ILox'D594A and B -ra f /+ mice. (A) 
Photograph o f spleens (following post-mortem and fixing in paraformaldehyde) 
from an unwell B -raf ILox'D594A mouse and a healthy B -ra fl+ mouse (B) Graph 
showing the spleen weight/age ratios o f spleens following post mortem o f healthy 
B -ra f  /Lox‘D594A mice and their B -ra fl+ littermates. Standard error bars are shown.

2.5 cm

B -r a fl+ B - r a f /DA

B
<No1-H
X 0.30 -I

. o

cd 0.25 -
t-i
<D

SP 0.20 -
4 35b 0.15 -• rH
4)
£
c
<L> 0.10 -

JO

C/3 0.05

0.00



Chapter 6 Characterisation of B-rafkinase inactive MEFs

Due to the abnormal phenotype of the B -ra f  /Lox-D594A mice, the remaining healthy mice 

were culled at the end of the project before showing any signs of illness. At this point, the 

spleen weights of all B -ra f/Lox'D594A mice and B -ra fl+ littermates were recorded. Due to 

the wide range in ages of these mice, weight/age ratios were calculated to allow direct 

comparison of all the mice. These values were calculated for 9 B -ra f/Lox'D594A mice and 8 

B -ra f/+ mice. Pooled ratios for each genotype showed that the spleen weights of the 

healthy S - ra / /Ux‘D594A mice were over twice the values of those of the B -ra fl+ mice 

(Figure 6.4B).

6.3.3 Intercrosses o f  B -ra f/Lox'D594A mice

As the D594A mutation was expected to render B-Raf as kinase inactive, and due to the 

requirement of B-Raf during development, it was hypothesised that no viable B- 

r a /X)x/D594A/Lox'D594A mice would be obtained. To confirm this theory, a number of B- 

raf /Lox'D594A mice intercrosses were set up. From the 21 mice of the four litters produced, 

no viable # -ra /^x‘D594A/Lox"D594A mice were obtained.

6.3.4 Phenotype 0f B_mfox-D594AILox-DS94A embryos

Timed-matings of B -ra f/Lox'D594A males and B -ra f/Lox'D594A females were set up on the 

C57BL6 background strain and embryos harvested at E l2.5. Observations of the resulting 

5-rq/Lox'D594A/Lox‘D594A embryos showed three out of six had some haemorrhaging, although 

this was not always located in the same region. An extreme case is shown in Figure 6.5. 

The embryos did not appear to be significantly smaller than their wild-type litter mates. B- 

rq/Lox D594A/Lox'D594A embryos were produced at the expected Mendelian frequency. These 

findings are summarised in Table 6.3.

Table 6.3 Summary of ̂ _rayLox D594A/Lox D594A embryos produced from time-matings of B-
rQf/U > x- D594Am ic e

Genotype Number of offspring 
observed

Number of offspring 
expected

B -ra f* 7 6.25
B-raf*'u,xu^ ‘'A 12 12.5
n AjOX-DM4A/LOX-UM4AB-raf 6 6.25
Total 25 25
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Figure 6.5 Comparison of the phenotype of (A) B-raf/+ and (B) B-raf°x
D594A/Lox-D594A £12.5 embryos

B-rafl+ i?-7Y Z /L °x‘D594A/Lox-D594A
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6.3.5 Derivation o f B -raf ox'DS94A/Lox'D594A primary MEFs

Primary MEFs were isolated from the i?-ra/^x'D594A/Lxx"D594A E l2.5 embryos. Each MEF 

cell line was generated from a single embryo. DNA lysates were produced from each cell 

line and genotyped by PCR. Two primers were used to assess the presence of the B-raf 

wild-type allele and/or the B-raf mutant allele. Ocpl25 and Ocpl43 give rise to two 

products; a 570 bp product corresponding to the wild type allele and/or a 604 bp product 

corresponding to the mutant allele expressing the D594A mutation (Figure 5.13). The PCR 

results obtained for one litter are shown in Figure 6.6A Sequencing analysis of the B- 

rq/Lox'D594A/Lox'D594A cell line was carried out by making cDNA from RNA extracted from 

the MEFs, followed by RT-PCR with primers Ocp3 and Ocpl43. The resulting PCR 

product was sent for sequencing with primer Ocpll5 to confirm the expression of the 

mutation. The cells were found to be strongly expressing the site-specific T to G 

nucleotide mutation targeted to exon 15 (Figure 6.6B).

6.3.6 Analysis o f Rafprotein expression levels in B -R afox'D594AJLox'D594AL primary MEFs 

To ensure the expression of the 2?-ra/D594A mutation had not had an effect on protein 

expression levels, a number a proteins were assessed. Cycling cells were lysed, protein 

lysates prepared, and used for SDS-PAGE followed by electro-transfer of the proteins onto 

nitrocellulose. The blots were incubated with an a-B-Raf, an a-C-Raf, or an a-A-Raf 

antibody. An a-actin antibody was used as a control for protein loading. The results 

showed no differences in Raf protein expression levels between B -ra f/+ and B -ra fox'
D594A/Lox-D594A M £ p s ( F ig u r e  6 > 7 ) .

6.3.7 Analysis o f MEK and ERK phosphorylation in B -R af0x 1)594A/Lox'D594A primary 

MEFs

To discover if there was any difference in the phosphorylation of MEK and ERK for B- 

rq/Lox D594A/Lox'D594A MEFs when compared to B -ra f/+ MEFs, the MEFs were treated with 

different stimuli and the levels of phosphorylated proteins assessed. Cells were seeded at

1.5 x 106 cells in 6 cm dishes until confluent. The cells were made quiescent for 30 

minutes and stimulated with serum, EGF or PDGA. Cells were lysed at time points of 0, 2, 

5, 10, 30 and 60 minutes after stimulation. Protein lysates were prepared and used for 

SDS-PAGE followed by electro-transfer of the proteins onto nitrocellulose. The blots were
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Figure 6.6 Analysis of MEFs arising from B-rafILox'D594A intercross (A) PCR 
with primers Ocpl25, and Ocpl43 amplifying 570 bp and 604 bp products. Four 
of the MEF cell lines are positive for the 570 bp band, indicating they are B- 
ra fl+. Both bands are present for three cell lines, genotyping them as B-raf/Lox' 
D594A and one cell line is identified as B-raf°x'D594a/lox-d594A5 as onjy 594 bp 
product corresponding to the mutant allele is present. Abbreviations: M = 1 Kb 
DNA ladder; numbers correspond to embryo number. (B) Sequencing results of 
B-raf°x'D594A/Lox~D594A embryo number 5 to show the expression of the T -> G 
nucleotide mutation. Mutated nucleotide is highlighted.



Figure 6.7 Raf protein expression levels in B-rafl+ and B-raf ox'D594A/U)X~D594A 
primary MEFs. Protein lysates were subject to Western blot analysis followed 
by detection of B-Raf, C-Raf, or A-Raf, and actin as a control for protein 
loading (lower panel).



Chapter 6 Characterisation of B-raf kinase inactive MEFs

incubated with an tx-phospho-ERK antibody to detect the levels of phospho-ERK in the 

MEFs. Serum stimulated MEFs were also incubated with an a-phospho-MEK antibody to 

detect the levels of phospho-MEK. An a-vinculin antibody was used as a control for 

protein loading.

Upon serum stimulation of the cells, levels of phospho-ERK in B -ra //+ MEFs gradually 

increased and peaked at 20 min before decreasing at 60 minutes. 

5-rq/Lox'D594A/Lox'D594A MEFs showed a slightly different pattern of response; phospho- 

ERK levels increased between 2 and 5 min and were observed to peak at 10 min before 

decreasing, but still remaining fairly high at 60 min (Figure 6.8A). A significant difference 

was observed in the levels of phospho-ERK between the cell lines. Much greater levels 

were observed for i?-ra/^x'D594A/Lox~D594A MEFs compared with B -rafl+ MEFs. 

Observation of the levels of phospho-MEK in these cells showed a similar pattern. Levels 

peaked at 20 min for B -ra fl+ MEFs. The levels were much higher for 5-ra/Lox"D594A/Lox‘ 

D594A MEFs, peaking at 10 min, before remaining fairly constant (Figure 6.8A). These 

findings were repeated at least two times for two different cell lines of each genotype.

Upon treatment with EGF, higher levels of phospho-ERK were again observed for B- 

ra/Lox'D594A/Lox‘D594A MEFs when compared to B -ra fl+ MEFs (Figure 6.8B). PDGF 

stimulation led to a slightly different outcome. The levels peaked at 10 min after 

stimulation for B -ra f/+ MEFs, and for ^_rayLox-D594A/Lox D594A MEFs, peaked at 2 min after 

treatment and remained at this level until reducing slightly at the 60 min time point (Figure 

6.8C). Overall, the increase in the phospho-ERK levels observed for jg_rayLox D594A/Lox D594A 

MEFs was more significant upon PDGF treatment than upon treatment with EGF.

6.3.8 Analysis o f  B -ra f/Lox~D594A primary MEFs

As shown above, analysis of ̂ _rayLox-D594A/Lox*D594A MEFs homozygous for the expression 

of the D594A mutation, showed an elevated level of phospho-ERK in these cells. To 

discover if this was also the case for B -ra f ILox'D594A heterozygous MEFs, B -ra fl+ and B- 

raf /Lox~D594A MEFs were treated with serum and the levels of phospho-ERK assessed. 

Cells were grown until confluent, made quiescent and stimulated with 10 % serum. Cells 

were lysed at time points of 0, 2, 5, 10, 30 and 60 minutes after stimulation. Protein lysates 

were prepared, SDS-PAGE performed, followed by electro-transfer of the proteins onto
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nitrocellulose. The blots were incubated with an a-phospho-ERK antibody to detect the 

levels of phospho-ERK in the MEFs. An a-ERK2 antibody was used as a control for 

protein loading. Upon serum stimulation of the cells, levels of phospho-ERK in B-rafy+ 

MEFs gradually increased and peaked at 20 min before decreasing at 60 minutes. B- 

raf ILox~D594A MEFs showed a slightly different pattern of response; phospho-ERK levels 

were observed to peak at 10 min before decreasing, but still remaining fairly high at 60 

min (Figure 6.8B). A significant difference was observed in the overall levels of phospho- 

ERK between the two cell lines. Much greater levels being observed for B -ra f/U)X'D594A 

MEFs compared to B -ra f/+ MEFs.

6.3.9 Analysis o f the growth characteristics o f p .raf ox'D594A/Lox-D594A p rimary MEFs

The growth of the p .raf ° x-D594A/Lox-D594A MEFs was analysed by daily measurements of 

the number of cells present. B -rafl+ and p .raf ° x-D594AJLox-D594A MEFs were seeded at 1 

xlO4 cells per well in 24 well plates. 48 hour after seeding the number of cells present per 

well was counted using a haemocytometer. This was carried out in triplicate and recorded. 

Counting was repeated for the subsequent 6 days. The values obtained were used to 

produce growth curves for B -ra fl+ (1.1, 5.6 and 5.11) and 5-rq/Lx)x'D594A/Lx)X'D594A MEFs 

(1.5, 5.3 and 5.4). The growth curves obtained showed that 5-rq/Lox'D594A/Lox‘D594A MEFs 

grew at a faster rate than B -ra f/+ MEFs (n=12; p=0.003; Figure 6.9). The rate of growth 

increased steadily over the time course for p_raf ° x-D594A/Lox-D594A MEFs, but appears to 

plateau after 7 days for B -ra f,+ MEFs. The data represents pooled data for each genotype 

from 6 data sets. The increase in growth observed could be due to a decrease in apoptosis, 

an increase in proliferation, or a combination of both.

6.3.10 Analysis o f ERK phosphorylation upon serum stimulation 

for 20 hours in B -R afox D594A/Lox-D594Aprimary MEFs

Sustained ERK activation were measured upon serum stimulation by assessing levels of 

phospho-ERK in the B -rafl+ and p .raf ° x-D594A/Lox-D594A MEFs. Cells were seeded at 1.5 x 

106 in 6 cm dishes. Cells were made quiescent for 24 hours, followed by the addition of 

serum. Cells were lysed at time points of 0, 0.5, 1, 3, 5, 10 and 20 hours after stimulation. 

Protein lysates were prepared and SDS-PAGE carried out followed by electro-transfer of
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Figure 6.8 MEK and ERK phosphorylation in B-raf-°X-D594A homozygous and 
heterozygous primary MEFs over a time course of stimulation (0 to 60 min). (A) 
Protein lysates from B-rafl+ and B-raf°x'D594A/Lox'D594A MEFs were analysed by 
Western blot analysis followed by stimulation with 10 % serum and detection of 
phospho-ERK and phospho-MEK. Phospho-ERK was also analysed upon 
stimulation with 10 ng/ml epidermal growth factor and 50 ng/ml platelet-derived 
growth factor. Vinculin was used as a control for protein loading (lower panel). 
(B) B-raf/+ and B-raf ILox'D594A primary MEFs over a time course of stimulation (0 
to 60 min) Protein lysates from B-rafl+ and B-raf/Lox'D594A MEFs were analysed 
by Western blot analysis followed by stimulation with 10 % serum and detection 
of phospho-ERK (upper panel) and total ERK as a control for protein loading 
(lower panel).
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Figure 6.9 Analysis of the growth characteristics of B -ra f/+ and B -ra f°x~D594A/Lox- 
D594A primary MEFs. Cell counts were performed over a period of 8 days and 
growth profiles produced. Pooled data for B -ra f/+ (closed squares) and 
B -raf°x~D594A/Lox~D594A (opened squares) are indicated. Standard error bars are 
shown. A P  value was generated for the overall growth rate of B-raf°x~D594AJU)x~ 
e>594a  MEFs via a paired t-Test against B -ra fl+ MEFs. (* = P<0.05).
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Chapter 6 Characterisation o f apoptosis and proliferation in B-raf kinase inactive MEFs

the proteins onto nitrocellulose. The blots were incubated with an a-phospho-ERK 

antibody to observe the levels of phospho-ERK in the MEFs. An a-actin antibody was 

used as a control for protein loading. The results show that for ^ . rflyLox-D594A/Lox D594A 

MEFs the phospho-ERK levels increased upon stimulation and peaked at 0.5 h, before 

decreasing back to basal levels by 5 h after stimulating. However, phospho-ERK levels 

were much lower for B -ra fl+MEFs (Figure 6.10).

6.3.11 Analysis o f proteins involved in the G1 to S phase o f the cell cycle in B -R afox~
D594A^ox-D594A p H m a r y  M E F s

To investigate what may be leading to the differences in the rate of cell growth observed 

for R-rayLox'D594A/Lox'D594A and B -rafl+ MEFs, some of the proteins known to be involved 

in the G1 to S phase of the cell cycle were analysed. This was carried out due to findings 

in Chapter 4, showing that the rate of cell growth in B -ra f' MEFs may have been affected 

by the levels of some of these proteins. Cells were seeded at 1.5 x 106 cells in 6 cm dishes. 

At 60 % confluency, cells were made quiescent by placing in reduced serum media for 24 

hours. Cells were stimulated by the addition of serum and the cell lysed at 0, 0.5, 1, 3, 5, 

10 and 20 hours after stimulating. SDS-PAGE of the protein lysates produced was carried 

out followed by electro-transfer of the proteins onto nitrocellulose. A number of blots were 

produced using this method, each used to investigation the presence of proteins involved 

in the G1 to S phase of the cell cycle. Each set of findings were repeated at least two times 

for two different cell lines of each genotype.

a-cyclin D1 antibody was used to discover levels of cyclin D1 upon serum stimulation, an 

a-cdk4 antibody for cdk4 levels, and an a-p27Klpl antibody for p27KIP1 levels. An a-actin 

antibody was used as a control for protein loading. The results showed the highest levels 

of cyclin D1 were observed after 20 h of serum stimulation for both bell lines. However, 

the levels observed for p_raf ° x-D594A/Lox'D594A MEFs over the time course were markedly 

elevated when compared to B-rafl+ MEFs (Figure 6.10) Low levels of cdk4 protein were 

detected for B -ra fl+ MEFs between 1 and 3 hours of serum stimulation. The levels 

decreased over the remainder of the time course. The levels observed for 5-ra/Lox"D594A/Lox‘ 

D594A MEFs appeared to remain constant over the time course of serum stimulation, and 

were significantly higher to those observed for B -ra fl+ MEFs (Figure 6.10). Investigations
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Figure 6.10 Examination of phospho-ERK levels and the expression levels of cell 
cycle protein levels in B-rafl+ and R-ra/Lox'D594A/Lox-D594A primary MEFs. MEFs 
were made quiescent and then serum stimulated over a time course of 0 to 20 
hours. Protein lysates produced were analysed by Western blot analysis followed 
by detection of phospho-ERK, cyclin Dl, cdk4, p27KJP and actin as a control for 
protein loading (lower panel).
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into the protein levels of p27IQP 1 showed the levels of p27KU>1 proteins were barely 

detectable for B -rafh  MEFs. In contrast, for s - raf ° x'D594A/Lox'D594A MEFs, p27KIP1 protein 

levels increased after 3 hours of serum stimulation, the levels subsequently decrease, 

before peaking at 20 hours (Figure 6.10).

6.3.12 Analysis o f the apoptotic phenotype o f B-raf ox~D594A/Lox'D594A primary MEFs upon 

a-CD95 induction

To assess apoptosis upon a-CD95 antibody treatment, B -ra fl+ and ^ . rayLox D594A/Lox-D594A 

MEFs were plated at a density of 1.5 x 106 cells onto 6 cm dishes. The cells were fed with 

growth media 24 hours after plating. Apoptosis was induced 24 hours later by the addition 

of 50 ng/ml anti-CD95 antibody and 0.5 pM cycloheximide for 20 hours. Suspended and 

attached cells were collected, annexin V FITC staining performed and PI added, followed 

by FACS analysis. The experiment was performed on three separate occasions. The results 

show there is a trend towards a decrease in apoptosis for 5-ra/Lox‘D594A/Lox'D594A MEFs (1.5,

5.3 and 5.4) when compared with B -ra f h  MEFs (1.1, 5.6 and 5.11). The decrease in 

apoptosis is seen for 5-ra/U)X'D594A/Lox'D594A MEFs in both untreated cells and cells treated 

with a-CD95 antibody. Pooling the data from each cell line and each experiment gave an 

average percentage of apoptosis for the untreated B -ra f ̂  MEFs of 19 % ± 2 and this 

decreased to 16 % ± 2 (n=12; P= 0.07) in the untreated £_ra/ ox-D594A/Lox-D594A MEFs 

Upon a-CD95 induction apoptosis levels of 19 % ± 2 were observed for B_raf ° x-D594A/Lox- 

D594A MEFs whereas for B -ra f ̂  MEFs a value of 23 % ± 3 (n=12; P=0.46) was obtained 

(Figure 6.11). Although overall these values are not significant, they show a trend towards 

a reduction in apoptosis.

6.3.13 Analysis o f the apoptotic phenotype of B -raf ox"D594A/Lox~D594A and B-raf/+ primary 

MEFs upon serum withdrawal
To investigate the phenotype of the p-raf ° x-D594A/Lox-D594A MEFs upon serum withdrawal, 

MEFs were plated at a density of 1.5 x 106 cells onto 6 cm dishes and the media changed 

24 hours after plating. After a further 24 hours, apoptosis was induced by placing cells into 

serum-free media for 20 hours. Cells were harvested and annexin V FITC staining and 

FACS analysis performed as described previously. The results showed there was a 

significant decrease in apoptosis for 5-ra/Lox~D594A/Lox"D594A MEFs (1.5, 5.3 and 5.4) 

compared with B -ra fh  MEFs (1.1, 5.6 and 5.11). Upon serum withdrawal the pooled
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Figure 6.11 Apoptotic analysis of B-rafl+ and B-raf°x'D594a / lox-D594a  primary 
MEFs. MEFs were induced to undergo apoptosis by treating with 50 ng/ml a- 
CD95 antibody plus 0.5 pM cycloheximide, or by serum withdrawal, or left 
untreated. Apoptosis was determined using annexin V FITC staining followed by 
flow cytometric analysis. Graph represents pooled data for B-raf^  and B-raf°x' 
D594A/Lox-D594A MEFs (n=12). Standard error bars are shown. P values were 
generated for 5_r<3yLox-D594A/Lox-D594Â gps vja pairecj t-Tests against B-raf1 + MEFs 
for both treated and untreated cells. (* = P<0.05).
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percentage of apoptosis observed was 32 % ± 3 for B -ra f/+ MEFs and this value decreased 

to 26 % ± 6  for J6 -rq/Lox'D594A/Lox'D594A MEFs (n=12; P=0.01; Figure 6 .1 1). The results 

show that B-Raf cells are significantly more prone to apoptosis induced by serum 

withdrawal than via a-CD95 antibody, and that # -ra /^x~D594A/Lox~D594A MEFs show a 

reduced susceptibility to apoptosis when compared to B-raf+/+ MEFs for both treatments.

6.3.14 Analysis o f MEK and ERK phosphorylation of B-t.af ox'DS94A/Lox'D594A primary 

MEFs upon induction o f apoptosis by serum withdrawal

To further assess the decreased susceptibility of 5-rq/Lox‘D594A/Lox'D594A MEFs to apoptosis, 

MEK and ERK activation were measured by determining levels of phospho-MEK and 

phospho-ERK in the B -ra f^  and Z?-ra/^x'D594AyLox'D594A MEFs. Cells were seeded at 1.5 x 

106 in 6  cm dishes. 24 hours later apoptosis was induced by replacing the growth media 

with serum-free media. Cells were lysed at time points of 0, 12, and 20 hours after 

stimulation. Protein lysates were prepared and SDS-PAGE carried out followed by electro­

transfer of the proteins onto nitrocellulose. The blots were incubated with an a-phospho- 

MEK antibody to detect levels of phospho-MEK, and with an a-phospho-ERK antibody to 

observe the levels of phospho-ERK in the MEFs. An a-ERKl antibody was used as a 

control for protein loading. Analysis of phospho-MEK levels upon serum withdrawal 

showed expression levels are much higher for JS-r<3/Lox'D594A/Lox'D594A MEFs than for B- 

r a f l+ MEFs at the zero time point. Levels decreased for both cell lines upon serum 

withdrawal, but remain detectable for Z?-ra/Lox‘D594A/Lox'D594A MEFs, whereas phospho- 

MEK levels were not detected upon serum withdrawal of B -ra fl+ MEFs (Figure 6.12A). 

Levels of phospho-ERK showed a similar pattern. The highest levels were again detected 

at the zero time point for both cell lines and appeared slightly higher for i?-ra/^x'D594A/Lox' 

D594A MEFs. Upon serum withdrawal levels decreased, but remained detectable for both 

cell lines. However, phospho-ERK levels for 2?-ra/Lox"D594A/Lox D594A MEFs were 

significantly elevated when compared to B -ra f/+ MEFs (Figure 6 .12A).

6.3.15 Analysis o f Thrl25-phospho-specific caspase 9 levels upon EGF stimulation of  

B -R afox D594A/Lox D594Aprimary MEFs

In Chapter 4 it was shown that the increase in apoptosis observed for B -ra f' cells strongly 

correlated with the phosphorylation of Thr-125 caspase 9 levels. To assess if the levels of 

phospho-Thr-125 caspase 9 were altered in ^-raf ° x'D594A/Lox'D594A MEFs, cells were
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Figure 6.12 ERK and T-125 caspase 9 phosphorylation in B-raf/+ and B-raf°x' 
D 594A /L ox-D 594A  primary MEFs upon stimulation. (A) MEK and ERK 
phosphorylation of B-rafl+ and #-ra/^x-D594A/Lox-D594A primary MEFs over a time 
course of induced apoptosis by serum withdrawal (0 to 20 hours). Protein lysates 
were analysed by Western blot analysis followed by detection of phospho-MEK 
(upper panel), phospho-ERK (middle panel) and ERK1 as a control for protein 
loading (lower panel) (B) B-raf ̂  and B-raf°x'D594A/Lox'D594A MEFs were left 
untreated (NT) or stimulated by the addition of 25 ng/ml epidermal growth factor 
(EGF) for 5 min. Immunoprecipitated protein lysates were analysed by Western 
blot analysis followed by detection of phospho-Thrl25-specific caspase 9. 0.25mg 
of protein was loaded per well of the SDS PAGE gel.
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seeded in 1 0  cm plates until fully confluent and apoptosis induced by placing in serum- 

free media for 48 hours. MEFs were then left untreated or treated with 25 ng/ml EGF for 5 

min. The cells were lysed and an immuno-precipitation assay performed using 1 mg of 

protein per sample and an a-caspase 9 antibody. SDS-PAGE of 0.25 mg of protein 

lysate/cell line was carried out followed by electro-transfer of the proteins onto 

nitrocellulose. The blots were incubated with an a-Thrl25-phospho-specific caspase 9 

antibody. The results showed that there was an increase in phospho-Thr-125 caspase 9 

levels in 5 -ra /X)x'D594AyLox'D594A MEFs when compared to B -ra f/+ MEFs (Figure 6.12B). 

Due to time constraints this experiment was only undertaken once and therefore needs to 

be repeated to confirm these initial findings.

6.4 Conclusions

This chapter describes the successful generation of B -ra f/Lox'D594A mice and the 

subsequent analysis o f their phenotype. Preliminary analysis was also carried out for B- 
rayf/Lox-D594A MEFs, heterozygous for the D594A mutation. Also detailed is the successful 

generation of s -r a f° x'D594A/Lox'D594A MEFs expressing the D594A mutation. Subsequent 

analysis of these MEFs is described, with respect to the role of the D594A mutation in cell 

growth, proliferation and the suppression of apoptosis.

To aid in the production of i?-ra/Lox'D594A/Lox'D594A MEFs, B -ra f /Lox‘D594A mice were 

produced by crossing B -ra f ILSL'D594A mice with deleter-Cre transgenic mice in which Cre 

is ubiquitously express in all cell lines early in embryogenesis. Upon generation of B- 

raf ILox D594A mice, it was noted that many of the mice developed illnesses at an early age. 

Many of the mice died within 5 months of birth, and 48 % of the total number of these 

mice died within the 9 month period that these mice were generated. The male B -raf/Lox' 

D594A mice were observed to be smaller than their B -ra fl+ littermates. Many mice 

developed sore eyes and a prolapsed rear end. Upon post mortem of mice culled due to 

illness, the majority were observed as having pale livers, kidneys and lungs, as well as 

enlarged hearts and spleens. The enlargement of the spleen, known as splenomegaly, was 

the most prominent feature upon post mortem. The spleens were significantly larger than 

their wild type littermates, even for mice that physically appeared healthy.
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The phenotypic characteristics observed for the B -ra f IU)X'D594A mice relate to those 

characterised for spontaneous lymphomas. The Bethesda proposal for classification of 

lymphoid neoplasms in mice (Morse III et al., 2002) states the characteristics of a 

precursor B cell lymphoblastic lymphoma/leukaemia (Pre-B LBL) are “splenomegaly, 

generalized lymphadenopathy, usually with extensive spread to liver, kidney, and lungs, 

sometimes to memimges with skull exostoses and hind limb paralysis”. Many of these 

characteristics were observed for the B -ra f /Lox‘D594A mice. Within the literature, one study 

found a D594G mutation in human B-RAF upon screening of non-Hodgkin’s lymphoma 

tumours (Lee et al., 2003c). Unfortunately it was not within the scope of this project to 

further characterise the B -raf /Lox*D594A mice to establish whether they had a form of 

lymphoma. If more time had been available it would have been of great interest to carry 

out further analysis of these mice to confirm that they are subject to spontaneous 

lymphomas. During the project a number of organs were fixed upon post-mortem. It would 

be of interest to carry out histological studies on these fixed organs to characterise the cells 

and discover if the results agreed with the potential diagnosis of spontaneous lymphoma. 

Upon firm diagnosis of the symptoms observed for the B -ra f /Lox'D594A mice, studies could 

then be carried out to discover the exact role the B-Raf D594A mutation is playing in the 

development of neoplasia in these mice.

Intercrossing of S - ra / /Lox D594A mice led to the generation of £_ra/™ -D594A/u”‘-D594A E 1 2 5  

embryos occurred at the expected Mendelian frequency, although haemorrhaging of a 

number of these embryos was noted. This suggests that although JS-rq/Lox'D594A/U)X‘D594A 

embryos were successfully obtained at this stage in development, they may not have been 

obtained at a slightly later stage. Indeed, viable ^_rayLox D594A/Lox D594A pUpS were not 

produced. This shows that the kinase activity of B-Raf is essential during embryonic 

development and cannot be compensated by the other Raf isotypes.

Although haemorrhaging was observed for three out of six of the B-raf°x'D594A/Lox'D594A 

embryos, no other abnormal phenotypes were observed. A previous study reported B -raf' 

embryos as having haemorrhaging in the ventral region, enlarged and irregularly shaped 

large blood vessels and rupturing of the endothelial cell layers of the vessels leading to 

extravasation of blood. B -raf' embryos were also smaller than their wild-type counterparts 

(Wojnowski et al., 1997). Detailed analysis of the JS-rq/Lox‘D594AyLox’D594A embryos was not 

carried out, although no differences in size were observed when compared to B -raf/+
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embryos. Therefore more analysis would be required to discover if the phenotype of the B- 

rq/Lox"D594A/Lox‘D594A embryos is similar to that of the B-raf1' embryos.

Assessment of the phospho-MEK levels of j5 .rayLox D594A/Lox-D594A MEFs showed the levels 

were significantly elevated when compared to B -raf/+ MEFs upon stimulation with 

various growth factors. As MEK is responsible for activating ERK, the elevated levels of 

phospho-ERK observed confirmed this finding. Since the D594A mutation was thought to 

render B-Raf kinase inactive, these findings are surprising. Previous findings have stated 

that mutation of this conserved residue is known to render protein kinases inactive 

(Johnson et al., 1998). Indeed, a mutation of this residue found in cancer cells was shown 

to have impaired B-RAF kinase activity and was unable to activate ERK in COS cells. 

This mutant was also unable to phosphorylate MEK in vitro, or activate C-RAF or NF-kB 

in cells (Ikenoue et al., 2003; Wan et al., 2004). Sequencing analysis of the B ra f°x' 
D594A/Lox-D594A fa ^  confirmed the mutation was being expressed in the cells and

therefore the increased activity of MEK and ERK was unclear, given that B-Raf is known 

to be a major MEK/ERK activator in MEFs (Hiiser et al., 2001; Pritchard et al., 2004). 

Due to the abnormal characteristics of the B -ra f/Lox'D594A mice, B -ra f/Lox'D594A MEFs were 

generated. B -ra f/Lox D594A MEFs showed elevated phospho-ERK levels upon serum 

stimulation. These observations agreed with those observed for Z?-rayLox"D594A/Lx,x'D594A 

MEFs. These data suggests that the B-Raf D594A may be a dominant mutation.

Investigating the growth rates of ̂ _rayLox-D594A/Lox D594A MEFs showed that they grew at a 

faster rate than B -ra fl+ MEFs. This could be due to a decrease in apoptosis or an increase 

in proliferation, or a combination of both. Although the increased growth rate observed 

can be partly explained by the decreased apoptosis, investigations in our laboratory have 

also shown that these cells have increased proliferation (see Figure A. 1 in Appendix).

Activated ERK is known to be involved in the activation of a number of cell cycle 

proteins. A reduction in phospho-ERK of B -ra f' MEFs was shown to lead to a delay in 

G1 to S phase of the cell cycle in Chapter 4 and affected levels of various cell cycle 

proteins. Therefore a number of G1 to S phase proteins were assessed upon serum 

stimulation of J9-ra/Lox'D594A/Lox'D594A MEFs. Cyclin Dl and cdk4 levels were shown to be 

elevated in B -raf°x'D594AILox'D594A MEFs. As these proteins are involved in promoting the
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G1 to S phase of the cell cycle (Sherr, 1994), their elevated levels correspond to the 

increased proliferation rate observed for the s -rq f° x'D594A/Lox'D594A MEFs. p27KU>1 was also 

found to be elevated for Jff-ra/Lox'D594A/Lox"D594A MEFs. This protein is known to inactivate 

cyclin-cdk complexes (Polylak et al., 1994; Harper et al., 1995; Lee et al., 1995). 

However, it is also been shown to play a role in tumourigenesis and may promote 

proliferation under some circumstances (Nho and Sheaff et al., 2003). Therefore, more 

detailed analysis would be required to evaluate the exact role of p27KIP1 for B-raf MX~
D594A/Lox-D594A

5-rq/Lox'D594A/Lox‘D594A MEFs were found to be less susceptible to apoptosis compared to B- 

r a f l+ MEFs upon serum withdrawal and a-CD95 antibody induced apoptosis. Phospho- 

ERK levels were elevated upon serum withdrawal of 5 _rayLox-D594A/Lox D594A MEFs and 

may account for the reduced susceptibility to apoptosis upon serum withdrawal, as 

decreased phospho-ERK levels observed for B-raf1' MEKs were associated with increased 

susceptibility to apoptosis as discussed in Chapter 4. This increased susceptibility of the B- 

ra f1' MEFs was shown to associate with decreased phosphorylation of caspase 9 on 

Thrl25. In accordance with these findings, initial analysis of the levels of phosph-Thr-125 

caspase 9 were shown to be increased in Jg_rflyLox D594A/Lox-D594A MEFs when compared to 

B -ra fl+ cells. These results potentially identify an important survival pathway through 

which B-Raf oncogenes such as D594 may mediate their effects. Overall the results 

obtained concur with the roles of B-Raf in apoptosis and proliferation via ERK that were 

observed in Chapter 4 and show that D594A may induce its oncogenic effects by inducing 

decreased apoptosis and increased proliferation.

In order to try and clarify what may account for the increased ERK activity in the B-raf°x' 
D594A/Lox-D594A MEFs, immunoprecipitation kinase cascade assays were carried out on these 

cells by R.Marais’s laboratory (ICR, London). The results showed that the B-Raf 

expressed in these cells is indeed inactive in the 5-ra/Lox'D594A/Lox’D594A MEFs (See Figure

A.2 in Appendix). However, the C-Raf kinase activity was increased in the B-raf°x~ 
D594A/Lox-D594A j y j g p g  when compared to B -ra fl+ MEFs. Previous findings have observed 

that B-Raf and C-Raf coimmunoprecipitate (Wan et al., 2004). It is therefore possible that 

the elevated MEK and ERK activity observed is due to the increased kinase activity of C- 

Raf. A number of B-Raf mutants with impaired kinase activity have been shown to
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activate MEK and ERK via C-Raf forming a complex with B-Raf (Wan et al., 2004). 

However, expression of a D594V in COS or Xenopus cells does not induce ERK or C-Raf 

activity. The difference between this system and the current system observed for D594A is 

unclear. It may be that the observations for D594V were seen due to the over-expression 

of the mutant form in COS cells, rather than being due to endogenous levels, as observed 

for this D594A knockin mutation. It will therefore be important to confirm if the increased 

phospho-ERK levels observed for B- ra /^ x'D594A/Lx)X~D594A MEFs are indeed occurring due 

to increased C-Raf kinase activity. This could be discovered via silencing the C-Raf gene 

using RNA interference techniques, investigating ERK kinase activity, and by studying the 

interactions of B-Raf and C-Raf in these cells.

In summary, the phenotype observed for B -ra f IU}X'D594A mice appears to be a form of 

neoplasia. The D594A mutation does not appear to lead to a phenotype similar to that 

observed for B-raf1' MEFs. It appears to be more consistent to that seen for B-Raf 

impaired activity mutants, as observed in a number of cancer cell lines (Wan et al., 2004). 

Upon kinase inactivation of B-Raf, due to the D594A mutation, C-Raf activity is increased 

and this may possibly account for the elevated levels of MEK and ERK phosphorylation 

being observed. This is likely to be contributing to the neoplasia observed for the B- 

rfl/f/Lox‘D594A mice. In light of these data, a proposed role of the various B-RAF mutants in 

cancer is shown in Figure 6.13.
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Figure 6.13 Proposed model o f B-Raf signalling for B-Raf D594A mutants in 
comparison to signalling of other B-RAF mutants found in human cancer cell 
lines (Wan et a l 2004).
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7. SUMMARY AND DISCUSSION

7.1 Characterisation of the role of C-Raf in the suppression of a-CD95 antibody- 

induced apoptosis

The transfection of constructs expressing various human mutants of C-RAF into C-raf' 

MEFs confirmed that the MEK kinase activity of C-Raf is not required for its role in 

suppressing a-CD95 antibody-induced apoptosis and suggested that this role is also 

independent of C-RAF kinase activity, independent of a mitochondrial location, but is 

RAS-dependent. Overall, these findings suggest a Ras-dependent role of C-Raf in 

preventing a-CD95 antibody-induced apoptosis via a process not involving the MEK/ERK 

cascade. Further findings from other laboratories, as well as our own, have shown that this 

role may involve the inhibition of the ASK1/ p38MAPK pathway.

The results of this chapter help to further characterise the role of C-Raf in apoptosis, and in 

particular shows this role is dependent on Ras binding. The data agree with results 

published by others, suggesting a MEK/ERK independent role of C-Raf in suppressing 

apoptosis that could involve the inhibition of the ASK1 pathway (Yamaguchi et al., 2004). 

However, as ASK1 can be activated by both TNF and a-CD95 antibody, whereas previous 

findings have shown C-Raf is only involved in a-CD95 antibody-induced apoptosis 

(Hiiser et al., 2001; Mikula et al., 2001), it is likely that other pathways are involved. It 

may be that Mst2 plays a major role in mediating the effects of C-Raf, as these two 

proteins have been shown to interact and C-Raf has been shown to inhibit the activity of 

Mst2 by direct phosphorylation on Thrl60 (O’Neill et al., 2004). It would therefore be 

interesting if future studies involved the analysis of Mst2 expression levels, activity and 

phosphorylation status in C-raf1' MEFs compared to wild-type MEFs following a-CD95 

antibody treatment. Also, by performing siRNA of Mst2 in the C-raf' MEFs, it would be 

possible to investigate if this would relieve the increase in apoptosis observed in these 

cells.

Further studies to clarify the requirement for Ras in the suppression of a-CD95 antibody- 

induced apoptosis by C-Raf would be of interest. It remains unclear as to whether Ras is 

only required to localise C-Raf at the plasma membrane, or whether it plays a role in 

subsequent interactions. If expression of RAF-CAAX in the C-raf' MEFs was
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investigated, and found to overcome the increase in apoptosis, this would indicate that the 

role of Ras is purely for localisation of C-Raf at the plasma membrane. However, as Ras 

has been shown to interact with ASK1 (Du et al., 2004) and may also influence Mst2 

activity (O’Neill et al., 2005), studies to look at the effects on ASK1 and Mst2 activities 

could be carried out. It is possible that a Ras/C-Raf complex may work together to 

suppress the pro-apoptotic functions of ASK1, and this could be investigated by looking at 

Ras/ASKl complexes in the C-raf1' MEFs.

7.2 Characterisation of cell growth, proliferation and apoptosis in B-raf1' primary 

MEFs

The role of B-Raf in cell growth and survival was investigated using primary MEFs 

lacking B-Raf. Cell growth and proliferation were found to be reduced and this coincided 

with alterations in the expression levels of various proteins involved in the G1 to S phase 

transition of the cell cycle. Analysis of B-raf1' cells upon serum withdrawal-induced 

apoptosis showed this was associated with decreased phosphorylation levels of phospho- 

T125-caspase 9. These findings help to support previous findings showing roles for B- 

RAF in the regulation of the cell cycle, and the observation that ERK 1/2 can 

phosphorylate caspase 9 on residue Thrl25, preventing caspase 9 processing and caspase 3 

activation (Allen et al., 2003).

A number of further studies would be of interest to follow on from the data obtained in this 

chapter. It would be useful to confirm the defect in proliferation observed in B-raf1' cells 

was occurring due to the observed changes in the expression levels of various cell cycle 

proteins. This could be achieved by attempting to rescue the reduced levels of 

proliferation, by transfecting cDNA expression vectors for B-RAF, active MEK or cyclin 

Dl into the B-raf1' cells, and/or using siRNA to remove p21CIP1 from the cells.

An interesting outcome from this chapter was the observation that serum withdrawal of 

B-raf1' cells led to reduced levels of phospho-ERK and reduced levels of Bim expression, 

as this contradicts previous data showing ERK suppresses Bim levels upon serum 

withdrawal (Ley et al., 2003). As the present study used primary cells and all previous 

reported studies took place using immortalised cells, this may have contributed to the 

varying observations. It would be interesting for studies to be carried out to knock out Bim
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from the B-raf1' cells via siRNA of Bim. This would confirm whether Bim is playing a 

role in apoptosis in these cells, as the present data does not rule out a post-translation role 

in the suppression of Bim by ERK.

To confirm that the observed decreased levels of phospho-T125-caspase 9 are contributing 

to the increased level of serum withdrawal-induced apoptosis, it would be of interest to 

investigate proteins downstream of caspase 9, such as caspase 3, as well as to investigate 

the levels of cytochrome c released. Furthermore, it would be ideal to obtain rescue data to 

show that the addition of wild-type B-RAF to the B-raf1' cells leads to increased levels of 

phospho-T125-caspase 9, in conjunction with decreased apoptosis upon serum withdrawal. 

This would prove that the observed effects on caspase 9 in the B-raf1' cells were truly 

attributed to the lack of B-RAF and not due to some other factor.

7.3 Generation of a floxed B-raf kinase inactive allele by homologous recombination 

and the subsequent generation of B -ra fILox'D594A mice expressing the B-raf kinase 

inactive mutation

A B-raf allele containing a conditional kinase inactivating D594A mutation was generated. 

Upon gene targeting, ES clones produced were used to generate chimaeric mice. Mice 

carrying the mutation were mated with Cre-expressing mice, allowing the generation of 

mice heterozygous for the D594A mutation; B -ra f ILox'DS94A mice. These mice were shown 

to have neoplasia due to splenomegaly and this was attributed to the elevated phospho- 

ERK levels observed.

The generation of these B -raf/Lox'D594A mice is very significant, as they provide an in-vivo 

model to allow analysis of the suggested roles of B-RAF in inducing cancer. Numerous 

organs were collected from various B -ra f /Lox'D594A miCe and it would be of great interest 

to analyse these organs further using histopathological approaches. In addition, the mice 

could be used to investigate the roles B-RAF and C-RAF may play together in regulating 

cancer, as discussed in more detail below.
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7.4 Production and characterisation of B - r a fLox D594A MEFs expressing the B-raf 

kinase inactive mutation

Analysis of 5-ra/Lox'D594A/Lox'D594A primary MEFs showed their phenotype differed from B- 

raf~ cells. In i?-rayLox’D594A/Lox~D594A MEFs, phospho-MEK and phospho-ERK levels were 

significantly elevated. This may be attributed to the increased C-Raf kinase activity 

observed within these cells. This could be confirmed via siRNA to C-RAF in these cells to 

test whether this leads to a decrease in MEK/ERK activity. Further analysis of B-raf0*' 
D594A/Lox-D594A MEFs indicated increased survival and increased cell growth and 

proliferation in these cells, suggesting that the mutation was acting as an oncogene, 

consistent with the description of B-Raf D594 mutations in human cancers.

These findings are again significant, as previous studies did not show an increase in ERK 

activity upon transfection of COS cells with an expression vector expression the B- 

RApD594v mutation This D593V mutant was shown to have impaired ERK activity, and 

was unable to phosphorylate MEK in vitro or activate C-RAF (Wan et al., 2004). Given 

these contradictory results, it is therefore extremely important to further analyse the 

molecular basis of the increased ERK activity observed in the cells and tissues expressing 

B-RAF°594A generated in this study. Furthermore, the possible linkage in elevated ERK 

activity to increased C-Raf kinase activity in these cells, provides a model to investigate 

the suggested B-RAF/C-RAF interactions observed in numerous human cancer cells. It is 

thought that B-RAF/C-RAF heterodimers convey greater kinase activity than the 

individual homodimers alone, and that 14-3-3 plays a role in this association. Thus, the 

mice and cells generated in the present studies can be used with the aim of isolating B- 

Raf/C-Raf heterodimers, allowing more detailed analysis of the kinase activity of various 

B-Raf/C-Raf heterodimers, and to investigate the role 14-3-3 may play in this interaction. 

Studies could also investigate if, and possibly which, other proteins may be involved, 

whether C-Raf is responsible for activating MEK in this situation, and how C-RAF is 

involved in determining the tumour phenotype of cancers with B-RAF mutations.

7.5 Conclusion

This study has further characterised the roles of C-Raf and B-Raf signalling pathways 

associated with survival and proliferation. The use of a conditional gene targeting system 

has allowed the generation and analysis of mice carrying a D594A kinase inactive
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mutation of B-Raf. As D594 B-RAF mutations have been found in numerous cancer 

samples, further characterisation of these mice and MEFs may help gain significant insight 

into the role of this B-RAF oncogene in human cancers.
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Appendix

APPENDIX

B-Raf amino acid sequence

When the B-Raf sequence was originally deposited onto the NCBI web site a codon 

(encoding in the region containing amino acids 31 and 32) was missing. The correct 

sequence is therefore one amino acid longer, with all amino acids after amino acid 33 being 

displaced by one position. The amino acid numbers cited in the majority of the published 

literature refer to the original sequence, whereas those used in this project correspond to the 

correct amino acid sequence.

Figure A.l Analysis of the proliferation in B-raf1* and B-rq/Lox‘D594A/Lox'D594A primary 

MEFs. DNA synthesis analysis was carried out via BrdU staining. Cells were left untreated 

or stimulated with 10 % serum for 16 hours. Graph represents pooled data for BrdU positive 

B-raf*  MEFs compared to BrdU positive B-ra/Lox'D594A/Lox'D594A MEFs. Standard error bars 

are shown. Data obtained from C. Pritchard.
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Figure A.2 Im m u n o p re c ip ita tio n  R a f  k in a se  a ssa y s  o f  B-rafox'D594A/Lox'D594A M E F s . P r o te in s  

w e r e  im m u n o p r e c ip ita te d  from  i? -r« /Lox'D594A/Lox'D594A an d  B-raf/+ M E F  e x tr a c ts  th at had  

p r e v io u s ly  b e e n  s t im u la te d  w ith  0 .5  % or 10 %  seru m , a n d  th is  w a s  f o l lo w e d  b y  a k in a se  

a ssa y  w ith  M E K 1 , E R K 1 and  M B P  as su b stra tes . (A) Im m u n o p r e c ip ita t io n  o f  B -R a f. (B) 

Im m u n o p re c ip ita tio n  o f  C -R a f. A s s a y s  w e r e  ca rr ied  o u t b y  R . M a r a is ’s  la b o ra to ry , In stitu te  

o f  C an cer, L o n d o n . S tan d ard  error bars are sh o w n . F or d e ta ile d  m e th o d o lo g y  refer  to  M a ra is  

etal., 1 9 9 7 ) .
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